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ABSTRACT: Recently Witten introduced a type IIB brane construction with certain
boundary conditions to study knot invariants and Khovanov homology. The essen-
tial ingredients used in his work are the topologically twisted N/ = 4 Yang-Mills
theory, localization equations and surface operators. In this paper we extend his
construction in two possible ways. On one hand we show that a slight modifica-
tion of Witten’s brane construction could lead, using certain well defined duality
transformations, to the model used by Ooguri-Vafa to study knot invariants using
gravity duals. On the other hand, we argue that both these constructions, of Witten
and of Ooguri-Vafa, lead to two different seven-dimensional manifolds in M-theory
from where the topological theories may appear from certain twisting of the G-flux
action. The non-abelian nature of the topological action may also be studied if we
take the wrapped M2-brane states in the theory. We discuss explicit constructions
of the seven-dimensional manifolds in M-theory, and show that both the localization
equations and surface operators appear naturally from the Hamiltonian formalism of
the theories. Knots and link invariants are then constructed using M2-brane states
in both the models.
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1. Introduction and summary

Knot theory has attracted both mathematicians and physicists to tackle some of
the challenging problems. There are various approaches of constructing invariants of
knots and links. Mathematicians put forth skein/recursion relation [1] to evaluate the
invariants. The skein method involves study of knots projected onto two dimensions.
These invariants can also be obtained from braid group representations deduced from
the two dimensional statistical mechanical models, rational conformal field theories
and quantum groups. All these approaches show that the invariants are Laurent
polynomials in variable ¢ with integer coefficients. That is, for any knot K:

J(K,q) =Y ang", (1.1)

n

where a,, are integers.

On the other hand, Chern-Simons gauge theory based on any compact group GG
provides a natural framework to study knots and their invariants [2]. In particular,
this approach gives a three-dimensional definition for knots and links. For any knot
K carrying representation R of gauge group G, the expectation value of Wilson loop
operator W(K, R) = TrgP exp ( [ A) gives the knot invariants:

JK,R,q) = (W(K,R)) (1.2)

:/DAeXp {zk/ Tr (A/\dA—i—%A/\A/\A)} TrpP exp (% A),
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with the first trace being in the adjoint representation, and the second trace Trg
being in the representation R of G; and k, an integer giving the coupling constant
that we can use to write ¢ in the following way:
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q = exp (k:+h)’ (1.3)

where h is the dual coxeter number for group G. The Jones and HOMFLY-PT
polynomials correspond to placing defining representations of SU(2) and SU(N)




respectively. Additionally, the skein relation obtained from SU(N) Chern-Simons
theory resembles skein relation of Alexander polynomial when N = 0. Similarly for
the defining representation of SO(N), we get Kauffman polynomials. Besides the well
known polynomials, we can obtain many new generalised knot invariants [3]. Within
this theory having manifest three-dimensional symmetry, it is not obvious as to why
these knot invariants have to be Laurent polynomials with integer coefficients. Giving
a topological interpretation to these integer coefficients is one of the challenging
problem which has been addressed by both mathematicians and physicists during
the last 17 years.

An understanding of this issue came from the works on homological invariants
initiated by Khovanov [4]. In this interesting work, Khovanov argued that the integer
coefficients can be accounted as dimensions of vector spaces. This imples, for any
knot K, Khovanov polynomial will be:

Kh(K,q,t) = > tg/dim H;, (1.4)
]

where dim H; ; is the dimension of the bigraded homological chain complex. Taking
t = —1, the above invariant is the g-graded Euler characteristic of the homology
which gives Jones polynomial (for G = SU(2)), namely:

J(K,O,q) =) (-1)'¢dim Hy. (1.5)

i?j

Generalisations of the bigraded homological theory for si3 [5], sly [6] and arbitrary
colors which are referred to as categorifications of knot polynomials leading to vector
spaces have been extensively studied.

Parallel development from topological string duality conjecture proposed by
Gopakumar-Vafa [7] followed by Ooguri-Vafa [8] conjecture for knots have shown
that these invariants and their reformulations can be interpreted as counting of BPS
states in string theory. Interestingly, this approach led to various checks of integrality
properties of generalised knot invariants [9]. Further the works on categorifications
motivated the study of triply graded polynomials discussed in [10] succinctly within
the string theory context.

More recently, with the aim of interpreting Khovanov homology within inter-
secting brane model, Witten considered the NS5-D3 brane system to study four
dimensional gauge theory on W x R with knots K stuck on the three dimen-
sional boundary W [11]. Interestingly, the number of solutions a, to the Hitchin
equation in the four-dimensional gauge theory, for a given instanton number n, now
give topological meaning to the integer coefficients in the Laurent polynomials (1.1).
The homological invariants involve one more variable ¢ besides the already existing
variable ¢, and require study of the surface operators in a five dimensional theory.



A relation between Witten’s brane setup [11] and the Ooguri-Vafa [8] approach
with intersecting D4-branes has been studied in section 5 of [11]. However a more
generic construction that relates the four-dimensional N = 4 model of Witten to the
N =1 set-up of Ooguri-Vafa has not been spelled out in full generalities'. In this
detailed paper, we will study a unified setting in low energy supergravity description
of M-theory where we relate the brane setup of Witten with the Ooguri-Vafa string
theory background. Specifically we focus on reproducing all the results of Witten in
the supergravity picture. Further, we also detail the construction of oper equation
useful for the study of knots stuck at the three-dimensional boundary.

1.1 Organization and summary of the paper

This paper is organized in two broad topics. On one hand, we analyze in details the
model studied by Witten in [11]. On the other hand we discuss, albeit briefly, the
model studied by Ooguri-Vafa [8], pointing out some of the key ingredients that may
link various aspects of the two models [11] and [§].

We start section 2 by introducing the two models in question. In section 2.1 we
discuss the brane constructions associated with the two models, and argue how they
can stem from similar brane configurations. This is of course a first hint to show that
the two pictures in [11] and [8] may not be so different as they appear on first sight.
However subtlety lies in the construction of the Ooguri-Vafa [8] model because there
are at least two possible realizations of the model — one in type IIB and the other
in type ITA. Additionally, because of the large N nature of [8], there are also gravity
duals in each pictures that may be used to study the model. This is illustrated in
section 2.2, where certain issues related to knot configurations are being pointed out.

Section 3 is dedicated completely to analyzing the physics of Witten’s model [11]
using a dual configuration in M-theory that has only geometry and fluxes and no other
branes except the M2-branes. The technique considered in our work is very different
from what is utilized in [11]. Witten uses mostly brane configurations and tactics
of four-dimensional ' = 4 gauge theory, along with its topological twist, to discuss
the physics of knots in the three-dimensional boundary W. In fact in the notation
of [11], the four-dimensional space will be denoted by V such that V.= W x R,
where R is a half-line. Our approach will be to use eleven-dimensional M-theory to
study similar physics on the boundary W. Question naturally arises as to how could
two wildly different methods lead to the same physics on V as well on the boundary
W. Elaborating this is of course one of the purposes of section 3, but before we
summarize the story, let us discuss Witten’s model in some details below.

The work of Witten [11] utilizes certain crucial ingredients useful in studying
knots on the boundary W. The first is the topological theory on W. In [11] this
is achieved in two steps using an intersecting NS5-D3 brane configuration shown in
Table 1. The details are discussed in section 3.1.

IThe actual comparison will be between two N = 1 models as we discuss in section 4.4.



The second is the localization equations that are not only responsible in simplify-
ing the path integral formalism of the theory, but also helpful in fixing the boundary
terms discussed above. We will call these localization equations as BHN equations,
the acronym being related to Bogomolnyi, Hitchin and Nahm. A derivation of the
BHN equations, using techniques different from what is being used in [11], is pre-
sented in section 3.2.10. It turns out, and as explained in [11] and [13], the number
of solutions of the BHN equations, for a given instanton number, determines the co-
efficient of the knot polynomial. In other words, if we express the Jones’ polynomial
as (1.1), then a, is the number of solutions to the BHN equation with instanton
number n. This accounts for the integer coefficients in the knot polynomials.

The knots appear as Wilson loops in the boundary theory. In the S-dual picture
the knots are given by 'tHooft loops. There are some advantages in discussing the
S-dual story, particularly in connection with solving the BHN equation, and this
forms the third crucial feature of Witten’s work [11]. In section 3.2.13 we use our
technique to analyze the S-dual picture, putting special emphasis on the form of the
BHN equations.

There is yet another way to study the knots in the theory involving co-dimension
two operators, both in the boundary W as well as in the bulk V. These are called
the surface operators, and is the fourth crucial ingredient in Witten’s work [11]. We
discuss the surface operators in section 3.3.1, and as before show that most of the
results studied in [11] do also appear from our analysis.

Finally, Witten discusses a possible realization of the Ooguri-Vafa model [8]
given in terms of intersecting D4-branes. Similar analysis is also studied by Walcher
[43]. Our study in section 4 differs from both Witten and Walcher analysis as we
discuss the D6-branes’ realization of the Ooguri-Vafa model using the brane set-up
in Table 2. Although this is intimately connected to the minimally supersymmetric
four-dimensional gauge theory, the specific realization of knots in this picture is more
subtle. This is elaborated in sections 4.1.1 and 4.4.

From the above discussions we see that the general picture developed by Witten
and Ooguri-Vafa in [11] and [8] respectively, may be addressed in a different, albeit
unified, way by dualizing the brane configurations of Table 1 and Table 2 to M-
theory. The duality proceeds via an intemediate configuration in type IIB involving
wrapped five-branes on two-cycles of certain non-Kéhler manifolds. The choice of
the non-Kéhler manifolds remain specific to the model that we want to analyze. For
example, Witten’s model dualizes to a configuration of D5-D5 branes wrapped on a
warped Taub-NUT space as shown in section 3.2. This Taub-NUT space, or more
appropriately a warped ALE space, is very different from the ALE space that may
appear from T-dualizing the NS5-brane in Table 1. The latter creates problem in
path integral representation because of the lack of a global one-cycle rendering it
useless to study Khovanov homology. The Taub-NUT that we study here is different
as discussed in section 3.2 and we do not use it to study Khovanov homology. Instead



our configuration is only used to study knots in the three-dimensional boundary W.

However, restricting the knots to the three-dimensional boundary is non-trivial.
In Witten [11] this is achieved by switching on the gauge theory 6 angle. In our su-
pergravity approach in type IIB, as we show in sections 3.2.1 and 3.2.2, this may be
achieved by switching on a non-commutative or a RR deformation on the wrapped
five-branes. Interestingly, as we argue in section 3.2.2, these two deformations have
similar four-dimensional physics when it comes to restricting the knots to the bound-
ary W.

The M-theory uplift of the type IIB configuration is then elaborated in section
3.2.3. This is the dual description of Witten’s model in the absence of the knots (knots
will be inserted later), and consists of only geometry and fluxes with no branes other
than the M2-branes. In this section we argue how the precise geometric information
is essential to derive the harmonic two-form which is normalizable and unique. This
two-form is essential to derive the U(1) gauge theory on V. This is elaborated in
section 3.2.4, first by ignoring certain backreactions, and then in section 3.2.5, by
including all possible backreactions.

The U(1) theory is of course only a toy model, and what we need is the full non-
abelian theory in four-dimensional space V. This is achieved in section 3.2.6, where
the first appearance of the M2-branes wrapped on the two-cycles of certain warped
multi Taub-NUT space occurs. All these lead to the non-abelian theory on V, whose
details are analyzed in the subsequent sections. In section 3.2.7 we introduce the
boundary dynamics.

In sections 3.2.8 and 3.2.9 we present our first set of major computations, related
to the four-dimensional scalar fields. The complete interacting lagrangian is derived
from M-theory dimensionally reduced over a seven-dimensional manifold of the form
(3.152). It turns out that the dynamics of three scalar fields that are dimensional
reduction of the seven-dimensional gauge fields are somewhat easier to derive than
the other three scalar fields that are fluctuations of the multi Taub-NUT space. The
two sections 3.2.8 and 3.2.9 are elaborations on this.

We then combine everything and write the complete four-dimensional action as
(3.153). The action contains two pieces: a topological piece and a non-topological
piece. This is the start of section 3.2.10, being one of the important section of the
paper. The action computed in (3.153) now leads succinctly to the total Hamiltonian
(3.158). This is the central result of the paper, from where all other results are derived
by minimization and other techniques. For example the BPS equations from the
Hamiltonian (3.158) may be studied by minimizing. The first set of BPS equations
appear in (3.162) for the gauge choice (3.161). As we showed in details, for example
in (3.163), the coefficients computed in sections 3.2.5, 3.2.8, and 3.2.9 solve all the
BPS equations (3.162) precisely!

The second set of BPS equations also follow easily from the Hamiltonian (3.158).
Our analysis proceeds by first ignoring the topological piece of the action (3.153).



The BPS equations turn out to be the BHN equations studied in [11]. The BHN
equations are given by (3.172) and (3.176), with (3.176) being further expressed in
terms of component equations as (3.177). Incidentally, if we change our gauge choice
from (3.161) to (3.178), the first and the second set of BPS equations change to
(3.179) and (3.182) respectively, perfectly consistent to what one would expect from
[11].

Among all the crucial ingredients of Witten’s model [11], one that we did not
emphasize earlier is the appearance of the parameter t. This parameter has appeared
before in describing the geometric Langland programme using supersymmetric gauge
theories in [12]. In the work of [11], ¢t appears once we try to express the BHN
equations in terms of topologically twisted variables. In section 3.2.11 we show how
t appears naturally in our set-up too, although all informations that may be extracted
from [11] using ¢t may appear from our supergravity analysis without involving ¢. This
is to be expected as supergravity data contains all information and there is no need
to add new parameters. Nevertheless, as we elaborate in section 3.2.11, one may
use supergravity to define ¢ and then use this to extract informations similar to [11].
One immediate advantage of this procedure is for finding the BHN equations once
the topological piece in the action (3.153) is switched on. For example the BHN
equation (3.209) appears easily now, and the full background equations, including
the constraint equations plus the BHN equations, can be presented succinctly as
(3.221). As mentioned above, all these could be done directly using supergravity
without involving ¢, but the use of ¢ avoids certain technical challenges.

We have now assimilated all the ingredients, namely the constraint equations
and the BHN equations, to construct the theory on the boundary W. The crucial
ingredients are the electric and the magnetic charges Qg and Qg respectively that
appear in the Hamiltonian (3.225) which is the modified version of the Hamiltonian
(3.158) once the topological term in the action (3.153) is switched on. In section
3.2.12 we compute the two charges and show that the electric charge vanish due
to our gauge choice (3.161), and the magnetic charge is given by (3.227). After
tursting, the magnetic charge combines with the topological piece, now reduced to the
boundary W, to give us the boundary theory. This is easier said than done, because a
naive computation yields an incorrect boundary action of the form (3.228). There are
numerous subtleties that one needs to take care of before we get the correct boundary
action. These are all explained carefully in section 3.2.12, and the final topological
action on W is given by (3.241). This is a Chern-Simons action but defined with a
modified one-form field Ay, given by (3.240), and not with the original gauge field A.
This is one of our main results, and matches well with the one derived in [11] using
a different technique. The story can be similarly reproduced in the S-dual picture,
and we elaborate this in section 3.2.13. Various subtleties in the S-dual description
discussed in [11] also show up in our description.

So far we have managed to reproduce the complete boundary topological theory



on W. Question is, where are the knots in this picture? Section 3.3.1 is dedicated
to answering this question. It turns out, one of the key player is the surface operator
that will be used to explore the knots and knot invariants in the boundary theory.
In this section we start by discussing how the surface operators modify the BHN
equations that we studied in section 3.2.10. The surface operators are M2-branes
in the theory, but their orientations are different from the M2-branes used earlier in
section 3.2.6 to enhance the gauge symmetry from abelian to non-abelian. In fact
the M2-brane surface operators are co-dimension two singularities both in the bulk
V and in the boundary W, and their configurations are presented in Table 5 and
in Table 6 for type ITA and M-theory respectively.

In the language of Table 5, the supersymmetry preserved by the surface oper-
ator is (4,4). The (4, 4) supersymmetric representation contains a vector multiplet,
containing vectors and four scalars all in the adjoint representations of the gauge
group, and a hypermultiplet, containing four scalars. If we concentrate only on the
hypermultiplet sector then, in the absence of the surface operator, the BHN equations
satisfy (3.287) which are exactly the Hitchin’s equations that one would expect from
[32], [33], [34]. In the presence of the surface operators (3.287) changes to (3.307),
again consistent with [32], [33], [34]. Interestingly, comparing (3.307) with (3.287)
we see that the RHS of the three equations in (3.287) are now no longer zeroes but
proportional to certain source terms parametrized by the triplets («, 3,7). These
triplets can be expressed in terms of supergravity parameters as given in (3.310),
which in our opinion is a new result.

One might also ask how the full BHN and the constraint equations appear in
the presence of the surface operators when we consider both the vector and the
hypermultiplet of (4, 4) supersymmetry. The results are presented in (3.316), and
(3.323) for the BHN equations and (3.318) for the constraint equations.

Having got all the background equations and constraints, our next question is
the form of the boundary theory. We follow similar steps as before, and express the
Hamiltonian, in the presence of the surface operators, as (3.330). The Hamiltonian
again can be expressed as sum of squares plus the magnetic charge Qn;. However
now it turns out, and as explained in section 3.3.1, that the non-abelian case is in
reality much harder to study in the presence of the surface operators. To simplify,
we then go to the abelian case and express the BHN and the constraints equations
as (3.331). The magnetic charge is not too hard to find now — it is presented in
(3.333); and from here the boundary theory on W is given by (3.336) by taking care
of similar subtleties as encountered in section 3.2.12.

Construction of knots on the boundary W using surface operators now easily
follow using the configuration depicted in fig 2 and as given at the start of section
3.3.2. More precisely, the Wilson loop structure that we will consider is as given in
(3.343). i.e using gauge fields parallel to the x; axis. This way we are able to trace
all the computations with the same rigor as of the earlier sections.



The next set of computations rely on three crucial steps for the Wilson line
configurations. First is the Heegaard splitting (3.356) as shown in fig 4. Second
is the monodromy identifications (3.365), as shown in fig 6; and third is the braid
group action, as shown in fig 5. These three steps form the building blocks for all
the knot configurations that we study here. We represent them as operators Ay, By
and C(y,0;) respectively acting on the Wilson line state |n;), where the subscript &
denotes the number of Wilson lines; and o, is the braid group action on the j-th set
of two consecutive Wilson lines. Using the three operators, for example the unknot
may be represented as fig 8 and we can use them to compute the knot invariant for
this case. However the steps leading to the actual computation of the invariant are
riddled with numerous subtleties — dealing with monodromies and framing anomalies
to name a few — that we discuss in details in section 3.3.2. The final knot invariant,
or more appropriately the linking number for the unknot is given by (3.367). Similar
analysis is presented for the trefoil knot, torus (2,n) knots, figure 8 knot and 5,
knot in (3.368), (3.369), (3.370) and (3.371) respectively. These knot configurations
easily follow the three-steps building blocks mentioned above, as shown in fig 9, fig
10, fig 11 and fig 12 respectively, and we discuss how this generalizes to all knot
configurations that may be built in our model.

In fact other invariants, beyond the linking numbers, may also be studied for the
knot configurations that we discuss here. These invariants have been addressed in
[36] and may be constructed using the monodromies M, in (3.358), implying that
our analysis is generic enough not only to include all the constructions of [36] but
also give them appropriate supergravity interpretations. Despite the success, a non-
abelian extension of this picture is harder, and we do not attempt it here leaving
a more detailed elaboration for the sequel. Instead however we dedicate the last
section, i.e section 3.3.3, albeit briefly on opers that may generalize more easily to
the non-abelian case.

Section 4 is dedicated completely in exploring the physics of the Ooguri-Vafa [8]
model. From start, there are many points of comparison with section 3 dealing with
the physics of Witten’s model [11]. For example, the absence of a Coulomb branch,
the location of the knots on the internal S* and the existence of a gravity dual might
suggest that the Ooguri-Vafa [8] model is very different from Witten’s model [11]. In
section 4 we argue that this is not the case. In spirit, these two models are far closer
in many respects than one would expect from naive comparison.

The first hint already appears from the discussion in section 5 of [11] and in [43],
where the intersecting D4-branes’ construction of the Ooguri-Vafa model is discussed
from the brane set-up of Table 1. However we want to emphasize the connection
using the brane set-up of Table 2 that directly relates the four-dimensional N = 4
model of Witten to the N' =1 set-up of Ooguri-Vafa.

Our starting point is then multiple D5-branes wrapped on a two-cycle of a non-
Kahler resolved conifold. We take N five-branes so that IR gauge group for the



minimally supersymmetric four-dimensional gauge theory becomes SU(N). The ge-
ometry can be worked out precisely as we show in section 4.1, which in turn is based
on the recent work [40]. However existence of a similar picture as in section 3.2.1
without dipole deformation, doesn’t mean that the physics remains similar now.
The absence of the Coulomb branch changes the story a bit, and this is discussed
in details in section 4.1.1. However the two models, despite the small difference, are
identical in some respect regarding the four-dimensional picture, even when we go
to the mirror type IIA side. The Ooguri-Vafa model is then realized from the mirror
picture by first Euclideanizing the geometry, so that the four-dimensional physics is
defined on S?l) x RT, and then performing a flop (4.8) that exchanges the S?l) with
S?Q), the three-cycle of the mirror deformed conifold. The flop transfers the physics
to the three-cycle of the deformed conifold, and this way we can get [8] from [11].

The discussion in section 4.1.1 leaves a few questions unanswered. The first is
related to the physics on Si()’l), namely, what is the precise topological theory on S:()’l)
that we eventually transfer to S?Q)? The second is related to the knots, namely, what
about the knot configurations and the knot invariants? In the remaining part of the
paper we answer these two questions.

To answer the first question we will require the precise supergravity background
in type IIB, before mirror transformation. This is studied in section 4.2, where the
fluxes are worked out in section 4.2.1 and the warp-factors, in the type IIB metric,
are worked out in section 4.2.2. The M-theory lift of this configuration is studied in
section 4.3.1, where we show that the seven-dimensional manifold is again a warped
Taub-NUT fibered over a three-dimensonal base. This time however the warping of
the base and fibre in the seven-dimensional manifold (4.43) is different from what we
had in section 3.2.3 such that the four-dimensional supersymmetry can be minimal.
Of course the right comparison with section 3.2.3 can only be done after we make a
dipole deformation to the type IIB background. It turns out, and as expected, dipole
deformation doesn’t break any supersymmetry, but does break the four-dimensional
Lorentz symmetry to three-dimensional Lorentz symmetry. This is good because
we can localize the knots in the three-dimensional space where there is a manifest
Lorentz invariance. Details on this are presented in section 4.3.2.

Once we have the full geometry and fluxes in M-theory, with dipole deformation,
it is easy to follow similar procedure as in sections 3.2.3, 3.2.4, 3.2.5 and 3.2.6 to
work out the normalizable harmonic forms, and non-abelian enhancement to study
the gauge theory in four-dimensional space. This is the content of section 4.3.3, where
we discuss the vector multiplet structure, leaving the study of chiral multiplets for
the sequel. The vector multiplet structure leads to a non-abelian gauge theory in
four-dimensions whose coupling constant, much like (3.76) before, may to traced to
the underlying supergravity variables in M-theory.

The above discussions then brings us to the second question related to the knot
configurations and knot invariants. In fact the story is already summarized in section
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4.1.1, and in section 4.4 we elaborate on individual steps. The first step is related to
the topologically twisted theory on the three-dimensional boundary W. This time,
because of the absence of the Coulomb branch, the boundary theory is simpler than
the one in Witten’s model, namely (3.241). It is now given by (4.60), which is again
a Chern-Simons theory but the coupling constant is not the one that we naively
get from the topological piece (4.59) in M-theory, rather it is a combination that
appears from both the G-flux kinetic and the topological pieces in M-theory. This
is identical to what we had in section 3.2.12 related to Witten’s model. We now see
that a similar structure, yet a bit simpler from [11], is played out for the Ooguri-Vafa
model [8] too.

All these are defined on S?l)’ and once we take the mirror, the theory on S‘z’l)
remains identical. The second step is to perform a flop operation (4.8), so that we
can transfer the physics to the three-cycle S:(”Q) of the non-Kéhler deformed conifold,
giving us (4.62). For this case, the knots may now be introduced by inserting co-
dimension two singularities as depicted in fig 14. Again, the picture may look similar
to what we discussed in sections 3.3.1 and 3.3.2, but there are a few key differences.
One, we cannot study the abelian version now as the model is only defined for large
N. This means all the analysis of the knots using operators Ay, By and Cy,,) may
not be possible now. Two, similar manipulations to the BHN equations that we did
in section 3.3.1 now cannot be performed.

What can be defined here? In the remaining part of section 4.4 we give a brief
discussion of how to study knots in the Ooguri-Vafa model, leaving a more detailed
exposition for the sequel. We summarize our findings and discuss future directions
in section 5. In a companion paper [15], and for the aid of the readers, we provide
detailed proofs and derivations of all the results here including, at times, alternative
derivations of some of the results.

2. Brane constructions and Knots

In this section we will study the knots first from a brane construction proposed
by Witten [11, 13] and argue how this could be mapped to the geometric transition
picture of OQoguri-Vafa [8, 14]. We will argue that certain fourfolds along with specific
configurations of surface operators are useful in making the connections between the
two scenarios.

2.1 Brane constructions for Knots

In the original Witten’s construction [11] of knot theory in type IIB theory, we will
call this> Model A, the branes were arranged as in Table 1, with an additional

2Not to be confused with A-model and B-model that appear in the topologically twisted version
of our constuction.

— 11 —



w
N
ot
(@)
-3
oo
Ne)

Directions || 0 2
NS5 VIVIVIVI*| x| x|x|V]V
D3| VIV

*
*
*

<
*
*
*

Table 1: The orientations of various branes in the intersecting branes set-up. The notation
\/ is the direction along which the branes are oriented.

source for IIB axion, Cj, switched on such that the knots are localised along the
2 4+ 1 dimensional intersection parametrised by g ; 2.

Let us now modify the original set-up of Witten by converting the direction
xg along which the D3-brane is stretched into a finite interval. This is achieved
by introducing another NS5-brane oriented along g 12345. This crucial step will be
useful for us to relate the configuration of Witten to the configuration of Ooguri-Vafa
[8], as we will soon see. For later convenience we will call this, and the subsequent
modification of this, as Model B.

The type IIB configuration can be modified further by T-dualizing along x3
direction. This T-duality leads us to the well-known configuration in type IIA theory
[16, 17] as depicted in Table 2. In addition to the required branes we will have a

Directions || 0 | 1 | 2 | 3 |4 |5 |6 |7]8 ]9
NS5 VIiVIVIV]I*]| x| x|*x|V]|V
NS5 VIiVIVIVIVIV] x| x| *]| x

D4 VIVIVIV] x| x| Vx| x| %

Table 2: The orientations of various branes in the T-dual of the modified Witten set-up.

background type ITA gauge field Az, that will have a pull-back on the D4-brane
and furthermore introduce a non-trivial complex structure on the (x3,zg) torus.
The latter operation will help distinguish the non-compact world-volume directions
Zo,1,2 with the compact toroidal directions even in the limit of large size of the
torus. However although supersymmetry of the background still remains valid, the
localization of the knots in the z( ;. directions is not: we have lost the Coulomb
branch, so the discussion of knots should be taken with care here. We will study this
soon.

Finally let us make yet another modification to the set-up studied above: in-
troduce large N number of D4-branes. Such a modification will help us to study
the gravity dual of this set-up, in other words will connect us directly to the model
studied by Ooguri-Vafa [8] or more recently to Aganagic-Vafa [14]! This is because
an appropriate T-duality to the above brane configuration will convert the two NS5-
branes to a singular conifold and the N D4-branes to N wrapped D5-branes on the
vanishing two-cycle of the conifold. We can then blow-up the two cycle to convert the
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singular conifold to a resolved conifold®. The D5-branes will then wrap the resolution
two-cycle. To see how this works, let us discuss this in some details.

2.2 T-duality, resolved cone and a geometric transition

We begin by introducing a circle action on the conifold and extend it to the resolved
conifold in a compatible manner. Consider an action S, on the conifold xy —uv = 0,
where (x,y,u,v) are complex coordinates, in the following way:

S.: (e 2) =, (% y) =y, (€ u) = eu, (e7,v) = e . (2.1)

The orbits of the action S, degenerates along the union of two intersecting complex
lines y =u=v =0 and x = u = v = 0 on the conifold. Now, if we take a T-dual
along the direction of the orbits of the action, there will be NS branes along these
degeneracy loci as argued in [18]. So we have two NS branes which are spaced along z
(i.e. y =u=v=0) and y directions (i.e. x =u = v = 0) together with non-compact
direction along the Minkowski space which will be denoted by NS, and N.S,.

This action can be lifted to the resolved conifold. To do that, we consider two
copies of C? with coordinates (Z, X,Y) for the first C? and (Z/, X', Y”) for the second
C3 . Then O(—1) ® O(—1) over P! is obtained by gluing two copies of C?* with the
identification:

Z’:E , X'=XZ, Y =YZ (2.2)
The Z and Z' are the coordinates of P¥’s in the two C?’s respectively; and others

are the coordinates of the fiber directions. The blown-down map from the resolved
conifold C3 U C? to the conifold C is given by

e=X=X7 y=2Y =Y, u=2X=X, v=Y =2 (2.3)

From this map, one can easily see that the following action .S, on the resolved conifold
is an extension of the action S, (2.1):

S.: (% 2)=e®Z, (9 X) = X, (?)Y)—=e Y
(.7 = e 7' (e X') =X, (Y)Y (2.4)

The orbits degenerates along the union of two complex lines Z =Y = 0 in the first
copy of C? and Z' = X’ = 0 in the second copy of C3. Note that these two lines do
not intersect and in fact they are separated by the size of P!. Now we take T-dual
along the orbits of S, of type IIB theory obtained by wrapping N Db5-branes on
the rigid P!. Again there will be two NS-branes along the degeneracy loci of the
action: one NS brane, denoted by NS, spaced along X direction (which is defined

3We will see that the metric on this will be a non-Kéahler one.
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by Z =Y = 0 in the first C?) and the other NS brane, denoted by NSy along
Y’ direction (which is defined by Z' = X’ = 0 in the second C?). Therefore the
T-dual picture will be a brane configuration of D4 brane along the interval with two
NS branes in the ‘orthogonal’ direction at the ends of the the interval exactly as
illustrated in Table 2. Here the length of the interval is the same as the size of the
rigid P!. As the rigid P! shrinks to zero, the size of the interval goes to zero and
NSx (resp. NSy/) approaches to NS, (resp. NS,) of the conifold.

In the language of branes, the two NS5 branes are along directions 45 and g g
and fill simultaneously the spacetime directions xg;23. This means the T-duality
was done along direction x4, or in the language of a conifold, along ). The conifold
geometry is parametrized by (6;, ¢;) with ¢ = 1,2 with the U(1) direction ¢ and the
non compact radial direction r. In the following let us clarify some subtleties related
to the T-duality. First let us consider the wrapped D5-brane on a conifold geometry.
A standard T-duality along an orthogonal direction should convert this to a wrapped
D6-brane. The C'; source charge of the D6-brane decomposes in the following way:

€9, N\ €4,

C7(X 1), 01, 1) 05(?,¢)A( NS ) (2.5)
where V4 is the volume of the two-sphere that is being wrapped by the D6-brane and
whose cohomology is represented by the term in the bracket*. In the limit where the
size of the two-sphere is vanishing (i.e for the T-dual conifold), the term in the bracket
in (2.5) will behave as a delta-function, and consequently C7 will decompose as Cs
i.e as a D4-brane. It will take infinite energy to excite any mode along the directions
of the vanishing two-sphere, and therefore for all practical purpose a T-dual of the
wrapped D5-brane on a conifold will be a D4-brane stretched along ¢ direction. This
is of course the main content of [20, 21, 19]. Similarly if the wrapped two-sphere is of
finite size, i.e the D5-brane wraps the two-cycle of a resolved conifold, then at energy
lower than the inverse size of the two-sphere the T-dual will effectively behave again
as a D4-brane [16, 17]. Once the energy is bigger than this bound — the size of
the two-cycle is much bigger than the string scale — then the intermediate energy
physics will probe the full D6-brane. Our analysis in this paper will be related to
this case only, i.e we will explore the classical dynamics of a wrapped D6-brane on a
four-cycle parametrized by (01, ¢1,) and 3.

The above discussion tells us that, under appropriate T-duality, we should get
the IR picture of the geometric transition model studied by Ooguri-Vafa [8]. There
are of course few differences that we need to consider before making the equivalences.
The first is the existence of a Byg field with one of its components along the D5-

“The representative of second cohomology for a two-cycle of a conifold is eg, A ey, — eg, A €4,
as both P! vanish at the origin [19]. For resolved conifold we will take (2.5), as geometrically the
D5-brane wraps a two-sphere parametrized by (61, ¢1). This makes sense as one of the sphere will
be of vanishing size at r = 0.
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branes and another orthogonal to it®. This Byg field should give rise to the dipole
deformations of the D5-branes’ gauge theory [24, 25, 26]. This deformation should
also be responsible for preserving supersymmetry in the model. It is however not clear
that the knots in this model should again be restricted to x¢ ;2 directions, although
naively one could argue that the two directions of the D5-branes are wrapped on the
P! of the resolved conifold, and the dipole deformation with a Byg field Bsy should
restrict the knots further to the ¢, o directions. The reason is of course the absence
of the Coulomb branch which is a crucial ingredient in [11, 13].

There is another reason why this should not be the case. We can ask the fol-
lowing question: what will happen if we make a geometric transition to two-cycle
on which we have wrapped D5-branes? From standard argument we know that the
D5-branes will disappear and will be replaced by fluxes. In this flux picture, or more
appropriately the gravity dual, it will be highly non-trivial to get the information
about the knots from the fluxes on a deformed conifold background (as there are no
branes on the dual side). One might think that a T-dual of this gravity dual could
bring us back to branes in type ITA, but this doesn’t help as the original D4-branes
on which we had the knot configurations do not appear even on the brane side. To
see this, consider the following circle action Sy:

Sq: (€% x) =z, (e9y) =y, (7 u)—eu, (7 v)— e, (2.6)

on the deformed conifold xy — uv = p, where p is the deformation parameter. Then
Sq is clearly the extension of S discussed in (2.4) and the orbits of the action
degenerate along a complex curve u = v = 0 on the deformed conifold. If we take a
T-dual of the deformed conifold along the orbits of Sj, we obtain a NS brane along
the curve v = v = 0 with non-compact direction in the Minkowski space which
is given by xy = p in the x-y plane. Topologically, the above curve is R! x S!.
Thus in the T-dual picture, the large N duality implies a transition from the brane
configuration of N coincident D4-branes between two orthogonal NS5-branes to the
brane configuration of a single NS5-brane wrapped on R! x S! with appropriate
background fluxes. The D4-branes have disappeared in the dual brane configuration
too, apparently along with our knot configuration!

The solution to the above conundrum is non-trivial and we will discuss this soon.
But first let us discuss how to study Model A using the approach of wrapped branes
on certain non-Kéahler manifolds. This will lead us to a more unified approach to
discuss both the models.

5In general we expect both Bys and Brr to appear here. The latter however is more non-trivial
to deal with, so we will relegate the discussion for later.
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3. Model A: The type 1IB dual description and warped Taub-
NUT

The situation for Model A is slightly different as it is directly related to [11] and
therefore to the Chern-Simons theory along g o directions for the brane configura-
tions given in Table 1. The claim is that the knot polynomial J(q; K;, R;) for any
knot K; is given in the Chern-Simons theory via the following path integral:

J(¢; K, R) = (W(K;, R;)) = (Trg, P expj{ A)

K;
_ f DA exXp (iSCS) Hz W(Ki7 Ri)
B | DA exp (iS.s) ’

(3.1)

that is a generalization of (1.2), and where ¢ is the variable which is used to express
the knot polynomial as a Laurent series, R; is the compact representation of the
gauge group (G appearing in the Chern-Simons action Sg,:

k 2
SCS:—/ T ANdA+=-ANANA]. (3.2)
47T W 3

As discussed in the introduction, k is an integer used to express ¢ as in (1.3). The
denominator appearing in (3.1) is in general non-trivial function of k. For example
for SU(2) group with W = S3, as shown in [2] and [11], the denominator becomes:

/DA exp (iSz) = \/kTH sin (k I 2) , (3.3)

but if we take W = R?, this can be normalized to 1 and so (1.2) and (3.1) become
identical. This is the case we will study in this section. The above two expressions

(3.1) and (1.3) serve as dictonary that maps the knot polynomial J and the knot
parameter ¢ in terms of the variables of Chern-Simons theory.

3.1 First look at the gravity and the topological gauge theory

We will discuss the knots appearing from this construction soon, but first let us
modify Table 1 slightly by first restricting the direction g to an interval, and
secondly, T-dualizing along 3 direction to convert the configuration to D4-branes
between two parallel NS5-branes. T-dualizing further along x¢ = v direction will
convert the D4-branes to fractional D3-branes at a point on a warped Taub-NUT
space. In particular, we will have a geometry like:

ds? = e %ds? ps + ePds?

Fy=c®s0d (). 34
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where ¢ is the dilaton and the Hodge star and the fundamental form J are wrt to
the dilaton deformed metric e?*?ds2. The metric dsg will be given by:

dsg = Fydr® + Fy(di + cos 01de)? + Fs(dO] + sin0,d¢]) + Fy(dxg + dx3), (3.5)

with Fy = Fy(r),F, = Fy(r) and F3 = F3(r) as functions of r only and Fy =
Fy(r, xg,x9), as the simplest extension of the case with only radially dependent warp
factors. Note also that the fractional D3-branes cannot be interpreted as wrapped
D5 - D5 branes along (6, ¢;) directions. Instead the fractional D3-branes will be
interpreted here as D5 - D5 pair wrapping direction 1 and stretched along the radial
r direction.

We can also change the topology along the zgg directions from R? to T? or P!
without violating Gauss’ law. Before elaborating on this story, let us clarify few
issues that may have appeared due to our duality transformation. First, one would
have to revist the supersymmetry of the model, which seems to have changed from
N =4 to N = 2. This still allows a Coulomb branch, but we need more scalars
to complete the story. One way to regain the lost supersymmetry is to assume that
the xg circle is large, so that essentially, for the half space x4 > 0, we have the same
physics explored in [12, 11].

Secondly, Witten discusses the possibility of T-duality along orthogonal S! for
the D3-NS5 system and argues that, because of the absence of a topological one-cycle
in the T-dual configuration, the path integral in this framework cannot be taken as
a trace. Our configuration differs from this conclusion in the following way. The
T-dual will lead us to a non-Kéhler metric on the Taub-NUT space (we call this
as a deformed Taub-NUT) and although the Taub-NUT circle will shrink to zero
size, we will not be using the Taub-NUT configuration to compute the path integral.
Rather a different Taub-NUT will feature later in our study of the gauge theory on
the wrapped Db5-branes.

Thirdly, converting the D3-branes to D4-branes wrapped along direction 3
would seem to give us only two scalars (zg,z9). But this is not quite the case
as the fluctuation of the gauge field along the x3 direction will appear as an extra
scalar field when we look at the three dimensional gauge theory along directions
(9,1, 22). These are therefore exactly the scalar X in [11]. The other three scalar
fields, namely (24, x5, 7), are related to Y in [11].

Below a certain energy scale, related to inverse radius of the x5 circle, the theory
on the D4-branes can be studied at the intersection space of NS5-D4 system. The
boundary action is then given, for the Euclidean three dimensional space, by [11]:

1 2
L — d*x [lleabcTr Xo[Xp, Xe| + e Tr <A“81,Ap + gAuAVAf))} 7

B g}zf]\/[ =0
(3.6)
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where (1, l5) are constants related to the background gauge field (Aj3) (see also [11])
and the superscript is for later convenience.

3.1.1 On the topologically twisted theory

Constructing a topological field theory using R-symmetry twist to NV = 4 theory
is well known, and could be easily applied to our configuration. The wrapped D4-
branes on x3 has a SO(5) symmetry broken to SO(4)xU(1). The one-form associated
with the U(1) symmetry can be combined with the twisted scalar fields, i.e scalar
fields associated with (zs,z9) converted to one-forms ¢,dz*. The fluctuation of the
gauge field along x5 direction® contributes another one-form. Finally the fourth one-
form may appear from one component of the fluctuations of the D4-branes along
orthogonal direction. Together these one-forms could be expressed (in Euclidean
space) as:

3
$=> duda’, (3.7)
n=0

which captures the concept of R-symmetry twist (see [12, 11] for more details). Using
these we can rewrite (3.6) as the following topological theory [11]:

1 2
Slgl) = — / dBre™PTy [2l1q§ud)y¢p + 1y (AM&,A[) + gAuAvAp)] . (3.8)
9y m Jze=0

where the coefficients {; and I, are defined” in terms of ¢t = :l:@, where 7 is the

standard defination for four-dimensional gauge theory, namely 7 = % + A as:

2
Iy m

t+t!
6 M

t+t!
lgE .
t—t-1

h = (3.9)
The derivation of the above relations are given in [11], assuming the 6 angle in the
defination of 7 to be related to the YM coupling ¢%,,.

The topological theory that we got above in (3.8) is however not complete. There
are other terms that require a more detailed study to derive. The derivation has been
beautifully presented in [11], so we will just quote the results. The idea is to take
the five-dimensional action on the D4-branes:

1
Spy = ? / d595\/g](f’),/ll,(figI + Ty / e AT By F oy, (3.10)
5

where T} is the tension of the D4-brane, and reduce over the compact direction
x3. The expectation value of A, alongwith 7}, will give rise to the # angle in the

6Not to be confused with the type ITA U(1) gauge field with expectation value (A3).
"We thank Ori Ganor for explaining the coefficient /; of the cubic term in (3.8) using bound
state wavefunction of a Fl-string with a NS5-brane [23].
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dimensionally reduced four-dimensional N = 4 SYM theory with the YM coupling
determined by the length Rs of the compact x5 direction (assuming flat g®):
_ B

v %

(3.11)

The kinetic piece of the five-dimensional action of the D4-branes can now be repre-

sented as:
1 1
- / PGl — —— / d'x\/GLyin = {Q, ...} (3.12)
gs 9y M
1 1 2
— | PBr——— | —wQ(A HYoh F, D, ¢, — = v Qo
+g}2fM xm{ w ( )_'_E r(¢u +w¢u /L(b 3¢u¢¢>}

where the bounday integral has to be defined at both ends of z¢, namely x4 = 0 and
rg — 00, or to the point along xg where we have moved the other NS5-brane. Of
course, as mentioned earlier, to preserve maximal supersymmetry, the other NS5-
brane has to be kept far away so that near x4 = 0 we restore N' = 4 supersymmetry.
We have also related ¢, appearing in (3.9), and w as:

t = w—V1+w (3.13)

The other parameters appearing in (3.12) are defined in the following way: @ is the
standard supersymmetric operator such that in the absence of any boundary, the
kinetic piece would only be given by the first line of (3.12) i.e as an anti-commutator
with ). The other parameter Q(A) is the standard Chern-Simons term in three-
dimension, such that:

/d3x Q(A) —/Tr (A/\dA—i—%A/\A/\A). (3.14)

It is now easy to see that once we combine the boundary term of (3.12) with the
bounday action (3.8), the final action takes the following simple form:

47 1
912/]\/[ wv 1 + U)2

as one may verify from [11] too. The above action is essentially Q(A,), with 4,, =

2
- / d%/Tr (Aw N Ay + 2 Ay A Ay A Aw)  (3.15)
re=0

A 4+ we¢. This tells us that we could insert a generalized one-form, given by A,,
into the Chern-Simons action and get the corresponding topological field theory!
This generalized one-form, as we will argue soon, should appear from our M-theory
analysis. Note also that the path integral description should remain similar to (3.1)
as:

41 1 47
DA, ex . /d?’x Q(A, } = /DA ex {— /d3x QA }
/ P |:912/M w1+ w? (4u) P 9° )
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(3.16)

where we assume that the path integral is evaluated at the usual boundary zg = 0.
Thus the S.s appearing in (3.1) should then be identified with (3.14) except with a
scaled coupling ¢? defined as:

g = gym\ wv1+w? (3.17)

It is important to recall that, for our case, only the low energy dynamics is given
by the Chern-Simons theory at the boundary. By low energy we mean the energy
scale smaller than the inverse radius of the x3 direction. Using the language of [11]
our five-dimensional Euclidean space is given by V.= W x S! x R, where S! is
parametrized by x3 and R, is parametrized by x¢. This S' should not be confused
with the S of [11] used in studying Khovanov Homology.

There is one subtlety that we always kept under the rug: the physics at the other
boundary associated with the existence of the second parallel NS5-brane. We had
assumed that the second NSH-brane can be moved far away so that near z¢ = 0 we
have the full N' = 4 supersymmetry. Although this description is roughly correct,
this is not the full picture as this x4 circle will become the Taub-NUT circle in the
dual type IIB framework. Therefore it is then necessary to determine the behavior
of the following Chern-Simons form:

QALY —Q(AP), (3.18)

w

where A} = A, is gauge field we studied earlier for the boundary z¢ = 0. As
discussed by Witten in [11], if we view A2 to be trivial, then the path integral can
be represented as (3.16). We will elaborate on this later.

3.2 Non-abelian extension and Chern-Simons theory

Having developed the basic strategy to study Chern-Simons theory from our brane
construction, let us now analyze the geometry (3.4). The x¢ circle on the brane
side will appear as a S!, parametrized by 4, fibered over the radial direction. The
topology of this space is a P! and it will be assumed that the D5-branes wrap this
two-cycle. The D5-branes are moved away along the Coulomb-branch.

The fundamental form J can be computed from (3.5) using standard procedure,
and is given by:

j = 1/ F1F2 (dw -+ cos 91d¢1) Adr + F3 sin 91d91 N d¢1 + F4 dl’g A dﬂfg. (319)

One can plug J = ¢*7 in (3.4) to determine the RR three-form flux using Hodge
duality. Assuming non-zero background dilaton, this is given by the following ex-
pression:

Fg = €y A (kl €0, N €oy + k’g d(Eg AN dl’g) s (320)
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where due to the wedge structure there would be no Fjg = g% or Fjg factors. This

is reflected in the coefficients (ki, k2) which are given in terms of the warp factors of
(3.4) as:

€2¢F47«F3\/ FQ €2¢ (\/ FlFQ — F3r> F4\/F2
FWE Fsv/Fy ’

even if we keep ¢ as an arbitrary, but well defined, function of the internal coordi-

ky = by = (3.21)

nates. Note that if the metric on the space (3.4) is Kéhler, then our formula would
have yielded vanishing RR three-form flux. Thus when the D5-branes wrap the two-
cycle of a blown-up Taub-NUT space, the metric has to be non-Kéhler to preserve
supersymmetry.

3.2.1 Generalized deformation and type IIB background

It is now time to see what effect would the introduction of type ITA complex structure
on the (x3,1) torus have on our type IIB background. This will not be a dipole
deformation, rather it will be a non-commutative (NC) deformation of the wrapped
five-brane theory, the non-commutativity only being along the (x3,1) directions.
Essentially the simplest non-commutative deformation amounts to switching on a
NS B-field with both components along the brane. The B-field for our case will have
component Bs, as we mentioned before, which of course has the required property
in the presence of a D5-brane along (xo123,7,%). Since the warp factors are r
dependent, this B-field component will be a constant along the (x3,1) directions
but will depend on the radial coordinate r. This case is unlike anything that has
been studied so far, although from an effective three-brane point of view this will
be a dipole deformation. Thus this is not the standard NC deformation but we will
continue calling it one.

We now expect a field strength of the form dB. This field strength will then
back-react on our original type IIB background (3.4) and change the metric to the
following;:

dz?
cos26 + F, sin?f
dy -+ cos 91d¢1)2

B (
FdQ cos 0
107+ 1+ F, tan?d

ds* = e™? [—dt2 + dx? + das + (3.22)

+ e? + Fy (d07 + sin®01d¢? ) + Fy(dag + dag) | |

where 6 is related to the NC deformation. It is easy to see how the Lorentz invariance
along the compact x3 direction is broken by the NC deformation. This is one reason
(albeit not the most important one) for the knots to be restricted along the Euclidean
three directions.

Coming now to the fluxes, it is interesting to note that the RR three-form flux
remain mostly unchanged from the value quoted earlier in (3.20) with a small change
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in the dv fibration structure:
F3 = (k1 ep, N ey, + ko dxg A dxg) A (dip + cos 0 cos O1depy), (3.23)

where (kq, k2) are the same as in (3.21). However now along with the three-form RR
flux, we also have a source of NS three-form flux which is responsible for generating
the NC deformation in our system. This extra source of NS flux is given by:

FQT sin 26 F2 sin 6

Hy = er N éy N es — :
2 (cos? 0 + F; sin® 9)2 v cos?  + F, sin® 6

eg, N\ ey, N\ ez,
(3.24)

from where we see how 6 creates the necessary NC deformation and é, = di +
cos 6 cos 01d¢, denotes the new v fibration. Finally, the NC deformation also effects
the type IIB dilaton, changing it from e~ to:

67¢

e?B = .
\/cos20 + F, sin®0

(3.25)

3.2.2 Comparision with an alternative deformation

Here we pause a bit to ask the question whether the NC deformation that we study
here is consistent with the procedure adopted in [12, 11] to localize the knots along the
Euclidean z; » directions. In the original construction of [11] an axionic background
Cy is switched on to provide a theta-angle to the gauge theory on the D3-branes (with
the NS5-brane boundary). In our language this will dualize to a RR B-field switched
on the wrapped D5-branes on the Taub-NUT two cycle. Note that this RR B-field is
in addition to the RR B-field generated by the D5-brane sources. The question now
is how will this additional RR B-field change the background solution. To analyze
this let us assume, for simplicity, that the RR B-field for the wrapped D5-brane
sources is given by:

CQ = b91¢1 d@l A dqbl + bgg d!Eg VAN df)?g, (326)

with the metric as in (3.4) and (3.5) and (bg, ¢, , bsg) are functions of all the internal
coordinates except (1, ¢1) to maintain the necessary isometries. Note that if by, 4, =

bo,¢, (1) and bgg = bsg(¢, 1), then:
dCy = (my eg, N ey, +ma dag A dxg) A (dip + mg cos b0y doy), (3.27)

which resembles (3.20) but is closed and doesn’t have the required isometries. We
have defined the coefficients in the following way:

dbg, Dbso Abgo\ " [ Dbso
_ 0 191 - = = 0, | — — ). (3.28
m; = cosec 0, T mo o0 ms = sec 6, ( 0 ) 90, ( )
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Therefore to be consistent with the RR field strength (3.20), we can define:
F3 = dCy + sources, (3.29)

with dCy derivable from (3.26) that preserves the (1, ¢1) isometries. What happens
when a component like Cy3 is switched on? To be consistent with [11] this component
should be a constant along the fractional D3-branes’ direction but could be a function
of the internal coordinates.

The answer can be derived following certain well defined, but tedious, steps. The
backreacted metric changes from (3.4) and (3.5) to the following:

da?
cos? O + Fre2? sin? 0

Fy (Cg% + cos 6, d¢1)2
1 4+ Fye2? tan? 0

ds? = e¥» [—dtQ + da? + das + (3.30)

+ e20tvs | Fidr? +

+ Fy (67 + sin®01d¢7;) + Fy (dag + dzj)

where 6 will be related to the additional RR B-field component switched on. Com-
paring (3.22) and (3.30) we see they are formally equivalent: the Lorentz invariance
along spacetime directions is broken in exactly the same way for both the cases; and
the ¢-fibration structure match. The metric differs slightly along the (v, z3) direc-
tions, and the warp factors are little different from (3.22), but the essential features
are reproduced in an identical way. The dilaton e®? is again a slight variant of (3.25)
and takes the form:

ePP = « . (3.31)

Vcos? 0 + Fye?? sin® 6

The RR B-field changes from what we started off in (3.26) because of the backreac-
tions from the additional RR B-field piece. The precise functional form can also be

worked out with some efforts, and the result is:

Cy = ( F, e2%tan 0

cos? 0 + Fye2? sin? 0
+ b91¢1 d91 VAN d¢1 + bgg dl’g VAN dxg (332)

) (dip + cos 0 cos O1dpy) N dxg

where we see that the first term is precisely the additional RR B-field piece that is
switched on to restrict the knots along the Euclidean z; o directions. In the limit
6 — 0 we get back (3.5) and (3.26).

Thus, comparing (3.22) and (3.30), we see that NC (or dipole) deformation and
the deformation from switching on RR component of the B-field essentially amount
to the same thing: they both restrict the knots along the x( ;o directions, albeit in
the Euclidean version, by breaking the Lorentz invariance along the g2 and the
x5 directions®. However the RR deformation is sometime hard to implement in the

8This is a bit sloppy as, we shall see later, restricting the knots along a particular subspace is
more subtle.
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supergravity language as it relies on the precise values of the Cy components in the
presence of sources. But now with our above-mentioned equivalence we can use the
NC deformations to compare the results as the supergravity analysis that we perform
here will only be sensitive to the metric deformations! Henceforth we will mostly use
the dipole (or NC) deformations to study the knots, unless mentioned otherwise, and
compare with the RR deformations whenever possible as we go along.

3.2.3 M-theory uplift and harmonic forms

It is now instructive to analyze the M-theory uplift of the deformed background
(3.22). Before that however we can see how the intermediate type IIA background
looks like by T-dualizing along a compact orthogonal direction. There are no global
one-cycle, but locally we have polar coordinates (0, ¢1). There is no isometry along
0, direction, so that leaves us only with the ¢, circle. Local T-duality along ¢,
will give us D6-branes, originally wrapped along the two-sphere generated by the
collapsing 1 coordinate on the radial r direction, and the ¢, circle. This configuration
is stabilized against collapse by background fluxes, which we will determine below.
The background metric for the wrapped D6-branes is now given by:

ds* = e | —dt* 4 da? + da? +

d? (doy + F» tan 6 sec 6 cos 0, dr3)?
2 in2 + 5 s 2
cos?6) + Iy sin”0 F5 cos?6y + F3 sin“6,

+e?

Fy cos26, + F; sinf

FyFy sin®0; sec? 0
Fyodr? + Fy do? + Fy dsy + <~ 23 S 71 e ) d@bQ] , (3.33)
1

where we note that the Lorentz invariance along (x3,¢;) directions is broken so
that the knots are still localized along the (o directions, albeit in the Euclidean
version. Note also the non-trivial fibration of the ¢ circle, which in turn appears in
the background NS two-form B, as:

ﬁg cos 0 sec 0

By = — (d 1+ Fy tan 0 sec 6 cos 0 dm)/\d
? F, cos?0, + F; sin?6, h ? L v

+ F, tan 0 sec? 6 dip A ds, (3.34)

from where the field strength Hs = dBy can be determined. We have also defined ﬁg
as:
~ F,

= 3.35
T 1+ F, tan20 (3.35)

To complete the story we will need the type ITA dilaton and the RR fluxes. The
dilaton is well defined and takes the form:

~3¢/2
- ¢ , (3.36)

\/(c0826 + Fy sin29) <ﬁ2 cos20; + F3 sin281>

A
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provided the warp factors (Fy, F3) are well defined everywhere. Otherwise strong
coupling will set in at the following two isolated points:

(91 = 07 FQ(T’l) = 0), (91 = g, F3(T'2) = 0) s (337)

irrespective of whether there is any NC deformation on the type IIB side. In general
however, for arbitrary choice of the warp factors, strong coupling will set in when
e~? — oo. This is the regime where the dynamics will be captured by M-theory.

To study the RR fluxes we first note that in the type IIB framework, the RR
three-form flux Fj3 is not closed and gives rise to the following source equation:

dFs = —ky cos 6 eg, A ey, Ndag A drg + (kig €9, N ey, + kog dg A dg) A eg A éy,
(3.38)

with a = (r,8,9) and e, = (dr, drg, dzry). The first term is the expected source term
for the D5-branes located at a point in (01, ¢1, zs, T9) space. The other two terms
signify the fact that we have fractional D5-branes. This is also reflected on the type
ITA two-form F as:

dFy = —ky cos 0 sin 0y dbf; A dxg N dxg
— (sin 0y k1, dO1 A dip — cos 0 cos Oy koy dxg A dxg) A eq, (3.39)

with the first line denoting the expected charge of the wrapped D6-branes.
At strong type IIA coupling, we can analyze the dynamics using M-theory. The
M-theory metric takes the following form:

ds* = Hy [—dt® + dai + daj + Hy dai + Hy(dgy + fadzs)® + €2 (Fidr® + Hydy)?)]
+ 2 Hy [Fy d6? + Fy (da? + dad)] + e 2 Hy 2 (doyy + Ayypda™)?, (3.40)

where we see that the second line reflects the warped Taub-NUT nature of the back-
ground using gauge field A; from the source (3.39). The warp factors H; and f3
describing the background are defined as:
2 -2\ 1/3 (1 2 o, \ V3
H, = (COS 6 + F5 sin 9) (Fg cos“f, + F3 sin 91>
1 1
H, = 2 . o) H3 = =
cos?0 + F; sin“6 F cos26, + Fj sin6,
FLyFy sin%6, sec2 0

fzﬁtan@sec@cos@, Hy == .
’ ’ ' Fy cos?0, + Fj sin6,

(3.41)

To proceed further we will have to define the type ITA gauge field from (3.39) as:

Fo=dA; = oy deg AN dxg + ag dag N\ dby + a3 drg A dby, (3.42)
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with the background one-form A; appears in the fibration structure of (3.40) giving
the Taub-NUT form and «; = «;(01, 75, x9) as some generic function of (61, zs, xg)
at some fixed value of r satisfying the constraint:

_ —0. (3.43)

Since most of the warp factors are functions of r, except Fj and e® which are respec-
tively generic functions of (zg,x9) and (xs,9,6;) also, at a given point if r, i.e at
r = rg, we have a warped Taub-NU'T space specified by the following metric derivable
from (3.40):

dS%N =Gy d@% + Gy d$§ + G dfﬂg + G4(d$11 + A1)2, (344)

with G; given by the following expressions in terms of the warp factors H; given in
(3.41), F; in (3.5), and the dilaton ¢:

1

24 _ _ 29 -
Gy =e™” Hy I, G =Gy =™ Hy Fy, G4_62¢H12'

(3.45)
To proceed further we will assume, for simplicity, the warped Taub-NUT space de-
scribed above in (3.44) is a single centered Taub-NUT space. This is clearly not
an accurate description of the system as the warped Taub-NUT space is derived
originally from N wrapped D4-branes in type IIB theory. We will rectify the sit-
uation soon by resorting back to the original description, but for the time being a
single-centered Taub-NUT space will suffice to illustrate the picture without going
into too much technicalities. Having said this, we now use the fact that a single-
centered Taub-NUT space allows a unique normalizable harmonic form w = d{ which
is self-dual or anti-self-dual i.e w = & %4 w. For our case, this is given by:

¢ = g(bh, s, 79) (dr11 + A1), (3.46)

with g(61,xs, x9) satisfying the following set of differential equations at r fixed at
r=Tp:

1 dg n 1G1Gy a F3
g 06, GG e Fy ((30529 + F sin29) (Fg cos26, + Fy sin201>

1@ N G2G4 o a3 e~2¢
g(‘?a:s n s G1G3 N

(3.47)

\/F3 (00829 + B sin29) (ﬁQ cos?0, + Fj sin261>

1@ — T G3G4 - oD e~2¢
gal'g T GlGQ N

\/Fg (00820 + F, sin29) (E cos20; + F3 sin261>
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The above set of partial differential equations are in general hard to solve if we don’t
know the precise functional forms of the warp factors and dilaton involved in the
expressions above. However comparing (3.42) and (3.39) we see that a; appearing
above in (3.47) should at least be proportional to ko defined in (3.21). In other words,
we can write a; at r = rg as:

011(7”07 xIg, X9, 91) = 62¢ F4Oéa((91), (348)

where Fy = Fy(ro,zs,x9) and ¢ = ¢(ro, xs, T9,01). Note that, with the choice of
Fy in (3.42) and the wedge structure, we can allow the above functional form for
oy without spoiling the constraint equation (3.43). This way the first equation in
(3.47) is easily satisfied. However for the other two equations in (3.47), one simple
way to solve it would be to allow the dilaton as well as (as, a3) to be functions of
(r, xs, 9, 61), such that the following conditions are met:

ase ¢ e ¢

— = 53({138), — = ,BQ(ZEQ). (349)
\/FQ cos20, + Fj sin®6, \/F2 cos26; + Fy sin%6,

Let us also assume that g appearing in (3.46) can be expressed as:

g(01, s, 29) = 91(01)g2(w8) g3 (). (3.50)

Thus plugging in (3.50) into the differential equations (3.47) and assuming, without
loss of generality, Fy(rg) = by ', we get the following functional form for g:

Qg

61 xrsg z9
/ - do, +/ Ps dxg —/ B dxg )
0 \/sin201 4 cos?0) 0 0

bo+tan 6

9($8,$9791) = go exp |=Eco

(3.51)

where for appropriate sign we should get a normalizable harmonic form w and we
have defined cy as cg = y/cos? 0 + by 'sin? . The normalizability is defined wrt

(xs,z9) directions as #; is a compact angular coordinate. Thus the 0; dependence of

(3.51) is redundant and we can simplify (3.51) by eliminating the 6, dependence in
the gauge field (3.42) i.e eliminating the «; factor in (3.42). Under this assumption
the integrand in:

/ wAw= /Qg (ag @ — iy @) dfy N dxg A dxg N dxqq, (3.52)
TN x

will be independent of §; provided (as, a3) can be made independent of ¢ leading to
a constant factor for the 6, integral® as g in (3.51) will now be a function of (zg, zg).

9In general however one should get an additional piece of the form 2gay 8‘3—091 in (3.52).
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The 6, independency of (aq, a3) is still consistent with (3.49), but the question is
whether this will be true for (3.42). To see this, recall that F, in (3.42) needs to
satisfy:

Fo=dA; + A, dA = sources, (3.53)

where A; would still be written as (3.42), but now with only (aw, a3), and appear in
the M-theory fibration structure in the metric (3.40); and the sources correspond to
the D6-brane sources. We can distribute the sources appropriately such that (3.42)
has ay = as(wg) and a3 = az(xg) satisfying all the background constraints. The
dilaton, which is a function of (r, xg, xg, ), can be chosen from the start in (3.4) to
be of the form:

020 — €2¢0Q(T7 g, Tg)

\/ﬁg cos26; + Fy sin?6,

: (3.54)

which can then be used to determine the RR three-form flux F3 in (3.20) and (3.21)
with the functional form for Q(r, xs, 9) determined using supersymmetry via torsion
classes!®. The 6; independence of (3.52) will be useful later. Finally, this harmonic
form can be used to express the M-theory G-flux G, as:

Gy = (Ga) + F Nw, (3.55)

where F = dA is the field strength of the U(1) gauge field A and (Gy4) is the back-
ground G-flux whose explicit form can be easily determined form the type IIB three-
form fluxes F3 and Hs. This can be worked out by the diligent reader, therefore we

will not discuss this and instead we will concentrate on the M-theory uplift of the
RR deformed background (3.30), (3.32) and (3.31). The M-theory metric is given as:

ds* = H, [—dt2 +da? + da? + Hy dz? + Hy(ddy + fadzs)? + 2 <F1dr2 n idﬁ)}
+ My [Fy dO? + Fy (do? + da?)] + e 2 Hy 2 Hy ' (doyy + Aynda™)®,  (3.56)

where we see that the metric is almost similar to the one presented earlier with NC
deformation in (3.40). In fact the coefficients are also identical to the ones in (3.41),
namely:
7 2 20 o 20\1/3 (7 2 9, \V/3
H, = (cos 0 + F5 e“? sin 0) (FQ cos“f; + F3 sin 01)
~ 1 ~ F,

— F =
> 7 0820 + €20 [ sin%f)’ 7 142 F, tan20

10An example of supersymmetric compactification will be described in details later using tor-
sion classes. For our case using torsion classes may lead us to consider a more generic case with
Fy(r,xg,xg,01) instead of our present choice of Fy(r,xg,x9).
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~ - ~ FyFy sin?0; sec?
H3 = H1_37 f3 = Oa H4 = = 277 S U1 BEC y
Fy cos?0, + Fj sin6,

(3.57)

with the differences being the vanishing of f3, and the existence of certain extra
factors of €%?. Finally, the gauge field appearing in the fibration structure of (3.56)
can be read from the by, 4, and bz, components of (3.32) as:

A1 = b91¢1 d91 + bg¢1 dl’g. (358)

The next step would be to evaluate the field strength for A; and bring it in the
form (3.42) with the triplet (aq, s, as) such that we can eliminate «; and make
agy = ag(x9), a3 = az(xg) at r = rg and fixed x3. All these can be accomplished by a
simple choice of the components in (3.32) and (3.58):
db91¢>1 = Oég(LUg, x9) drs + a3(x87'r9> d'r9> b3¢1 = 051(91)7 % — % = 0(359)
r9  Org
This way oy piece in (3.42) will be absent at fixed z3 and the harmonic function will
be independent of #; in exactly the way we wanted. The dilaton can now be chosen
as (3.54) with F defined as in (3.57) to satisfy the remaining constraints. Thus with
the intial metric choice (3.4) and (3.5), alongwith the dilaton (3.54), supersymmetric
configuration can be constructed once the RR fluxes satisfy the second relation in
(3.4). This can be verified by working out the torsion classes, but we will not do so
here. Instead, in the following section, we will determine the four-dimensional action
that may appear from the 11-dimensional M-theory supergravity action.

3.2.4 First step towards a gauge theory

To derive a four-dimensional gauge theory from M-theory we will start by assuming
Lorentz invariance along (xg, 21, s, 1). Looking at (3.40), we see that this is possible
only if the dilaton and the warp factor H, combination e??H, is expressed as:

PHy = 1+ U,, (3.60)

with small U, at all points in (r, xg, z9,6;). In this limit, comparing this with (3.49)

and (3.41), it means (ao, a3) are chosen as

Pa(xg) (ﬁ’g cos?; + Fy sin%6,
ﬁgFg sec? 0 sin?0,

N 3/2
B3(zs) (F2 cos?0; + F; sin291>
+ OU,), (3.61)

3/
) + O(Uy)

042(7"7 $9;91) =

az(r,rg,01) = —
a(r, 2, 61) FyFy sec? @ sin®6,

for all points in (r, zs, xg, 61) space except at §; = 0. At #; = 0 one has to resort
back to the definition (3.49).
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Therefore for small Uy, the metric along (xg, z1,xe,1) is essentially Hy, and
consequently the M-theory action with [, = 1 will have the following four-dimensional
reduction:

/dllili g4/\*11g4+/63/\g4/\g4:Cl/d4$f/\*4f+62/f/\f, (362)

where we have ignored for the time being the seven-dimensional nature of the U(1)

theory by compactifying down to four-dimensions over the three-cycle X3 parametrized
by ¢1 in (3.40) and the two-sphere determined by the degenerating z3 fibration over

the radial coordinate r. The coefficients ¢; appearing in (3.62) are given as:

clz/ d3a\/ﬁ W A *TNW, 02:/ (Cs3) / wAw, (3.63)
3 TN Y3 TN

with ¢; giving us the U(1) YM coupling whose value can be read off from w, using
(3.51), and the internal metric along (¢1,r,), using (3.40); and ¢, giving us the ©
angle. Note also that ¢; and cy are related by:

Cy = M c1, (3.64)

fgS 3o g3
which should be reminiscent of the relation between © and —— discussed in [11].
To see the precise connection, let us go back to the original orientation of the D3-
branes on the NS5-brane in Table 1. The D3-branes are oriented along xg, x1, T2
and v directions, and therefore since the M-theory Taub-NUT is oriented along
(zg, 9,01, x11), we are left with the three-cycle 33 along (z3,r, ¢;) directions with
metric:

H\H,+ HHsf; HiHsfs 0
g3 = HyH; f3 HyHj 0 , (3.65)

0 0 H162¢F1

which could be read from the metric (3.40), and H;, f3 are defined in (3.41) above.
The above metric leads to the following value of the integral:

U3E/ o 93:27TR3/ dr e®+/ Fy, (3.66)
O3 0

at a fixed value for (0, zs,x9). In deriving (3.66), we have assumed Rj to be the
radius of the x3 circle. The above integral is a well defined function because the
dilaton is well defined at the two boundaries of r and F) vanishes at the origin and
goes to identity at r — co. Thus (3.66) will lead to some constant value at any given
point of (0, xs, z9) space.
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Coming to the M-theory three-form C3, we now require the component (Cs)s,¢,
to compute ¢ in (3.63). A naive computation from T-duality will yield zero value
for this component!'. However the scenario is subtle because of the fractional brane
nature of the type IIB three-branes. The D5-D5 nature of the fractional D3-branes
imply that we need a small value of NS B-field switched on along (7, ) directions to
take care of the tachyons [19]. Consistency then requires us to have at least a RR
two-form along (z3,r) directions in type IIB side. This will dualize to the required
Cs component (C3)sq¢, which, without loss of generalities, will be assumed to take
the following form:

N, sin 20 cos 0 p(0:,60) q(6)
2(cos? 0 + N sin® 6)2

Cg = dr VAN dlL‘g N dgbh (367)
where N = N(r,0) such that N remains arbitrary small for all » and only at r —
oo, N — 1; and p(6y,0) and ¢(#) are well-defined periodic functions of #; and 6
respectively. This way EOMs will not be affected by the introduction of these field
components. Using this, the value of the integral in (3.63) for ¢, is given by:

2 [T/? N, sin 26 cos 0 q(6)
C3) = — db, p(6,,6 dr Ndzs Nd = 2R3q(0) sin 6
/23< 3) W/o 1 p(01, )/23 r Adxrs A doy (cos? 0+ N sin? 6)2 3q(6) sin 6,

(3.68)

where we have absorbed the value of the 6; integral in the definition of R3 and gq.
Now combining (3.66) and (3.68), and making ¢(f) = 1 for simplicity, we find that
c1 and ¢y are related by:

2tan ¢ 2a
cosnra <1+tanzg> “ (1+a2) s ( )

where we have normalized the integral in (3.66) to 2R3 to avoid some clutter. Fur-
thermore, in (3.69), we have defined a = tan g. It is interesting that if we identify
this a with the same a used in eq. (2.7) of [11], we can compare (3.69) with eq.
(2.14) of [11] provided we define (cy, o) as'?:

4 ©
1= 2—7T, = —. (3.70)
9ym 2

A more accurate statement is the following. Existence of the RR two-form Cs in (3.32) implies
the three-form field strength components (F3)sy, and (F3)se,r, both of which under specific gauge
transformations may yield a two-form field (Cs)s,.. However consistency would require this to be
functions of (¢, ¢1) which, in our T-dual framework, would be impossible as we require the field
components to be independent of the T-dual coordinates (v, x3, ¢1).

12The results don’t match exactly as the above comparison is naive. The precise connection
between a of [11] and the supergravity parameters will be outlined later.
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What happens for the M-theory uplift (3.56) for the type IIB background (3.30),
(3.32) and (3.31)? It is easy to see that the component of the C3 (3.67) remains
unchanged, but v defined in (3.66) changes to the following:

o0 F
vy = 2R3 sec ‘9/0 dr e \/1 + e2¢ [, tan?0

o 1
= 2mR3 sec 9/ dr e®\/ I, (1 — 562¢ F, tan®0 + ) : (3.71)
0

at a fixed value of (6, xg, x9) space. The last equality is assuming small RR defor-
mation parameter 0, otherwise one will need the explicit form for the warp factor F;
and the dilaton e? to evaluate the three-volume vs. Now, because of the change in
the volume v3, the relation between ¢y and ¢; becomes:

1 tan 6 2 1 —a?
¢ = 3 sin 20 ¢; = (L) c = a ( a )cl, (3.72)

1 + tan2d 14+a?2 \1+a2

with corrections coming from the O(6?) terms in (3.71). This relation can be com-
pared with (3.69) and also with [11] where somewhat similar discussion appears from
gauge theory point of view.

3.2.5 Including the effects of U,

The above identification (3.69) or (3.72) is encouraging and points to the consistency
of the picture from M-theory point of view. However generically U, is never small
everywhere, and therefore Lorentz invariance cannot always be restored along the 1)
direction. In such a scenario we expect the gauge theory to have the following form:

C11-C1 4 ab C12-C1 4 oy
d d ; 3.73
. / T Z Fup F m / T Z FauF (3.73)

where a,b = 0,1,2 and (¢q1, 612) will eventually be related to the YM coupling (3.70)
after proper redefinations of the gauge fields. We will do this later. However subtlety
arises when we try to define these coefficients in terms of the background data because
the components of the metric along directions orthogonal to the Taub-NUT space as
well as the dilaton do depend on the Taub-NUT coordinates (61, zs, x9). For example
the first coefficient in (3.73) can be expressed as:

111 20 / 4 FlﬁQ _1 ﬁ2_F3 ( ag ag )
=4R3e*sec 0 [ d — tan g —— — —,
s 3 ¢ 7y Iy s 9@ 3 Qg

where g = g(r, zs,x9) instead of g(ro,xs,x9,01) as in (3.51) and Q = Q(r, zs, xg).
We have defined d*¢ as the integral over:

00 Rg Ry R
/d4< E/ d?”/ d[Eg/ de’g/ dl’ll (375)
0 0 0 0
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with R, being the radius of the n-th direction, which could be compact or non-
compact depending on the configuration. For example we expect Rg or Rg to be
non-compact.

Looking at (3.74), we see that there is a mizing between the Taub-NUT and
the non Taub-NUT coordinates. However we can simplify the resulting formula by
making two small assumptions: (a) we can take the constant leading term for the
dilaton, namely e??°, and (b) fix the Taub-NUT space at r = ry. The latter would
mean that the dr integral could be restricted only to the space orthogonal to our
Taub-NUT configuration, whereas the former would imply that we do not have to
worry about the dzg and dxg integrals'®. Note also that the average over 6, coordinate
that we perform here is consistent with (3.52) because one may assume as though
the df integral is being transferred to the integrand over the space orthogonal to
the Taub-NUT space. This is where our work on making the integrand in (3.52)
independent of #; will pay off. Of course as we saw, a general analysis is not too
hard to perform, but this is not necessary to elucidate the underlying physics.

Therefore taking the two assumptions into account, the first coefficient c;; is
easy to work out, and is given by the following integral:

FlFQFg \/ﬁ2+\/ﬁ2_F3
c11(0) = R3 sec 0 d'r \/T \/~7 : (3.76)
Fy — £\ F5 — Fj

where we have only taken the constant leading term for the dilaton. Additionally,

the combination F» — Fy should be viewed as ‘ﬁg — Fg) so that this will always be
real. This means for our purpose we will always be choosing the metric ansatze (3.5)
with ﬁz > [y at all points in 7, the radial coordinate!*. This choice, although not
generic, should suffice at the level of a concrete example. An alternative choice with
s> E, at all r, leads to:

> P FyF. P — F
c11(0) = 2R3 sec «9/ dr %% ﬁ tan ™! % ) (3.77)
0 3 — b3 2

131f we define @) appearing in (3.54) as Q = Q1+/F3, then we see that the dilaton varies between
€20y and €27 Q, , /%. For regimes where Fy — Fj, the latter is simply ¢2#0Q;. Therefore
2 3

the choice of constant dilaton means that (7 do not vary significantly over the (r,zs,z9) space.
This way issues related to strong coupling could be avoided.

“Note that the r behavior of the warp-factors F; typically goes as Fj, = > aj,(r/r,)" where
T, is the scale and the sum over n can be from all positive and negative numbers depending on the
model. This means, to maintain f‘g > F3 at all points in r, we will have to choose the functional
behavior differently for » < r, and for r > r,. Again, this subtlety is only because we restricted
ourselves to a concrete example with ﬁg > F3. We could take generic (ﬁ27 F3) for our case, but
then the analysis becomes a bit cumbersome although could nevertheless be performed. However
since in the latter case we don’t gain any new physics, we restrict ourselves with the former choice.
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and could be considered instead of (3.76) but we will only consider the former case
namely Fy, > F3.

The above integral (3.76) is just a number and is well defined for all values of
the warp factors even in the limits F3 =0 = F2 and F2 F5. On the other hand ¢;9
is more non-trivial to represent in integral form because ¢, depends on H, ' given
n (3.41), which unfortunately is not well defined at ; = 0. To deal with this we will
express the integral form for ¢i5 in the following way:

V22 4+ a2

—2’2

Fs
00 1 F 2 F \/F \/F F
= 2R3 cos 6/ dr by |bs tanh™* E\/ 310 (~2 a 20
0 F \/ F2+ \/ Fz F3

such that b is the regularization factor introduced to avoid the z = £1 singularities.

c12(0) = 2R3 cos 6 (3.78)

We have also defined (a, b, b3) in the following way:

(3.79)

Fi(F, — F3) b2 Bt V2(F, — F3)
—_— 3 — 7 ~ .
Fy— F3 AF, Fy I, — Fy

Let us now study the limiting behavior of the integrand in (3.78). In the limit Fj
vanishes for some point(s) in 7, the integrand generically blows up but we can arrange

it such that this vanishes as:
1—02\ Fj ~ —
1 + — | + hl FQ — FQ — F3
b? F,

On the other hand, when Fy — Fy for certain value(s) of 7, the integrand in (3.78)
approaches the following limit:

o NG {tamh1
(3.80)

tanh™' (%) : (3.81)

which blows up in the limit b = 1. But since b is never identity — the original integral
(3.78) being not well-defined for b = 1 — the value in (3.81) can be large but not
infinite. However subtlety arises when ﬁz — 0, because in this limit we expect F3
to also vanish otherwise ﬁg > F3 cannot be maintained. Furthermore, F3 has to go
to zero faster than F,. This then brings us to the case (3.81) studied above, and we
can impose Fy — 0 there. This means the integrand in (3.78) will be well defined at
all points in (r, zg, g, 1) space even where both (ﬁg, F3) vanish, and the large value
of (3.81) can be absorbed in the definition of A, in (3.73).
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Again, we should ask as to what happens once we consider the M-theory uplift
(3.56). The coefficients in the metric (3.56) are slightly different from the ones in
(3.40) so we expect (c11,c12) to change a bit. Indeed that’s what happens once we
evaluate the precise forms for (¢i1, ¢12). The first coefficient ¢; is now given by:

> P FyF \/F + \/F — I
c11(0) = Ry sec 9/ dr % L2 - = (3.82)
0 b4< ) \/FQ \/FQ F3

where F} is now defined as in (3.57) with an extra factor of the dilaton e?*. Unless

mentioned otherwise, we will continue using the same notation for F, as in (3.35) to
avoid clutter. It should be clear from the context which one is meant. As expected,
(3.82) is exactly as in (3.76) except for the additional factor of by defined as:
by = cos?d + €2® F, sin6 (3.83)
in the dr integral. Similarly, the c;o coefﬁcient is given by an expression of the form
(3.78) except by in (3.79) changes to \F’ ie:
b
by — E . (3.84)
\V/cos20 + e2¢ Fy sin’0

This concludes our discussion of the gauge theory from M-theory and we see that

the components of the gauge fields, namely (Ag, A;,.A3) can formally be distinguised
from A, because of their structure of the kinetic terms in (3.73). However the picture
that we developed so far is related to U(1) theory, so the natural question is to ask
whether we can extend the story to include non-abelian gauge theories. This is in
general a hard question because the G-flux in the supergravity limit is always a U(1)
field. However if we are able to include M2-brane states then we should be able to
study the non-abelian version of (3.62). In the following we will analyze this picture
in some details.

3.2.6 Non-abelian enhancement and M2-branes

To proceed we will have to first find the two-cycles in the space given by the metric
ansatze (3.44), where we now take our background to be a warped multi-centered
Taub-NUT space. The idea is to wrap a M2-brane on each of the the two-cycles such
that in the limit of vanishing size of the cycles, the M2-branes become tensionless
giving rise to enhanced gauge symmetry. This idea has been explored earlier in [27]
so we will be brief. Note that for this to happen, we will start by assuming that the
circle parametrized by the coordinate xy; shrinks to zero size at various points on
the geodesic line in the (61, g, z9) space. This way we will have multiple two-cycles,
giving rise to a warped multi-centered Taub-NUT space. In other words, we can
rewrite the warped Taub-NUT metric (3.44) in the following suggestive way:

dsiy = U™ (dzyy + Ay)° + UdX?, (3.85)
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where we have defined the variables appearing above, using the definations in (3.45),
in the following way:

1
d%% = RN [F3db7 + Fy(xs, x9) (dag + daj) ] (3.86)
sin20 */* ) cos?6 2/3
U=e*H? =e* (00829 + b ) <F3 sin?0; + bo—FTfll@) ;
with by = F, *(rg) as before. Now since both by and F3(ry) are O(1) numbers, and

just for analytlcal simplicity if we take a small NC deformation 6, then both U and
H, will be independent of (6,6;) and U can be expressed as:

Ulxs, o) Z Y AT z89 - zk\m (3.87)

stemming entirely from the dilaton €2?, where ¢,,;, are certain constants associated
with the N-centered warped Taub-NUT space and lgg is the geodesic length in (z3, x9)
space.

We can simplify the subsequent analysis a bit more if we assume that the warp
factor Fy is only a function of xg at r = ry and is independent of xg. Of course the
generic case can also be done, but since this will not change any of the physics that
we want to discuss here, we will resort to the simplest treatment here. Thus the
mass of the wrapped M2-brane between (I, [y, 1) two-cycle is then given by:

lot1
My jr1 = TSk 1 = 5TMR11/ dxsy/ Fy, (3.88)

Uk
where T} is the tension of the membrane, Sy 1 is the area of the two-cycle between
points (I, l4+1) and S is a constant that could be extracted from the coefficients ¢,
in (3.87) that is needed to avoid any conical singularities in the system. The next
step is easy and has been discussed in details in [27]. The intersection matrices of
the two cycle satisfy the following algebra:

20k

3.89
—07 k-1 ( )

[Sknr1] 0 [Siia] = {
which is exactly the Cartan matrix of Ay_; algebra! Thus the enhanced gauge

symmetry of the system leads to an SU(N) group with the Cartan coming from the
decomposition of the localised G-flux as (3.55) but now with:

N
Gy = (Ga) + Z Fi N wi, (3.90)
i=1

with orthonormal harmonic forms w; associated the i-th two-cycle. All these harmonc
forms can be easily derived from (3.51) by restricting the (zg,x9) integrals over
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the two-cycles appropriately. Thus after the dust settles, and ignoring the seven-
dimensional origin of the system for the time being, we expect the following non-
abelian enhancement of the U(1) theory discussed earlier in (3.62) for the D3-branes
oriented as in Table 1:

Sy =1 / d'z (m Y T FuFP 4y Tr ]—"w]-"‘“/”> + ¢y / Tr F A F,

a<b a

(3.91)

with the trace in the adjoint representation of SU(N) and (ci,c¢2) defined as in
(3.70) and related by (3.64) and (3.69) (the correct relation will be provided later).
Note that we have inserted (71,72) for the coefficients of the F,, and F,y; terms
respectively. We expect y; to be related to (3.76) and (3.66); and -, to be related
to (3.78) and (3.66) as in the U(1) case described in (3.73). A proof of this is hard,
and in the following we will try to give some justification of this.

So far we saw that the localized G-fluxes at the Taub-NUT singularities provide
the Cartan of the gauge group and the wrapped M2-brane states provide the neces-
sary charged states to allow for the non-abelian enhancement. In fact the M2-brane
states provide a two-dimensional sigma model description at weak string coupling
that takes the following form:

SQ = /d20'\/ﬁ haﬁ [fl(q)la @2, @g)@a)\fagkl + f2(q)17 q)g, @3)aa>\gaﬁ)\2] (392)

5
D fel@1, 0o, @5)00 ) 0p P + fo(P1, Po, P3)Dudg D + ..
k=3

Y

+ /dQO'\/E R

where h,s is the world-sheet metric, fj(®y,) are the couplings, the dotted terms denote
couplings to NS and RR fields including the fermions, and the various sigma model
fields are defined as:

¢1
€2
o, = (”38) . Dy=r, D=0, (3.93)
Ty

Due to the non-trivial interaction terms in (3.92), a detailed study of the spectra is
hard. However we make a few observations. First, the couplings are not arbitary
and can be worked out from (3.33). We will specifically concentrate on the first two
interactions in (3.92) as their fluctuations will be related to the four-dimensional
gauge interactions. The (fi, f2) terms are given by:

e?

fi(@1, @, @) = filr,ws,39,01) = €%, fo 1, By, P3) = folr, w5, 79,01) = T
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(3.94)

where Uy is the same function that appeared in (3.60) and entered in the derivation
of the couplings (c11,¢12) in (3.76) and (3.78) respectively. Thus plugging (3.94) in
the first two terms of (3.92) leads us to the following 2d interacting lagrangian for
the fields (Ay, Ag):

L = 0\ 0°N + 0aX20%Ng + GO\ 0Ny + (6 — Uy — PUy) Dpha0™ Ny + .. (3.95)

Secondly, the dilaton field ¢ interacts equally with all the components of the sigma
model field A;, but has a different interaction with the sigma model field A\y. This
at least suggests that the three gauge fields (A, 4;,.42) appearing from the corre-
sponding vertex operator with \; will have identical gauge couplings, which would
differ from the gauge coupling of the gauge field A, appearing from A,. Thirdly, the
appearance of Uy, or more appropriately e?H, from (3.41) with the same relative
weight as in (3.40) points to the emergence of the coefficents (11, ¢12) describing the
gauge fields in four-dimensions. Therefore putting these together, and including the
Chan-Paton factors, we expect the possibility of the emergent action (3.91), with

71 X i, Y2 X Ci2. (3.96)

In addition to the emerging gauge theory description (3.91), the M-theory gravita-
tional coupling also leads to interesting four-dimensional gravitational coupling. For
example we can have the following correspondence:

/Cg/\Xg — Cg/tI'R/\R, (397)

which will become useful in studying gravitational and framing anomalies associated
with the knots in a curved background as mentioned in [11]. We will discuss this later.
In writing (3.97) we have defined R as the four-dimensional curvature two-form, the
trace over the Lorentz group, and the coefficient c3 given via:

03=/23<Cs>/TNp1, (3.98)

with p; being the first Pontryagin class defined over the warped Taub-NUT space
(and as such should be an integer).

3.2.7 Dynamics on the three-dimensional boundary

In writing (3.91) and (3.97) we have inadvertently described the theory in four-
dimensional spacetime without resorting to any boundary. The boundary description
is important and as such lies in the heart of the problem. This description featured
prominently in [11] and therefore we should see if our M-theory picture leads us to
the right boundary description.
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To infer about any boundary, we note that we have two possible four-dimensional
description in the dual type IIB side. In one description, mentioned in the brane
construction Table 1, the D3-branes are oriented along (zg, x1, z2,%) directions. In
the other description, also in type IIB, the fractional D3-branes are oriented along
(20, 21,9, x3). Thus we should look at the M-theory metric along (xg, 21, x2) as well
as along (x3,1). This can be extracted from (3.40) and is given by:

ds* = Hy (—dt* + dx} + da3) + HiHy doy + €* Hy Hydy)?, (3.99)

where we note that the Lorentz invariance along x3 is broken by our choice of Hs that
depends on the NC deformation 6 as depicted in (3.41); and the Lorentz invariance
along 1 is broken both by our brane construction as well as the NC deformation,
as depicted also in (3.41). This is at least one reason for localizing the knots along
(g, 1, T2) directions albeit in the Euclidean version. The other reason, which also
stems from the Lorentz invariance, is related to supersymmetry as described in [11].
Therefore from both viewpoints, namely the brane construction of Table 1 and the
fractional branes on warped Taub-NUT space, there is a reason to localize the knots
along the Euclidean three dimensions.

Having got the space along which knots could be described, we should now
investigate the topological theory describing the knots from M-theory. Of course
some parts of the four-dimensional theory is already at hand, this is given by (3.91)
and (3.97). We will have to restrict them to the three-dimensional boundary. This
is the same boundary W that featured in [11]:

V=W xRy, (3.100)

with R related to ¢ described earlier. Note that in the language of fractional branes
wrapped on two-cycle of our warped Taub-NUT space, W will be the same Euclidean
three-dimensional space, although the four-dimensional space (zg, z1, T2, 3) doesn’t
have a representation like (3.100).

3.2.8 Action for the three scalar fields in four-dimensions

Before moving to the three-dimensional description on the boundary W, we should
complete our four-dimensional description. This would require us to go back to the
original seven-dimensional description that appears naturally from M-theory. The
non-abelian seven-dimensional gauge field will have an action similar to (3.91), but
now the integral will be restricted to d”z. The number of scalars in this description
appears from various sources. A set of three non-abelian scalar fields should appear
from the dimensional reduction of our seven-dimensional non-abelian gauge fields on
Y3, and as such also appears from the wrapped M2-branes fluctuating orthogonally
to both the Taub-NUT and the four-dimensional space-time directions.

It is instructive to work this out in some details as this will help us to unravel the
BPS structure of the system. In this section we will concentrate on the scalars that
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come from the non-abelian gauge fields on ¥3. To start we will define our non-abelian
gauge field as:

A= AS dl’g‘i—Ar dT+A¢1 d¢1 =y €3+ Qg € + Q3 €y,
— ("43 — f3"4¢1) e A, e + ‘A¢1

es +
VHH, ° JEH . H;

where these three components of the gauge field would appear as scalar fields in

€1 (3.101)

four-dimensional space. These three scalar fields form a part of the N' = 4 vector
multiplet, and we will discuss the remaining three scalar fields in the next subsection.
The functional forms for H;, F} and f3 have been defined in (3.41), and e; are given
by:

€3 = \/ H1H2 dl’g, Cp = €¢\/ H1F1 d?”, €p = V H1H3 (d(bl + fgdl'g) (3102)

Now using the gauge field A in (3.101), and using the vielbeins e; in (3.102) we can
evaluate the following four-dimensional piece stemming from the interaction term of

(3.91):

Si = /Tr (ANA) A+ (AN A) (3.103)

= Rg/d4I dr d@l H12\/ H4F162¢ TI"([OQ, Oé2]2 -+ [061, 053]2 + [062, oz3]2>,

where d*z = dtdx,dxodi) and the commutator brackets take the following form in
terms of the gauge field components:

[As, Ay, | e (A, Ay,

ol =m0 TR,
€7¢[./43, Ar] + 67¢f3 [-/47"’ A¢1]

e N

To evaluate the functional form of the scalar action we need to plug in the values of
the warp factors from (3.41) in (3.104) and (3.103). Doing this we get the following
terms for the scalar field action in four-dimensional space:

2 2
Sz(rlLt /d4x Tr{a1 A Ay, — a3A3] + (M) [-A37Ar]2 + ay [./43,«4@]2 }»

2&1 4@1
where a; = a;(f) are all functions of the constant NC parameter 6 which are got by

(3.104)

(3.105)

integrating out all the internal coordinates as well as averaging over 6; coordinate.
For example a,(#) will be defined as'®:

= Ry / dr / d, \/E ( i ) (3.106)

15All coefficients, including the ones for A,,, henceforth will be taken to be positive definite,

unless mentioned otherwise. Any overall negative signs can be absorbed in the definition of the
fields.
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/F2F P2 VR
= R3 sec 0 dr ay LA a22 ~2 ~2 ’
o \VRE- R VE-\F-F
where we have assumed that Fy, defined in (3.35), satisfy Fy > Fj at all points in
r, otherwise we will need to replace this combination by |Fy — F3| to allow for real
values of the above integral. We have also defined a; as:
_ tan20(1 + Fy tan20)F2  _ tan20(1 + F, tan0)F2

CL1:].+ = y CL2:1— = . (3107)
FQ—Fg F2_F3

The above integrand in (3.106) is well defined everywhere in r and therefore integrates
to a constant, i.e only a function of the constant NC parameter 6 as predicted earlier.
The other constants a;(6) are slightly simpler than (3.106), and we will define them
in the following. It is interesting to note that:

0) — 2R, / dr / o, —\/> 0, (3.108)

which mean that there are no unnecessary cross-terms in the scalar-field interactions
(3.105), as one might have expected from supersymmetric considerations. The other
two coefficients are given as follows:

0o ™ 1 H4
=R dr/ Ay — ) — 3.109
3/0 o H\F ( )
> / ﬁF \/F +1\/Fy— F.
= R3 sec 9/ dr (00320+F2 sin29) 23 2 2
0 Al \/F2 N

where the integrand is again a well defined function for all values of r, and therefore as

is just a function of the constant NC parameter #. On the other hand the coefficient
a4(0) is given by:

VHF,
R3/ dr/ d01 VILE (3.110)
HyH

o ~ F \/F +\/F F:
= Rs sec 9/ dr ay s+ ~3 ’ 2
0 2\/F2—F3 \/FQ—\/FQ—F;),

assuming as before the dilaton €2? to be given by the leading order constant piece

e?%0. In that case ay(r,6) is given by the following expression:

au(r,0) = 2 (cos®@ + Fy sin®) \/ Fy F3F). (3.111)
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We can similarly work out the coefficients for the M-theory uplift (3.56). Interest-
ingly, the functional forms for the a; and the a4 coefficients for the new background
are similar to the a4 functional functional form (3.110) except with a4 in (3.111)

replaced by:
Gy — \/bFT EyFs, and ay — €20/ b3FFLFy, (3.112)

respectively with by as in (3.83). On the other hand, the functional form for the new
as is similar to the functional form for as in (3.109). The only difference being that
the following replacement in (3.109):

byl =0) — /by (3.113)

We now have all the functional forms for a; given in terms of the constant NC
parameter 6. All the a; are finite numbers, and although one might worry about the
case when Fj vanishes for some r in (3.106), (3.109), (3.110) because the logarithmic
functions therein are not well defined, this is not a problem. The reason is that all
the logarithmic functions in (3.106), (3.109), (3.110) always come with a factor of
F3 attached to them, so when Fj vanishes, the logarithmic functions also vanish.
Thus after the dust settles, the interaction terms for the three scalars in (3.103) and
(3.105) can now be expressed as:

St = / d4x{a1(0)Tr (A, Ay, ]* + as(0)Tr [As, A, + ag(0) Tr [As, Ag,]” }3.114)

Having got the interaction terms, it is now instructive to work out the kinetic terms
of the three scalars (Ajs, A, Ag,). As one might have expected, M-theory does re-
produce the expected form of the kinetic terms, namely:

Sk = / d'z {CwSTf (DyAs)” + e Tr (DyAy)* + ey, Tr (Dy Ay, )

2
+ ) [casTr (DaAs)® + carTr (Do) + cag, Tr (Do Ay, )] } (3.115)

a=0

where D, and D,;, are defined using the four-dimensional gauge fields A, = (Ao, A1, A2)
and A, in the usual way:

D,y = aaSO"i_i[AaaQO] ) Dyp = a¢(p+i[“4¢790] : (3116)

The coefficients (cam, Cym), Where m = (3,7, ¢1), are straightforward (albeit tedious)
to work out from the background data. We will first tackle the easier ones. The
coefficients c,3 for all a’s take the following form:

e [REE | [\EB+ER-F
ca3(f) = R3 sec 0/ dr < 12275 ’ S . (3.117)
0 H2 Fg—Fg /ﬁz_ /ﬁz_Fg
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where H, is defined in (3.41), and the integrand is well defined when (Fj, F3) — 0 as
well as when ﬁg — F3. This means c,3 is just a constant defined in terms of #, the
NC parameter. Similarly the other three coefficients ¢, are similar to (3.117) and
take the following form:

= Ry sec 9/ dr F2F3 In VE R . (3.118)
— F3) \/E—\/E—Fg

The remaining three coefficients ¢,4, are more complicated than (3.117) and

Car(0)

and is well defined at all the limits described above.

(3.118) as they involve certain manipulations involving ¢,3 in (3.117). After the dust
settles, the result is:

o) — ﬁ2
Cagy (0) = R3 sec 9/ dr €*0\/ [\ [y Fy (1 +——2  tan?f sec? «9)
0

Hy(Fy — F3)

as Fy \/ P+ \/ Fy — F3 (3.119)
51’\/ \/ Py~ \/ P~ F

The integrand is well defined in the limit ﬁz = I3 = 0, but seems to diverge in the

@ | 2v/ Fy +

limit Fy — F3. However as before, we should look at the limit more carefully. If we
assume I, — F3 = €2, where ¢ — 0, then the relevant part of the integrand in (3.119)
takes the following form:

1 I F ﬁ—i—e 4
L e 2 -2 Y2 ] 5 —=+0(), (3120
€ €2 | [
FQ—E

31/ Fh

which implies that the integrand in (3.119) is well-defined everywhere, and thus the
corresponding integral leads to a constant function of the NC parameter 6.

The integral form of the other two coefficients, namely cy3 and ¢y, have certain
resemblance to (3.78) as for all three cases the integrand are somewhat similar. For
example:

by J3
Hy

by J3

1

2-3(3.121)

cy3(0) = 2R3 cos 9/0 dr —=, cur(0) = 2R3 e 2% cos 9/0 dr

where the functional form for J5 can be expressed from (3.78) as

1 [Fy+ b2(F \/F VE—F
J5(r) = by tanh ™ 5\/ s+ O - 2 V22 P (3.122)
Fy \/F2+\/F2 By
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with (b, bs) as defined earlier in (3.79) and Hs as in (3.41). Since the integrand
in (3.78) is well-defined for the limits F, = F3 = 0 and F, — F3, we expect the
integrands in (3.121) to be well-defined as well. Note that only in the limit Hy =

Fy =1 we get:
Cy3 = Cypr = C12, (3123)

which is in general not true as H; is a function of (r,6;) whereas F} is a function
of r only. However if Fy — F3, then H; becomes a function of r only, and we can
choose our starting metric (3.5) with F, = F} in the absence of NC deformation.
This choice is very special, so in general we don’t expect (3.123) to hold.

The final coefficient ¢4, is a little harder to compute as it involves some mixing
with cyg in (3.121), similar to (3.119) derived earlier. The analysis nevertheless is
straightforward, and is given by:

Copgpy (49) = /0 dr [am tanh_l (CL()Q) - b01 In |b02| - 601} s (3124)

where the various coefficients appearing above are defined in the following way. The
first three coefficients (ag1, bo1, co1) receive contributions from cys of (3.121). The
other two (ags, boz) are more straightforward. We start with ag;:

_13/2
2R5 cos 0 [(1 — b?)F3 + b2Fg] VE

WErS

N 2bRstan20 scc 0 F2 (1 —b2)F Fy + b2F F,
H2 ﬁgFg 7

ap1 =

(3.125)

where the first line is the expected output directly from M-theory analysis, and the
second line involves contribution from cy3 in (3.121). The second coefficient by; also
takes a somewhat similar form:

(3 — 20%) Fy + 202F,
Fy—Fy

Fy(Fy — Fy)?
FyF5

1
bDl = §R3 cos 0 [

Rs tan20 sec 0 F2 | (1 — 2b2)Fy + 2b2F, F

2H2 /ﬁ2 —F3 F2F3

where again the second line appears from the cy3 coefficient of (3.121). Finally the

. (3.126)

coefficient ¢y, is given by:

Rs3 cos 0 (ﬁQ — F3> VvV Fi Rgﬁzz tan®0 sec 0 |[Fy
L =, (3.127)
3

Co1 = PFS ,
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with the second term now appearing from cy3 piece. The other two factors, namely
(apz2, boz), are straightforward to work out and take the familiar forms:

1 (1= 82)F, + 2F VE+\EB-F
aOQZE\/( b)~3+b 2’ b02: ~2 ~2 3. (3128)
Iy / Fy—+/Fy — F

Once aga,ln it is time to look at the limiting behavior of the integrand when F3; — 0
and F3 — F2 The other limit of F2 — 0 is contained in the other two limits if we
assume that F3 goes to zero faster than F. Thus in the limit F3 — 0, the integrand

n (3.124) behaves as:
A/ ﬁg —/ ﬁg — F3| — Constant} ,

. - 11—\ F
L ——= {tanh 1 [\/1 + <—b2 ) ?z
(3.129)

which could be arranged to vanish as before. For the other limit F3 — fg, or
alternatively as I — Fy = ¢ — 0, the integrand in (3.124) behaves as:

1 F} 1
V F3(1 + F3) tanh ™ (E) -3 ln‘ Ll

+ In

62

VI

2

(3.130)

€ 1—c¢

which vanishes in the limit Fj goes to zero slower than €*. However this limit,
although would contradict with Fp > F3 — where we expect F3 to vanish faster than
F2 — would still be fine if we impose F2 F3 at the vanishing point.

We are almost done, but before ending this section let us work out the gauge
theory coefficients for the kinetic terms in (3.115) using the M-theory uplift (3.56)
of the RR deformed background (3.30). The coefficients are again easy to work out,
and its no suprise that they don’t change appreciably from what we computed above.
For example the expressions for (cys, ¢y) remain similar to (3.121) with the same J3

as in (3.141) except for the following changes:

H2 — ﬁg, and bg — bg\/ﬁg, (3131)

respectively, where Hy = b, is defined earlier in (3.57) and (3.83). Similarly for the
coefficient ¢, the new expression is exactly as in (3.118) given above, except with
the following replacement in the integrand of (3.118):

VF = \/7 (3.132)

For the other two coefficients cqy, and cyg, in (3.119) and (3 124) respectively, the
above replacement (3.132) alongwith the Vanlshmg of the F2 terms in (3.119) and
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(3.125), (3.126), (3.127) respectively capture the new coefficients succinctly. Finally

for the c,3 coefficient (3.117), all we need is to replace Hy therein by \/Eg of (3.57)
to get the correct expression.

Thus, after the dust settles, the three scalars coming from the seven-dimensional
gauge fields, all combine together to reproduce the action (3.115) with the coefficients
Cym and cqp, as well defined functions of the NC parameter 6 or the RR deformed
parameter #. In the following section we will discuss the remaining three scalars that
come from the explicit form of the warped Taub-NUT geometry.

3.2.9 Action for the remaining three scalar fields

The remaining scalar fields, that fill the rest of the N/ = 4 vector multiplet in
four-dimensions, come precisely from the seven-dimensional vector multiplet. In M-
theory they should appear from our warped Taub-NUT configuration. The zero-mode
fluctuations of the N-centered Taub-NUT space, namely:

N(2hy, 4+ 1) = 3N, (3.133)

which would appear in our four-dimensional description on V, provide the Cartan of
the Ay_; algebra for the seven-dimensional theory. The fluctuations of the wrapped
M2-branes along the Taub-NUT directions provide the necessary roots and weights
of the Ay_; algebra leading to the non-abelian enhancement of the three scalars in
the vector multiplet of the seven-dimensional theory.

To analyze these scalars, let us first discuss the abelian version of the model that
would come from the zero mode fluctuations of our warped Taub-NUT space. These
fluctuations are not hard to work out from the M-theory Einstein term, and have
the following action derivable from the supergravity lagrangian:

[ s « [y

k=1

> bk (aspr)” + byn (31/)9%)2] , (3.134)

a=0
where (1, 2, p3) are the three abelian scalars, and § denote the combination of the
three fluctuations of the internal Taub-NUT space. In writing (3.134) we have as-
sumed that the fluctuations are only functions of the spacetime coordinates (z, x1, 2, ).
The coefficient by for a given (a, k) is a function of the NC parameter 6 and can be
expressed in terms of the warp factors as:

bar(0) = 2R3 sec 6/ dr %% (00528 + FQSiHQG) 1/3 F;/S\/ P\, O12, (3.135)
0

where we see that all the nine coeffcients have identical functional form because
of the isometry along the (z¢,z1,x2) directions. We have also defined O, using
Hypergeometric function in the following way:

113 Fy—F
@12:21«1( i 2). (3.136)

6'2°2 Fy
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Let us now check the limits. When F3 = 0, the integrand in (3.135) vanishes, and so
it is well defined. On the other hand, when F; — ﬁg, the Hypergeometric function
©12 = 1, and the integral is again well defined provided none of the warp factors
blow up at r — oo. However subtlety arises once we use the warp factors to define
the other coefficient by;. The form of by, for any £ is more non-trivial compared to
(3.135), and takes the following form:

2R 0 [~ F
byr(0) = %/g dr (cos0 + F» sin®6) e Fgl/3 ?1 O34, (3.137)
V 2

where as before all the three coefficients have identical functional forms, and they
differ from (3.135) because the Lorentz invariance along 1 direction is broken. The
functional form for O34 is now defined in terms of a certain Appell function in the
following way:

O3 = F (% —g; 1 ;; F3F3F2; b%) : (3.138)
where b? is the same regularization parameter used earlier in (3.78) to avoid cer-
tain singularities. Note that when F3 — ﬁ27 the Appell function blows up in the
limit b — 1, but b is not necessarily identity. This way the integrand will be well
defined everywhere. Alternatively, the field ¢ could be made independent of v alto-
gether. We will discuss a variant of the latter idea soon when we study the boundary
dynamics in more details.

Our discussions so far have mostly concentrated on the abelian scalar fields. To
study the non-abelian scalars we will, without loss of generalities, define the scalar
fields again as @), where ¢ = @{T* with T being the generator of SU(N) in the
adjoint representation. The extension of (3.134) to the non-abelian version is now
straightforward:

3
st = [ ey

k=1

2
[Z bar Tt (Dar)? + by Tr (Dyor)’ | (3.139)

a=0

where the trace is in the adjoint representation and D, , are the covariant deriva-
tives with respect to the four-dimensional bulk gauge fields (A,, Ay) as described in
(3.116).

To proceed further we shall use various arguments to justify the remaining in-
teraction terms. Maximal supersymmetry tells us that the remaining scalars should
at least have the following form of the lagrangian:

Lo = BT (Dpr)® + BaTr [, 1) + BsTr [Agsrony k] (3.140)

where we determined the form of f; in (3.139) above. Additionally, multiple D6-
branes wrapped on a 3-cycle of a manifold will have the world-volume dynamics
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given by a non-abelian Born-Infeld action in a curved space. What curvatures are
we interested in from M-theory point of view? Looking at the analysis done in
the earlier subsections, we see that the emergent dynamics of the seven-dimensional
gauge theory from M-theory is simply an interacting non-abelian vector multiplet
in a curved space with a metric given by the first line of (3.40). In fact this is
consistent with the matrix formalism of M-theory also. Multiple D6-branes in a
curved background can be studied as a M(atrix) theory on warped multi-centered
Taub-NUT space [28, 29] where the seven-dimensional gauge theory appears on a
curved ambient space orthogonal to the warped Taub-NUT background.

With this in mind, the rest of the discussions is now straightforward and will
follow the pattern developed in (3.115). The interaction terms of the three scalars will
not only involve self interactions, but also interactions with the other three scalars
(As, A, Ay) that we studied in the previous subsection. The interaction terms then
take the following form:

3
mt Z dkl Tr SOk;, QDl + Z {Crk Tl” s 9019]2 + C3k Tr [‘A37 ka]2 + Cork Tr ["4¢1: @k]2 }

k,l k=1

(3.141)

Let us first study the self-interaction terms. These terms have coefficients dj; as
depicted above, and since all these scalars appear in a democratic way, we expect
the coefficients dj; to be the same for all choices of £ and [. This is indeed what is
bourne out from our analysis, and the coefficient dy; for any (k,[) is given by:

dr(0) = —R3 sec 9/ dr 204/ F1F2F3 (cos 0 + F,sin 6)2/3 Os6, (3.142)

where Oz now involves another Hypergeometric function that can be expressed, in
combination with other warp factors, in the following way:

153 Fy,—F -
Oss = Fy/F, [ =, 2,2, 2222 | 4+ 31)/¢ 3.143
56 — 241 276’27 F3 + 2 ( )

that approaches 1 in the limit F3 — Fy. This means the integrand in (3.142) is well
defined when F3 — 0 and when F3 — E.

The interaction of the scalars ¢ with the other three scalars (Ajs, A,, As,) can
now be determined using similar Hypergeometric functions. For example the coeffi-
cient ¢, can be expressed as:

con(0) = 2Ry sec 0 /0 dr I} (00828—1—ng11128)1/3 o 2 0, (3.144)

in terms of the Hypergeometric function ©q, given in (3.136), which implies that
the limiting behaviors of the integrand (3.144) for F3 — 0 and F3 — F, remain
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well-defined. The other coefficient c3, now has a form given by:
c3x(0) = 2R3 sec 0/ dr > Fgl/g\/ BE (00826 + ngin26’)4/3 O12, (3.145)
0

using the same Hypergeometric function ©15 as in (3.136). The above integrand is
also well-defined in the limits F3 — 0 and F3 — E as before because O, is well
behaved in the latter limit.

Finally, the last three coefficients cy, ) for any & are more complicated than the
other coefficients that we derived earlier. However as before we do expect all the
three coefficients to be identical because of the isometry of the three scalars. Thus

for any given k, we get:

coi(0) = R3 sec 9/ dr e?% (c052(9 — ngin29)1/3 \/ L FyFy II7s, (3.146)
0

which is well defined in the limit F3 — 0. For the other limit F; — ﬁz we need
to know the behavior of Il;g. Our analysis shows that 1,3 can be expressed in the
following way:

.5 = Ilss + 3 tan®d sec?d ﬁf (00829 + ngin29) ﬁ7g, (3.147)

where, compared to our earlier analysis, this is a more complicated form because of
the fibration structure of ¢ in the metric (3.40). The variables ﬂ7g and ﬁ7g are both
expressed in terms of the Hypergeometric function O, given earlier in (3.136), and
the warp factors as:

R 3 —r 5 _
II7g = F;/G + - F35/66127 II7g =

S _ pioe,
4 4 ’

A(Fy — F3)

(3.148)

Now the limiting behavior of F3 — ﬁg is easy to determine. Since the Hypergeometric
function ©5 approaches identity in this limit, ﬁ78 vanishes and Il;5 — Sﬁf /S This
way the integrand in (3.146) is well defined everywhere.

For the M-theory background (3.56), one may similarly work out the coefficients
as we had done earlier. We expect, as before, the results to not change significantly
and indeed this is what appears from concrete computations. For example, for the
coefficients (bak, by, crp) in (3.135), (3.137) and (3.144) respectively, the integral
expressions remain unchanged upto the following replacements in each of the above
integrands:

1

b};/?)(ﬁﬁ: 0) — blﬁ’
4

(3.149)

where by = H, ' has been defined earlier in (3.57) and (3.83). In a similar vein, the
integral expressions for dy; in (3.142) and cs in (3.145) remain unchanged for the
new background (3.56), except, with the following replacements:

0% (0 =0) — 0%, and b6 =0) - b/° (3.150)
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respectively. This means all the Hypergeometric and the Appell functions preserve
their forms for the RR deformed background (3.30). Finally, the only expression that
changes significantly is the expression for ¢4, in (3.146). The new expression for c,
doesn’t have the second ﬁg term of (3.146). This is of course expected. However
the first term of (3.146) is reproduced in a similar fashion except with the following
replacement:

by % (¢ =0) — b/° (3.151)

We have now completed the discussions of the full gauge theory action in four-
dimensions using a warped multi-centered Taub-NUT space in M-theory. In the
following subsection we will derive the Bogomolnyi-Hitchin-Nahm (BHN) type of
equation from our gauge theory data which will help us to search for, among other
things, the Nahm poles.

3.2.10 A derivation of the BHN type of equation

Before proceeding further, let us summarize our results so far. The full non-abelian
SU(N) gauge theory action that we get from our M-theory construction, from a
warped seven-dimensional non-compact manifold that is topologically of the form:

TNy x 33, (3.152)

with compact X3 and a N-centered warped Taub-NUT space TNy, can now be
assimilated together from (3.91), (3.115), (3.139), (3.114) and (3.141) (or with the
corresponding RR deformed ones), to give us the following total action:

Stotas = - [ d'a (mZ Tr FouF* +c122 Tr Fop F* w) +c / Tt FAF

a<b

+ 2t {%3 Tr (DyAs)” + cgr Tr (DyAr)? + cpg, Tr (DyAg,)?

<
s

NE

[Ca3 Tl" (DaA3)2 + Car TI‘ (DaAr)2 + Ca¢1 TI‘ (DG‘A%)ﬂ }
0

3 T 2
d*x Z [Z bak Tr (Datpr)” + byi Tr (Dwgpk)2] (3.153)

=1 La=0

a

_|_

+

— —

k
d4xC—aTAA Tr[As, A, Tr[As, A, 1
s 1 r T (;51] +CL2 I'[ 3 7"] +CL4 I'[ 39 ¢1]

3
+ dy; Tr [gpk, gpl]2 + Z (Crk Tr [Ar, gok]2 + cs, Tr [.Ag, gokf + Cok Tr [A¢1, QOk]Q ) },
k=1

ko
—

where the coefficients (@, Cmn, bmn, dmn) for all values of (m,n) specified above are
functions of the constant NC or RR parameter #. Since we have maintained super-
symmetry in the M-theory construction, we expect the action to have, at least for
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certain choices of the warp-factors, the maximal N/ = 4 supersymmetry. In fact the
choice of supersymmetry depends on the supersymmetry of the original type 11B
background (3.4) and (3.5). For specific choices of F; in (3.5), one of the NS5-brane
in Table 1 can be moved away from the other to allow for the maximal N = 4
supersymmetry. Generically however (3.5) has a N' = 2 or N = 1 supersymmetry,
implying atmost a Go structure for the M-theory seven-manifold (3.152).

Looking at (3.153), one may note that all the NC or RR deformations appear
only as constant coeflicients for various terms in (3.153). The presence or absence of
the NC or RR deformations will not change the form of the effective action, except
alter the coefficients (¢, bymn, dmn, am) a bit. An interesting question at this stage is
to see what additional constraints on these coefficients appear from minimizing the
energy of the system. These would of course be the BPS conditions, and once the
BPS conditions are satisfied the EOMs will be automatically satisfied. Our original
configuration (3.4) with the choice of dilaton (3.54) and the internal space (3.5)
satisfy EOMs in the absence of any BPS states on the type IIB fractional D3-branes.
To satisty the EOMs in the presence of the BPS states would require us to find static
configurations on the branes that minimize the total energy of the system. This in
turn would require us to compute the Hamiltonian and search for the static BPS
configurations by minimizing this.

To determine the constraints on the warp-factors, i.e the constant coefficients
(Conns by, mn, @) appearing in (3.153), we first proceed to determine the the BPS
configurations. For consistency, these configurations should satisfy the Gauss’ con-
straint. We isolate the scalar Az, and express the Gauss’ law constraint in the
following way:

c11DaFao + 12Dy Fyo = icos [As, Do As] + icor [Ar, Do A + icog, [Ag, s DoAg, |

3.
103bo

+> o [©r; Dowrl , (3.154)

k=1

where (¢, bmn) are exactly the coefficients that appear in (3.153). We have also
divided a = (0,1,2) = (0, «) where o = 1, 2.

Secondly, looking at Table 3 we can identify the scalar fields ? and 7 used in
[11]. This will be useful when we want to express the BHN equations in terms of the
scalar field components used here. The scalar fields X and 7 can be identified as:

X = (s, Y o= (A Ay, ps), (3.155)
which appears from the fact that a part of the Coulomb branch for the NS5-D3 system

as shown in Table 3, is along the (z3, s, z9) directions . This also means, associated
with the components of the gauge fields A, = (Ao, A1, Az, Ay) in four-dimensions,
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we can now identify approximately the four scalars used in [11] as'®

(¢0, d1, P2, 93) o< (3, 01,02, A3) (3.156)
which, as described in [11], can be made by picking the three scalar fields in ? and

one scalar field from Y (which we take here as p3). This means the complex o field
of [11], for our case will become:

o= A +idy,. (3.157)

The Gauss law constraint and the identification of the scalar fields will lead us to
compute the Hamiltonian from the total effective action (3.153). Isolating the same
scalar Aj, the expression for the Hamiltonian, for the case when ¢; = 0 in (3.153),
can be expressed as sum of squares of various terms in the following way:

2
H = /d?’l’ Tl”{ Z 2—; (@fao - \/CQ3DQA3)2 + TC}—; (@Fwo - \/Cw3'D¢A3)2
a=1
+ — (VaorDoA, — iv/aslAs, A])° + = (VDo As, — Al As, Ao )’

C
i v_; (sWepr (DyAn)? + sP ey, (DwAm) +1tWep, (DgA,)? + P gy, (DpAs,)?)

3
i Z < / borDopr — iv/Cax]As, QOk]) 01003 (DoAs + Z ( 01011}_&5

203
aﬂl

C1Cyr Clcw¢
Vo std€apur Dy Ar + oo 5\ eapus Do, + ZZ Vbsi€as - msy D

6=1 k=1

3

. (1 3
= " igl g du oo = > i <ga5k\/cr A ou) + 900V [«4¢1,90k]>
k,l

k=1

. (4) [C1a1 (Qe +Qm) 0 C1C12 [C1Cay
— zgéﬁ) {Ar,Am]) + dim G + Z ( fm/, o t&l)eawﬁr,DBAr

& .
4 10, t@)ﬁawmpﬁflm + Z Z Vbsi€ay - My Dy, — Y i/ dia [r, 01

6=1 k=1 k,l
2
3 ., (4 Cc1a1
- Z ( on/}kVCT T,Spk] +h<()azk\/c¢1k[“4¢1790k]> _th(aaj);\/ [AT7A¢1]>
S 2 q(4)01a1 2
+ 3 awdn low o + D00 a e [AyL o] + o A A (3.158)
k,l k=1 =2

6Note that the identification (3.156) differs slightly from [11]. For example, using (3.156), X
would be (¢1, d2, d3), whereas in [11] it is (¢, 1, d2). We will consider a different mapping of the
scalars in (3.282) later. Furthermore to avoid cluttering of symbols we will use the same symbol to
denote the twisted and the untwisted scalars of [11], unless mentioned otherwise. It should hopefully
be clear from the context which one is meant.
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where Qg and Qg are the electric and the magnetic charges respectively, which
will be determined later; dim G is the dimension of the group; and § = («a, ),

(y2,y3) = (r,¢1). Most of coefficients appearing in (3.158) have been determined
earlier, which the readers may want to look up. The other coefficients appearing
above are defined in the following way:

o — M (

9 = ) — (m)

Jgipy  Japk = g 9o = Yjag) (3.159)

and similarly for (h1), s ). In other words they are all generically taken to be

Theory || Configurations || xg | @1 | @2 |23 | 01 | ¢1 | ¥ | 7 | 28 | g | T11
IIB NS5 VIiVIiVIVI]*]| x| x| x|V |V *
IIB D3 VIiVIV] x| x| x| /] %] x| x| %
ITA D4 VIiVIVIV] x| x|V x| x| * ] %
1B D5/D5 VIVIVIVI*] x| VIV ] x| *
ITA D6 VIiVIVIVI*|VIVIV] x| * *

M TNy kx| x| x|/ k|2 x| VIV AV
M Y3 N I I A I I IR/ RV R E T B

Table 3: The orientations of branes and manifolds at various stages of dualities in our
set-up.

anti-symmetric!” with respect to (a, ), (a, ), and (k, 1), except for mg],;) where the

symmetric part will play some role later. Assuming this, the relation between them
are now easy to work out from the defination of the Hamiltonian in (3.158) as:

2 NE NE
2ol 8+ - = 1
2 2 2
(n (n n) (n
2 91211 + ’hw)k + ‘héwk — G b =1
NE Nk K 1
2 gﬁziz + hgqgkl + hngkz _ql(cl) =1
2 S(l)’2 + S(l) =1 22: }t(l)‘z + t(l) =1 22: ‘m(l) 2 — 1 (3160)
v 7(1:1 " 7]':1 " 2’

where n = 2,3 and [ = 1, 2. Note that the last relation for coefficients m((;j,;) can have
additional pieces depending on how the kinetic piece (Dspy)? is defined in the action
(3.153). We will discuss this later. In general however all the coefficients appearing
above are generic (they should of course satisfy (3.160)) and we will determine them

for a special configuration that resonates with [11]. For the time being we want to

For ¢, it will be instructive to resort to the identification (3.156) to discuss anti-symmetry.
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identify generic BPS configurations by minimizing the energy of the system. We
start by taking static configurations with the following gauge choice:

Ao = As, (3.161)

which is motivated, in retrospect, from our choice of isolating the scalar field A3z from
the very begining in the expression for the Hamiltonian (3.158). The gauge choice
(3.161) implies the following constraints on Aj field from (3.158):

2
Dy Az = 0, (\/ bor. — \/Cs_k> [As, o1)” =0

(Ve = vem) (Dads)? =0, (Ve — /&s)” (DyAs) = 0
(Ve = /@) A AL =0, (Vam — Vi) [As, AP =0, (3.162)

The first equation is automatically satisfied once we demand static configurations.
The other covariant derivatives, or the commutator brackets cannot vanish unless we
take trivial solutions. This observation leads to two possible set of solutions to the
system of equations in (3.162). The first set of solutions is when A3 = 0. The second
set of solutions is for the coefficients, associated to the various configurations of the
Ajs fields, to vanish. In the following, we will first discuss the second set of solutions
wherein the coefficients vanish. To check whether this is possible, let us study the
coeflicient associated with D,.A3. Comparing (3.76) and (3.117) and for the benefit
of discussion we can re-express the two coefficients appearing in (3.162) as:

OO F\ Sy F. F +\/ﬁ
c11(0) = Ry sec 0/ dr 32¢0F \V F2 Y — By
0 \/FQ \/ﬂ

F1F2F3 \/F2+\/F2 F3 (3.163)
\/F2 \/ Fy — F3

We see that they are exactly identical except for the appearance of the Hs term in

ca3(0) = R3 sec (9/0 dr & H2

the second integral. In fact this observation repeats for all the doublet coeffcients
appearing in (3.162), namely, (c12, ¢y3) in (3.78) and (3.121) respectively; (co, a2) in
(3.118) and (3.109) respectively; (cog,,as) in (3.119) and (3.110) respectively; and
(bog, c3x) in (3.135) and (3.145) respectively, in exactly the same way: they all differ
by the presence of the Hs term in the integral! This conclusion will not change if we
take the RR deformation instead, or if we consider the full expression for the dilaton
(3.54). All the differences of the coefficients in (3.162) take the following form:

Cla) = Cb) = /0 dr Gap)(r)(1 — bs), (3.164)

where ¢@q) = (Cmn, bmn, An, @), by as defined in (3.83), and the explicit forms of the
G (ap) functions can be read up from (3.76), (3.117), (3.78), (3.121) etc., as mentioned
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above. The result for RR deformation can be expressed as (3.164) with by(¢), whereas
with by(¢ = 0) we get the results for the NC deformation. Therefore the vanishing
of the integral in (3.164) implies the vanishing of the NC or the RR deformation
parameter , or in the language of (3.70), the vanishing of © implying further that
in our four-dimensional gauge theory:

T = g (3.165)
Iym

This is of course consistent with our simplifying choice of ¢ = 0 in (3.153) and
(3.158) and also with the observations of [12], [11] and [13], namely that the four-
dimensional supersymmetry in the presence of BPS configurations'® is only preserved
when 6 vanishes. However when A3 vanishes, which is our second set of solutions,
we are basically restricted to the three-dimensional boundary W of (3.100) where 6
in general could be non-zero'®. Therefore to summarize, we have the following two

sets of solutions:

Set 1: (As # 0, 6§ = 0)
Set 2: (As = 0, 6 # 0). (3.166)

Our next series of conditions, which in principle should be valid for either of the above
two sets of solutions (3.166) but will only consider Set 2 henceforth, appear from look-
ing at the third and the last lines of (3.158). Since the coefficients (cy,, Cyg,, Cor, Ce1)
in (3.121), (3.124), (3.118) and (3.119) respectively are all non-zero, and we will as-
sume (s, ¢ ¢®) also to be generically non-zero, minimization of the Hamiltonian
(3.158) implies the following conditions on the two scalar fields A, and A,,:

D”]AT = DHA¢1 = [AT’7A¢1] = 07 (3167)

with 7 = («,1). Thus these scalar fields, appearing in Y in (3.155), are covariantly
constants and have a vanishing commutator bracket. In the language of the complex
field o in (3.157), the relations in (3.167) imply the following conditions on (o, 7):

D,o = D,6 = [0,0] = 0, (3.168)

which is also the conditions imposed on (o, ) fields in [11]. Additionally, it is inter-
esting to note that, since we took (s, ™ ¢®)) to be non-zero, the first and the last
set of equations in (3.160) can be easily satisfied. Thus they do not impose further
constraints on the BPS equations (3.167). Finally, we can completely decouple the
scalars (A, Ay, ) if we demand:

[*Ar?(pk] = [‘A¢>17§0k] = 07 (3169)

18For example like Wilson loops etc., that we will discuss soon.
YHere c; may be made to vanish by taking ¢(f) = 0 for non-zero §. Thus switching on ¢(6)
would imply switching on cs.
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for any values of q,(:) in (3.158). This way the second set of equations for n = 2,3 in
(3.160) can also be easily satisfied without introducing any additional constraints.

We are finally left with two sets of equations in (3.160) that need to be satisfied.
These are important equations as they deal with the commutator brackets [¢y, @i
and covariant derivatives Dsp. We first demand that the commutator brackets do
not vanish — at least not all the brackets — to avoid the system from becoming
completely trivial. This immediately implies q( ) = 0 for some choices of (k1) to
satisfy the BPS conditions from the Hamiltonian (3.158) (see the last line of (3.158)).
The equations for the other coefficients from (3.160) then become:

2 ggcl ‘hﬁp)kz’ + ‘hzwm = 1, ‘m((s}c)r + ’mz(si)‘z = %7 (3.170)
again for the specific choices of (k,l). To see what values of the coefficients could
solve the above set of equations (3.170), let us write down the corresponding BPS
equations that use these coefficients. The simplest case is when only one commutator
bracket doesn’t vanish, i.e when qg) = 0. This means the field ¢3 will commute with
the other two scalar fields ¢; and 5. In other words, we take*

[ps, 1] = [ws, 2] = 0. (3.171)

The first equation of (3.170) then connects the gauge field F1o with the scalar fields
defined earlier as (3.155) in the following way?!

byav biov v3d
Fia+ 4/ ks Dyps3 + Vo 22 (Digs — Do) — 2iy | ——2 [ip1, 2] = 0,3.172)
C1C11 C1C11 C1C11

where (bys, bi2, ¢1, c11, V3, d12) are given in (3.137), (3.135), (3.63), (3.76), (3.66) and
(3.142) respectively. The above equation is one of the Bogomolnyi-Hitchin-Nahm

(BHN) equation that appears from our analysis. In fact the generic equation that
we get from (3.158) is more complicated than (3.172), but we have simplified the
system by assuming the following values of the coefficients:

o _ oo _ o _ 1
91212 Mys Mo NG3 (3.173)
200ne might worry that (3.171) could be too strong a constraint that would eventually trivialize
some of the boundary terms in (3.227), (3.232) or in (3.236). This is however not true because the
boundary theory will be developed without resorting to any constaints so that the boundary degrees
of freedom may capture the fluctuations over any classical configurations. As an aside, note that we
can allow all but one of q,S) to vanish so that we are not obliged to impose the full set of (3.171).

The remaining decouplings may be achieved by choosing appropriate values for ggil, hélw)kl

21 Expectedly, because of our gauge choice (3.161), the Nahm equation will have Dy, 3 and [ip1, 2]
which is slightly different from what one would have expected from the orientations of the branes in
Table 3. This generic formalism is more useful for later development so we will mostly concentrate
on this. Again, a more standard formalism is also possible and we will discuss it briefly for the
gauge choice (3.178) later in this section.
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with other coefficients, except m%) and m%), vanishing. This in turn is motivated in

part to bring the BHN equation in a more standard form like (3.172) with

mgji)v bi1 Dipr + méé)v by Dy = 0 = D1 + Do, (3.174)
which involves the symmetric coefficients mﬁ) and m%) with, as we’ll see below, j = 2
to avoid contradictions??. Without loss of generalities, they are taken to be equal;
and by; = byy as can be inferred from (3.135).

The choice (3.173), when plugged in (3.170), would imply that both h&)m as well

as hgi)u vanish. However other coefficients can be non-zero, and as before we will
make the following choice of the coefficients:

o _ e @ _ @ L
with the rest taken to be zero. For the time, the above choice should be viewed
as being motivated by consistency, and we will go beyond these special choices of
coefficients (3.173) and (3.175) later on. With this in mind, the BPS conditions lead
to the following additional equation:

[2bsiv3 @) [2byqv3 )
Fov — 6 o D o Dy, = 0, (3.176
VP E& k: c1C1s €l Mg Popr + . EaypTMyo PP ( )

where o« = 1,2; by, and b, as given in (3.137) and (3.135) respectively, and
(vs, c1, €11, C12) are given in (3.66), (3.63), (3.76) and (3.78) respectively. Note the
way we arranged the anti-symmetric pieces together. This could be taken as the
definition of the term €, - mg? in (3.158). We could do the same for (3.172), but that
is not necessary because of our choice of coefficients (3.173). The above equation is
valid for Set 1 in (3.166), but we can always use Set 2 by switching on the NC or the
RR parameter 6 and interpret the coefficients apearing in (3.172) accordingly. For

this case, (3.176) will give rise to the following two equations:

[bysv [by1v
fw; + 289 D2g03 + LI Dq/)(pl =0
C1C12 C1C12
b b
Fow + 1/ 22 Dyoy + 4| 222 Dy = 0, (3.177)
C1C12 C1C12

without involving any commutator brackets. Thus combining (3.172) with the two
equations in (3.177), for Set 2 in (3.166), we have our three BHN equations for the
system.

22We could also get (3.174) by adding a term (Zamwi)agaa)2 to the Hamiltonian (3.158). This
will only change the last equation in (3.160).
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Before ending this section, let us what would happen if our gauge choice were
different from (3.161). One example would be to choose the following gauge where:

Ay = A, (3.178)

Looking at the action (3.153) we see that there is a symmetry between x3 and r,
implying that we can re-write the Hamiltonian (3.158) in the gauge (3.178) simply
by exchanging the two coordinates! The BPS condition then changes from (3.162)
to the following new conditions that are easy to derive:

Dod, =0, (Voor - ¢c_) A o> =0
(Vo — V) (DuA) =0, (v — /)" (DyA)? =0
(Vam — Vi A AT =0, (e — va) An Asl = 0. (3.179)

The non-trivial issue is to verify that the coefficients do vanish in the limit A, # 0,
just as it were for the case when Az # 0 in (3.162). To see whether this is still the
case, let us consider two coefficients ¢y, in (3.119) and a; in (3.106). For the benefit
of the discussion, we reproduce them once again as:

R F,F - o F. VE+\E-F
ai () = Rs S€C9/ dr s N Fy + az1'3 2 2 — I'3
\/TF“O’ \/FQ_\/?F%
28282 — - /F+\/E
Cop, (0) = R3 sec 9/ dr 21%2 3 9 /F2-|— o Fs 3 2 L
51\/7 N

(3.180)

where a; and a3 are defined in (3.107). The above two expressions for the coefficients
are well defined for any choices of the warp-factors F} as we discussed earlier. We
now see that the two coefficients in (3.180) would be the same when:

N = 1. (3.181)

This condition on F} remains the same if we compare the other coeffcients appear-
ing in (3.179) namely (bog, ¢;x) from (3.135) and (3.144); (c11, Car) from (3.76) and
(3.118); (€19, ¢yr) from (3.78) and (3.122); and (co3, az) from (3.117) and (3.109)
respectively. This is illustrated in Table 4. However since F is taken to be a non-
trivial function in general, it may not always be possible to impose (3.181). Thus in
this gauge we can take A, = 0 and 6 # 0. Interestingly however demanding A, # 0
doesn’t imply vanishing ¢. This is therefore different from (3.166) that we had for
the A3 gauge.

Most of the other details, regarding the Hamiltonian, Hitchin equations etc
should be similar to what we discussed earlier once we replace x3 with r. This
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also means that the complex o field (3.157) will now be 0 = A3 + 1Ay, satisfying
relations similar to (3.168). The decoupling of the A3 and Ay, scalars would follow
relations similar to (3.169).

Ay = As Ay = A, Relevant Equations
C11, Ca3 €11, Car (3.76), (3.117), (3.118)
Dok, Cax bor, e || (3.135), (3.145), (3.144)
C12, Cy3 C12, Cyr (3.78), (3.121), (3.122)
Cory 2 o3, A2 (3.118), (3.117), (3.109)
Cogy > Q4 Cogy > A1 (3.119), (3.110), (3.106)
Ho=1 | &%F =1/2 (3.41), (3.5)

Table 4: Comparing various pairs of coefficients in the action for two different gauge
choices Ay = Az and Ay = A,. The last entries give us the BPS conditions which can
be got by demanding equality between the individual pair of coeflicients for the two gauge
choices.

We could also discuss a slightly different formalism with the gauge choice (3.178)
where the Nahm equation from the corresponding BHN equation may take a more
standard form??. For example with a different choice of the Hamiltonian we may get
our BHN equation to take the following form that is a slight variant of (3.172):

d
Fia+,/ e Dy As — 21y | ~st1 [o1,02] =0, (3.182)
C11 C1C11

and similarly for the equations for F,,. We can see that the Nahm reduction of the

above equation implies that the scalar fluctuations (As, 1, p2) are all restricted to
the Coulomb branch of the original D3-brane picture as depicted in Table 1. This
also means that the decoupled complex scalar ¢ is now completely the Higgs branch
scalar field combination o = 3 + ©.Ay,. The story could be developed further, more
or less along the line of our earlier discussions, but we will not do it here and instead
leave it as an exercise for our diligent reader.

3.2.11 First look at the ¢ parameter and the BHN equations

The analysis that we performed in the above section assumed ¢y = 0 for simplicity.
It is now time to switch on the ¢, parameter and see how the results changes. In the
process we can analyze the three BHN equations (3.172) and (3.177). Our procedure
would be to compare our results with the ones given in [11] and [13] and express them
in a language suitable for later developments. First, we will write our complexified

23 Alternatively we could take the same gauge choice (3.161) but use a different mapping (3.282)
of the scalars instead of the original mapping (3.156). In fact the mapping (3.282) will be useful
later to elucidate the physics in the presence of a surface operator.
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gauge coupling 7 using supergravity variables. Switching on ¢y in (3.153) and (3.158),
this is expressed as:

T = (q sin 0 + ZC—H) : (3.183)

U3

where the expression for (¢, c11,v3,q) are given earlier as (3.63), (3.76), (3.66) and
(3.67) respectively. The above expression (3.183) is for NC deformation, and if we
replace sin 6 with 1 sin 26 and assume that (ci;,v3) are now given by (3.82) and
(3.71) respectively, we will get the functional form for 7 with RR deformation 6. In
the following however we will continue using the NC deformation 6, although the RR
deformation is equally easy to implement. To proceed, let us define another quantity
called t, in the following way:

|T| Vsq sin 6 ic1q
rEET o E B : 3.184
4 \/C% + v3¢? sin’6 \/0%1 + v2¢? Sin20 ( )

which is in general a complex number, and becomes a purely imaginary number
t = 41 when the 6§ parameter vanishes or when ¢;; becomes very large compared to
other parameters appearing in (3.184). On the other hand when v3q sin 6 >> ¢y, t
approaches t = +1. Once we replace sin 6 by % sin 26, alongwith certain appropriate
changes mentioned above, we will get the expression for the RR deformation. Note
that similar arguments can be made for the limit ¢ = £, whereas for the other limit
t = 41, the condition becomes v3q sin 20 >> 2¢q;.

What is the usefulness of the parameter t7 As discussed in [11] and in [13] ¢ is
useful in expressing the BHN equation in terms of topologically twisted variables?*.
In general however we don’t have to incorporate topological twist to express the BHN
equation in terms of ¢. For example the BHN equations, as they appear in [11] with
topological twist, can be expressed as:

(F—¢ANp+tdaod) = (F—pNdp—t"'dag) = D,¢" =0, (3.185)

where ¢, are twisted scalar fields (see details in [11]), the £ appearing above denote
self-dual and anti-self-dual expressions respectively. Without the topological twist,
the last equation in (3.185) is clearly our equation (3.174).

Adding the self-dual and the anti-self-dual parts of (3.185), and removing the
topological twist so as to express everything in the language of standard gauge the-
ory?®, the equation that we get for the Fi5 component the gauge fields can be ex-
pressed as:

1 1
Fio + (”; )wa (t - )Du¢2]+2[¢1,¢>2] —0,  (3.186)

24There are other and more deeper reasons for introducing ¢ in gauge theory, especially topological
field theory, which will be elaborated later.

25We are a bit hand-wavy in describing the details here, but before the readers despair we want
to assure that our sloppiness will be rectified in the following sections.
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where we have assumed the four-dimensional coordinates to be (zg, z1, 2, ). Before
comparing this equation with (3.172), we should ask whether incorporating ¢, back
in (3.158) changes the form of (3.172). The gauge theory part of the action (3.153)

now reproduces the following Hamiltonian®®:

Hy — 7 Tr <01011 4T €mk—rjk) <M + 7 Eilmf-'lm> ) (3.187)

U3 U3

where 7 is given earlier in (3.183). In the presence of the scalar fields of (3.153), the
above Hamiltonian will reproduce the Hamiltonian (3.158) apart from the additional
pieces:

2
¢1q sin H/Tr FAF+ 280 sinQQ/Tr F A xF, (3.188)

C11

depending on how all the terms are arranged as sum of squares. An alternative way
of putting F and *F inside the sum of squares could also be performed, but in the
end the final results shouldn’t differ. The former way of separating the topological
piece from the non-topological pieces has one advantage: the BHN equations (3.172)
etc., remain mostly unaltered.

The definition of ¢ in (3.184) is motivated from [11], and one may see that when
0 = 0, t takes the value of +¢. However what definition of ¢ we use is up to us:
for every choice of t there is a topological field theory although choosing a t that
may be an arbitrary complex number would break supersymmetry. Furthermore the
appearance of ¢(#) in (3.184) will complicate the subsequent analysis as knowing the
precise value of ¢(6) from (3.67) requires knowing the background fluxes in M-theory
in full details. We can then use our freedom to choose 6, using Set 2 in (3.166), to
make ¢(0) = 1 for § = 5. Therefore let us define ¢, when 6 = 3, using the functional
form similar to (3.184) but without any adjoining ¢(3), namely*":

vz sin 3 1C11
t = + — ,
V3 + vk sin?f /3 +0d sin?s

but now with [, a specific angle, instead of the generic NC parameter 6, that can be

(3.189)

used to parametrize the warp-factors F; in the following way:
FkEFk(Tv/B)a F4EF4(T7$87x9;6)a (3190)

in (3.5), where k = 1,2,3. The question that we want to ask is whether this could
lead to a consistent description.

26Needless to say, this is the special case with ¢11 o ci2, where ¢i; and ¢ are defined in (3.76)
and (3.78) respectively. The picture is not hard to generalize, but we will not do so here.

2TWe could also define v3(0) = v3(6)q(#) and replace all v3 appearing below by ¥3. This will lead
to identical conclusion.
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Before answering this, we should also note that the scalar fields used here are
(o, @1, 2), which should be compared to (3.156), and also note the apparent absence
of 7 in the equation compared to our set-up?®. However, with |t|2 =1 and t given as
(3.189), t + ¢! is real but ¢ — ¢! cannot be real®. This means, and according to
(3.156), we can now identify our relevant scalars and gauge-field components with
the ones in [11] in the following way:

. . c C 1/4 c C 1/4
A, = —iA,, g3 =—idy, 1= ( : ”) ¢, pa= ( - ”) ¢y (3.191)

Vs d12 U3 d12

v3d1a

01(311 1/4 Clcll e
]:,uu = _iFuuaDa(PI - ( ) DaﬁthDa@Z - < ) DO‘QS?’ID[%O?) = _iDﬁd)O’

where D,¢r = 000k + [Aa, Or); (c1,v3,d12) are defined earlier in (3.63), (3.66) and
(3.142) respectively; and the new parameter Cy; can be expressed as:

2 a2
Ci = cny (1 T 6) , (3.192)
11

where ¢17 is given in (3.76). For vanishing ¢(3), C1; and ¢;; coincide. Therefore using
the identifications (3.191), we can reexpress (3.172) in the following suggestive way:

by3vs e povs \V4
Fis + ( ) szcbo +1 ( 12 ) D[1¢2} + 2 [gbl, gbﬂ =0, (3.193)
ciCn c1Ci1d42

where (bys, bia) are defined in (3.137) and (3.135) respectively. Comparing (3.193)
with (3.186), we can easily identify:

tHtt = (b¢3v3)1/2 =26, t—tt=2 < biyvs )1/4 =26, (3.194)

=2 —5— = 281, - = — = 2182, :
c1Ci1 c1Ci1din

where &; are defined accordingly. Note that there are two equations for ¢ and therefore

we should expect some relation between & and &. Solving the first equation in

(3.194) gives us the following expression for ¢:

t=& +iy/1—¢€2 (3.195)

which should now be compared to (3.184) that we found earlier. Equation (3.195)
implies two possible values for ¢ (which are the two solutions of the quadratic equation
(3.194)), consistent with (3.184). Therefore using (3.195), (3.194) in (3.184), we get:

L en(Bbal®)
P = S )uw®) (3.196)

We define D, ¢ = 0ype+[Aa, ¢c] compared to D,¢. that has an i in the definition (see (3.116)).
290Unless of course t = #1, in which case t —t~! = 0. We will discuss this case later.
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where the 8 dependence of ¢11(3) and bys(5) can be read from (3.76) and (3.137) re-
spectively in the limit # = 8 when we assume that the warp factors are parametrized
by 5.

Observe that the above equation (3.196) has two free variables: the parameter g,
and the asymptotic value of the gauge field 2?0, Thus the above relation connects 3
with e??°. To determine them individually we will require another relation between
them. In fact this appears from the second equation for ¢ in (3.194) in the following

t = &t 4/1— &2 (3.197)

This should be related to (3.195), otherwise it will lead to certain inevitable contra-
dictions. Equating (3.197) to (3.195), leads to:

way. Solving it, we get:

G+&6=1, (3.198)

which when expressed in terms of supergravity variables described above in (3.194),
leads to the following relation between the coefficients:

U3 b12 c1Cn
b —— ==/ —, 3.199
v c1Ciy Vi U3 ( )

which as expected should provide another relation between 3 and e??. To see this
let us go back to the definations of the parameters appearing in (3.199) and (3.196)
all in the limit 0 = §: b12(0) in (3.135), di2(B) in (3.142), vs3(B) in (3.66), ¢11(B) in
(3.76), bys(B) in (3.137) and ¢;(B) in (3.63), and isolate their e** dependences in
the following way:

a(f) = 6¢0<01(5)>7 v3(B) = 64)0(”3(5)% bys(B) = (bys(B))
bia(B) = € (b1a(B)),  di2(B) = € (d12(B)), c11(B) = €™ (cn1(B)),(3.200)

here (@) is simply used to denote the form for a,,, sans the dilaton dependence
e?. Plugging (3.200) in (3.196) and (3.199), we get the following relations between
the two free parameters 3 and e®:

62% _ l;l (/B) 62(;50 _ 1(6)

a
bs(8) — ba(8)’ as(B) — az(B)’
which when solved simultaneously should provide the values for 3, the parameter
used for defining ¢ at # = B, and e, the aymptotic value of the dilaton. The

(3.201)

coefficients appearing in (3.201) are defined, using (3.200), in the following way:

(bys)*(vs) . (bi2) . (c1)(Ci1)

Ao = , a3 = <U3>

(e)(Ci) " 7 \du)

Q>
—
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by = (C11)%(bys), by = (vs3)2(bys)sin®B, bs = (vs)(c1)(Ci1)sin®B,  (3.202)

where we have defined (Cy;) using the relation C;; = €2%°(Cy;), which is similar to ¢j;
defined in (3.200) above. However the definition of Cy; in (3.192) will yield:

C11 == €2¢0 <C11> + O(qb()), (3203)

and therefore in the limit ¢y << 1, the above analysis can be trusted. Additionally,
since e is a positive definite quantity, the two equations in (3.201) only makes sense
if b3 > by and az > as. In the language of the gauge theory coefficients, this would
imply:

(v3)(c1) cosec? (Ci1)(c1) (by2)?
Codbes) = P Ty 2 aw)

where (¢, c11,vs, bys, b1, di2) are defined in (3.63), (3.76), (3.66), (3.137), (3.135)
and (3.142) respectively. We expect the condition (3.204) to be compatible with the
following equation, used to determine the parameter :

AON ()
bs(B) — bo(B)  3(B) — a2(B)’
which indeed is the case as (3.205) leads to the following relation between the gauge

theory coefficients formed as a juxtaposition of the two inequalities, discussed above
in (3.204), in the following way:

(3.204)

(3.205)

(vg){c)sin®B - [{Cu)er)(di2)
(Cr1)(bys) (v3)(b12)*

So far the analysis have moved smoothly and we have results that are apparently

(3.206)

self-consistent. There is however one issue that is not completely satisfactory, and
it appears at the point where we identified the scalars, namely (¢, 2, @3) with the
ones of [11], namely (¢q, ¢1,d2), in (3.191). Using the identification (3.191), the
resulting action does not have the full canonical form. A way out of this would be to
insert v/—1 in the definition of (1, ) in (3.191). However this will imply ¢t — ¢~ to
be real once we identify (3.172) with (3.186), leading to a contradiction, unless we
impose the following condition:

D[1¢Q] = D1¢2—D2§Z§1 = 0. (3207)

Now with appropriate identification of the scalars (¢1,p2) with (¢1, ¢2), the BHN
equation for our case takes the following form:

b v 1/2
Fip + ( 3 3) Dyo + 2 [, do] = 0, (3.208)
Clcll
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which one may now compare with the BHN equation discussed in [11] and [13] for
t # +1. The way we have defined things here, the BHN equation comes with
relative plus signs, but we can always redefine the variables so as to allow for the
anti-symmetric condition (3.207).

The discussion in the last couple of pages was intended to convince the reader
that we have ample independence in defining the parameter ¢. Once the parameter
t is chosen, we can define the other variables in the problem appropriately to give
us consistent results as we saw above. For 6 # 0, ¢ is in general a complex number
different from =i, and therefore a definition like (3.184), used in [11], could as well
suffice without resorting to the fixed parameter 5 to make ¢(f) = 1. However, now
due to (3.187), the BHN equation will change a little from (3.193) to the following
more generic form:
bwg (T - T

1/2 9 (  —\11/4
2i| ]2 )} Dydot+ {M} Dpgg) +2[1, 6] = 0, (3.209)

F;
12 i |: 8i|T|2d12

by appropriately defining m((;? and gsﬁ)kl in (3.158) and using the scaling relations
similar to (3.191). Note that the form of (3.209) may not be unique if we allow
for other components of the scalar fields. However once we choose the appropriate
number of scalar fields, we may use the components mg}c) and gSB)kl to always bring
the BHN equation into the form (3.209).

Comparing (3.209) with (3.186), and using the definition of ¢ as in (3.184), it is

easy to see that the NC parameter 6 now satisfies a relation similar to (3.196):

by (0)cn (0)
¢*(0)cr(O)vs ()
We should note a few details regarding the above relation. One, for the RR defor-
mation, the LHS of the above relation (3.210) will be replaced by 1 sin 26 alongwith
appropriate changes to vs as in (3.71), ¢1; as in (3.82) and bys as in (3.149) with the
functional form for ¢; remaining similar to (3.63) as before*®. Two, when 6 vanishes,

sin?f = (3.210)

we expect the RHS of (3.210) to vanish. This may not be too obvious from the form
of by in (3.149), so we may use an alternative way to express this by redefining by
as:

0pCi1C11

bys = 3.211
w3 — ( )

where 0¢(0) is a positive definite #-dependent constant. We can now use (3.211) to
rewrite (3.210) in the following suggestive way:

cigsing _ O/27
= = /7. (3.212)
(=)

aen A/ 5 01
v3

30 As discussed earlier, this change is valid only for small RR deformation parameter . For finite
0 the relation (3.72) gets corrected, and therefore the LHS of (3.196) will change accordingly.
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from where the vanishing of by3 when 6 vanishes amounts to the vanishing of oy.
While the above step may not shed much tranparency to the vanishing issue, our
rewrite of (3.210) in terms of (3.212) will be useful later on.

On the other hand, we can use (3.197) to express the second term in the BHN
equation (3.209) in terms of the known variables. This will give us:

2
bis _ acn

— 3.213
di2(1 + o) U3 ( )

The above relation should be compatible with (3.198) and (3.199) even if we switch
off # in our equations. In general, equation like (3.199) follows provided ¢y; is replaced
by its #-dependent cousin:

ee F:
c11(0) — secf ¢;1(0) — 2R3 sin?f sec39/ dr ** F, 0Gy OF, (3.214)

0 OF, o’
in (3.199) for small 0, where Go(F}, F, F3) is the integrand in (3.76). Other relations
like the ones discussed above should follow, and one may easily check that the overall
picture is still expectedly consistent. We will not elaborate further on this, instead
however we will try to express (3.213) in a way that may be a bit more transparent
with the analysis of [11] by redefining bj5 and dj5 as:

biy = 70610117 dyy = lioclcu’ (3.215)

U3 U3

which is similar to the definition (3.211) studied above. The coefficients (7o, ko) are
constants, just like og in (3.211) above. They can be related to each other via:

e = ko(l+a), (3.216)
which is easily got by plugging (3.215) in (3.213). We could also rewrite all the other
coefficients appearing in our original lagrangian (3.153) as (3.215) so that they are

acn = T This way the overall four-dimensional lagrangian
9

all proportional to
will take the familiar form gi\jé\il in [11] and a direct comparison to the results of [11]
can then be performed succinctly. We will however leave this as an exercise for our
attentive readers.

Let us now come to the other two BHN equations for our case, namely the two
equations in (3.177). We can rewrite them using ¢ and the definitions (3.191) in the

following way:

t4+t1 t—tt
F(w + ( +2 ) Dyoo + < 5 ) D¢¢a =0, (3.217)

where a = 1,2 and we can allow a relative sign difference by allowing the sign choice
for (41, o) identifications in (3.191). As before, noticing that ¢t — ¢! cannot be real,
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and preserving the canonical form of the action, we conclude?!:
D¢¢a =0 - D¢¢1 = Dw(ﬁg = 0. (3218)

At this stage there seems to be two possibilities: we can either identify ¢ + ¢t~ with
the coefficients of the Dy¢g terms, or we can assume that Dy¢g terms themselves
vanish. The former leads to two relations, but since byz3 = b13 we will only have one
quadratic equation in t. However we will have to identify this to the one that we got
earlier in (3.194) otherwise there will be contradictions. This means:

C11 b¢3

s b (3.219)
Looking at (3.76) for ¢y, (3.78) for cja, (3.137) for bys and (3.135) for byy = bys,
we can see that (3.219) is definitely not generic. Under special choices of the warp
factors one might be able to recover (3.219) but generically (3.219) will be hard
to satisfy. Thus the second option seems more viable. Interestingly, imposing the

second condition:
Dipy = Dypy = 0 = Fiy = Fpy = 0, (3.220)

which is equivalent to putting a flat connection along 1) direction. This further means,
from (3.218), the scalar fields (¢, ¢2) are covariantly constant along 1 direction, with
¢ being covariantly constant along (x7,z5) directions. Thus the non-trivial scalar

fields ¢, = ¢1($17$27 V) and ¢y = ¢a(21, 79,7)) satisfy:

D¢y = —Dsoo, D¢y = Dy
bys(T — T 1/2
Fiy + [%} Dydo +2[¢1, 9] = 0, (3.221)

assuming ¢g to not be covariantly constant along v direction. The system is therefore
tightly constrained, but note that for ¢ = +1, the second constraint in (3.221) is
relaxed?. The first and the third equation in (3.221) are thus related to the equations
(3.185) (see also [11] and [13]). The Gauss law equation (3.154) puts no additional
constraints on (¢1, ¢2) in this gauge.

We will soon solve these set of equations, but for the time being we will postpone
this to concentrate on identifying the supergravity variables used here to the gauge-
theory variables described in [11] and [13].

31There is an alternate way of expressing (3.218), after twisting, that is sometime useful although
the resulting constraint may be a bit weaker than (3.218). To see this combine the two relations in
(3.218) as:

Dy¢1 —iDyds = Oppr2 + [Ay —igo, p12] = 0

where @19 = ¢1 — iy with ¢; being the twisted scalar (see footnote 16) and we have used a shifted
gauge field using the twisted scalar ¢g. Since ¢o decouples via (3.171) (using the identification
(3.156)) both unshifted and the shifted fields will have the same effect here.

32The first constraint can be expressed as Dogg + D11 + Do + Dyps = Dip1 + Dagy = 0,
where we have defined Az = —i¢s3. This is exactly D,,¢, = 0 in (3.185).
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3.2.12 Identifying supergravity and gauge theory parameters

In the previous section we have developed the full gauge theory data from our M-
theory analysis. It is encouraging to see how the Bogomolnyi-Hitchin-Nahm (BHN)
equation appears naturally from out set-up. However we have been a bit sloppy
in describing two things: the appearance of ¢ given in (3.184) and the appearance
of a to describe the boundary gauge theory as in [12], [11], and [13]. Our initial
identification of a with the NC parameter 6 in (3.70), although matched with [11],
was actually accidental. Once the effect of Uy in (3.60) is added, we no longer expect
a = tan g for both NC and RR deformations. The identification of a with the sugra
variables will have to be more non-trivial, and finding this will allow us to describe
the other parameter, called ¢ here (3.184) and in [11] and [13] respectively, more
succinctly.

With all the development that we carried out in the previous section, it is not
too hard to make an ansatze for a using the background data. In the begining we
used (3.69) to define a for the Yang-Mills data (c1, c2). However now the Yang-Mills
data have changed by the inclusion of U. Let us then define a using the new data
in the following way:

©/2r  wsgsinf 2a

_ = , 3.922
4/ g3, c11 1—a? ( )

where ¢1; is given in (3.76) and vz is given in (3.66). This would be the natural
extension of (3.69) and is motivated by the connection between the gauge theory %
parameter and the Yang-Mills coupling 9%71:4 described in [12] and [11]; and also in
(3.212) earlier. The above relation to a will continue to hold once we replace the

sin 6 appearing in (3.222) by % sin 260, where # will now be the RR deformation.

For our case and assuming 6, for simplicity, is providing the NC deformation, the

definition of @ in terms of the sugra variables can then be expressed as®?:

2
11 C11

= 1 - , 3.223
¢ \/ * v3g% sin*  vsq sin 6 ( )

that follow naturally from (3.222). Additionally it is easy to verify, for NC deforma-

tion, the definition of ¢ in (3.184) can be re-expressed in terms of a as:

2a 1—a? 1 +ia
t= 2 = 3.224
1+ a2 Z<1+a2> Z(l—m)’ (3:224)

precisely as in [12] and [11]. Once again, with appropriate modification, one may

describe an exactly similar relation with the RR deformation parameter 6.
So far our discussions have been self-consistent, and the results could be com-
pared to [11]. However note that the introduction of the ¢ parameter in our model is

33There is a relative sign ambiguity, but that can be absorbed by redefining 6.
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not unique. There are other ways to introduce this parameter which may also lead
to consistent results. In the following we will elaborate this and in turn determine
the electric and the magnetic charges Qg and Qp respectively in (3.158). To start,
we will first rewrite the relevant parts of the Hamiltonian H using (3.187) once we
switch on ¢y parameter, in the following way:

2
H = Z /d39€ Tr ( Z|T ]:aﬁ Z V bsk, €a,3m5k "Dsipr — ZZgaﬁkl\/E [©r, @1 )

a,f=1 0,k=1
2i|T ; i
Z/d% Tr < | —Fauw + Z V/bskeawmiy Doy, — Zlh%kl dii [wk’(pl])
5k=1 kil
1
+5 / &t €oap, (T +7) Tt FOF + Qg + Qu, (3.225)

where 7 is given by (3.183), and the other parameters have been defined earlier®*
We expect Qg = 0 if the warp-factors satisfy (3.162). To determine Qpp, we can
take the following simplifying condition that we discussed earlier:

21|72
vbakmf;? = Vbsk m@) = — €5k | |,

T—T

o _ 2|2 L0 _ 2T 3.096)
Gaprl NkaMip s (T — 7)’ okl — ~Mkalliyp oy (T — 7)

which would still satisfy the consistency relations (3.160) because the other coeffi-
cient, namely q,il), that does not appear in (3.226), is undetermined and can be used
to our advantage to solve (3.160). Note that (3.226) is more generic than our earlier
choices (3.173) and (3.175), and thus the BHN equations for F,, will differ from
(3.176) and (3.177)%. This is good because it simplifies the form for Qug, which in

our case will be given by (see also [22]):

24|72 1
‘_’7 /d3x aw {eaﬁkTT (Spkfaﬁ + g@k [900“ SOB] + ‘Po/D/ggOk) } , (3227)

T—T

Qm =

where the subscript on the scalar fields ¢,, are to be interpreted in the way described
earlier. In the absence of any boundary, Qn = 0, as should be obvious from (3.227).
In the presence of the boundary W along (x¢,x1, z2), as described in sec. (3.2.7),
one might combine the Qu piece (3.227) with the topological term in (3.225), to

34The electric and magnetic charges Qg and Qs respectively are c-numbers as should be evident
from (3.158) and the dim G piece is removed by taking the adjoint trace.

35The decoupling of the two scalars o and & as given in (3.167), (3.168) and (3.169) still holds
and therefore they do not appear in (3.225). This situation will change in the presence of surface
operators and other defects, which will be discussed in section 3.3.
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write the following boundary action®:

_ _ o;
Stna = / dzo Qu + T”/ Tt FAF = T”/ Tr (AAdA+lAAAAA)
v v W 3
2i|T|2 afk i
E— dil'odl'ldl'Q € Tr ‘Faﬁ(;pk + -k [Spa, 905] + QOQDIBQOk s (3228)
T—TJw 3

where V.= W x R, as described in sec. (3.2.7). Under twisting, the three
scalars (1, @2, 3) become one-forms®” ¢ = Zi:o ¢,dx*, and therefore one might be
tempted to declare (3.228) as the required boundary topological action for the three-
dimensional theory once we convert to Euclidean signature. In fact under twisting
and Euclideanisation, (3.228) almost resembles eq. (2.54) and (2.55) of [11] provided:

t2—1
b — ( of )cb,“ (3.229)

with ¢ as in (3.184). Unfortunately however the coefficients appearing in the two
terms of (3.228) do not match with the ones in eq. (2.54) and (2.55) of [11]. One
might think that a different scaling of all the fields could bring (3.228) in the required
form where one could compare with [11]. While this might be possible, the physics
leading to the correct boundary topological action is more subtle, and the action
that we got in (3.228), despite its encouraging similarity, is not the complete story.

What have we missed? First note that in the absence of any boundary our
analysis from (3.227) and (3.228) would have implied zero boundary action. However
once we twist our scalar fields (p1, @92, ¢3) to (do, @1, d2) We expect, again in the
absence of any boundary, the action S;.q; (3.153) to be expressible as:

Stotal — §total = {Q, } + (bg ‘I— CQ)/ TI' F/\ ]:, (3230)
Vv

where Q is the topological charge, ¢, is given earlier as in (3.63) and by is a new
coeflicient that is not visible in the untwisted theory (see also [12, 11]). When the
theory has a boundary, we expect the second term in (3.230) to give us:

S — (b, +c2)/ Tr (A/\dA+ %A/\A/\A), (3.231)
W

which differs from the coefficient 74 7 of the Chern-Simons term that we got earlier
in (3.228). This difference is crucial and will help us to get the correct boundary
theory.

36The existence of dxo implies that the action (3.228) is still in the Lorenzian frame, although an
extension to the Euclidean frame is straightformward and will be discussed below.

3"Note that previously (3.191) was used to relate scalar fields ¢, with scalar fields ¢,,. Here we
relate scalar fields ¢j, with one-forms ¢,. Since we are using the same notations for scalar fields
and one-forms, we hope the readers will not be confused as which one is meant should be clear from
the context.
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However (3.231) is not the only boundary term that we get from our analysis.
We expect some variants of the second term in (3.228) to also show up, albeit with
twisted scalar fields. Infact this turns out to be the case, and once we ignore the
scalings (3.229) and (3.226), the boundary terms that we get are now:

St = /W Tr (2d1F NG+ %¢A¢A¢+d3 ¢AdA¢>), (3.232)

where dj coefficients depend on m,(j) and g&il appearing in (3.158) and (3.187),

dy = d+ 2iA is the covariant derivative expressed in differential geometry language
and ¢ is the one-form constructed from the twisted scalars ¢, as depicted above.
The extra factors of 2 in (3.232) as well as in the definition of d 4 are meant to relate
the wedge products with the commutator brackets.

At this stage one might conclude that we have all the necessary couplings for
our topologically twisted theory. However this is not the case. We have ignored
few other possible ingredients in our construction associated with couplings of the
scalar fields. The first one being related to Myers effect [30], namely the fact that
the fractional D3-branes could also be thought of as the puffed up version of a single
spherical fractional D5-brane®.

It is crucial to get the orientations of various branes right. The wrapped D5 -
D5 pairs are oriented along (g, 21, o, T3, 7, 1) such that the D3-branes that we are
concerned with can be viewed as along (xg, x1, 22, ). The effective theory on the D3-
branes have been worked out in details in earlier sections using M-theory multi Taub-
NUT configuration oriented along (6, xs, g, x11). The spherical D5-brane (which
has no net D5-brane charge) is along the space-time directions (g, x1, z2,%) with
a two-dimensional projection along (6, zs, x9) directions for both the gauge choices
Ao = Az and Ay = A, respectively.

The second type of couplings could be associated with the interactions of the NS
three-form field strengths with the non-abelian brane configuration. These couplings
are different from the usual couplings of the NS three-form field strengths with the
brane in the sense that the couplings originate from the orthogonal components of
the three-form field strengths with the non-abelian scalars of the brane (thus they
are absent in the abelian case).

The final set of couplings appear when one goes from the non-abelian nature
of the scalars to their twisted version. To see this consider the boundary coupling
(3.232). If we do not resort to the simplifying conditions (3.226), we see that the d,

38Recall the fractional brane origin of the D3-brane, namely it being a D5 - D5 pair. In the
presence of multiple fractional D3-branes, there will be multiple pairs of D5 - D5 branes wrapped
on the Taub-NUT two-cycles. Once we move the D5 branes along the Coulomb branch in the
IIB picture, we can describe the physics using a multi-centered Taub-NUT configuration in the
M-theory lift. Thus in the spherical D5-brane picture, the bound fractional D3-branes are secretly
D5 - D5 pairs much like bound D0-branes on a spherical D2-brane.
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coefficients satisfy:

dy o my) Vs, ds o< g\ du,  dy o dyds, (3.233)

which is direct descendent of the properties of d before twisting. The constraint
(3.233) may not hold once we twist the scalars. However if we want to keep the
constraint (3.233), we can insert an additional cubic coupling of the twisted scalars.
All these can be achieved by allowing the following couplings:

Sadd = g /dl’odl’ldfbgdﬂ) Tr (@ (I)](Pk) [61 (‘F7)0121/Jijk + €2 (H3>Uk] , (3234)

where we expect e; to be proportional to e, with the sign determining whether it is
a brane or an anti-brane, and ®° are the scalar fields ¢;, that we discussed above. The
seven-form field strength accomodates both the Myers effect as well as the changes
in the coupling when ones goes from one description to another®. This can be seen
by twisting the non-abelian scalar in (3.234) to reproduce the following boundary
action:

s® = %(elnl + eama) / Tr(6AGA D), (3.235)
A%%

where n; and ns are related to the expectation values of /7 and Hj3 respectively. In
deriving (3.235) we have assumed the integrand in (3.234) to be independent of .

We now have all the necessary boundary bosonic couplings. Combining (3.231),
(3.232) and (3.235), we can get the full action on the boundary W, parametrized by
coordinates (zg, z1, x2), as:

Spna = (ba + Cz)/

w

T (A NdA+ %A A AN A) (3.236)
+/ Tr [le}‘/\¢+%(d2+nlel+n262)¢A¢/\¢+d3¢AdA¢ .
AY%

Comparing the boundary action with (3.225), we can make a few observations on
the d. coefficients without actually computing them. First, and as we discussed
above, we can continue using (3.233) even when we have twisted scalars. Thus the
second coefficient dy gets fixed once (dy,d3) are determined. Secondly, we can use

the ambiguity of (mgﬂ), ggﬁ)kl) to fix the form of ds in terms of d;. As we discussed,

39The seven-form field strength originates from dimensional reduction of a nine-form field strength
of the form Fy = xdCy+ Fy, where Cj is the axion and Fy is a nine-form ds€p1234r0,89 With constant
coeflicient d5. For the specific case that we study we have no axion switched on, and no three-form
with components (H3)g,s9. However this is not generic, as we can easily change the identification of
the scalars (3.156) to allow for the required components of the three and the effective seven forms.
To take care of this we express the couplings generically as (3.234).
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from (3.233), this way dy also gets fixed in the process once dj is fixed. Thus we can
have:

di d
d3 = , dy = —1 3.237
3 bg + (&) 2 (bg + 02)2 ( )

where (by, ¢5) are the coefficients that appear in (3.236). The (by + ¢2) factors in the
dy, coefficients guarantee that the Chern-Simons coupling remain (b + ¢) instead of

shifting to another value. The choice (3.237) is motivated from the scaling argument
that we performed earlier in (3.229).

The last bit of information that we need to complete the story is the value for
the interaction term (3.234). As we see in (3.234), the values for (ny,n2) depend on
the background fluxes F7 and Hs. We can fix the background data from the start in
(3.4) in such a way that:

d
(ba + c2)?’

which in fact governs the way the warp-factors F; in (3.5) are chosen. This is good

(3.238)

nie1 + Noey = d2 =

because so far we have left the warp-factors F; in (3.5) undetermined. Thus after the
dust settles, our boundary action takes the following form:

Stnd = (ba + 02)/

)%

Tr (A/\dA+ %A/\A/\A) (3.239)

%5 & &
+/WTr{2d1}"/\¢>—l—§ [m} GAGN G+ <62+02)¢AdA¢}
dy

e o] o (o) o )¢
e Gl () e (594

where the coefficients by and d; are yet to be determined from the background data.

Interestingly however, even though we do not have the precise functional form for
the two coefficients by, and d;, the second equality combines the original gauge field
A with the twisted scalar field ¢ to give us a new gauge field:

dy
= 24
Ac=a+ () (3:240

using which we have defined another Chern-Simons theory with a coupling constant
(by + ¢2) in the following way:

Stnd = (by + 02)/

w

9
Tr (Ad ANdA; + ngd AN Ag N\ -Ad) , (3.241)

which is the topological field theory that we have for our boundary manifold W. One
may check that our considerations have led to the same topological theory envisioned
by Witten in [11] but using completely different techniques.
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3.2.13 More on the Chern-Simons theory and S-duality

There are a few details regarding the Chern-Simons theory written above in (3.241)
that needs clarifications. First, the Chern-Simons theory is expressed in terms of
the modified gauge field A; which in turn can be expressed in terms of the original
gauge field A and the twisted scalar ¢ via (3.240). The factor d; appearing above is
not arbitrary and can be determined using supersymmetry condition:

0A, + ﬁé% = —1A (Fu + ﬁmw) e =0, (3.242)
where A is the fermion of the supersymmetrc multiplet and € is the supersymmetric
transformation parameter. We have used the similar notations to express the I'-
matrices as in [11] and therefore the RHS of (3.242) follow same algebra as in [11].
The I'mmatrices chosen here are the flat space ['-matrices as they are related to
the effective theory (3.153) defined on four-dimensional spacetime parametrized by
(x0, 21, x9,1). Although our model is inherently supersymmetric from the start, it
may be interesting to revisit the issue of supersymmetry so we could directly compare
our analysis with that of [11]. The original orientations of the branes are given in
Table 3 and therefore it is easy to see that we have the required Lorentz symmetry

of:
SO(1,2) x SO(3) x SO(3), (3.243)

where SO(1,2) correspondings to Lorentz rotation along (xq,x1, z2) directions; the
first SO(3) corresponds to rotation along (x3, s, xg) directions associated with the
Coulomb branch of the theory on the D3-branes; and the second SO(3) corresponds
to rotation along (r, 6y, ¢1) directions. In the dual type IIB theory where we have
wrapped D5/D5 branes on two-cycle of a Taub-NUT space we can easily allow the
symmetry (3.243) to persist by putting some mild constraints on the warp factors
F;. Note that this is not a necessary constraint, so at this stage we can see that
for certain choices of the warp-factors we can reproduce precisely the results of [11].
Similar arguments can be given for our M-theory construction where we only have a
Taub-NUT space with background fluxes.

Finding a symmetry like (3.243) in our construction means that we can channel
the results of [11] more directly. For example one persistent questions has been
the identity of the parameter ¢ in our set-up. In the last couple of sections we
have mentioned how ¢ could appear in our set-up, and in fact this parameter played
important roles in [12], [11] and [13], so the natural question is to ask where a
parameter like ¢ could fit in our analysis.

To answer this question, it may be intructive to search for the source of ¢ in, for
example, [11]. The 16 dimensional fermionic component in our model decomposes
as two copies of (2,2,2) of the symmetry group (3.243) which, following [11], we
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write it as a vector space Vg ® V. Thus a supersymmety parameter € appearing
in (3.242) above can be expressed as € = 11 ® €y, where 7 is an element of Vg and
€o is an element of Va. Supersymmetry therefore requires us to find two functions
(@2, Q3) that may be used to express the susy relation:

I Qs
Qs 1

where Bg and B are two two-dimensional matrices given in eq (2.4) of [11]; and € is

{1 + % (@2 — Q3) Bo + % (@2 + Qs) Bl] € = < ) ¢ = 0, (3.244)

normalised as ey = (_f) similar to [11]. This is the same a that appears in (3.222)

above and is related to the #-angle via (3.223). The two functions (@2, @3) are then
functions of the parameter a and it is easy to see that to solve (3.244) we need:

@2 = a, Q3 = (3.245)

IS

The picture developed above is before twisting, and so the natural question is to
ask about the susy condition after twisting. Again following the notation of [11], we
can define the susy parameter € to be € = €, + teg. This is where the parameter ¢
appears in our picture, and one can easily see that ¢ has to be a function of a so that
a relation like (3.244) may be constructed for € after twisting. What value of t(a)
is allowed so that supersymmetry is preserved both before and after twisting? The
answer, as worked out in [11], is:

t=—i (1 +m> : (3.246)

1—a

which matches precisely with (3.224). This is not surprising because we have tailored
our definition of ¢ in (3.184) so as to reproduce the correct answer (3.246), although
we should note that the definition of ¢ as :I:'—:| is not with an arbritary 7 (3.183), but
with a 7 constrained via (3.222).

The parameter ¢, as mentioned above is expressed in terms of @ which, in the orig-
inal construction of Witten [11] is related to the axionic background. For us, looking
at the RR deformation (3.32), the axion in our original NS5-D3 brane construction
Table 1 will be given by the following expression:

F,e?? tan 6

Ch = 3.247
0 cos20 + Fye2¢ sin®0| _ ( )

o

where the parameters have been described earlier. Note that the D3-branes in Table
1 are located at some fixed value of r = ry as they are oriented along (xg, z1, xa, ).
This should be contrasted with the dual D5-D5 picture where the branes wrap the
two-sphere along the (1, ) directions. This is of course the reason for the r integrals
in all the coefficients appearing in (3.153).
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Dualizing Cy gives us RR two-form (Cs)3, as we would have expected from (3.32),
and from the background (3.30). This is not quite the two-form we require from M-
theory point of view to reproduce the topological coupling in (3.153), but as discussed
earlier, the existence of a small amount of NS B-field on the two-sphere oriented along
(¢, r) directions tells us that we can also allow a RR two-form (Cs)s,. Lifting this to
M-theory yields a three-form (Cs)s,4, as given in (3.67) which we can re-express in
the following form:

Cg = p(91, 6) q(9) sin ¢ d(@ VAN dl’g VAN d¢1, (3248)
where p(6;,0) and ¢(f) are arbitrary periodic functions of (6;,6) respectively as
described in (3.67), and (g is given in terms of a slowly varying function N(r,#) as:

N(r,0)
= : 3.249
o cos2f + N(r, ) sin®0 ( )

The smallness of N(r,0) in fact tells us that switching on (3.248) will change the
background very slightly in M-theory. The function (y is of the form (3.247), so that
the three-form does give us the required topological term or, in other words, the
coefficient ¢y of the topological term.

On the other hand if we normalize our warp-factor and the dilaton to satisfy
Fye?® =1 at r = rg, then from (3.247) we see that Cy = tan §. We can go back to
our definition of a in (3.223) and ask for what values of ¢(6), a becomes tan £. The
answer is the following #-dependence for ¢(0):

0
q(6) = 7 (3.250)
U3
which may be easily derived from (3.67) and (3.222). It is interesting that if we plug

in (3.250) in (3.69), the coefficient ¢y becomes:

cic 4 2a
6= 2 Mtang = —- (—2) (3.251)
U3 gy \1—a
where we have normalized vs as v3 = 2R3. The above relation is precisely the

coefficient of the ©-parameter in [11].

All the above discussions point to the consistency of our model, both in terms of
reproducing the correct boundary theory as well as comparing our results to that of
[11]. One issue that we haven’t discussed so far is the issue of S-duality that forms an
integral part of the discussion in [11]. Can we analyze the S-dual picture completely
in terms of a supergravity background with fluxes and without branes, as we did for
the case before S-duality?

The answer turns out to be in affirmative although the computations are a bit
more subtle now. Our aim is to address the analysis completely in terms of supergrav-
ity fields with no branes, so the first choice of S-dualizing the brane constructions
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in Table 1 doesn’t seem to give us the required answer as an S-duality leads to
D3-branes perpendicular to the D5-brane. A further T-duality may lead to D4-D6
system which when lifted to M-theory will have M5-branes in a Taub-NUT geometry.
This is not what we are aiming for, so we have to look for alternative scenario to
study the S-dual background. Interesting the D4-D6 system has been used in [11] to
study the S-dual model.

The alternative scenario appears from the wrapped D5-brane construction that
we developed earlier. The D5-D5 branes wrap the two-cycle of a Taub-NUT geometry
and we move the D5-branes along the Coulomb branch to study the wrapped D5-
branes on the Taub-NUT two-cycle. This picture, as we discussed earlier is not only
equivalent to the brane construction but has a distinct advantage over the brane
model when expressing the explicit supergravity solution.

S-dualizing the wrapped D5-branes, give us wrapped NS5-branes on the Taub-
NUT two-cycle. The directions are important: the NS5-branes are oriented along
(x0, 21, 9, x3) and wrap two-cycle of the Taub-NUT oriented along (¢, r) directions.
The remaining two directions of the Taub-NUT are along (61, ¢1) directions. A T-
duality orthogonal to the wrapped NS5-branes, i.e along ¢, direction, converts it to a
multi-centered Taub-NUT space in type ITA theory warping the original Taub-NUT
geometry suitably. Thus we have the following scenario.

e A muti-centered deformed Taub-NUT geometry in type IIA theory where the four-
dimensional gauge theory can be studied from dimensional reduction of type ITA
fields over the multi Taub-NUT space in the way we described earlier.

e A M-theory uplift of the type IIA geometry where the multi Taub-NUT space
develops further warping yet retaining the essential topological properties of the
underlying space. The four-dimensional gauge theory can now be recovered from the
dimensional reduction over the Taub-NUT space and over the M-theory circle.

Both the above techniques will give us the required four-dimensional gauge theory,
but the latter method might be suitable to compare with the results that we had
earlier from M-theory. To start therefore let us write the metric in type ITA theory:

da? 2 [y Fy sec? 0 sin®6, 2
cos26 + Fpe2 sinf Fy cos20; + Fy sin20,

(dy + bg,sdxs + by,g,db:)”
e2¢ (ﬁg cos20; + Fj sin201>

ds® = —dt* + daz? + dak + S Fydr? +

+ % [Fyd0; + Fy(dag + dzg)] + (3.252)

where the second line is the warped Taub-NUT space that appears from the wrapped
NS5-branes, by, 4, is the component of the RR B-field appearing in (3.32) and by, is
the RR deformation in (3.32) and is given by the following expression:

bps = F»e*® tan 0 sec 6 cos 6;. (3.253)
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It is interesting that the Taub-NUT fibration structure depends on the x5 direction,
and the F} warp-factors are at least functions of the radial coordinate r. Thus the
Taub-NUT space is non-trivially fibered over the six-dimensional base and at a given
point (7, x3) we can have a well-defined warped Taub-NUT manifold.

The fluxes on the other hand are mostly NS fluxes as the only non-trivial RR flux
component is the three-form (Cs)y,4, appearing from the NS B-field switched on the
two cycle in the type IIB side to cancel the D5-D5 tachyons. This is a small amount
of flux, which in turn allows us to have the NS B-field component b3, appearing from
the RR two-form potential (Cs)s, responsible for (3.67). The NS B-field in type ITA
is then the following:

B E cos 0 sec 0
ﬁg cos26; + Fy sin%6,
1+ Fy €2 tan 0 sec? 0 dxs A d + bgg dxg A dxg + bz, dxs Adr, (3.254)

B,

(d¢1 + b¢13d1}3 + b¢191 d91> A di)

with bgg as it appears in (3.32), and the functional form of the b3, component will be
similar to (3.67) i.e we expect b, to take the following form:

N, sin 20 cos 0 p(6:,0) q(0)

by, =
’ 2(cos?0 + N sin®0)?

(3.255)
On the other hand the behavior of the type ITA dilaton is interesting. Unlike its type
IIB counterpart (3.31), the parameter e® only appears in the subleading term, and
the functional form is given by:

0
er = e , (3.256)

V Fy cos20, + F3(1 + F, €29 tan?0)sin’6,

which means that the type ITA background is in general not weakly coupled. One
may compare this to the type IIA dilaton that we get from the background (3.31)
by T-dualizing along direction ¢, as:

e=39/2\/cos 0 (1 + Fpe?® tan29)3/4
\/F2 cos?0y + F3(1 + F, €% tan29)sin26’1.

oA —

(3.257)

We see that there exists a tunable parameter e 3?2 that helps us to realize the M-
theory uplift. Such a tunable parameter is absent in (3.256). In fact in the limit
¢ — Fo00, (3.256) yields

oa sec 0 e (cosec 0 cosec 01) oo (3.258)
\/Fg cos20; + Fy sin%6; lp——oo VI, Fy b0

The former being an O(1) number; whereas the latter vanishes implying that strong
type IIA coupling may be reached although infinite coupling will not be. Thus
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studying the background using M-theory might be more appropriate which, as we
had anticipated earlier, puts an emphasis on the eleven-dimensional uplift. The story
herein should then be somewhat similar to the one that we developed earlier, and
therefore the first step would be the derivation of the harmonic forms. As before, we
will first attempt the single-centered case and then extend this to the multi Taub-
NUT picture.

At a given point in (7, 23), the taub-NUT space takes a simple form if we, without
loss of generalities, put Fy(rg) = F3(r¢) = a. The other warp-factor Fj remains a
function of (xg, z9) as before. Thus the warped Taub-NUT space at a given point on
(r,x3) takes the following form:

e~2? + a tan?f

ds? = €29 (a do? + F, ds2) +
( 1 4 89) a+ a2 e2¢ tan20 sin291

(déy + bg,,d61)* .(3.259)

The harmonic form will again be written as w = dQN" with the property that w =
+ %4 w, where the Hodge-star is over the Taub-NUT space (3.259). The one-form ¢
is expressed as:

¢ = g(b1, w8, 29) (dp1 + bg,0, dby), (3.260)

where we have used the same notation g that we had used earlier in (3.46). The
functional form of g remains unchanged if we go to M-theory (despite the fact that
in M-theory the warping of our Taub-NUT (3.259) is different). Again, as before we
expect g in (3.260) to satisfy the following set of equations:

1 dg L @ \/ 1+ a e2? tan?0

g 00, - ey \| 1+ a e tan?f sin?6,

1 g L \/ 1+ a e2? tan?0

g Ozs a e2?\| 1+ a e2? tan?0 sin’6,

1 0g L 1+ a e2? tan?0
1+ a e2¢ tan26 sin’6,

P o (3.261)

where ay and a3 are used to express the type IIB B-field component by, 4, as (3.59);
and the vanishing of a; would imply the ¢, independence of the g function in (3.260).
If we now assume that the dilaton satisfies:

e QU s, )
VI \/]*NE cos26; + Fy sin?6,

(3.262)

which when compared to (3.54) would imply Q(r,xs,z9) = \/%, we maintain the
expected consistency in every duality frames. On the other hand the type IIA dilaton
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e?4 at the given point r = rg, in the limit with small 6, is given by:

oa _ SCC 0 5
e NG + O(67). (3.263)

Since a is a finite non-zero number, the type IIA coupling is finite and an O(1)

number at least for small . Thus eleven-dimensional supergravity analysis may
not be able to capture the full details of the theory. This is clear when we try to
compute the four-dimensional axionic coupling from dimensional reduction over the
Taub-NUT space using an analysis similar to (3.62). The functional form of the
three-form entering the topological coupling of M-theory (3.62) is similar to (3.67)
although the components are (Cs)s.11 appearing in turn from the uplift of (3.255).
The precise form is given via:

s :([(%/ DAD (3.264)
3 TN
::-1/%Q>f@ﬁ—a@cﬁAdmAd@Ad&AdmAd@Admh

where (C3) is the value of the three-form that we got in (3.67) and 3 is the three-
cycle along (r, z3,x11). Expectedly the orientation of ig differs from the three-cycle
Y3 used earlier in (3.63). This is consistent with the fact that the Taub-NUT spaces
in both cases are oriented slightly differently as we saw above. Thus once we re-
arrange the integral properly, we see that ¢, differs from ¢y in (3.63) by at least an
overall minus sign, although the full behavior of ¢, would require us to get higher
order terms in M-theory. The sign difference indicates S-duality at play, so this is
consistent with expectation.

The question however is why we should expect higher order corrections here. The
answer lies in (3.258). The type ITA couplings is of O(1), and so the 11-dimensional
circle has a finite radius. Thus there is an infinite tower of KK states that would con-
tribute to the M-theory spectra which in turn would enter the supergravity loops to
change the background solution. Of course very massive KK states can be integrated
out in the Wilsonian action, but light states would affect the background. When the
radius of the 11-dimensional circle is infinite, the type IIA coupling is infinite and
the theory is governed by eleven-dimensional supergravity only.

The above discussion implies that the values of (aq, a3) from (3.59) that appears
in the S-dual picture should receive correction so that [ @ A & computed above in
(3.264) from (3.261) will differ from the one given earlier in (3.52). Thus we expect:

Ry fTN2 wAw
om fTNl WA w

Cy = —C9

, (3.265)

>+0@m)

where we should remember that the two Taub-NUT spaces discussed above (respec-
tively as TNy in (3.56) and TNy as (3.259)) not only have different orientations but
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also slightly different warp-factors; Rj; is the eleven-dimensional radius; and the
corrections 0 F; to the warp-factors F; are the corrections to (Cs).

The Yang-Mills coupling should also change accordingly. To see this we should
compute ¢11, the equivalence of C11 glven earlier. We proceed by first defining
F F; + 0F; for i = 1,3,4 and F2 = F2 + 5F2, where the variations represent
possible quantum corrections to the warp factors. To the first approximation we
will assume that there are no extra cross-terms in the type IIA metric (3.252) com-
ing from the quantum corrections. A full generalization is technically challenging
because eliminating the cross-terms by redefining the coordinates can make the re-
sultant warp-factors to be functions of all the internal coordinates. However since ¢4
involves finding the determinant of the metric along the directions orthogonal to the
Taub-NUT space, the cross-terms (which are of the same order as d F;) would mostly
contribute to O[(§F})?]. Thus the O(JF;) contributions to the determinant can be
viewed coming entirely from the warp-factor fluctuations of the metric (3.252).

This then gives us the explicit form for ¢1; in terms of the warp-factors F}, which
have been defined above. The form is similar to what we had earlier because, as one
may verify, the deformations to the type IIA metric (3.252) coming from M-theory
uplift simply gets cancelled in the final expression:

~ RgRH sec Q/OO dr 62¢ F1F2F3 ‘ \/ F2 + \/ F2 - F3
2 0

11 =

B =) |5\ p
o B, 0Fy B, 5F2 Bs 0F3; By d¢
+ dr +—=+ + , 3.266
/0 ( Fl F2 F3 ¢ ( )

where by is given in (3.83), and the first term above is similar to (3.82) except for the
additional factor of Ri;, the eleven-dimensional radius. The correction terms given
in terms of B; are all functions of the warp-factors F;, as one may easily derive. This
means that the four-dimensional Yang-Mills coupling can now be expressed as:

TAD
It (fTNszJ + O(5F) |,
TN,

where it should be clear from the context that the volumes of the three-cycles v3 and

CiC11 Gl

(3.267)

U3 U3

vg have different orientations, the former being along (z3,7, 211) and the latter being
along (x3,r, ¢1). However since ¢; and ¢; are also oriented differently, the ratios %
and fj—; match precisely with the orientations of the Taub-NUT spaces TNy and TN,
respectively.

The O(JF;) corrections appearing in (3.267) and (3.265) are, at this stage, arbi-

trary but we expect them to be proportional to each other?®. In general they are not

40Both the O(JF;) corrections are integrated over all the coordinates, and especially r and 6y, so
they are only functions of the NC (or RR parameter) 6.
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equal, so it will be instructive to see how they are related to each other. To analyze
this let us express the O(0F;) corrections to (3.267) and (3.265) to be O(éFi(a)) and
O((SFi(b)) respectively. This means we can rewrite (3.265) with the same coefficient
of 4% as in (3.267) but with an extra factor of:

®)y _ (a)
% =1+ O(fFi wia 0Lk )() : (3.268)
’ B (Ps) + 06R")

where ¢(#) is similar to the arbitrary small parameter ¢() that appeared in (3.67) in
the definition of (Cs). The above manipulation is useful because we can now express
the complex coupling 7 for the S-dual theory to be:

F -5 ZC;;“ _ —— : — (3.269)
R TN, WAW a
b [ () +oer)]

where all the parameters appearing above are functions of the RR (or NC) parameter
0 as we discussed earlier. Furthermore, the form of the denominator in (3.269) is
written in a suggestive way so that one may connect this to the expected S-dual

result:
= _ [STSEE . 2
-~ o T TGt wuy |[tT e
T T T 72 2 ddh e 1+a2)? | (3.270)
1C11 | ((idas
62+ vg (1—a2)

provided of course that the denominator in (3.269) is equal to |7|%. In the last

equality above, we have invoked (3.251) which relates ¢y and < so that the ratio
is completely expressed in terms of the parameter a. In this form, it may be easier
to relate the denominator of (3.269) to the denominator in (3.270).

Having described the S-duality in some details from supergravity, the next ques-
tion is how should we go about defining a parameter like ¢, now to be renamed t,in

the S-dual theory. A naive description, following (3.184):

~ T

t = 7’ (3.271)
cannot quite be the right description for ¢ simply because the definition of t as
in (3.184) only works when the four-dimensional Yang-Mills coupling and the ©-
parameter are related via (3.222). Since the relation between Yang-Mills coupling
and the ©-parameter changes under S-duality, (3.271) cannot be the right definition.
We need to look for an alternative definition for ¢ that may capture the right behavior
in the S-dual theory.

The clue comes from the connection between ¢, the susy transformation param-
eter before twisting, and e, the susy transformation parameter after twisting via the
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relation € = n ® ¢y where n € Vg. There exist an operator, defined in terms of (),
and Q3 in (3.244), that may act on both € and ¢y to annihilate them. The value of
t for which this could happen is of course (3.224) or (3.246). Under a S-duality we
should now ask how € and ¢, transform. We expect:

€ > € =¢ +tép = exp(Qa)e, (3.272)

where Q, is an element of the S-duality group. On the other hand, a transforma-
tion like (3.272), allows us to construct the following transformation laws for the
individual components of €, namely ¢, and €g, as:

e, — ¢ = exp(Qy)er, er — ep = exp(Qp)€r, (3.273)

where Q, and Q, are in general not equal to each other, although could be com-
muting. However a transformation like (3.273) with unequal Q, and Q, will not be
consistent with (3.272), unless we demand ¢ to also transform in the following way:

t =t = exp(Qu—Qu)t, (3.274)

under S-duality. Note that, with (3.274), the transformations of € as well as €, under
S-duality are consistent to each other. This means, while we needed to use a relation
like (3.244) to express t in terms of the parameter of ¢, in (3.246), the form for  can
be inferred from (3.274) directly provided we know the forms of (Q,, Qp).

Our simple consideration has yielded the transformation rule for ¢, but not the
forms for (Q.,Qp). At this stage, and as we mentioned above, we can say that
they are commuting but unequal. The functional forms for (Q,, Q) require a more

detailed analysis along the lines of [12], wherein it is shown that Q, = Q,, and the
following transformation rule:
~ ct +d
t = 21 o)t = —— 1, 3.275
exp (2iIm Q,) or ] ( )

where the last equality uses elements of the SL(2,Z) group?’. As expected the
definition of ¢ is different from (3.271). A little work, following (3.275) and [11], will
give us t = 1.

The choice of £ = 1 in the S-dual side may be a bit puzzling from the correspond-
ing supergravity point of view. Before S-duality, the parameter ¢ can be related to
the supergravity variables via the two relations in (3.194) or via (3.195) and (3.197).
If we assume similar relations now between ¢ and the sugra variables for the S-dual

“ANote that when 7 = 2% or 7 = l, then £ = ¢ in the limit d = 0. This makes sense because
the ten-dimensional fermionic action 517;1 type IIB supergravity in the string frame has the form
Ik A%z 6_2“"3\/% UI'NDyU (plus interactions) which does not require any additional scaling of
the fermions when ¢ — —¢p. However when the axion Cj is present, the story is more involved.

This is similar to what we see from four-dimensional point of view too as depicted in (3.275).
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metric, we face a contradiction because the vanishing of ¢ — ¢! would imply the
vanishing of corresponding by, coefficient, but this coefficient in the S-dual metric
clearly doesn’t vanish. The reason why we see an apparent contradiction is because
we have assumed that the S-dual constraint equations would follow similar pattern
of derivation as elaborated for the pre S-dual scenario. That this may not happen
is already been anticipated in footnote 22: we may get same set of constraints via
adding two additional terms to the Hamiltonian, instead of mapping the picture to
the one involving ¢. From this point of view, there is no need to make any extra con-
nection to the t variable because supergravity by itself knows all about the fermionic
structure from the start. As such, the S-dual picture is also self contained.

However the mapping to ¢ in (3.194) is not without its own merit. It showed
us how to connect our set of solutions to the localization equations of [11] and
[12]. Interestingly, adding the aforementioned two set of terms to the Hamiltonian
would not have changed our conclusions, or the path of derivations, regarding the
background constraints! The mapping to t in the pre S-dual picture showed us
another layer of hidden structures in our construction. In the S-dual picture no
contradictions will now arise even if don’t make any mention of the ¢ parameter from
supergravity point of view. The BHN equations would continue to resemble the ones
in (3.221), but now expressed in terms of the S-dual fields.

3.3 Types of solutions: surface operators and opers

In the above sections we have managed to discuss the appearance of the BHN equa-
tions, including the boundary Chern-Simons theory (3.241) using the twisted gauge
field (3.240), from M-theory. The key question to ask now is the locations of the
knots. In other words, what additional ingredients do we need to construct knots in
this theory? In the following we will discuss this and other related issues. Our aim
would also be to build a bridge between Model A and Model B using our set-up
that we developed above. As we shall see, the key player for both the models would
be the surface operators.

3.3.1 M2-brane states, surface operators and the BHN equations

Lets us start with M2-brane wrapping the two-cycle of our Taub-NUT space. The
Taub-NUT space is oriented along directions (01, g, z9, x11) with 21, being the Taub-
NUT circle. This means the M2-brane will be a source of a point charge in the
remaining 6 + 1 dimensional orthogonal space in the following way:

/C: /A/\w: /Aodxo/ qu/Adeo, (3.276)
TN

where the value of the charge g appears from the integral of the harmonic two-form w
over the Taub-NUT space. Reducing down to the 341 dimensional space, this would
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lead to the non-abelian enhancement in the presence of multiple wrapped M2-branes
on the two-cycle, as discussed in section 3.2.6 and in (3.91).

For our case this is not what we need to study the knots: The wrapped M2-branes
on Taub-NUT two-cycles could only enhance the gauge symmetry but will not give
us the required Wilson loops necessary to study knots. What other M2-brane states
can we study here? This then brings us to few other possible configurations of M2-
branes that can be realized in the Taub-NUT background. As we shall see, the most
relevant ones will be related to the surface operators in our 3 + 1 dimensional gauge
theory.

Our first configuration that we want to entertain can be realized directly in the
original brane construction in Table 1, or more appropriately the T-dual one given
in Table 2 with the second NS5-brane removed. This way we can simply keep two
parallel NS5-branes oriented along (xg, x1, T2, T3, T3, T9) with D4-branes and a D2-
brane oriented as in Table 5. The D2-brane state, which is a co-dimension two

Directions

To | Ty | @2 | X3 |01 | QL | Y |7 | X8| T9
NS5 VIiVIVIVI]I*] x| x|*x|V]V
D4 VIiVIVIV]*]| x|V x| x| %
D2 VIV x| x| x| V| x| x| x| %

Table 5: The orientation of a D2-brane as a surface operator in 3 + 1 dimensional non-
compact directions.

defect, acts as a surface operator in 3 4+ 1 dimensional gauge theory. This has been
described in many recent works (see [32], [33], [34] for discussions on the subject and
for references) which the readers may refer to for details. For us, we want to lift this
configuration to M-theory by first dualizing this to type IIB theory (see details in
earlier sections), followed by shrinking the ¢; circle to zero size and then opening up
the eleventh-direction. The M2-brane state in M-theory is now depicted in Table 6.
In type ITA theory this will simply be a D2-brane embedded inside D6-branes. It is
also easy to make the system non-abelian by taking multiple M2-branes, or in type
ITA theory, multiple embedded D2-branes inside D6-branes.

Directions || xg | @1 | 2o |23 |01 | 01 | ¥ | 7 | 23 | g | 211
Geometry || * | x | x| x |/ |V |V |V ]| x| x| *
Taub-NUT | % | % | x| = | /| * | x| x|V | V] V

M2 VIV x| x| x| x [/ x| x| % %

Table 6: M2-brane state in the warped Taub-NUT background. The warping appears
from non-trivial geometry, shown above, and G-fluxes, discussed earlier.
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Our goal now is to find how the M2-branes modify the BHN equations that we
discussed earlier. In particular we would like to see how, for example, the background
constraint equations (3.221) (or (3.182)), change in the presence of the M2-brane
states. A direct study of multiple M2-brane states in M-theory following [31] would
make our analysis harder. However the fact that, in the dual type ITA side, the
D2-brane states are bound states with the D6-branes make this analysis a bit easier
because the bound D2-brane states could be considered as instantons on the D6-
branes. In M-theory therefore the M2-brane states would simply be provided by
localized G-fluxes, and the M2-branes’ charge () would appear from:

Q= [ GiAG = / (]—">/\<]—">/ wAw, (3.277)
g I TN
where g = Y, x TN, with ¥, being a four-dimensional surface oriented along

(29, 23,7, ¢1) and the orientation of the Taub-NUT space as before. This means,
on one hand, switching on the above-mentioned instanton implies switching on the
following components of the seven-dimensional gauge fields: Ay, As, A,, As,. On the
other hand, from our four-dimensional point of view with the action (3.153), having
an instanton (3.277) implies switching on the four-dimensional gauge field component
As and the three scalar fields (Ajs, 0, 5) where o is defined in (3.157).

The above discussion implies that, in the presence of M2-branes, we can entertain
a more elaborate decomposition than envisioned in (3.55) by taking into account
localized G-fluxes of (3.277) alongwith the usual G-fluxes in the following way:

Gi = (Ga) + (F)Aw+ (F+Ba) Aw+ G, + H A(, (3.278)

where w = d( has been defined earlier, H3 = dBs is the three-form, ¢, is the harmonic
zero-form defined on the warped Taub-NUT space, and G is the fluctuation of the
four-form in the seven-dimensional spacetime orthogonal to the warped Taub-NUT
space. The four-form piece Hsz A ¢ only contributes to the ten-dimensional type ITA
action, and so we can ignore this for our case. This means we can also absorb Bs in
the definition of F without any loss of generalities.

Plugging (3.278) in the M-theory action along the lines of (3.62) will not only
reproduce back the total four-dimensional action (3.153) from the zero mode fluctu-
ations of the fluxes and fields over the warped Taub-NUT space, but will also give
us the additional M2-brane piece () f Cory dxo A dxy A dip. This means the BHN
equation (3.172) will remain unchanged if the internal instanton contibutions to the
charge piece (3.277) come only from the background scalar fields (Asz, 0,5). The
precise conditions, to first approximations, are modifications of (3.167) and (3.168)
in the following way:

D, o0 = Dyoc = 0
00, a] + [0,00] = [do, k] = [d,0k] = 0, (3.279)
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where do and §& are the fluctuations of the scalar fields (o, 7) in the presence of the
instanton (3.278). The other two fluctuations of the components of the gauge fields
d0Ay and 0.A3 would in principle only redefine the BHN equation (3.221) and the
gauge condition (3.161) respectively without changing the content of the equations.
We will however retain the gauge condition (3.161) by resorting to As = 0 case?.

However subtlety comes when we look at the other set of the BHN equations,
namely (3.176) or (3.177). Considering the ¢; = 0 case for simplicity, the BHN
equation for the F,, components of the gauge fields can be rewritten in a more
complete form, in the absence of M2-branes, as:

3 3
[2b103 ) . 2divs | (1)
Faw + Z 1C12 €a¢m5k Dﬁgpk —1 Z C1C19 hawkl [gpk, Spl] = O’(3280)

Bk=1 k=1

where the coefficients appearing above have been defined earlier. In (3.176) and

(3.177) we had taken the simplifying assumption where only qg)
however q,S)

vanishes. Generically
= 0 for all choices of (k,1). Additionally we can demand non-zero values
for the coeffcients h&ikl This way we no longer have to decouple ¢3 as in (3.171). On
the other hand, if we don’t want to change (3.221), we can easily take appropriate
values for the coefficients gsﬁ)kl satisfying the third constraint in (3.160).

The discussion in the above paragraph was intended to establish a link between
the BHN equation (3.280) and the surface operators that we discussed at the begining
of this section. In the type IIA side, as depicted in Table 5, the D2-branes intersect
the D4-branes along (xg, ;) directions and therefore the support D of the surface
operator should be along x5 = 1) = 0 (recall that z3 direction is a compact circle
for us). When one of the parallel NS5 is sufficiently far away the supersymmetry on
the D4-branes is N' = 4 and therefore, as discussed in [33], the supersymmetry pre-
served by the surface operator is (4, 4) supersymmetry from two-dimensional point of
view. Using the language of M-theory construction discussed in Table 6, the (4, 4)
vector multiplet contains vector fields with components (A, .A;) and four scalars
(A3, 0,0,¢1) all in the adjoint representations of the gauge group. The (4,4) hy-
permultiplet is constructed from the remaining two gauge field components (As, Ay)
and the two scalars (s, @3)*.

Looking at the components of the hypermultiplets, we see that the BHN equa-
tion (3.280) can be used to capture the behavior of the hypermultiplets of the two-
dimensional theory. In fact we are interested in @ = 2 BHN equation in (3.280).

42This way Fas = —03.A, for both abelian and non-abelian cases.

43Following (3.156) one might have expected the two scalars to be (¢2,.43). This unfortunately
will not work with the gauge choice (3.161). However since h((xlszl = hf(izp] (k) this is not an issue
for us, and we can as well choose the two scalars to be (@2, p3). Additionally note that while the
components of the gauge fields that enter the vector multiplet and the hypermultiplet are fixed, we
have some independence in distributing the scalars in the two multiplets. This independence stems
from two sources, one, our choice of the gauge (3.161) or (3.178) and, two, the definition of the
decoupled scalars (o,5).
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In other words, we have the following BHN equation, again in the absence of any
M2-branes, associated to the Fy, component of the gauge field:

2v - [2dasv
Foy 44 22 (mg?\/b% Dy +mZ /by DWQ) =20y By a0 = 0,
1¢12

C1C12
(3.281)

where the coefficients bas, by and dog are given in (3.135), (3.137) and (3.142) respec-
tively; with m((fﬁ) satisfying the constraint given by the last equation in (3.160). Note

that keeping (3.221) unchanged means that mffg) = :I:mg?, where the sign ambiguity
will be fixed soon. In addition, we will make a small change in the identification of
the scalars given earlier in (3.156) to the following:

(¢0a¢17¢2a¢3) X (A3790179027903)7 (3282)

which will be more useful for us than the earlier identification. Interestingly (3.282)
implies that the Coulomb branch scalar 7 will be (¢o, @1, ¢2) exactly as in [11] (see
also footnote 16 and Table 7). Now defining:

2u3b 2u3b
By = — iy 222 0 Oy = —iy) 2B @ gy, (3.283)
C1C12 C1C12

where ¢, ¢12 and v3 have been defined earlier in (3.63), (3.78) and (3.66) respectively,
we can plug this in (3.281) to rewrite it as:

W
2d h

Fow =i (Dy®y & Dyy) + iy |~ | 202 ) [, @3] = 0. (3.284)
U3b23bys |m¢2m23 |

The sign ambiguity appearing above can be fixed by looking at the constraints on

the scalar fields in (3.221). If we want similar conditions for our present case too,
then we expect the full set of BHN equations to be an appropriate modification of
(3.284) in the following way:

Foy +co D1®Pg — [D2,P3] =0
DQCDQ +D¢q)3 - 0, DQJ,CI)Q - ng)g - 07 (3285)

where ¢y is a constant that we will derive below. Note that there is no relative
constant in the second equation in (3.285). This is only in the simplifying case where
bys = baz, with by, as given in (3.137) and b,y as given in (3.135), otherwise we expect
a relative ratio of %2”—;‘. The two scalar fields (®q, ®3) have already been identified in
(3.283), so g appearing in (3.285) can only be proportional to ¢; or Az. However it
cannot be proportional to (1 because of the derivative structure in the first equation
of (3.285). Thus &y should be proportional to Az, but since the value of Aj is fixed
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via the gauge choice (3.161) at least to the first approximation®*, we conclude that
®y = 0 here. This not only fixes the sign ambiguity in (3.284), but also gives rise
to the Hitchin’s equation which are precisely the conditions for supersymmetry with
the hypermultiplets!

Epsilon factor | BHN decomposition || Map 1: (3.156) | Map 2: (3.282)
12 ® (0¢ @ ¥0) Dops — Dy Do As — Dyps | Dops — Dy As
12 ® (126 21) D12 — Dagn D1y — Dapy D1y — Doy

1y ® (02 20) Dogs — Dagpo Doz — Dagps Doy — Do As
Iy @ (1Y @ 91) D13 — Dyn D1 A3 — Dypr | Diws — Dy

2y ® (016 10) Dog1 — Digo Dop1 — Dips | Dopr — D1 As
21 ® (29 © 92) Doz — Dy Dy Az — Dyps | Daps — Dy

Table 7: Various terms in the BHN equations coming from the two scalar fields mapping
choices 1 and 2 respectively. The first column is the epsilon tensor decomposition along the
lines of our earlier discussion, where only the relevant pieces are shown. The second column
correspond to the parts of the BHN equations associated to the epsilon decomposition.
Finally columns 3 and 4 are related to the pieces of the BHN equations once we use the
mappings 1 and 2 respectively.

The coefficient ¢ is not zero, and fixing this will also tell us how Fj,; appearing in
(3.285) is related to Fy, appearing in (3.284). To see how the latter transformation
occurs, we define:

U = a\/Co
dy=d+[A, ]. (3.286)

To = Ta4/Co,

A=Ay dig+ Ay dp, & = Dy dTg + 3 d),
The first line of the above set of equations when plugged in (3.284) gives us (3.285)
with vanishing ®;. Once we plug in the second line of (3.286) in (3.285), we can
rewrite (3.285) as:

Fo®dAd =0, dyd =0 = dy®, (3.287)
which, as discussed above, are precisely the set of Hitchin’s equations that appeared
in [32], [33], [34] describing the scenario when we do not consider the singularity asso-
ciated with the surface operators. The hodge star®’ is defined in the two-dimensional

4“Looking at the Hamiltonian (3.158), which is written as sum of squares, we can easily infer
that A3 do not appear in the squared piece with F,,. This of course is because of our gauge choice
(3.161) hence it is no surprise that @y vanishes in (3.285).

450ur choice of hodge star is slightly different from the ones taken in [32], [33], [34] and in [11],
but the essential content is captured in (3.287).
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space parametrized by (Zq,1), and ¢y appearing in (3.285) as well as (3.286) is at
least proportional to inverse of the coefficient of the commutator piece in (3.281), i.e:

()"

23

e x Sty |2 e, (3.288)
h2w23 C1023C12

The above derivations are encouraging and allow us to make the first step in de-

riving the behavior of the surface operator from M2-branes embedded in non-trivial
geometry and fluxes in M-theory. The question now is: how is the singularity of the
support D of the surface operator manifested in the Hitchin’s equations (3.287)7
To analyze this we will have to go beyond (3.279) and look at (3.158) more
carefully. There is no reason for the two scalars (o, ) to completely decouple — like
(3.167) and (3.168) — now. The original constraints that governed the decoupling
conditions appeared in (3.160), which we can rewrite in the following way:
5

2
2
209 +s0 =1, SO+ =1, (3.289)
a=1

where all the parameters appearing above are described in (3.158), and we can choose
| = 1,2 for our case. Additionally, we have assumed s) and t) to be positive definite
integers, and therefore the decoupling conditions in (3.167) and (3.168) were simply
the non-vanishing of them, i.e:

s > 0, tO > 0. (3.290)

The constraint (3.167) and (3.168) imposed via (3.290) in (3.158) now would be
harder to implement completely in the presence of the localized G-fluxes along
(9, 3,7, ¢1). However, we might still be able to argue for ¢ independence of the
scalar fields o and &, but  independence cannot hold now. Thus the first constraint
in (3.290) above may still hold, but t® has to vanish iI(l )the Hamiltonian (3.158).
1
!

Similarly ¢ appearing in the first equation, as well as qp, in the third equation, of

(3.160) will also have to vanish. This way we will only have:
D¢O’ = Dwa' = 0, (3291)

and not the full constraints (3.167) and (3.168). What about (3.169)7 Recall that
this was imposed via switching on q,E;’) in (3.158) and appears in the second constraint
relation (3.160). There is no reason why this could be non-zero now so, as a most
generic condition, we will assume that this coefficient also vanishes. This way (3.169)
may not hold in the presence of the localized G-fluxes.

There are two ways to proceed now. One, we can assume that all the BHN

equations, namely (3.221) and (3.280), get contributions from the scalar fields (o, 7);
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and two, only (3.280) gets contributions from the (o,d) scalar fields with (3.221)
remaining unchanged. The latter would imply that we impose:

Gk = Jam = 93 = 0, (3.292)

in (3.160) along with (3.291). Additionally the instantonic configuration, that results

in the M2-brane states via (3.277) and in the G-flux decomposition (3.278), can be

generated for our case from the following gauge field configurations?:

o—37
2i

o-+0

<A?"><T7 x2) = 9 <¢4¢1>(¢1,£{12,l‘3) =

(3.293)

from where we can have (Fs,) and (Fss,) as the source for the M2-brane charges
(3.277). This choice of components is fairly generic and helps us avoid switching on
components like (Fap, ), (Fas), (F3r) and (F4,) at least in the abelian case (which
we will finally resort to). Again, we can always go to more elaborate scenario but
since many of the extra components can be eliminated by gauge transformations,
with no additional physics insights, we can narrow our choice to the simple case of
(3.293). Of course the above discussion does not in any way imply that fluctuations
A; and A, are defined as (3.293). The fluctuations remain functions of the space
coordinates (xy,x2,1) so that the components F,3 and F,, defined appropriately
are related by the BHN equations.

This then brings us to the BHN equation, in the presence of the instanton source
(3.293), for the component F,,. As mentioned earlier, we are interested in the
component Fa;. The BHN equation for this is given by*":

Foyp — 174]p2, 03] + 2€2p Re (15D20) = 2i Re (1[0, @a] + 12[0, ¢3]) + 3(0, o],
(3.204)

along with the two additional conditions on ¢y and @3 as given in (3.285) with
suitable modifications. The other coefficients appearing in (3.294) are defined in the
following way:

1 [2v3 [, @) 1 /2vs o — . 50 —
v = 5 —01012 |:h2,¢}2\/ Cr2 + Zh2w21lc¢12:| , V2 = 5 1010 |:h2¢3 Cr3 -+ Zh/2,¢3 C¢13]
_ hyv2m Py /B _ ! [t(l)\/c_ — it \/c_} (3.295)
s 2\/C1a " Cic12 i 210 L7 " SEMG

46Note that we haven’t made a distinction between (o,5) and ((¢), (7)) to avoid clutter. Since

(0,0) only appear for our instanton configuration, switching on them means we have switched on
their expectation values. This should be clear from the context.

4"Note that Do is defined with respect to the gauge field A,. However if we use Do instead
of Dyo, these two definitions of covariant derivative being connected via Ay = —iAs as in (3.286)
assuming ¢y = 1, then Dyo = Dy& assuming A, to be purely real. Thus, unless mentioned otherwise,
we will continue using the field strength F,p defined with respect to the gauge fields A, and Ag
instead of the field strength Fi,3. Note that they are related via: F,5 = —iFy3.
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where we have defined the coeffcients ¢, in (3.118), cug, in (3.119), dog in (3.142),
c12 in (3.78), ¢ in (3.63) and vs in (3.66). The other coefficents appearing in (3.295)
are defined in (3.160) except the two new coefficients téi) and tggl. These two coefli-

cients replace the previous two coefficients tél) and téz) respectively, appearing in the
Hamiltonian (3.158) and the constraint equations (3.160), via:

1 enpas, — €29 tH) (3.296)

asg?

where k = (1, 2) and s; are coordinates defined as s; = r, s = ¢1. One immediate
advantage of this replacement in (3.158) is that a in (3.296) can take values a = 1 or
a = 2 and is thus not restricted by the total antisymmetry constraint. The constraint
relation for ¢ is similar to what we had for ¢ in (3.160), namely:

2
SOpE P+ t® = 1. (3.297)
a=1

Clearly for t**) = 0, this change doesn’t alter any of our earlier results because of the
decoupling of the (o, 7) fields. However now that (o, ) are relevant, introducing ¢
can make our analysis more generic. Note that we are not required to make similar
changes to sgg in (3.158) and (3.160) because of (3.291).

The Fsy BHN equation (3.294) seems more involved and therefore it will be
instructive to rewrite it in a slightly different way so as to simplify the appearance of
the equation. To proceed, let us define two new fields ¢5 and ¢3 using our old fields

9 and 3 in the following way:
o Yo O R N1 O
Y2 = ¢2+2Re <£> ; 03 = 3 —2Re (71—) ; (3.298)
4 V4

where 71,72 and 4 are defined in (3.295). The fields are defined in such a way so
that the commutator between them takes the following form:

(Go, @3] = [0, 03] + 2Re (ﬁ[&, @2]&[5,@3]) +2ilm (—”32) @, 0],
Y4 Ya Vi
(3.299)

where 7, is real but 7, and 7, are complex numbers. Interestingly, when we compare
(3.299) to the terms involving commutator brackets in the BHN equation (3.294), we
see that they are identical provided we identify 3 to 71,72 and 74 in the following
way:

vy = —2Im (M) . (3.300)
V4

Looking at the ~; defined in (3.295) and comparing the terms appearing in the
definition of ~; with the ones in (3.160), we see that the above identification (3.300)
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implies the following relations between the coefficients:

4 1
2N Mg _ [VsCarCon (3.301)
h(3) h(2) B h(2) h(3) o alcldgg ) '
213" Y24)2 293" 9242

The RHS of the above relation is defined with respect to the background warp-factors
and f-parameter, whereas the LHS is only defined via (3.160). Thus satisfying (3.301)
doesn’t seem hard. In fact we can make arbitrary choices for hg/;)k and hgfzk satisfying
(3.160), and then arrange hg;) to satisfy (3.301). This immediately implies that we
can rewrite the BHN equation (3.294) in the following way:

fgw - 2’74 [@2, @3] = - 2€2w Re (’}/5,D20') . (3302)

To bring the above equation in a more suggestive format, we can start by defining
the fields @y, for £ = (2,3) as in (3.283) and then construct one-forms out of them
in a way similar to the definition we gave earlier in (3.286). More precisely:

D = —ia Gk, O = Oy dry + Dy dip, (3.303)

along with the gauge field components combined together to construct another one-
form A exactly as in (3.286), but now without any ¢, factor. To avoid clutter we
removed the hat on ®. These redefinitions now convert the BHN equation (3.302)
to the following form:

F—®A®=—2Re(y5ds0), (3.304)

which is surprisingly similar to the first equation in (3.287), except that the RHS is
no longer zero but is proportional to d 0. Note however the absence of the ¢ factor
in the RHS of (3.304). This is because we have absorbed the ¢ in the definition of &
(this makes sense because o, as constructed from A, and Ay, go to —ic when we
define A, = —iA,). On the other hand, if we also redefine A, in the following way:

Ay — Ay = Ay +2Re(50), (3.305)

keeping the other gauge field components, i.e (Ag, A1, As) same as before, then the
BHN equation doesn’t change and takes the form as the first equation in (3.287).
Thus there seems to be two ways of expressing the BHN equation for this case: one,
if we assume that the gauge field components remain as before*®, then the RHS of
the BHN equation receives correction from the (o, &) fields as (3.304); and two, if we
assume that A, is defined using the (o, &) fields then the RHS of the BHN equation
vanishes. For the time being we will continue with first case, and consider the second
case later.

48With the assumption that, due to the instantonic background, Ay will be defined as (As) plus
fluctuation.
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Let us now turn our attention to the other parts of the BHN equations, namely
the ones constraining ¢ and ¢35 as in (3.285). To analyze them now, and as before,
we will consider the simplifying assumption of by, = b,, where the functional forms of
byr and b,y appear in (3.137) and (3.135) respectively®. The constraining equations
now take the following form:

R . 2 _ . R 2 _
Dypy + Dyps = ” Re (7:D50), Dyps — Daps = - Re (71D20) , (3.306)
4 4
where the hatted fields are defined as in (3.298). Alternatively we could also use the
one-form @, defined in (3.303), to rewrite the full set of BHN equations for our case.
Combining (3.304) with (3.306), we collect all the BHN equations together as:

F—®dAND=-2Re(y;da0)

2 2
dy® = —— Re(Mdao), dax® = ——— Re(4rdyo), 3.307
A Ve (V1dac),  da N (Y2dao) (3.307)
where the hodge star is in two-dimensions, the gauge field components are (A, Ay)
and ; are defined in (3.295). One may now compare our set of equations (3.307) for
the surface operator to the ones appearing in [32], [33], [34] and [11]:

F—gb/\gb = 2T« 5K, dAgﬁ = 271"7 5K7 dA*¢ = 271'6 6K7 (3308)

where 0k is a delta function that is Poincare dual to the knot K. We have modified
the hodge star so that now it is in two-dimensions (see footnote 45). Comparing
(3.308) with (3.307) it is clear that ¢ in (3.308) can be identified with ® in (3.307):
they represent similar fields. On the other hand, the RHS of the equations have
three different constants (75, \}—%, ]—%) and two functions d o and dao. These two
functions are clearly composed of (As), (A,) and (Ag,) which form our instanton
configuration giving rise to localized G-fluxes and M2-brane charges in (3.277) and
(3.278) respectively. In the small instanton limit [35], where they indeed become M2-
brane states, the two functions become highly localized so that they are like delta
functions in the (z5,%) plane i.e the plane orthogonal to our M2-brane states along
(w9, z1) directions®. This is where we can make the following identifications between
(o, B,7) appearing in (3.308) and (v;, 0, ) appearing in (3.307) and (3.295):

o0k = %[Im(%)Im(dAa) ~ Re(vs)Re(dso)]

Box = —— [Im(7,)Im(dso) — Re(7,)Re(dao)]

LSV

49 As mentioned earlier, there is no need for making this assumption other than for the sole reason
of simplifying the form of the equations. Thus if we do away with this assumption, the equations
in (3.306) will have relative coefficients but no new physics.

50Tt is not essential to go to the small instanton limit. All we need is finite localizations of the
two functions.
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1
7ok = e [Re(v1)Re(dao) + Im(y1)Im(da0o)] . (3.309)
The overall sign is irrelevant for us, as this can be absorbed by simultaneously shifting
® — —® and 0 — —o. Thus in the limit when d40 approaches (1 + 7)Jk, at least
when K is a straight line along z; direction, the (a, 8,7) coefficients in (3.308) and
(3.309) can be mapped to the parameters in the Hamiltonian (3.158) in the following
way:
1
o= [tglr)w/_c% +2) /—%1} (3.310)

2¢19
2 3
i héqzsv C3r + hé123 V€31 1 2¢2\/ Cor + h2¢2 v/ €291
2 — |’ 2
T \/hgj;)23\/ 2C1012d23'03 ! T \/h27¢’23 201012d23U3

where all the parameters appearing above have been defined earlier, for example c,,
n (3.118), e, in (3.119), dog in (3.142), ¢12 in (3.78) and the other parameters in
(3.160) and in (3.297).

The above identification (3.310) is highly suggestive of type IIA small instan-

b=

tons on D6-branes modelling as surface operators in the boundary three dimensional
theory. However to complete the picture we will not only have to derive the BHN
equations for the other components of the gauge fields but also find the boundary
theory along similar lines to the technique developed in section 3.2.12. To proceed,
let us first derive the BHN equations for the field strength Fi,, which means we are
looking at the gauge fields A; and A, and scalar fields ¢; and 3 (see (3.282)). The o
and ¢ fields will appear again, but since they are independent of x; direction, we are
not compelled to make a redefinition like (3.296), or even go to (3.297). In fact the

same parameters tép and tgi)l that appeared earlier in defining the BHN equations

for F5, will show up again here because the coefficients of t%ﬂ) and tﬁ?l vanish in the
Hamiltonian (3.158). Combining everything together, the F;, BHN equation takes
the following form:

Fry — 1Y4]p1, 03] + 2e14 Re (75D20) = 2i Re (1[0, ¢1] + 12[0, ¢s]) + 5[0, o],
(3.311)

which is in fact a variant of the BHN equation (3.294) for Fy,. As expected (3.311)
relates the scalar fields ¢, and @3, however the third term appears as Do instead of
D;o. This is because of the comments that we made above. The other coefficients
i.e 7y, are defined, also as a variation of (3.295), in the following way:

~ 1 2’03 1 2’(}3

2 .1 (3 ~
no=5 [hglgl\/crl_‘_lh’ngl\/cﬁbll]a =5

C1C12
~ h( )\/261 ~ h1w13\/8d13113 -
V3 = 5 71 ——01012 y V5 = 2 es

2 . (3
[hgzgii‘/ Cr3 + Zhgw)?,\ /C¢13]

C1C12

[ e — it o] (3.312)
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The above set of coefficients can be related to the coefficients (3.295) in the following
way. It is easy to see that 75 = 75. Furthermore, looking at the coefficients c,, c44,
and dy; in (3.118), (3.119) and (3.142) we can easily infer:

Cir = Cop, Cig, = C2¢1, di3 = dag, (3-313)

so that the only distinguishing factors between ~, and 7 are the coefficients hflf;)a,

hg?ﬁ)g, h(%a?) and h[(;i where a = (1, 2) and a = (2, 3). Other than these factors,
the BHN equations for Fi, and Fuy given in (3.311) and (3.294) respectively are
perfectly symmetrical. These factors, on the other hand, are controlled by (3.160)
which are in fact the only defining equations for them. Thus one assumption would
be to take the individual pieces to be equal to each other. In other words, we can
demand:

[} « a a 1 1 4 4
oy = hih, Bigh = hilh Ay = hlhe A = By, (3314)

so that 7, = 9% in the BHN equation (3.311). Note that with the identification
(3.314) it almost implies that the BHN equations, given in (3.294) and (3.311), are
identical via the exchange of 1 and 2 in the subscripts of the gauge and the scalar
fields. The only difference is that the “symmetry” between the two equations is
broken by the existence of Dyo and Dsao.

Unfortunately the above assumption is too restrictive and could potentially lead
to additional constraints when all the background equations are laid out. Therefore
we will start by defining a field ¢; exactly as @9 in (3.298) using 75 and 7,. This
way of defining ¢; has an immediate advantage: the commutator bracket of ¢; and
¢3 will take similar form as (3.299), i.e

[9517 @3] = [9017 903] + 2Re (ﬂ[a-a 901] + YTQ[&, 903]> + 2i:Im (’7112> [67 U]a
V4 V4 Y474
(3.315)
with 75 identified as (3.300) except the ¥, therein is replaced by 7,; and 7; is pro-
portional to v; with the proportionality constant being the ratio z—z The next set
of manipulations are important. We can use (3.315) to express the BHN equation
(3.311) as (3.302). However since the scalar fields o and ¢ are independent of x;

coordinate, and using the gauge field definition fl¢ as given in (3.305), we see that
the F14 and the Fy;, BHN equations take the following form:

Foy — 174 [P2, 3] = 0
flw - Z;\)//4 [@1, @3] = —2611/, Re [’)/5’D(271)0'} 3 (33].6)

where fa¢ is the field strength for the gauge fields A, and fl¢ with a = (1, 2) in the
standard way; and the covariant derivative D,y is defined in the following way:

Dapo = 0a0 +i[Aq — Ap, 0], (3.317)
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using the difference of two gauge fields A, and A, instead of just A, as we had
before. The other equations, for example the constraining equations for the scalar
fields (9, p3) given earlier in (3.306), and the equations for the other pair of scalar
fields (41, ¢3) now take the following form:

. Yo D
Dypa +Dyp3 = 2i[Re(750), 3] + 2Re <727 20)
4

A ) ) ) 1 Doo
Dypa — Daps = 2i[Re(7v50), p2] + 2Re <71 2 )

Va4
A~ 2 A . ~ 22 =
D11 + Dypsz = 2i [Re (750) , 903] + ﬁ_ [./41, Re (720)]
4
A . ) . 21 _
Dypr —Digs = 2i[Re(y50),¢1] + ” [A1, Re (10)], (3.318)
4

where Dyo is the covariant derivative defined with respect to the gauge field A,
(3.305). In terms of the unshifted field Ay, the RHS of the above set of equations
(3.318) will not have the commutator brackets. It is also instructive to work out the
commutator bracket for ¢; and ¢s:

Ve =, o

2 _
,Re (v + —
[SOQ © (720)] Y44

V4

bl

(1, 0] = [wl,mH%m,Reman
(3.319)

where v, and 7 have been defined earlier in (3.295) and (3.312) respectively. Note
that if we had applied the identifications (3.314), the commutator piece [o,d] in
(3.319) would be absent. However as mentioned earlier, the identifications (3.314)
are not only over-constraining but also inconsistent. We will therefore refrain from
using them and stick with the commutator brackets in (3.319). Additionally now:

3y = —2Im (M> . (3.320)

V4

We will use the above informations, including (3.292), to determine the BHN equa-
tion corresponding to the gauge field strength Fi5 in the presence of the instanton
background. To start, let us define few things that will help us express the back-
ground more succinctly:

Ji Emﬁ) bi1, Jo = m%)\/blZ

Iy = —2g{3),\/di> Re (%) . Ty =2g{3),V/di2 Re (7%) , (3321

4 Y4

where by and by coefficients are defined in (3.135), dyo coefficient is defined in

(3.142), and (mgll),m%),gg)u) coefficients are defined in (3.160) where we have as-
sumed mﬁ) = m%) for simplicity. Note that (j;, j2) are numbers whereas (I';,I'y) are
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scalar fields expressed using ¢ and . Using these we define three fields:
A, = - (9—1 0 2) e ( e ) .
Ji 3 Ji 3 4\ J2V274 — J1%204
(3.322)

These fields are written in a suggestive way so that they could be used as components
of a vector field although (x,y, z) are not related to spacetime coordinates (they are
simply parameters here). We can now use (3.321) and (3.322) to express the BHN
equation for the gauge field strength Fj5 in the following way (see also Table 7):

. mfplgf V/ 203by3 mgll)\/2v3b11
Fia—i T e Dy + ———
Veicn

i m%) VvV 2U3b12
Vv C1C11

[D(Lx)@l + D22 — 2Re (
Ya
%2De0 ﬂ _ (29912\/ 203d12

Doy pg — D % —|—2Re< —
[ (1,2)P2 (2,9) 1 Y4 NEEH

where the new covariant derivative D, is defined as in (3.317) now using the fields
(3.322); the hatted scalar fields ¢y appear in (3.298); v, and 7, are parameters given
in (3.295) and (3.312) respectively; and vs is defined in (3.66). All other parameters
have been defined earlier which the readers may refer to for details.

We now make a few observations. It is easy to see that when o = 0, the above
BHN equation (3.323) goes back to the BHN equation derived earlier in (3.172) when
we use the map (3.156) alongwith the values of the parameters given in (3.173). The
¢o field appearing in (3.323) is the same field that appeared in (3.285) before. Using
the scalar field map (3.282), ¢g o< A3, whereas using the map (3.156), ¢y x @3 as can
also be inferred from column 4 in Table 7. The additional constraint (3.174) that
we impose on the scalar fields ¢, and ¢, should continue to hold even for the case
where we have nonzero ¢. This immediately gives us our first constraint equation,
in the same vein as (3.174), to be:

. " ¥2D2 y0
D(l,m)@l + 'D(g’y)gpg = 2Re (#) .

3.324
Ya ( )

In some sense this could be taken as the defining equation for hatted scalar fields
¢1 and @y, Comparing (3.324) with the first and the third equations in (3.318), we
see that the constraints appear differently because of the structure of the covariant
derivative (3.317). In fact if we did not impose the constraint (3.292), we could have
casily absorbed this in the definition of the fields (3.322). Thus the form of (3.323)
is generic enough even in the absence of (3.292).

Once (3.324) is applied on (3.323), the form of the Fj5 BHN equation is now
almost identical to (3.172) except with extra (¢,0) dependences as we discussed

— 908 —
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)

) [@17952} = 07
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above. Thus we could express it as (3.186) using the ¢ parameter given in (3.189).
Following similar criteria as developed in section 3.2.11, and without going into
details, we can again demand the coefficient of t — ¢! piece to vanish. For the
present case, this takes the following form:

N R % Dz 0o
Do)z — Dyypr = —2Re <2§—2’> : (3.325)
4

which becomes (3.207) when 0 = ¢ = 0 once we appropriately redefine the scalar
fields. Now putting everything together, the 715 BHN equation is identical (at least
in form) to the one that we had earlier for ¢; = 0 in (3.208), namely:

1 a1
‘F’12 _ Z mfpg 2U3b¢3 D Qb(] o Z 29§;)12 \% 21}3d12
Jeren v Veren

Comparing the set of equations, (3.326), (3.324) and (3.325) to (3.316) and (3.318),
we observe that (3.326) is expressed in terms of Ay instead of A, as (3.305). The
difference between the covariant derivatives may be expressed in terms of commutator

) [P1,82] = 0. (3.326)

brackets in the following way:
(m . 15¢> ¢ = 2i[¢o, Re (750)] . (3.327)

This would change the form of our BHN equation (3.326) by putting extra commu-
tator brackets. This is not what we want so alternatively we could retain the form of
the BHN equation as in (3.326) with 15%250 instead of Dy ¢y and no extra commutator
terms, but change the RHS of the two constraint equations for the scalar fields ¢,
and ¢y by replacing the covariant derivative D, )0 by:

Doy = 00 +i[Ay — A, — Ay, 0], (3.328)

in both (3.325) and (3.324). The above definition of the covariant derivative, in
the similar vein as (3.317), is arranged in such a way as to absorb the commutator
brackets appearing in (3.327) by defining a field A, as:

(1) ~
M3 757747,
J1YaY2 — J27Y274

where j; are defined in (3.321), 74 in (3.295) and 7% in (3.312). The other coefficient
mf;g appears in (3.160). The above definition of A, differs crucially from the three
fields A,, A, and A, appearing in (3.322) in the sense that it is not given in terms
of the instanton fields (o, 7). Instead it is expressed in terms of the scalar field ¢
whose value in general is only known by solving the BHN equation (3.326), although

for the present case this vanishes.
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The above observation of cyclicity is not new, and in fact did show up already in
(3.316) when we had used D, 1y0 to express the BHN equation for ]:—ldw The field A,
appears on both sides of the equation (3.316). Thus it can only be solved order by
order in terms of any small parameter used to express the field A;. Similar issue also
showed up for the constraint equations (3.318): the fields ¢, appear on both sides of
the equations rendering exact solutions harder to determine. The Hamiltonian, on
the other hand, retains its form (3.158) as:

ciC c - ~ A oA 2 c r ; 5 3] )
H = 21 /d3lL‘TI‘{£ <-7'_1¢ — 174 [$1, P3] + 2615 Re [’751)(271)0}) + = <]:2¢ — a2 903])
U3 Ci1 n
) 2
L E ; 1()[,33 \/ 2v3bw3 B é ; 2955)12 V203d12 [@ @ ] + Qum
o — i | 0— 1| ———— | |¥1,¥2 ;
Vit v veicn

except with hatted scalar fields that originate from the extra (o,a) fields. Due to
the ¢ and & dependences, the magnetic charge Qng will now be different from what
we had before in (3.227)%!, although the electric charge would still vanish with a
suitable gauge choice as before.

Before determining the magnetic charge Qup, let us try to simplify the first set
of BHN equations (3.316) and (3.318). One simple way to keep the right hand
sides of the equations simple is to go to the abelian case. In the abelian case, all
commutator terms vanish and the rest of the BHN equations (3.324), (3.325) and
(3.326) alongwith (3.316) and (3.318) take the following simple form:

Fop = Fry + 2c14Re (15020) = Fra + 160500 = 0 (3.331)
Oppr — Oapz = 2Re (%820> , O01pg — a1 = —2Re (@)
4 V4

. . . . . . . . Vo Do
O1p1 + Opps = Opp1 — 0193 = 0, Do + Opp3 = 11 + D202 = 2Re (7272 ) )
4
where g is the coefficient of Dy¢y term in (3.326). The above set of equations
immediately implies that the un-hatted scalar fields ¢, @9 and (3 are independent
of 21, x5 and v directions respectively®?. In addition, they are related to each other
via:

Opp1r = Oz, Oapr = O1pa,  Oyip2 = Daps. (3.332)

°1To compare the magnetic charge to (3.227), we need to put co = 0 in (3.227).

2In other words: 1 = ¢1(x2,%), 02 = @2(x1,9) and @3 = @3(x1,22). Being static solutions
they are of course independent of x( direction. A very simple solution, and definitely not the most
generic one, of the set of equations in (3.332) is to take @1 = Ay + Bxg, o = Baxy + Cp and
w3 = Az + Cxo where (A, B, C) are constants.
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With all these we are almost ready to derive the boundary theory. Our starting
point would be to switch on the ¢ parameter. The changes in the Hamiltonian
(3.330) would be similar to what we had earlier in (3.225), and therefore choosing
the coefficients in the Hamiltonian (3.330) as in (3.226), the magnetic charge will
take the following form:

4|7 |? ER . ’ o (r—T7
Qu=2L [ @, ( > S Ept Y audign+ D ARe i) )
a,f=1 k=1 k,l,m=1

(3.333)

which differs from (3.227) in two ways: first, due to the abelian nature we no longer
have the commutator brackets, therefore no cubic terms in fields; and secondly, we
have an extra term proportional to A;. The proportionality factor is some combina-
tion of dyo and 0y that would vanish in the absence of the surface operators.

The physics that we developed here is all in the absence of any twisting, and
therefore the picture will change once we introduce twisting exactly as we had in
section 3.2.12. Following similar procedure as before, we twist the scalar fields
(¢1, Pa, P3) to one forms (¢y, ds, ¢3), along the lines of (3.282), but now for the
hatted fields®. In the absence of the linear term in A; the procedure of getting the
boundary theory is similar to (3.239), namely:

A 2 A A
Séifj_(b2+02)/ A/\dA+/ {2d1fA¢+< i )¢Ad¢} (3.334)
w W by + ¢z

d, R d, 1k
— (b2+02)/w {AJF (b2+02>¢} /\d[A-ﬁ- (b2+62)¢} :E/WAd/\dAd’

where by appears in exactly the same way as in (3.230) before, albeit now in the

abelian case, alongwith similar definition for A, as in (3.240) but now with gEu instead
of ¢,,. The parameters ¢, and d; are determined from (3.64) and the supersymmetry
condition (3.242) respectively, as before. The linear term in A; then adds a new
term to the boundary action (3.334):

St = d4/ dzodzidrs A1Re (150:0) = Q2/d961.»41, (3.335)
w

where dy is a constant that may be read off from (3.333) after twisting and @3 appears

in the same limit that converted (3.309) to (3.310) namely when dyo = (%) e

where K is a straight line along x; direction (in a more generic situation, K will be a
closed loop in the z; — x9 plane). Note that the integrand in (3.335) is independent

®The procedure is similar to what we had in (3.191), but now appropriately modified by the
mapping (3.282).

- 101 —



of xg, so the dzy integral can be localized by our choice of dx. Combining (3.334)
and (3.335), we now get our complete boundary theory to be:

Sond = (bg —+ 02) / Ag N dA; + QQ% A, (3.336)
A%% K

where the second integral is now over a closed loop K, in the (z7, x2) plane, instead of
a straight line along x; in (3.335) above. At this stage one might compare (3.336) with
the boundary theory that appears in [32], [33], [34] and [11]. Note the appearance
of A, instead of A for the abelian Chern-Simons term. Interestingly the equation of
motion from (3.336) becomes:

F, - @ 5 (3.337)

B Q(bg + 62)
where g, the Poincare dual of K, is the same singularity that appeared earlier. In
this form (3.337) resembles closer to the analysis presented in section 6 of [11] in the
sense that we can assume Ay to have a singularity along K with the monodromy
around K to be:

M = exp [—2 Qs ] . (3.338)

(bQ + CQ)
Note that the denominator in the monodromy formula (3.338) has the factor by + ¢,
which is W in the notation of [11]. This of course appears because of twisting in the
supergravity formalism, as we saw above. What is interesting however is that the
denominator will not change if we go from the abelian to the non-abelian case as can
be inferred from our earlier derivations although the boundary theory will change
from it simple form (3.336) to its, more non-trivial, non-abelian generalization.

3.3.2 Surface operators and knot configurations

All our above discussions are consistent with the series of papers [32], [33], and [34]
modulo couple of subtleties that we have kept under the rug so far, and they have to
do with the precise structures of our D2-brane surface operator. The first subtlety
arises when we look carefully at the orientations of the D2-brane in our problem. The
orientation of the D2-brane is given in Table 5, and we discussed how this appears
in the BHN equations using the M-theory uplift given in Table 6. The analysis that
we presented above works when the D2-brane circles the ¢; direction completely. In
type IIB dual, this is a D3-brane stretched between the D5-D5 pairs wrapped on the
Taub-NUT two-cycles oriented along (7, ) directions as depicted in Table 8. From
here the result of Table 6 can be easily inferred by T-dualizing along the compact
¢, direction and lifting the resulting configuration to M-theory.

The story however gets more complicated if the D3-brane is stretched, not com-
pletely along the ¢, circle, but only between the five-branes. A T-duality along ¢,
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Directions || xg | 1 | X2 |23 |01 | o1 | ¥ | 7 | x5 | 29
Taub-NUT | % | %« | x | * |/ |V |V |V ] * | *
D505 | [V |V V] * |« [V|V][* ]|~
D3 VIV x| x| x|V |V] x| x| %

Table 8: The orientation of a D3-brane between the wrapped five-branes.

direction now will only lead to a fractional D2-brane, which is a D4-D4 pair wrapped
on certain two-cycle in the internal space. The internal space, before T-duality, was
a Taub-NUT manifold. However after T-duality, we expect the internal geometry to
take the form as given in (3.33), namely:

dsg = e? (Fy dr® + F d0; + Fy dsgy) + Ci(dgr + x cos O1dxz)® + Cadip®,(3.339)

where we see that the ¢; circle is non-trivially fibered over the 3 circle. The reason
for this is because of certain B-field components in the type IIB side as we saw in
sections 3.2.1 and 3.2.2. The 9 direction now no longer has the Taub-NUT fibration
structure but still allows the six-branes to wrap around (1,7, ¢1) directions in the
way described in section 3.2.3. The other coefficients appearing in (3.339) are defined
using the € parameter and the warp factors F; as (see also (3.33)):

e ? e ol sin20; sec?0

Ci=—= , G == , Xzﬁgtanesecﬁ.
Fy cos20, + F; sin6, F, cos?0; + F; sin’6,

(3.340)

The type IIA metric (3.339) is in general a non-Ké&hler manifold and therefore the
fractional two-brane may be thought of as D4-D4 wrapped on a two-cycle Xy in
the non-Kéhler space (3.339). The M-theory uplift will then be a Gy structure
manifold oriented® along (61, ¢1, 7,1, x5, 9, x11) and a fractional M2-brane state
oriented along (zg,x1,v) that could be viewed as wrapped Mb-brane on Xy x S}
where S}, is the eleven-dimensional circle. At energies smaller than the size of the
internal cycle, the analysis that we performed above will suffice.

The second subtlety also has to do with the precise orientation of our D2-brane
surface operator. The surface operator that we discussed here is a co-dimension two
singularity in four-dimensions, and is a co-dimension one singularity in the boundary
three-dimensions. However what we need is a co-dimension two singularity in both
three and four-dimensions [11], [36]. One way out will be to change the orientations
of our D2-brane in Table 5 so that the D2-brane is now oriented along (zg, v, ¢1)
directions. This way, not only in our four-dimensional space (zg,x1,22,?) it is a
co-dimension two singularity but is also a co-dimension two singularity in the three-
dimensional boundary oriented along (xg, z1, z3) directions. However, since the D2-
brane has only temporal direction along the boundary, the line integral would vanish

5 At a given point in the x3 circle.
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Figure 1: A loop K, denoted by pa, in the (z1,z2) plane can be lifted up to form a knot
K, denoted by pi1, once we go to the Euclidean space. Non-trivial Wilson loop can now be
constructed by integrating the twisted gauge field A, along the knot p;.

because of our gauge choice (3.161) or (3.178). Thus what we need here instead is
a one-dimensional curve in the (zg,x1,z2) plane. Lifting this configuration to M-
theory will now have D0-brane whose precise contributions to our BHN equations
should mimic what we had earlier. Note that changing the orientation of the D2-
brane from ¢; to any other orthogonal compact direction will uplift to a M2-brane
but the orientation of the resulting brane is such that it cannot always be percieved
as an instanton contributing to the BHN equations®. As such the analysis will be
harder to perform.

Alternatively we can go to Euclidean space where the co-dimension two singu-
larity is a curve in a three-manifold with non-trivial topology. This will be our knot
configuration. This means a co-dimension two singularity in four-dimensional space
V as in (3.100) will now be of the form:

C=K xR, (3.341)

where K is a knot in three-dimensional Euclidean space (not to be confused with
the loop K discussed earlier in (3.336)) and R is our ¢ direction. In the equivalent
Minkowski space, K would be a one-dimensional curve in (xg, 21, x2) plane. In the
above discussion of putting a co-dimension two singularity along (zo, ¥, ¢;) directions

55Unless one of the direction is along r. We will discuss this case later.
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Figure 2: A surface operator constructed out of a M2-brane intersects the three-
dimensional Euclidean boundary W (or W3 in the language of [11]) along a knot K and
is stretched along the remaining v direction, which we denote here as R;. As such it is a
co-dimension two singularity both on the three-dimensional boundary W3 as well as the
four-dimensional space V= W3 x R,..

the charge of the dual D0O-brane bound state (with D6-branes) appears from:

/ C3NGy NGy = /Aod:co/ (F) N(F) A (J-“)/ wAw, (3.342)
Z1 6 TN

as such this amounts to switching on two extra components of gauge fields (A;) and
(Ay) in addition to what we had earlier. The caveat however is that, as discussed
above, the temporal loop would vanish if we want to maintain our gauge choice
(3.161) or (3.178). On the other hand, once we take a curve in the (z¢, 1, z2) space,
this issue doesn’t arise and knots can arise naturally (see also Fig 1).

In the same vein if we allow the co-dimension two singularity to be along (¢, ¢, )
directions, then the dual M2-brane state will be along (xg, ¢1,7) directions. Going
to the Euclidean space we can allow the co-dimension two singularity to be along
C x R, where C is the surface given in (3.341) and R is the radial direction r. The
dual M2-brane state then would be along K x R x ¢;, where K is the knot. In
the ITA framework this is again an instanton in a four-dimensional space, whose two
coordinates are (x3,1) and the other two coordinates are orthogonal to the knot K.

Thus for either of the case discussed above, the co-dimensional two singularity
in the Euclidean space is identical and is given in Fig 2, although the M-theory up-
lifts differ. Previously when the co-dimension two singularity was along (xq,z;) the
equations governed by the hypermultiplet scalars (As, Ay, @2, p3) were the Hitchin’s
equations (3.287) from the BHN equation (3.284) in the absence of the surface op-
erator; and (3.307) from the BHN equation (3.294) when the surface operator is
present. Now our hypermultiplet scalars would appear from directions orthogonal to
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Figure 3: An unknot configuration drawn almost parallel to the x; axis to simplify the
computation of the Wilson loop. Thus away from the regions denoted by @);, we can restrict
the Wilson line integral to be only along x;.

the knot K therefore the analysis will be different. However if we consider a knot
configuration given in Fig 3, away from the neighborhood points ();, we have:

7{ A S / Avda, (3.343)
K T

then again we expect the local picture to be similar, namely, the Hitchin’s equations
(3.287) get suitably modified like (3.294) (although o and & in (3.294) need to be
interpreted carefully now).

We are now getting closer to the approach initiated in the series of papers [32],
[33], [36] and [34] and also in [11]. The co-dimension two singularity in Euclidean
space that we discuss here is clearly related to the monodromy defect studied in
[11] and [36]. Moreover, since we study static configurations (using the Hamiltonian
(3.158)), the temporal direction z, remains suppressed and the co-dimension one
singularity in the three-dimensional boundary of our earlier discussions continues to
provide accurate description of the singularity structure of the (4, 4) hypermultiplets
locally, although the global picture may be different. This shift of our view point
from global to local is not just a mere rephrasing of (3.343) but more of a helpful
calculational tool where analysis pertaining to specific knots could at least be ad-
dressed. In particular, for the present context, this helps us to channel our earlier
computations to analyze non-trivial knot configurations instead of just closed loops
discussed in (3.336).

We can make our analysis a bit more precise. In the presence of the knot K, the
part of the boundary three-dimensional action (3.334) for the abelian case remains
unchanged in form with A, defined appropriately with qZ; The additional piece of
the action will be more non-trivial than (3.335) as now we expect the integral to be
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over a knot K. The total action will then take the form similar to (3.336) with the
loop K replaced by the knot K and A by A,;. For completeness we reproduce this
again as:

Stnd = (b + ¢2) / Ay NdAg + Qz% Ay, (3.344)
\%% K

where ()2 can be calculated from M-theory using either the dual DO-brane charge
(3.342), or the dual M2-brane charge depending on our choice of orientation. For the
latter case ¢ in the definition of Ay will take a different form (that can be determined
with some effort, but we will not do so here). Various other details like the field
strength F; as well as the monodromy around K remain similar to (3.337) and
(3.338) respectively. Furthermore, the presence of A, in the integral over the knot
K can now be directly hinted from (3.294) and (3.311) by the following replacement:

Fop = Fap + (Fay) = Fap + 9aDyPa; (3.345)

where g, is an appropriate constant and there is no sum over alpha. Indeed the
above defines the gauge field A, = A, + gupa that eventually appears through the
boundary magnetic charge Q,s into the boundary coupling (3.344). One may easily
see that in our earlier derivation this replacement for A, was not necessary despite the
existence of (Ag) because the instanton configuration therein was defined in the space
parametrized by (z, 23,7, ¢1) and thus independent of the ¢ coordinate®®. However
now the dual DO-brane charge (3.342) does depend on all coordinates orthogonal to
the Taub-NUT space and as such (3.345) becomes necessary.

Our short discussion above shows that, at least for the abelian case, the bound-
ary theory appearing from the magnetic charge Q,; in the presence of a surface
operator does have all the essential properties to study knot configurations. The
brief mismatch that we had earlier in the boundary theory (3.336) goes away once
the background is correctly defined as we see in (3.344). All this is satisfactory and
one might, at this stage, even speculate how the non-abelian extension may look like.
The non-abelian boundary Chern-Simons theory will have the form (3.241), but now
Aqq will have to be defined with respect to QASQ. The knot will then be added as a
linear term in A , just as in (3.344), but now to (3.241). The above statements are
easy to state but a direct derivation of the boundary action along the lines of our
earlier discussion is unfortunately harder because of the issues pointed out above.
We will therefore relegate a detailed discussion to the sequel of this paper and instead
make some generic statements here.

There is one puzzle however that we need to clarify. The non-abelian Chern-
Simons theory (3.241) with the coupling 2= = by+c», appearing in (3.230) and (3.63),

%6We define (Fay) = 02(Ay) — Oy (Az) + i [(A2), (Ay)] which is proportional to dy(As) for the
case studied earlier because (A,) vanishes, but now, for the present case, has all the terms.
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A)

B)

0

Figure 4: Two Wilson lines in the three-dimensional boundary denoted by (A) is arranged
so that they are parallel to the x; axis. In (B) we split them via Heegaard splitting and
they are rejoined in (C) via a braid group action. This procedure allows us to introduce
non-trivial structures to the Wilson lines.

is well defined in a path integral only when k is an integer. With a gauge group G,
the path integral representation is given by:

Z(K, k, G) = /D.Ad exXp [Z‘Sbnd(k‘,Ad)} TI“RP exXp (QQ ﬁ;Ad> 5 (3346)

where the integral is over all gauge connections A; modulo gauge transformations.
What happens when £ is not an integer? This could in general be the case because
both by and cs, given in (3.230) and (3.63) respectively, appear from supergravity
analysis and are as such not restricted to be integers. It turns out, when k is not an
integer, we can still perform the path integral by complexifying the gauge field Ajy.
The story becomes more interesting now, and has been discussed in much details in
[37]. This analytical continuation of Chern-Simons theory at the boundary proceeds
in few steps: one, to change the measure of the path integral; two, to incorporate the
complex conjugate piece in the path integral and then three, to assume the complex
conjugate piece, constructed from Ay, to be independent of the one constructed from
Ag [37]. In other words, we change (3.346) to:

Z(K, k, k,G) = /D-AdD-Zd exp |1Spnd (k, Aa) + 1Sna (761 -Zd) }TTRP exp (Q27{ Ad) ;
¢ K
(3.347)
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Figure 5: The action of the braid group on the Wilson lines. They are distinguised by
their over-crossing and under-crossing pattern. The first one has a braid group action o, L

whereas the second one has a braid group action oy.

where both .Zd and k are in general different from A, and k respectively. The choice
of the integration cycle C is subtle and is captured by finding critical points of the
modified Chern-Simons action appearing in (3.347) and then expressing C in terms
of the so-called Lefshetz thimbles [37]. The integrals over these Lefshetz thimbles
should always converge, and this way finite values could be determined for the path
integral (3.347)".

The above discussion raises an interesting question, namely, what is the inter-
pretation of the above story from our M-theory uplift? To answer this, recall how
we arrived at the Chern-Simons theory (3.241). Our starting point was the four-
dimensional action (3.153), from where we derived the Hamiltonian (3.158). The
electric and the magnetic charges Qg and Q) respectively, when arranged properly
by taking care of the subtleties mention in section 3.2.12, gave rise to the boundary
action (3.241). There were two crucial ingredients in the discussion: one, the ex-
pression (3.230), which was important in deriving the coupling constant k& and two,
the twisted gauge field Ay which in turn was composed of the original gauge field
A, and the twisted scalar field ¢,. Looking even further back, both the ingredients
appeared from M-theory: the twisted gauge field from the G-flux G4 via (3.55); and
the coupling k (i.e by and cy) essentially from the M-theory action via (3.62)°®. This
means the complexification of the fields that is necessary to analyze (3.347) should
somehow also appear directly from our M-theory analysis.

The analysis gets harder because in M-theory, or in the eleven-dimensional super-

5T(Clearly this is a playground for using Morse theory and the theory of steepest descent as have
been exemplified by [37].
8For the full non-abelian enhancement the readers may refer to section 3.2.6.
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Figure 6: Four Wilson lines are joined pairwise by identifying the respective monodromies
around them.

gravity, the ingredients enhancing the four-dimensional gauge theory from abelian to
non-abelian and creating the knots may be the same M2-branes. The distinguishing
feature is of course their orientations: the non-abelian enhancements appear from
M2-branes wrapped on the Taub-NUT two-cycles, whereas the knots appear from
M2-branes having at most one leg along the Euclideanized boundary W (or being
a one-dimensional curve in the three-dimensional Minkowskian boundary). On the
other hand when the knot configurations are dual to the DO-branes, with the world-
line of the D0O-branes forming a knot configuration in the three-dimensional boundary
W, the analysis is equally challenging from M-theory. Even at the abelian level, the
essential path-integral that we can lay out is the following:

Z(a,b) = /DQ4 exp {z’a Gy N xGy +1b Gy N 94} exp (z’j{@) . (3.348)
3

Y11

This is good enough to capture certain aspects of four-dimensional abelian gauge
theory as well as the boundary three-dimensional Chern-Simons theory, but definitely
not the full story, at least not yet in the present incarnation with a providing the
gauge coupling and:

Co

= fTNw/\w’

on the eleven-dimensional manifold ¥;; = ¥g x S*, where S? is a three-cycle and

S5 = W x R, x TN, (3.349)

w is the normalizable harmonic form defined on the warped Taub-NUT space. To
complete the story, we will need a few crucial intermediate steps: one, that converts
b in (3.348) to k as in (3.346) via a step similar to (3.230); two, that converts G-
flux G4 to three-dimensional twisted gauge field Ay; and three, that finally converts
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Figure 7: Once we identify monodromies of a pair of Wilson lines, the structure of the co-
dimension two surface operator in four-dimensional space can be formed out of two-branes.
Here two such configurations are shown on a Heegaard-split three-manifold base.

(3.348) to (3.347). The search then is a formalism for a topological M-theory where
calculations of the kind mentioned above may be performed (somewhat along the
lines of [38]).

In the absence of such a formalism, simplification occurs when k becomes an
integer, so that we can ignore complexification, and when we go to the abelian case,
where we can resort to our earlier calculations. This then brings us to the following
path-integral representation:

2(K, k) = / DA, exp (% /W Ay A dAd> exp (ng 7{( Ad) O (33%0)

which is simpler than both (3.346) as well as (3.347) and where 7= = by + ¢ is
now an integer. Additionally, the quadratic form of the Chern-Simons action implies
that (3.350) can be simplified further. Defining Ay = (Ag) + agq, where ag4 is the
fluctuation over the background field (A,), and using (3.337) now for the background

field strength (F;), we can express (3.350) equivalently as:

K
Z(K, k) = ZO/Dad exp (2—/ ag N dad) , (3.351)
AT Jw

where Zy is a number and is given by Zy = exp (£ [ (Aa) A d(Ag)) exp (i (Aa)),
implying that the quantum computations in the presence of a knot may be performed
by studying the fluctuations over a classical background as if the knot was absent.
This simplification is of course only for the abelian case, as the non-abelian case
would require more elaboarate computational machinery.
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Figure 8: Construction of an unknot using all the ingredients that we developed earlier.
Boxes A represent the Wilson lines parallel to x; axis, boxes B denote the curving of
the Wilson lines by identifying pairwise monodromies, and finally box C denote the braid
group action. Together they form an unknot configuration. The points a; and b; are the
points where the Wilson lines end on the Heegaard-split three manifolds.

There is something puzzling about (3.351) that we would like to clarify. Rephras-
ing (3.350) to (3.351) one might worry that all information about the knot K is now
lost. In fact what we have in (3.351) is the following additional integral:

exp (—ng /W ag N\ (5K) exp <z’Q2 j{{ ad) , (3.352)

which vanishes classically and so the computations proceeds as though no knot is
present in (3.351). However (3.352) imples that the actual quantum mechanical
computation should have another knot linked to the previous one. In other words
there should be a framing anomaly [2]. Taking this into account, the information
about the knot can thus be recovered in the quantum computations.

Let us elaborate this a bit more. For abelian, Chern-Simons, the cubic interaction
term is absent. The expectation value of Wilson loop operator for knot K in (3.350)
can be expressed as:

20.0) = e { 03§ a0 § anain}, (3:353)

where ()2, as mentioned earlier, may be computed in M-theory from the dual DO-
brane charge (3.342) or from dual M2-brane charge depending on our choice of ori-
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entation. Using the gauge field two point function:

(As() i) = o LI (3.354)
|z =yl

we see that the above invariant (3.353) will blow up at coincident points z, — y,,.

So we will have to regularize the integral. This is achieved by choosing a suitable

frame with a Ky knot slightly displaced from the original knot. In other words, we

take the coincident points as y,, = x, + €,, with €, approaching zero. Depending on

the choice of frame, we will get the U(1) knot invariant (3.353) to be in terms of a

framing number p, defined as the linking number of knot K with its frame knot Ky,
in the following way:

- g 1o Z0K.K) = dn, Alo) § i) = - (3359

2 K Ky

implying that for any knot the result is proportional to p. However, we can always
choose a canonical frame in S® where p = 0. In other words, this canonical frame
does not give any information about knots within abelian Chern-Simons theory.
This is exactly reflected by perturbing the classical background solution as detailed
in (3.351) and (3.352). Thus non-trivial information is achieved when we go from
one frame to another. For more details see [39].

We are now ready to discuss the construction of knots using our surface operators.
One of the crucial ingredient is the Heegaard splitting, which states that a three
manifold W can be obtained as a connected sum of three manifolds W; and W,
joined along their common boundary 3 = 0W. Thus:

W - W1 Uz W2. (3356)

In the presence of a surface operator, a three manifold can also be split in a similar
way as depicted in Fig 4, (A) and (B). Once we extend the Wilson lines along
the R, direction (or alternatively the ¢ direction) in Fig 4(B), we can see how the
surface operators split. The way we have expressed the surface operators, they are
parallel to z; axis as can be seen from the Wilson line representation (3.343). This
means on the boundary ¥ of our three manifold W the Wilson lines will end on
points, and the splitting of the surface operators would imply how the points are
distributed on different boundaries. In a standard quantization of the Chern-Simons
theory on W, where W is locally a product of ¥ x Ry with R; representing the
direction xy, the Hilbert space Hsyx associated to the boundary 3 changes, in the
presence of the surface operator, to:

Hg — %E;pi;R” (3.357)

where p; are the points on 3 where the Wilson lines end and R; are the represen-
tations of each points. In the present case the Hilbert space is precisely the gauge
theory described on the D2-brane surface operator that we use here.
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Figure 9: Construction of a trefoil knot by joining boxes A, B and C appropriately. The
braid group action now acts twice. The points (a;, b;) still remain the points where the
Wilson lines end on the Heegaard-split manifolds.

The next ingredient is the monodromy around the surface operator. We already
described the case when we have a loop K in the (z1,25) plane for the surface
operator given in Table 5. The monodromy therein was given by (3.338), which
can be re-expressed in the language of (a, f,7) using the BHN equations (3.308),
where (o, 3,7) have in-turn been expressed using supergravity variables in (3.309)
and (3.310). In eq. (6.4) of [11], and also in eq. (2.2) and eq. (2.3) of [33] with more
details, the gauge field A and the scalar field ¢ have been described using («, 3,7).
Using (3.309) and (3.310), we now express (A, ¢) using supergravity variables. This
is no surprise, of course, as in our earlier sections we used supergravity to write the
BHN equations for F,s and F,,. Thus the monodromy around the k-th surface
operator (3.338) can be now written as:

M, = exp [~2m(a, — i) (3.358)

Since a given surface operator is a solution of the set of equations (3.316), (3.326),
(3.318), (3.324) and (3.325), monodromies around different surface operators depend
on their respective choices of the triplets (o, Bk, Vk)-

The gauge field set (A, QB) that we take appears in the boundary Chern-Simons
theory as a combined gauge field A, as defined in (3.240) and in (3.334). There are
three parameters that appear in the definition of A;: by and ¢y from gauge theory
coupling constant (3.230) after twisting, and d; from (3.232). It is easy to see that
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although b, and ¢, both have to be real, d; can in principle be complez®. Nothing
that we discussed earlier will modify if d; becomes a complex function. In fact there
are two ways to go about this, with definite advantages in either formalism. Using
A, = —iA, as in (3.286), we can express Ay as:

. iy -
A = —i|A—- , 3.359
) (3.350)
which keeps d; real, but inserts an ¢ in the definition of the gauge field. In this
formalism, a boundary flat connection implies a Hitchin equation of the following
form:

. o d \*- -
d.Ad—Z.Ad/\Ad =0 = F+<b2—|—62) ¢A¢, (3360)

where note the relative plus sign®. Comparing this with say (3.326), which is ex-
pressed in variables before twisting, we see that they are similar provided we use
Fio = —iFy5 as in (3.286). After twising the coefficients of (3.360) may be identified
with the ones in (3.326) and this way the value of d; may be determined.

In the second formalism, we keep the gauge field as A,, but make d; itself
complex. If we now map all the variables in the action (3.153) to the ones appearing
in say [11] using (09,70, ko) etc in (3.211) and (3.215) respectively, then one can show
that:

dl - ’i011<62 + CQ)

- , (3.361)
V3 + v3g? sin®f

where ¢;7 is given in (3.76), v3 in (3.66) and ¢(f) in (3.67) with a NC deformation
0. This definition of d; doesn’t change if we change ¢, in the absence of a surface
operator, to qg, in the presence of one. Additionally it is interesting to note that there
are certain values of the NC parameter 6 for which the definition of the boundary
gauge field A, simplifies to:

Ag=A=+iop. (3.362)

The simplest case is of course when 6 vanishes. The other case may arise when
q(0), as defined in (3.250), vanishes for non-zero . Clearly for all these cases ¢y
also vanishes, and ¢ becomes ¢t = +¢. However the boundary gauge theory coupling
continues to remain non-zero and now takes the value by as can be seen from (3.230).

®When by and ¢y are also complex, we are in the regime where we have to analytically continue
the Chern-Simons theory. We discussed this briefly earlier and more details are in [37].

60Tf we now define ngS = —i®, we will get back (3.287) as expected. However for the computations
at hand, we keep the twisted one-form scalar fields unchanged, and only redefine the gauge fields.
As noted above, this line of thought has some distinct advantages.
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Figure 10: A specific construction of a (2,n) torus knot by joining boxes A, B and C
appropriately. The braid group action now acts n times. The points (a;, b;) still remain
the points where the Wilson lines end on the Heegaard-split manifolds. Once we extend
the figure along R (or v) direction, we will get the configuration of the surface operator.

Unfortunately, as it turns out, by doing similar mapping of our variables to the
ones in [11] as discussed above, by becomes infinite when ¢ approaches +i. In this
limit, and as elaborated in [12], 7 defined in (3.183) becomes irrelevant and therfore
is not an useful arena to study the boundary theory. Thus it seems we should only
allow t # 41 cases, which then brings us to the question whether the simplification
(3.362) is any way useful for us.

A path integral representation sheds some light here. Let us first discuss the
non-abelian case in the absence of any knots. The path integral can be written as:

/ DAd exp
c

where C is the same integration cycle that we discussed earlier; and we see that

i(bz + 62) / Tr (.Ad ANdAg + %Ad AN Ag N .Ad) ] , (3.363)
A%%

(3.363) only depends on the combination by + ¢ but does not depend on the ratio
d

b2-¢c2 )

(3.363). We can therefore replace Ay by any complex function and the definition

which is another way of saying that A, is a dummy variable in the integral

(3.362) would equally suffice if we view A and 95 to be arbitrary functions appearing
in the path integral. All in all, it boils down to the fact that the gauge field appearing
in the path integral may be an arbitrary complex one-form, although the boundary
action is defined with a specific functional form for A,. Even in the presence of a knot,
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Figure 11: The construction of a figure 8 knot using A, B and C boxes in a slightly

1

different way than discussed earlier. The braid group action is now o, Loy -0, " - 09 acting

on the Wilson lines as shown.

for both abelian and non-abelian cases, the arguments presented above go through
because the Wilson loop is defined with 4,4, and as such could again be replaced by
an arbitrary complex one-form in the path integral. All these observations resonate
well with the ones presented in sec (2.4) of [11].

Further simplification occurs when we look at the BHN equations (3.316) and
(3.326) on a plane orthogonal to the surface operator. Since o, as well as its covariant
derivatives (3.317) and (3.328), are localized functions we expect the behavior in a
plane away from the center of the surface operator to be:

Fip — s [p1,03] = Fop —ivalpa, 03] = Fro—ivrlp1, 2] = 0, (3.364)

where 77 is the coefficient of the commutator piece in (3.326). Note that we have
expressed the BHN equations without the hats, as the o dependences die off in the
orthogonal plane. Converting the gauge fields from A, to —iA, using (3.286), the
Hitchin equation for Fj5 in (3.364) match with (3.360) as noted earlier. Of course
the above discussion is good only for the configuration that we study in Table 5
which is a co-dimension one singularity in the three-dimensional boundary. For a
co-dimension fwo singularity in the boundary, we will have to study the Hitchin’s
equations in a plane orthogonal to the surface operator. The analysis would be
similar to what we did above, although certain specific details might be different

now.
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The picture that we developed above leads to the concept of holonomy of the
complex gauge field around a given surface operator. This can typically be repre-
sented by Vi, = Hol(Agx)) with k representing the k-th surface operator. For flat
connections holonomy and monodromy are related so Vi will be conjugate to the
monodromy My in (3.358). An interesting consequence of having holonomy around
a surface operator is the following. Consider four Wilson lines parallel to each other
and intersecting at four-points on ¥ in a Heegaard split three-manifold. This is de-
picted to the left of Fig 6, where the Wilson lines are parallel to x; direction. If we
name them as 1, 2, 3 and 4, then by identifying the monodromies:

M= M My = M3, (3.365)

or equivalently the holonomies, we can go to the configuration depicted to the right
of Fig 6. This operation is useful because it tells us that we can join two Wilson
lines by identifying monodromies. In terms of surface operators, this procedure will
lead to the configuration depicted in Fig 7.

In fact we now have two distinct configurations of Wilson lines, or equivalently,
surface operators. The first one, we will call it box A and is depicted in Fig 4
(A), is a configuration of parallel surface operators. The second one, and we will
call it box B, is depicted to the right of Fig 6: a configuration of curved surface
operators. Associated to these boxes will be the operators A, and Bj where k denote
the number of surface operators (or equivalently, Wilson lines).

There is a third possibility that we can entertain and is depicted in Fig 4 (C).
We will call it box C, where the Wilson lines are swapped by a braid group action
04. We will concentrate on a braid group with two strands, with generators o, where
the subscript a denote which set of two strands, out of a given set of Wilson lines,
we choose here. The operators associated with the braid group action will be C(z,,)
and C(Q’Ufl) where we take v = 1 for illustrative purpose and the two operations are
depicted in Fig 5. We therefore expect:

C(2,01)C(2,a;1) = Cpu), (3.366)

where o; = 1 implies no braid group action. This is therefore topologically equivalent
to Al with transpose put in to account for the orientations of the Wilson lines.

We now have more or less all the necessary ingredients to analyze the invariants
for various knots. Let us start with the simplest case of an unknot as depicted in Fig
8. Combining the boxes A, B and C we can express the invariant (or the linking
number) in the following way:

Z(q; Ko) = (exp ¢ Az) = > (na|BIC(20,)BaAz|ny), (3.367)

Ko na

where Ay, as described above, could be any complex one-form; and Kj is the unknot
configuration. The action of the operators in the RHS of (3.367) can be elaborated

- 118 —



Figure 12: The construction of 52 knot using the A, B and C boxes. The braid group

1. o5 acting on the Wilson lines as shown.

action is now 0:1” “09- 0]
in the following way. Consider box A in Fig 8 where the Wilson lines intersect
the top right two-dimensional surface ¥ at two points. These two points may be
considered as a given state |ny) in the boundary U(1) Chern-Simons theory. The
operator A, evolves the state from right to left (here we take the direction to be
parallel to x7, but this is not necessary). The subscript 2 denotes two strands (or the
two particle state |ng)) in the field theory. The operator By then curves the Wilson-
line states by monodromy identification, much like (3.365) discussed above. This
evolution continues till the braid group operation C(y,,) acts in the way depicted
in Fig 8. The braided state is then evolved by B] where the transpose operation
just reverses the orientations of By. Finally we sum over all possible two Wilson-line
states in the Chern-Simons theory.

The above, slightly unconventional way, reproduces the invaraint (3.353) for the
unknot case using the operators Ay, By and C(y,,) combined as (3.367). All the
three operators can be thought of as a 2 x 2 matrices whose components are evolu-
tion operators. As such they are expressible in terms of exponentials of generators
integrated over the knot configuration, exactly as in (3.353). This can be normalized
to 1, so one might wonder why we went about expressing the unknot in a rather
complicated way. The answer is that the above way of expressing the unknot using
the operators, help us to generalize the picture to any complicated torus knots. For
example, let us consider the trefoil depicted in Fig 9, which again uses the three set
of operators Ay, By and C(z,,). The knot invariant associated with the trefoil then
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18:

Z(q; Ki) = (exp @ Ag) = Y (m|BIC0,)Cla)Ciao)BaAs|na), (3.368)

K no

where K; denotes the trefoil knot. The operators act in the same way as in (3.367),
except now we have three times the braid group action by the operator C(y,,). This
of course distinguishes it from (3.367), and thus the above analysis generalizes easily
to the torus knots (2,n) as:

Z(q; ;) = (exp ¢ Ag) = Y (n[BICp,,\BaAsns), (3.369)

K, no

with K, representing the torus (2,n) knots. Clearly when n = 3 we get our trefoil
invariant.

So far we have been using the operator C, 5, to represent the braid group action
for two Wilson lines. The question is what happens when we have more than two
Wilson lines. It turns out we can still use C(,,) but represent the braid group action
is a slightly different way. An example of this can be presented for the figure 8 knot,
which is the simplest non-torus knot, given in Fig 11. The knot invariant for this is
Now:

Z(q; Kg) = (exp 3 Ay = Z<n3\Bgcgj@)cgfol_l)cg§02)cgfol_l)B3A3|n3>,
8 ns

(3.370)

where Ky is the figure 8 knot with m; = my = m3 = my = 1; and C(y,,) and
C(27J;1) are the braid group actions (o1, 09) on two different strands. The inverse to
be understood as the operations depicted in Fig 5. The rest of the operators act
in the way we described earlier. We can generalize (3.370) by considering arbitrary
values for n; in (3.370). One such generalization leads to the 55 knot given in Fig
12, whose knot invariant may be written as:

Z(q; Ks,) = (exp Ag) = Z("3\B§C(2,og)C(z,gl—l)C(2,02)C?2,01)BSA3!713)7

Ks, ng

(3.371)

where K5 is the 5 knot, and we have taken C:())z,al) instead of C‘E’ action. We

2071
thus see that the three ingredients, namely (a) the Heegaard splittingst t)hat typically
lead to a class of operators Ay; (b) Monodromy identifications, that lead to a class
of operators By; and (c) braid group actions that lead to a class of operators Ca 4,
and C(Zggl) are sufficient to give us both the surface operator representations as well

as the invariants for any given knots. All these are expressible in the language of a
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U(1) Chern-Simons theory with a complex gauge group 4, and the invariants that
we computed above are proportional to:

exp (@) , (3.372)

which are consistent with the generic argument that we presented for (3.353). This
is not a big surprise, and one might wonder if we can get anything more out of our
elaborate constructions beyond the expected result (3.372). The answer turns out
to be affirmative and in fact accommodates the polynomial constructions outlined
in [36] where the monodromies My in (3.358) are used to construct the variables
(0;, x;) and the affine cubic f(x;,0,,) = 0 (see for example equations (4.6), (4.7) and
(4.9) of [36]). This means the surface operator representations presented for various
knot configurations above not only give us the knot invariants, but also reproduce all
the constructions of [36]. Additionally, our analysis shows that all the constructions
of [36] may be given a supergravity interpretation!

However once we go to the non-abelian extension, we face many issues, and the
simple minded analysis that we presented here will have to be modified. This means,
for example, a surface operator representations of Jones polynomials using the three
kinds of operators we used here are not sufficient. A more detailed framework is
then called for, which is unfortunately beyond the scope of the present work. We
will therefore not discuss this further, instead we will elaborate on another set of
constructions that generalize easily to the non-abelian case.

3.3.3 't Hooft operator, opers and supergravity parameters

In the previous section we have considered the co-dimension two defect operators in
the field theory. The monodromy defect supported on a knot K inside the Chern-
Simons boundary was extended in four dimensions to a singularity that the fields
had along a two dimensional surface K x R, inside the four dimensional space.

In [11] and [13], other defect operators were considered in a four dimensional
theory, the co-dimension one Wilson line operators and the co-dimension three 't
Hooft operators. Especially important are the co-dimension three 't Hooft operators
which can be related to the Nahm pole solution where the dependence of the co-
dimension three object is only on v, the four dimensional coordinate transversal to
the three dimensional boundary. The relevant equations have already appeared in
(3.185), which are of course the ones of [11]. Note that, compared to our earlier
sections, nothing we say in this subsection will be new. However an attempt will
be made to pave a way for possible connections between the results of [13] and our
supergravity analysis.

Let us first consider ¢t = 1 case, where t is given, in our language of supergravity,
by (3.184). In this case, a stationary solution (invariant under translations along

- 121 —



time direction) with zero A, and ¢ reduce to Nahm’s equations for the components
of the field ¢ tangent to the boundary®!:

—~ 4+ 4 x =0, (3.373)

where we have identified y as our ¢ coordinate. The above equation follows easily
from our BHN equation (3.221), and also from (3.326) which is in the presence of a
surface operator provided we change ¢ to ngS In the language of commutator brackets
of (3.221) or (3.326), it is not too hard to guess the solution of the above equation
to be:

6 =—, (3.374)

where 7, are the three Pauli matrices. The advantage of expressing the equations in
terms of three-dimensional vectors, before twisting, allows us to compare with the
equations after twisting when they all become one-forms.

Once A,’s are non-vanishing, the scenario is not so simple as the Nahm equation
(3.373). From our earlier analysis, we know that we need the full BHN equations.
Of course, as expected, the solutions to the BHN equation again cannot be as simple
as (3.374). It turns out, there are two types of solutions to the BHN equations
which may be succintly presented in terms of a complex coordinate z defined as
z = x1 +ixy (recall that our four-dimensional space is parametrized by (zg, 21, T2, 1)
where we already identified y with ). The first type of solutions are independent of
z coordinate. Defining:

a9 |
Dl = _8331 + Z_aQJQ + [Al + ZAQ, ]
0 : ,
Dy = a—y + [Ay — i, ] . Dy = [le — iz, ] ) (3375)

where A, = A,; and as mentioned earlier, depending on the mapping (3.156) or
(3.282), we can identify ¢g to either Az or ¢z respectively. This means, for certain
choice of the gauge ((3.161) or (3.178)), ¢p may vanish and therefore Dy described
above may be simplified. However for the present discussion, we will keep things
generic. The first order differential operators D; therefore satisfy:

(D, D;] =0, i,j=1,23; 3 [Di,DI] —0, (3.376)

=1

which are alternative ways to express the BHN equation (3.208) or (3.221) once
we absorb some factors and signs appropriately. To verify that this is indeed, for

610ur analysis here is generic and therefore ¢; and ¢ can be related via any of the two mappings
(3.156) or (3.282). In fact our gauge choice could also be generic i.e (3.161) or (3.178). Additionally
we will be using the gauge fields A, instead of A, so that we can easily compare our results to [13].
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example, (3.208) we note that the second equation in (3.376) is the moment map
equation which can be written as:

Fig — [¢1,¢2] — Dygo = 0. (3.377)

In the gauge A; + iAs = 0, the operator D; becomes derivative with respect to
Z and with the gauge choice A, = i¢y, the operator D, becomes derivative with
respect to y. D is proportional to ¢ = ¢; — i as should be clear from (3.375).
The commutation relation [D;, D3] = 0 implies that ¢ is holomorphic in z and the
relation [Dy, D3] = 0 means that ¢ is independent of y. Near y = 0, ¢ is a constant
and a complex valued gauge transformation maps it into the Nahm pole solution
with i dependence.

What about outside the region y = 07 The vanishing of the commutator brackets
[Dy, D3] and [Ds, Ds] define a Higgs bundle (E, ¢) where ¢ is independent of y and
holomorphic. The Nahm pole solution (also called the model solution) is trusted
around the y = 0 boundary but we can extend the model solution as a Higgs bundle
(E,¢) away from y = 0. In fact, as described in [13], such extension gives a Higgs
bundle (E, ¢) endowed with a holomorphic line sub-bundle L which is not stabilised
by ¢. In other words, for any section s of L we expect s A ¢ps # 0, as described in
[13].

Let us now consider the second type of solutions that depend on z. The depen-
dence on z is determined by the presence of extra monopoles with extra charges k,
at points z = z,. Next to y = 0, the solution is a simple modification of the Nahm
pole solution as the field ¢ has a holomorphic entry with a power of z. Away from
y = 0 the solution is given again by a triplet (F,¢, L) of a Higgs bundle with a
holomorphic sub-bundle L.

How do we now extend this result to the case t # 17 A key observation of [13] is
that the Higgs bundle (with the key ingredient of a holomorphic scalar field ¢) can
be obtained by starting from a set of Hitchin equations:

F—6oAdp=0, dxop=dp=0, (3.378)

and combining the last two equations to get the holomorphicity condition on ¢,
namely 0¢ = 0. This is true for t = 1. When ¢ # 1, it is useful to modify the
definition of the derivatives with respect to z, z by introducing a complex parameter
¢ in the following way:

D

D
RS
Dz <

6, ], Di=-—+Cl[d, ]. (3.379)

DS =
z Dz

We have [DS, DS] = 0 which is taken as an equation governing holomorphic data. In
fact using vector field components AS = A, — (!¢ and AS = A; + (6 makes (3.379)
holomorphic in these variables. Additionally, the holomorphicity condition on ¢ is
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mapped into a holomorphicity condition on A$ and the Higgs bundle condition is
now replaced by a complex flat connection. The Nahm pole solution around y = 0
now describes a singularity in AS and A,. Away from y — 0 region, the solution is a
complex flat bundle £ with a holomorphic bundle L defined such that its holomorphic
sections are not annihilated by D,. Such a pair (E, L) is called an oper [13].

In the Appendix A of [13], the reduction of a four dimensional stationary solu-
tion to a topological theory in three dimensions was a function of a rotational angle
0 where the parameter ¢ was set to tan (% + %) and ¢ to tan #. This relation be-
tween t and ( should also appear from our M-theory reduction. As ¢ is related to
the supergravity parameters via (3.184), we expect  to also be represented by our
supergravity parameter. From here we conclude that the oper solution is automati-
cally fixed once we have determined the supergravity parameters. This is somewhat
along the lines of the discussion in the previous subsections where we saw that many
of the results discussed in [11] automatically appear from our supergravity analysis.

More details on this will be presented in the sequel to this paper.

4. Model B: The type I1IB dual description and non-Kdahler
resolved cone

In section 3 most of our analysis revolved around the uplift of the brane configuration
given in Table 1 to M-theory, and the subsequent physics associated to the presence
of a knot in 2+ 1 dimensional boundary W. The existence of a Coulomb branch, as
well as dipole (or RR) deformation, helped us to study the knots and their localization
to the boundary W. Many of the details, that were studied exclusively from the
boundary point of view in [11], appeared very naturally in our set-up from the bulk
dynamics in M-theory. The starting point of all our discussion was the Hamiltonian
(3.158) from where, and in the presence of surface operators, we were led to the
detailed study of knots and knots invariants.

At this stage it is interesting to ask if we can repeat the success using the second
brane configuration given in Table 2. One immediate difference from the earlier
brane configuration in Table 1 (or its T-dual type IIA version) is the absence of
the Coulomb branch. Recall that the existence of the Coulomb branch earlier was
responsible in constructing the twisted gauge field A4, in (3.240) which eventually led
us to the boundary Chern-Simons theory (3.241). Once we lose the Coulomb branch,
restricting the knot to the three-dimensional boundary W is more subtle. In fact
the whole boundary picture developed from four-dimensional space V.= W x R*
a la [11] will need to be re-interpreted differently now. Problems lie in restricting
the knots to three-dimensions, constructing the twisted gauge field and resolving the
conundrum addressed earlier in section 2.2.
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We will start by discussing, in series of steps, a way out of the conundrum for
Model B by analyzing the picture from M-theory in a slightly different way from
what is discussed in section 5 of [11]. In the process we will get some understanding
how to address the other two issues namely, restricting knots to 3d and topological
twisting of the scalar fields. But we make only the barest beginnings in this direction,
and leave most of the details for the sequel.

4.1 Second look at the gravity and the topological gauge theory

We saw, from our earlier discussion in section 2.2, that an appropriate duality to the
brane configuration of Model B leads to a type IIB picture with wrapped D5-branes
on the two-cycle of a resolved conifold. According to [40] the metric on the resolved
conifold should be non-Kéahler. Ignoring the dipole deformation for the time being
(we will insert this soon), the supergravity background for the configuration is given
by (3.4) as before with ¢ being the dilaton and the Hodge star and the fundamental
form .J are wrt to the dilaton deformed metric €?dsS. The metric ds? is now different
from (3.5) as its a non-Kéhler resolved conifold metric written as:

2
dsg = Fy dr® + Fy(dip + cos 01dy + cos Orddn) + > Fyri(db? + sin®0,dg?),
i=1
(4.1)
where Fj(r) are warp factors that are functions of the radial coordinate 7 only®?. The
above background (4.1) can be easily converted to a background with both H3 and
F3 fluxes by a series of duality specified in [41, 40]. The duality converts (4.1) to:

1
05" = e s + YV + A ds] (4.2)

[ 1
F3 = —e*?cosh 2 (g1 ep Neg Ney + Go ey Neg, Neg,)

2
Fs = —sinh 8 cosh B (1 + #10) Cs(r) do A [ sin 6; df; A dep;

i=1
s — sinh 5[ (\/FIF2 _ FgT) er Ao, A ey, + (\/FIF2 _ F4T) er A gy A %]
with a dilaton e?2 = ¢=? and a A defined as:
A = sinh*3 (62¢/3 — e719/%) (4.3)

and f is a parameter related to certain boost that is explained in [40] while the
others, namely (g1, g2,Cs5) are given by:

o) = 1y (VR0 gy <y (YR (14)

520mne may generalize this to make the warp factors F; functions of (7,61, 62) but we will not do
so here.
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D6-branes on a Non-Kahler
non-Kahler . resolved cone

deformed cone ) with fluxes
+ fluxes Large N duality and no branes

&  Mirror Mirror Y

D5-branes on a Large N duality Non-Kahler
non-Kahler > deformed cone

resolved cone with fluxes
+ fluxes and no branes

Figure 13: The web of dualities that connect various configurations in type IIB and type
ITA theories. Here we will concentrate mostly on the lower left hand box that captures the
physics of D5-branes wrapped on the two-cycle of a non-Kahler resolved conifold.

dr.

" 2Ry Fy/ I F
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4.1.1 Revisiting the topologically twisted theory

Before moving further, let us ask how does finding the type IIB background (4.1)
and (4.2) helps us in understanding the topologically twisted theory. Recall what
we did in section 3. We mapped the type IIB brane configuration of Table 1 to a
configuration of wrapped D5-D5 branes on two-cycle of a warped Taub-NUT space.
An M-theory uplift then gave us the required action (3.153) and the Hamiltonian
(3.158) from where we extracted our boundary three-dimensional Chern-Simons ac-
tion (3.241).

The situation now is a bit different as has been hinted above. The Ooguri-Vafa
model [8] has two different realizations that are connected via large N dualities. On
one hand the SU(N) Chern-Simons theory is defined on S?Q), the subscript 2 is for
later convenience, with the dual closed topological string theory of A-type defined
on the S? blown-up of a conifold geometry (i.e on a resolved conifold). On the other
hand, we have N D6-branes wrapped on the S?Q) of a deformed conifold giving us
N =1 SYM theory in four spacetime dimensions that is dual to closed type ITA
string theory on a resolved conifold with fluxes and no branes.

There appears to be some mismatch between the locations of four-dimensional
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gauge theory and the three-dimensional Chern-Simons theory. The four-dimensional
N = 1 gauge theory is defined along the space-time directions (xg,x1, T2, x3). Al-
though this is slightly different from our earlier case, where the four-dimensional
gauge theory was located along (xg, 21, o, 1) directions, it is nevertheless consistent
with both the brane configurations in Table 2 as well as the configuration after a
duality to a non-Kahler resolved conifold with wrapped D5-branes. However what
is different now is the location of the Chern-Simons theory. Previously the Chern-
Simons theory was localized to the boundary W of the four-dimensional space. For
the present case the Chern-Simons theory is most succinctly described on the three-
cycle S:(”Q) of a deformed conifold got by taking the mirror of the resolved conifold
picture with wrapped D5-branes.

This apparent mismatch of the location of the Chern-Simons theory is not just
a relocalization of the topological theory, but lies at the heart of the problem. To
see this, first note that the partition function of the Chern-Simons theory on 8?2) in
the large N limit, takes the following form [7]:

(4.5)

Z [S{y)] = exp )\29 2F,(t
(2)

where A is the string coupling and t = iAN is the Kéahler modulus of the blown-up
S? of a resolved conifold. This resolved conifold is not the same one studied in (4.1)
above. Rather it is the one that appears to the top right of Fig 13. The factor g
in (4.5) is the genus g of Riemann surfaces that parametrize the moduli space M,
with Euler characteristics x,. Together they can be used to define F(t), for g > 2,
appearing in (4.5) as (see [42], and [8] for details):

= s Xo N~ ogs,
F,(t) = /Mgcg_l (29_3)!;71 e, (4.6)

where the first term denotes the Chern class of the Hodge bundle over the moduli
space M, derived in [42]. As noted in [7], (4.6) is very suggestive of a g-loop
topological string amplitude.

Secondly, there are two different ways we can study knots here as mentioned
above. The first is with intersecting D4-branes where a set of N D4-branes wrap
S?Q) x R? and another set of M D4-branes intersect the first set on the knot K and
are stretched along the remaining directions R? x D?, where D? is a two-dimensional
subspace in T*S,). The second is with N D6-branes wrapping R* x S{,). Once we
go to Euclidean space, the knots appearing on S(2) may be constructed using D2- or
D4-branes intersecting the D6-branes on K. Clearly it is the second case that is more
relevant to us because the brane configuration given in Table 2 take us directly to
this set-up via a series of T and SYZ [44, 45] dualities as shown in fig 13, at least in
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the absence of knots. Knots can then be inserted in the type ITA picture by surface
operators®,

It turns out, for the case that we are most interested in, the topological string
amplitude Fj; with ¢ = 0 and h = 1 computes the superpotential terms for the
N = 1 theories in four-dimensions. The superpotential terms are in general harder
to compute in type ITA language, but become easier in the mirror type IIB language.
The mirror is of course our configuration of D5-branes wrapped on the two-cycle of
a non-Kahler resolved conifold, bringing us back to the analysis performed in section
4.1.

The above discussion should hopefully suggest the usefulness of the type 1I1B
analysis. However we haven’t yet reconconciled with all the steps of our earlier
analysis performed in section 3. For example, if we want to localize the knots to the
three-cycle S‘Z’Q) of the deformed conifold, what is the usefulness of the boundary W
used earlier?

The answer can be given in a few steps. First, let us go back to the type I[1B D5-
D5 branes wrapped on the two-cycle of our Taub-NUT space discussed in section 3.1.
We can move the D5-branes away on the Coulomb branch so that we are left with
only D5-branes wrapped on the two-cycle of the Taub-NUT space. The geometry
is discussed in (3.5) before. To go from this geometry to the one studied above in
(4.1), we will assume that our Taub-NUT space is fibered over a P!, in other words,
a resolved conifold geometry may be viewed as a Taub-NUT space fibered over a P!.
The precise relationship between the two geometries is studied in section 3.1 of [46]
(see equations (3.10) to (3.13) in [46]). The only difference®® here is now that the
two-cycle, on which we have our wrapped D5-branes, should be along (6, ¢1). This
is of course just a renaming of coordinates from section 3. The fibration breaks the
four-dimensional supersymmetry down to AV = 1, but for the time being we will not
be too concerned with the supersymmetry. The above manipulation tells us how we
can channel our earlier calculations for the new set-up. Locally, at every point on
the base P!, parametrized by (s, ¢2), we have D-branes wrapped on the two-cycle
of a Taub-NU'T space.

Secondly, we go to Euclidean space and assume that the spacetime directions
with Minkowskian coordinates (xg,z1,z3) are now on an Euclidean S?l). Thus the
four-dimensional space V.= W x R™ previously, now becomes S?l) that represents
W and the half coordinate x5 that parametrizes R*. Further, the four-dimensional
theory that we have on S?l) x R™ can also be got from the mirror construction of

53In section 5 of [11] the Ooguri-Vafa [8] model with intersecting D4-branes is derived using a
different route. The D4-branes are oriented in a way that the four-dimensional gauge theory and the
three-dimensional Chern-Simons theory have similar representations as before. We thank Johannes
Walcher for explaining the construction to us [43].

64The discussion in [46] is for a resolved conifold with a Calabi-Yau metric on it. It can be easily
generalized for a resolved conifold with a non-Kéhler metric on it.
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D6-branes wrapped on three-cycle of a non-Kéahler deformed conifold. Since they are
connected by SYZ transformations [44, 45], the theories on V| and therefore also on
W, are identical.

The above discussions suggest that we can perform similar computations in type
IIB theory as in section 3, but now appropriately modified to incorporate D5-branes
wrapped on two-cycle of a non-Kahler resolved conifold. This is easier than the
mirror computations with D6-branes, and one may now insert the knots using surface
operators on S®. Since the mirror picture is identical, we can view the theory on S?l),
got from our IIB computations, to be exactly the same in the type ITA side.

In the type ITA side, as shown on fig 13, the D6-branes are wrapped on the
three-cycle 8?2) of a non-Kahler deformed conifold. In fact the world-volume of the
D6-branes is oriented along M, where:

M; = S x Sj x RT, (4.7)

and the physics on the first three-cycle S?l) is directly imported from our type IIB
analysis. Since the deformed conifold is non-compact, Gauss’ law is not violated and
the wrapped D6-branes continue to be a valid supergravity solution there. We can
now perform the following flop operation:

transferring all the physics on S?l) to the three-cycle of the non-Kéahler deformed
conifold®. This is exactly the D6-brane realization of the Ooguri-Vafa [8] model!
Our construction differs from the intersecting D4-branes’ realization of the Ooguri-
Vafa model in [11, 43].

The above discussions suggest the power of the IIB analysis: we can continue
working on the type IIB side, albeit with a different background, and perform similar
manipulations as in section 3. Of course subtleties appear because of the underlying
supersymmetry, twisting etc, but presumably none too unsurmountable. Remark-
ably, once we have the full IIB analysis at hand, we can transfer the physics to the
type IIA side by a mirror transformation followed by a flop operation (4.8) giving us
the full realization of the Ooguri-Vafa [§] model. Therefore in the following we will
elaborate on the type IIB side, by analyzing the background with and without dipole
deformation and then discuss how to extract the four-dimensional physics similar to
what we did in section 3. Most of the other details regarding the subtleties coming
from reduced supersymmetry, twisting and the exact boundary theory on Sz()’l); in-
cluding the type IIA mirror and the flop operation (4.8) will only be briefly touched
upon here, and detailed elaborations will be relegated to the sequel.

550One may also look up section 5.5 of [46] where somewhat similar kind of flop operation is
discussed. Note that D6-branes continue to remain D6-branes under the flop operation (4.8) because
the flop is performed inside the manifold M7 given in (4.7).
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4.2 Five branes on a resolved conifold: Exact results

Let us now consider specific choices of the warp factors F;(r) that would not only
solve the EOMs but also preserve supersymmetry. One solution that was briefly
mentioned in [40] and studied in some details in [46] is:

e ? rle *F _rfe? r2e=?

ﬁ’ FQ: 5 , Fg— 1 —|—a2(7“), F4: , (49)

Fy, =

where a?

= a2+ a1(r) and af is the resolution parameter, F'(r) is some function of r
whose value will determined soon and ¢, as usual, is related to the type IIB dilaton.
The function F'(r) has to be related to the dilaton ¢(r) because any arbitrary choice
of F' and ¢ will break supersymmetry. We will determine the equation relating F
and ¢ using torsion classes [49, 50, 51, 52]. In the process we will also argue for

supersymmetry.

4.2.1 Analysis of the background fluxes
Before we go about determing the functional form for r, let us work out the three-

form fluxes from (4.2). Plugging (4.9) into (4.2), they are given by:

1 8
H?, - Zsinh 6 6_¢ TQ |:(¢7" - T_Ze¢ar) er N €0, N €1 + ¢7~ er /\ €0y A 6¢2:|

2 r2¢, — Saa,e®

(4.10)

1 4a
F3=—cosh j e’ 12 F(r) [(1 + ?e‘b) Or ey N egy N g, + (w) Ey N €gy N %} :

Looking carefully at the three-forms we see that Hs is closed but Fj3 is not. This is
good because non-closure of F3 is related to the wrapped five-brane sources. Recall
that the five-branes are wrapped on the two-cycle (0, ¢;) and stretched along the
space-time directions xg ;2 3, which will be later converted to Euclidean S?l) x R*.
This means the source equation should have delta function like singularity along the
orthogonal directions of the brane, namely the (0o, ¢o,1) and the radial direction 7.
In the limit when both a? as well as a, are smaller than some chosen scale in the
theory, F3 can be expressed in the following suggestive way:

1
Fsy = 1 cosh B e?13F ¢, ey A (eg, A eg, — €g, N €4,) (4.11)
1
—cosh B €1 F ey A |a® eg, Aeg, — G* ey N €y — (2aar — §e¢r2¢r> ep, N e¢2]

where the implications of the relative sign between the vielbein products will become
clear soon. We have also defined:

a* = a*o,. (4.12)

As mentioned earlier, F3 is not closed, and therefore d.F3 should be related to localized
or delocalized sources along the (6,5, ¢o) and (r,v) directions. Using the fact that the
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three-form:
N3 = ey A (eg, N ey, — €p, N €g,) (4.13)

is closed we can find some relations between the three unknown functions F(r), ¢(r)
and a(r) that appear in (4.11). All we need is to express the dilaton ¢(r) and the
resolution parameter a(r) in terms of the function F(r) that appears in our ansatze
(4.9). One simple relation between the three variables is given by:

de® (1  e? a? Co
— | = = 4.14
dr (4 N 72 > r3F’ (4.14)

where ¢g is a constant whose value could be determined from the boundary condition.

Note that this is an additional constraint compared to [46]. Pluging in (4.14) in
(4.11), we get:

I3
cosh /3

1
=—co 3+ (2aar - §e¢r2¢r) e*°rF ey N eg, A eg,. (4.15)

The source equation is now easy to determine from (4.15). It is clear that the first
term does not contribute, and the contribution therefore solely comes from the second
term of (4.15):

dFs = G.(r) e, Ney Neg, Neg, —G(r) eg, N ey, Neg, Neg, (4.16)

with G(r) defined as:
1
G(r) = <2aar - 56‘%%@) e**rF cosh 3. (4.17)

Looking at (4.16) we see that we have two terms. The first term of (4.16) captures
the Gauss’ charge along the orthogonal directions of the wrapped D5-branes i.e the
(r,1, 05, ¢9) directions. The second term, that is proportional to the volume of the
four-cycle, captures the Gauss’ charge along the (s, ¢5) directions. In fact this term
tells us that even if G(r) is a constant, the D5-branes’ charge would be calculable.

We see that there are two constraint equations, (4.14) and (4.16), for three
functions F(r),e? and a(r). The third equation will be determined soon when we
will demand supersymmety in the system. We could also go for more generic solution
to the system. Constraint on D5-brane charges impose the following relation between
the four warp factors Fj(r) and the dilaton e:

dF. “2F
— = /R F, (1—6 4>. (4.18)

dr F2F3

One may compare this with the recently found constraint relations in [40]. Since we
are not imposing integrable complex structures, we don’t have additional constraint
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equations as in [40]. Note also that an equation like (4.18) is not required in the
heterotic theory as the anomalous Bianchi identity is enough [46]. Thus plugging in
(4.18) in (4.2) we get:

F3
cosh 3

= —n3 — ep Nep, Neg,.  (4.19)

1+e2¢ H (\/F1F2 F3r)

The second constraint would come from (4.19) if we demand charge quantization. Of

course if the D5-brane charges are delocalized there is no strong constraint being im-
posed by (4.19). However demanding supersymmetry does introduce new constraint
on the warp factors. In the following section we will use the powerful machinery of
the torsion classes W; [49] to analyze this.

4.2.2 Finding the warp factors using torsion classes

To study the constraint on the warp factors one may use the technique of the torsion
classes [49]. For us the relevant torsion classes are the W, and Wj classes, defined

as:
_ JVFF, Fy—EF
W4 _ 1 2 4 142 _I_ ¢r7
4F3 AF,
FS F4'r F2r_2 F1F2
R v or 4.20
Ws=Dr TR T T 5 9 (4.20)

where one may look at the detailed derivations from [46, 40] or some of the earlier
papers in the series namely [47, 48| etc. Plugging in the warp factor choice (4.9), it
is easy to see that:

W, — ¢’"+(9( 2)

176 F 2
Depending on how to define our dilaton,
Re Ws = +¢, + O(a?), (4.22)

such that the supersymmetry condition will take the following well-known form in
terms of the torsion classes [50, 51, 52]:

For us we will choose the minus sign in (4.22) such that (4.23) will appear with a
relative plus sign®. This gives the following equation for the variables F(r) and e?
upto O(a?):
d6 r dF 2 2
= 2220 =0. 4.24
"o " TBFar  1F 5O (4.24)

66The overall behavior of fluxes etc do not change if we go from one convention to another as
shown in [46].
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The above is the simplified version where the dependence of the resolution parameter
is not shown. If we insert a?, the EOM becomes more involved and takes the following
form:

2,0 1) 2,9
(15+88ae )@+56e a@+(l_l+ld_F_i) (1+4ae )—1-2:0,

72 dr r2  dr r Fdr rF r2
(4.25)

and reduces to (4.24) in the limit where a® as well as da/dr are small. In this limit
we can combine (4.14) and (4.24) to eliminate F'(r) and express everything in terms
of the following dilaton equation:

2z dZ r2 15\ [dZ\?>
L (2B () e

where Z = e? and ¢y is a constant appearing in (4.14). To solve the above equation
let us take the following ansatze for Z:

2y = &0 (4.27)

)
T2

with a(r) a positive definite function for all r. Plugging (4.27) in (4.26), we see that
a(r) satisfies the following second-order differential equation:

o N (5300 — 204) dov N (1 B 1500) (da)2 4 20(a — 24co) _ 0. (4.28)

“ dr? T dr 2 « dr 72

One simple solution for the system is given by a constant «, i.e:
a = 24c. (4.29)

Other solutions to (4.28) could be entertained but we will not do so here. Plugging
(4.29) in (4.27) and (4.14), and using the defination of Z, we find that:

T2 y F: —E (430)

e
The careful reader will be alarmed by seeing the negative value for I’ because F' goes
into the defination for the warp-factors in (4.9). However if we look at (4.9) carefully,
we see that F' appears in the definations of F} and F, but not in the definations of
F3 and F},. This is good because (Fi, Fy) appear in the three-form fluxes Hz and F3
only in the combinations FyFy and F,/F;. Thus we can change the sign of (F, F5)
simultaneously without changing the fluxes or the constraint equation (4.14)! The
consequence of this invariance is simply the following changes to the defination of
the warp factors:

Fy — |F, Fy, — |Fy, (4.31)
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without changing F3 and Fj. This means, after the dust settles, the internal six-
dimensional manifold in type IIB theory will be given by the following metric:

r? 72
ds2 = T [er + i (dip + cos 6y doy + cos 6y d¢2)2

2 2
+ (;—4 + 0(a2)) (d6? + sin26; d¢?) + ;—4((193 + $in20, d¢§)]. (4.32)
The above metric is a non-Kéahler metric on the resolved conifold, and can be com-
pared to the recently studied examples in [40]. If we change our initial ansatze (4.9),
we can allow for a different non-Kéhler metric on the resolved conifold. There is of
course an infinite class of possible non-Kahler metric that we can allow for a given
complex structure and satisfying the constraint equation (4.18) and the supersymme-
try condition (4.23) with a relative plus sign between the W, and Wj torsion classes.
The generic solution for the metric and the three-form fluxes with these constraints
will then be (4.2). For the specific choice (4.32) of the internal metric, the three-form
fluxes are given by:

F3 = +co cosh B ey A (eg, N ey, + e, N eg,)
3

Hs = " sinh B e A (ep, Neg, +€o, Aeg,) . (4.33)
4800

with the five-form flux derivable from (4.33) and (4.2). The IIB dilaton, on the other
hand, is e?? = e~? and so for

r > /24c, (4.34)

classical supergravity solution will not capture the full dynamics and one has to go
to it S-dual, or weakly coupled version of the theory. Combining the two patches,
one should be able to study the sugra limit of the theory.

On the other hand if dilaton is slowly varying from its weak coupling value then
one may express (4.25) as:

da® 1 r’dF  2r 4a? re®
— (4 == 2 A R =0. 4.
dr+28<r+ ><e +T2)+14 0 (4.35)

To solve (4.35), let us assume that the dilaton is given by the following expression
in terms of a slowly varying function f(r):

e? = e? + f(r), (4.36)

where the constant factor is the weak coupling limit. To proceed, let us define two
functions H (z) and G(z) using the function F'(x) appearing in (4.35), in the following

way:
Glx) = = (g - F2(m) + ];((j))) . H(z) =z (%@) + i) . (4.37)
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where the prime is defined as the derivative of x. Using (4.36) and (4.37), we can
solve for the resolution parameter a? in terms of the functions G(z) and H(x) as:

2(r) = — /0 "y Hy) exp ( / " c:(x)) + o), (4.38)

where the overall negative sign shouldn’t be a concern because the functional form
for F(x) will be chosen so that a® remains positive definite.

4.3 A four-fold from the G5 structure manifold in M-theory

In the previous section we discussed possible ways to construct the metric of D5-
branes wrapped on two-cycle of a non-Kahler resolved conifold. We discussed a class
of these solutions satisfying the charge constraint (4.18) and the supersymmetry con-
straint (4.23). The M-theory uplift of these solutions can be done by first T-dualizing
along 1 direction to allow for D6-branes in type IIA theory oriented along (61, ¢1, )
and spanning the space-time directions g 123. We can then lift this configuration
to M-theory on a (G5 structure manifold. The way we constructed our scenario,
T-duality of the IIB configuration will lead to D6-branes and not D4-branes as in
21, 19]. At low energies, and as discussed around (2.5), we do get the D4-branes
configuration (see also [40]). Furthermore, we will start by studying a single D6-
brane and insert the dipole deformation of the T-dual wrapped D5-brane. Later on
we will generalize this to multiple D6-branes.

4.3.1 First look at the (G5 structure manifold

The D6-brane configuration, without dipole deformation of the T-dual wrapped D5-
brane on non-Kahler resolved conifold, is given by the following metric structure on
an internal six-dimensional space:
1 1 1
ds® = T dsgiy + NG <d:c§ T dz/JQ)
+ VI [Fidr® + Fy(d6? + sin®0; d¢?) + Fi(d63 + sin®0; dg2)],  (4.39)

where we have separated the compact directions (x3, ) in anticipation of the dipole
deformations along those directions in the type IIB side. The type IIA dilaton e®4
and the warp factor h are defined in the following way:

et = e OF; R4 = e cosh?B — sinh?B, (4.40)

such that when § = 0 we get back the standard picture. Combining the IIA metric
(4.39) with the dilaton (4.40) we can easily get the M-theory manifold as:

e20/3 1/3
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where ds? is a eight-dimensional manifold that, in the absence of the dipole deforma-
tion in the type IIB side, is simply a S fibration over a Gy structure seven-manifold
expressed as:

2¢/3 prl/3 1 1
2 _ € 2 2 L 2 L 2
dSS = Ri/3 (dl’g + F2 dr‘/} ) + €4¢/3F22/3h1/3 (dl‘ll + Aludl' ) (442)

+ PBEPRY [Fdr® + Fy(d6? + sin®0, dg?) + Fy(d6? + sin®0, do2)] .
The A, appearing above is the type ITA gauge field whose value will be determined
soon. As discussed in details in [40], the G5 structure seven-manifold in-turn is a
four-dimensional warped Taub-NUT manifold ds?, fibered over a three-dimensional
base ds3 parametrized by (6, ¢1,v):
ds2 = ds; + dsiy

, G
-G, (d@f + sin6; d¢? + G21172 dqﬁ)

+ Gsdr® + G, (d0§ - %dqﬁ%) + G (dr1y + Ayda)? (4.43)
4

where G; are the warp factors that can be read up from (4.42) or from [40] and the
third line of (4.43) is the metric of the warped Taub-NUT space.

4.3.2 Dipole deformation and the M-theory uplift

It is now time to see what effect would the type IIB dipole deformation have on
our M-theory manifold. Dipole deformation of four-dimensional Yang-Mills theory
was first introduced from gauge theory side in [24] and from type IIB gravity dual
in [25, 26]. Elaborate study was performed in [53, 54]. Essentially the simplest
dipole deformation amounts to switching on a NS B-field with one component along
the brane and the other component orthogonal to the brane. Generalization of this
picture exists, but we will not discuss this here. The B-field for our case will have
component Bs, as we mentioned before, which of course has the required property
in the presence of a D5-brane along (x 123,61, ¢1). However as before this B-field
cannot be a constant otherwise it will be gauged away. Thus again we expect a field
strength of the form dB, which in turn will then back-react on our original type 11B
background (4.2) and change the metric to the following:

1 dx?
ds? = — | —dt* + dz? + da? 3 4.44
° ﬂ( T $2+COSQ(9+F2 sin? 6 (4.44)

n \/E FQ(% + cos 91 d‘bl -+ cos 92 d¢2
1+ F, tan? 0

2 2
) + Z Fyyy (dQ? + sin? 6, dgb?) ,

i=1

Fld’f’2 +
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where 6 is the dipole deformation parameter. The three-form fluxes also change from
their values in (4.2) to the following:

F, - -
Fy = —e*® cosh B4/ & (g1 €y Nea, Neg + ga €y Aegy Neg,)
1

Hs = sinh [(x/Fng — FgT) er Neg, N ey + (x/Fng — F4T) er N\ eg, N e@}
2

5, sin 26 ATy A en F5 sin 0 Z Aen A
e, Ney Ne : ey, I\ ey, N e
2 (cos? 0 + Fy sin® 9)2 v cos? 6+ F sin® 6 p T

(4.45)

where as before we note that the dipole deformation has appeared as an additional
term in the definition of the three-form flux Hj3, and helped to break the Lorentz
invariance between x5 and w3 directions. The type IIB dilaton ez and ¢, are
defined in the following way:

e_d)

e?B — ’
V/cos? 0 + F, sin® 0

€y = di 4 cos 01 cos 0 doy + cos Oy cos 0 dos.
(4.46)

The M-theory uplift of the dipole-deformed type IIB set-up is now easy to perform
once we get the type ITA configuration. The type ITA dilaton does not change from
its value (4.40), and the only change in the metric (4.39) is:

1 1, 1 [ da? o cos? 0 )
— — — 2
T (d + 5 dvp > — T {COSQ 7 + 2tan 0 dxsdy + (sm 0+ 7 dy=|

(4.47)

which means the M-theory metric retain its form (4.41) except the metric of the eight
manifold changes slightly from (4.42) to the following metric:

2¢/3F1/3
~ hl/3cos? Ao /A p1/3
+ B E PR [Fydr® + Fy(d6? + sin?6, dg?) + Fy(d62 + sin®dy do?)]

ng ‘d.%g + 71 dw|2 (dl’ll -+ Alludﬂf'u>2 (448)

where the complex structure 7 of the (x3,1) torus is given by:

6
71 = sin 0 cos 0 + ———— icos” . (4.49)

VF,
Note that the warped Taub-NUT space doesn’t change from what we had earlier in
(4.42) without dipole deformation. The gauge field A; in the Taub-NUT fibration
structure also doesn’t change, and is given by the following field-strength:

F [ 132
cosh B = —eg, Ney, — e*? F R (\/FlFQ F3T> €6, N g,
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eg, N €4y, (4.50)

dA .. [F> Fi
- 1 ¢,/—-—(\/FF—FT>
Coshﬁ+[ ¢ I Fy 12 3

using the constraint (4.18) and defining the gauge field A; in the following way:
A, = cosh §(cos 0y doy + cos Oy dops), (4.51)

which would appear in the fibration (4.48). However expressing the gauge field as
(4.51) does not introduce any additional constraint on the warp-factors in the metric
(see discussion in [40]). The G4 flux in M-theory can now be expressed as:

G _
sinh (8
+ (x/FlFQ - F4,,) er N e, N €y, N €1 + cosech B di Aeg, N ey, Aern,
(4.52)

(\/Fng — F3T> e, Neg, Neg ey + cosech B di Neg, Negy, Nern

where we see that the dipole deformation appears in an appropriate way in the Gy
flux. In the absence of the type IIB dipole deformation the form of (4.52) is almost
similar to what we had in [40] except the vielbeins e1; and €;; are defined in a slightly
different way as:

e11 = dxyy + cos 0 cosh (cos 6 doy + g, cos Oy deps)
€11 = dxy1 + cos 0 cosh B(g, cos 01 doy + cos Oy deps), (4.53)

using the following functional form for g,(r):

I, I
90(r) = €2 /F2 : F4 (x/FlFQ _ F3r> . (4.54)
1 3

4.3.3 Revisiting gauge theory from M-theory

We have by now developed all the machinery needed for determining the gauge field
on the wrapped D5-branes from M-theory. If we take a single wrapped D5-brane
on the non-Kéhler resolved conifold, the M-theory manifold (4.48) will be a warped
single-centered Taub-NUT space fibered over a four-dimensional base parametrized
by (x3,1,61,¢1) coordinates. The gauge-field in the type IIB side will appear as
localized G-flux in M-theory, similar to what we had earlier in section 3.2.3 (see also
the discussion in [40]). For the single centered Taub-NUT case in (4.48), at any given
point on four-dimensional base, the localized G-flux can be expressed as:

e = F A w, (4.55)

where F is the world-volume gauge field that, in the language of the wrapped D6-
brane, will be along four-dimensional spacetime parametrized by zg ;23 coordinates.
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This of course parallels the story we discussed in great details in section 3.2.4. There
is also an option to define the gauge theory along the compact (v, 6y, ¢1) directions,
or even along all compact and non-compact directions. Each of these possibilities
will lead to interesting interpretations for the knot invariants once we extend this to
the non-abelian case. We will however only concentrate on the gauge theory along
the spacetime directions so that comparison with earlier sections like 3.2.4, 3.2.5 and
3.2.6 as well as with [11] may be made easily. In fact we will follow similar logic
as in sections 3.2.4 and 3.2.5, namely, study the abelian theory and then proceed to
discuss the non-abelian case (which is the large N limit here).

The abelian case is succinctly represented by w in (4.55), which is a normalizable
harmonic two-form, expressed as w = d(. The procedure is similar to what we had
in (3.46), (3.47) and (3.51), so we will avoid the details. Once the dust settles, ¢ is

given by the following expression®’:

[ rooe? | F
C(T702)ZQOGXP —/ drﬁ h_f‘iz

(dV + cos 0y deps) (4.56)

/ " 48 dx
= go exp | —
’ | Jo /5763 cosh® B — * sinh® 3

(dV + cos 0y dos) ,

where dW¥ = dz;/cosh B and the second line is from using the background (4.30)
and (4.32). Note that the harmonic form tells us that for:

r > 1/24c¢y coth j, (4.57)

new description has to be devised as the harmonic form will become oscillatory. This
bound should be compared to (4.34) where strong coupling sets in for the radius
equals /24c.

The non-abelian enhancement now follows similar procedure as outlined in sec-
tion 3.2.6. The M2-brane states wrap around the Taub-NUT singularities to en-
hance the gauge symmetry to SU(N). This way we will have N' = 1 supersymmetric
SU(N) Yang-Mills theory in four spacetime dimensions appearing from N D5-branes
wrapped on the two-cycle of a non-Kahler resolved conifold.

4.4 Comparing knots from branes and from gravity duals

In the previous sections we have developed most of the machinery needed to study
the abelian and the non-abelian theories on the wrapped Db5-branes on a resolved
conifold from M-theory point of view. Our aim is to concentrate on the non-abelian
case with two goals in mind: the first is to study the connection between the model
of Witten [11] using five-branes and the model of Ooguri-Vafa [8] using geometric

67Note that at any given point on the four-dimensional base, ¢; is a constant and therefore the
eleven-dimensional fibration structure is the correct form for a warped Taub-NUT space.
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transition picture to study knots invariants and Khovanov homology. The second
goal is to use our M-theory picture to actually compute some of these invariants and
develop the picture in more generic direction. A discussion of the first goal, namely
connecting the two models: [11] and [8], is presented in section 4.1.1 and in the
following we will elaborate the story a bit more.

Our starting point, which is the configuration of N D5-branes wrapped on a two-
cycle of a non-Kéhler resolved conifold, may look a bit different from the configuration
that we used before in section 3, namely, a finite number of D5-branes wrapped on
the two-cycles of a warped Taub-NUT space. Additionally, the supersymmetry is
now no longer N' = 4, but is the minimal N" = 1. The latter tells us that we have
no Coulomb branch, implying that the vector multiplet is devoid of any scalar fields.
Thus the twisting that we performed in section 3.2.12 to determine the boundary
theory cannot be done in a similar way now. Additionally, we see that there are
apparently two realizations of the Ooguri-Vafa model in M-theory from the type [1B
configuration.

Using one T-duality: This will lead to the D6-branes that we studied above.
Subsequent lift to M-theory results in the localized G-flux that has two legs along
the spacetime x ; 2,3 directions and two legs along the Taub-NUT directions leading
to gauge fields in the spacetime directions. The other components of the gauge fields
in the internal directions will appear as non-abelan scalars in the non-compact three-
dimensions. Together they will generate the AN/ = 1 non-abelan vector multiplet with
scalar fields forming the chiral multiplets.

Using three T-dualities: Instead of making one T-duality to go to the D6-brane
picture, we can make three T-dualities to go to the mirror picture®® [44, 45]. Here we
will again get D6-branes but wrapped on the three-cycle of a non-Kahler deformed
conifold. Lifting this to M-theory this will lead to another G structure manifold
which is yet again a warped Taub-NU'T space fibered over a three-dimensional base
[46]. The localized G-flux can now be used to compute the four-dimensional theory
as before.

As explained in section 4.1.1, despite appearance, the physics in four spacetime di-
mensions for both cases are identical. This is not a surprise because T-dualities
generally do not change the four-dimensional physics. Thus either of the two con-
figurations — Db-branes wrapped on two-cycle of a resolved conifold or D6-branes
wrapped on three-cycle of a deformed conifold — may be used to study the Ooguri-
Vafa [8] model. However since the latter is technically harder, we have used the
type IIB model to study the four-dimensional physics above. Additionally since a
non-Kahler resolved cone may be expressed as a warped Taub-NUT fibered over a

68One encounters various subtleties in the duality procedure, which have been explained in details
in [45].
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P! base [46], locally at a given point on P!, the D5-branes can be thought of as
wrapping the two-cycle of the Taub-NUT space. We now see some resemblance with
[11] locally, although the global picture is different. Unfortunately we cannot extend
the similarity too far because, in the Ooguri-Vafa case, the absence of the Coulomb
branch will not allow us to make similar manipulations as we did in section 3.2.12.

Despite this, the gauge theory derivation from M-theory in the previous section
helps us to at least get the topological piece in a way similar to what we had in (3.62)
before. Let us concentrate on the second piece in (3.62), namely the topological term.
For the present case, it is more instructive to Euclideanize everthing, as we hinted
in section 4.1.1. Assuming this, we get:

CsNGiNGy=0C | FAF, (4.58)
X DI
where both Y17 and 34 are eleven and four-dimensional Fuclidean spaces respectively,
and the coupling constant ¢, is defined as:

Gy = / (C3) Nw A w, (4.59)

with w = d( as described in (4.56) above, X7 is the Go structure manifold in M-
theory and (Cs) is the expectation value of the three-form potential (C3),,,,, Which
may be extracted from the four-form G4 in (4.52) using the vielbeins (4.53).

One of the key difference between ¢ in (4.59) and ¢, in (3.63) is the orientations
of (C3) appearing in both. Previously we needed three-form potental of the form
(C3) 3,4, (3.67) to determine ¢, in (3.63). Such a component was generated from the
subtle flux arrangement on the two-cycle of the warped Taub-NUT space to stabilize
the D5-D5 pairs against tachyonic instabilities. Now we don’t have such instabilities,
and the three-form potential does appear more naturally from (4.52).

Once we allow for the non-abelian extension, the coefficient of the topological
term ¢y will remain the same as (4.59) with a SU(N) trace inserted in the action
(4.59), similar to what we had in section 3.2.6. The boundary theory may now be
derived in a much simpler way that what we had in section 3.2.12. To proceed, we
will first assume that the Euclidean space ¥4 may be written as ¥, = Sz(”l) x R* where
R is parametrized by z3 in either the M-theory or the type IIB metrics. Taking x5
or R* to be the half-line, we can easily infer the boundary theory to be:

- 2
Sop = (624—02)/ Tr (.A/\dA+§ZA/\A/\A) , (4.60)
Ss3
6
where the trace is in the adjoint representation of SU(N) and A is the non-abelian
gauge field derived from F once we allow for the full non-abelian extension in M-
theory (this is similar to what we had in section 3.2.6). The coefficient ¢, is of course
the one in (4.59), however by is new. We expect by to appear in somewhat similar
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Figure 14: Knot K on D6-branes wrapped on S?Q) of a deformed conifold is represented by
a D2-brane (or D4-brane) surface operator that intersects the D6-branes on K. This picture
is before geometric transition. After geometric transition, the D6-branes disappear and are
replaced by fluxes on a non-Kéhler resolved conifold, but the D2-brane (or D4-brane) state
survives on the dual side retaining all information of the knot K.

way as by appearing in (3.230) earlier. In other words, in the presence of a boundary,
the kinetic term is not completely Q invariant, and a piece proportional to (4.58)
should appear as described in (3.230). Considering this, reproduces (4.60).

The attentive reader must have noticed the key difference between (3.241) and
(4.60). The former is constructed from a modified gauge field A; by combining the
original gauge field A and the Coulomb branch scalars ¢ as in (3.240). For the
present case, the vector multiplet has no scalars, and assuming we keep vanishing
expectation values of the scalars in the chiral multiplets, the boundary theory will be
constructed solely using the non-abelian gauge field A, leading to (4.60). Quantum
mechanically however the difference is only in the choices of the coupling constants
for the boundary theories (3.241) and (4.60). This is because of the following path
integral equivalence in the Euclidean formalism:

/ DAy exp [—Spna(Ad)] F(A) = / DA exp [~ SpmalA)] F(A),  (4.61)
C C

where F'(A) is any observable in the theory and C is the integration cycle. Therefore
in the path integral A, is just a dummy variable and can be replaced by the gauge
field A. Although our discussion above is a bit sloppy as we are ignoring many subtle
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points, the essential physics is captured in (4.61). For more details on the equivalence
of two path integrals for both real and complex gauge fields, one may refer to section
(2.4) of [11].

The three-dimensional boundary theory (4.60), defined on S?l), remains the same
when we go to the mirror type IIA side. Since the SYZ transformations [44, 45] do
not change the spacetime metric, the three-cycle S?l) on the type IIB side goes
unchanged to the type IIA side. However the D5-branes wrapped on the two-cycle of
the non-Kahler resolved confold become D6-branes wrapped on the three-cycle S?Q)
of the non-Kéahler deformed conifold. The world-volme of the D6-branes is now (4.7),
and therefore a flop operation (4.8) will transfer the boundary theory (4.60) defined
on the three-cycle S:(Sl) to the three-cycle S?z) of the deformed conifold, giving us:

o = (52 +52) / Tr (A/\ dA + %AAAAA> , (4.62)
Sta) 3

where, although we use the same notation of (4.60), A should be thought of as
the gauge field defined on S?z). Knots may now be inserted on S?z) using D2-brane
(or D4-brane) surface operators as shown in fig 14. The construction parallels the
discussion in section 3.3.1 in spirit only as specific details differ. The difference
of course stems from the construction of the Ooguri-Vafa model [8] starting with
Table 2 compared to the construction in section 3 starting with Table 1. The flop
operation (4.8) with the added complication of geometric transition, as well as the
absence of the Coulomb branch scalars, in fact makes it harder to implement similar
procedure as in section 3.3.1. We will therefore not analyze the story further and
only make few observations keeping most of the details for the sequel.

The first observation is the M-theory lift of the knot configurations on 8?2).
The uplift leads to M2-brane states®® in the Gy structure manifold of the second
kind associated with three T-dualities (see discussion above). These M2-brane states
do not wrap the eleven-dimensional circle, so are distinct from the ones leading to
non-abelian enhancement discussed for the G5 structure manifold of the first kind
associated with one T-duality. This would then be the uplift of the surface operators
in M-theory.

The second observation is that the knots appearing from the surface operators
do not follow similar pathway that we developed earlier in section 3.3.1 and 3.3.2
for Witten’s model [11]. This is because we cannot study the abelian version now
as the model is only defined for large N, implying that our earlier analysis of the
knots using operators Ay, By, and C(y4;) in section 3.3.2 may not be possible now.
Secondly, similar manipulations to the BHN equations that we did in section 3.3.1
now cannot be performed.

69We can also entertain Mb-brane states related to D4-branes in type IIA. This is allowed because
we only require co-dimension two singularities in S:(}Q) x R* space, and as such can come from both
D2 and D4-branes. This is depicted in fig 14.
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What can be done here? There is one well known procedure that we can follow.
We can use the canonical quantization approach by slicing the three-cycle S?z) con-
taining the knot K into many pieces so that each piece appears locally as S?Q) x R
where S%Q) is a two-dimensional sphere with punctures p;’s. On every piece, the ac-
tion (4.62) in gauge Ay = 0 gives classical solution F;; = 0. One may compare this
to the classical solution Fj5 = 0 that we get from (4.60) — which in turn may be
assumed to be the special case of (3.172) with the scalar fields switched off. The con-
straint implies that the physical space {4} to be moduli space of flat connections on
the punctured sphere S%Q) (modulo gauge transformation) which has a finite volume.
After imposing the constraint and then quantizing gives a finite dimensional Hilbert
space H(S(QQ),pi)v with ¢ = 1,2,...r, whose states are related to the r-point correla-
tion functions of the Wess-Zumino-Novikov-Witten conformal field theory (WZNW
model) in the two dimensional sphere S%Q) [55]. The WZNW model possesses level
k current algebra symmetry Gy besides the conformal symmetry, where the Chern-
Simons coupling k = 27 <52 + b}) is identified with the level k of WZNW models.

This connection between Chern-Simons theory (4.62) and WZNW model |2, 3]
brings us to the familiar playground where a path integral of the form (4.61), now
defined with (4.62), may be identified with a quantum state in the Hilbert space of
WZNW model with r» punctures. The story can be elaborated by working out the
link invariants, one example is shown in fig 15, but we will not do so here. Our aim
is to find a supergravity link to this construction, and we leave this for the sequel.

The third observation is related to geometric transition in the wrapped D6-
branes’ picture. Under geometric transition, the D6-branes wrapped on the three-
cycle S:(”Q) of a non-Kahler deformed conifold disappear and are replaced by a non-
Kahler resolved conifold with fluxes and no branes. What happens to the knot
configurations on S?Q)? This was the conundrum that we started off with in section
2.2. Introducing the D2-brane surface operators (or equivalently D4-brane surface
operators) in the wrapped D6-branes’ picture now resolves the conundrum. After
geometric transition, even though the D6-branes disappear, the D2-brane (or D4-
brane) configurations that are responsible for the knots, as shown in fig 14, continue
to survive on the resolved conifold side. Thus the gravity dual, which is our non-
Kahler resolved conifold with fluxes, now equipped with the D2-brane (or D4-brane)
states, continues to retain all the informations of knots and knot invariants and may
be extracted with high fidelity.

5. Discussions and conclusions
In recent times we have understood that knot invariants like Jones polynomial in

three-dimensional space W can be computed by understanding the solutions of cer-
tain elliptic partial differential equations in four-dimensional space V, where W
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Figure 15: An example of a trefoil knot computation in the Ooguri-Vafa model. The knot
invariant is now proportional to (¥o|W¥), which is somewhat similar in spirit with the knot
invariants computed earlier. The details however differ.

is the boundary of V. These equations were originally derived in a topologically
modified N' = 4 Super Yang-Mills by imposing a localization condition into the
Chern-Simons theory in the three-dimensional boundary W [11]. The restriction
to the three-dimensional boundary was realized by switching on an axionic field in
the four-dimensional gauge theory defined on V.= W x R*. This way various
details about knot configurations may be addressed directly using the dynamics of
four-dimensional gauge theory.

In a parallel development, Ooguri-Vafa [8] studied SU(N) knot invariants using
a topological theory generated by wrapping D6-branes on three-cycle of a deformed
conifold. Here the knot invariants may be associated to counting certain BPS configu-
rations that have origins in the gravity dual of the wrapped D6-branes’ configuration.
The gravity dual is given by resolved conifold with topological fluxes.

In the first part of our work we present an alternative derivation of the results
of [11]. We show that the physics studied in both W and V can be derived from a
configuration in M-theory on a certain seven-dimensional manifold with fluxes and
no branes other than the M2-branes. These M2-branes serve dual purpose: one
set of configurations lead to non-abelian gauge theory in V; and another set of
configurations lead to surface operators in V that are responsible for knots in W.

Restricting the knots to the boundary W is achieved by switching on a dipole
or a RR deformation in V that can be parametrized from supergravity. The M-
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theory uplifts leads to a seven-dimensional manifold, as mentioned above, of the form
of a warped Taub-NUT space fibered over a three-dimensional base. Supergravity
analysis leads to a four-dimensional Hamiltonian (3.158), from where a series of BPS
equations are derived. A sets of these BPS equations are exactly the localization
equations of [11] and [13], and we call them the BHN equations (the acronym stands
for Bogomolnyi, Hitchin and Nahm). The remaining sets of the BPS equations are
shown to be solved exactly using supergravity variables. Therefore one of our results
was to show that such equations emerge from M-theory compactifications and their
coefficients are succinctly interpreted in terms of supergravity parameters.

We also considered various types of solutions of such BHN equations alongwith
their deformations. One possibility is to have codimension three solutions denoted
by 't Hooft operators. These solutions appear as opers, and we discuss them briefly
here attempting a supergravity interpretation. Another possibility is to have codi-
mension two solutions denoted by surface operators. We make a detailed study of
this in our work and show how the surface operators, which we interpret as certain
configuration of M2-branes, modify the BHN equations. These modifications are
given by introducing delta function sources whose coefficients can be traced to the
supergravity parameters in our model. Additionally we argue how the M2-brane
surface operators help us to study the link invariants for various knot configurations
in the abelian case.

In the second part of the paper we argue how the Ooguri-Vafa model may also
be derived from a configuration in M-theory defined on a different seven-dimensional
manifold that is given by another warped Taub-NUT fibered over a three-dimensional
base. The warping and fluxes now are such that the supersymmetry is reduced to
N =1, and the seven-dimensional manifold has a G structure. Nevertheless, many
of the physics discussed in the first part of the paper follow a similar route in the
second part too. There are crucial differences of course, which we point out in our
paper. For example the topological theory is simpler now, but the analysis of knots
using surface operators are harder because there is no abelian simplification that can
be performed now. There is also a relocation of the knots on the three-cycle of the
deformed conifold instead on the spacetime boundary W earlier. This relocation is
associated to a flop transition that can be performed on the mirror type ITA side. In
our opinion these are all new results.

There are a number of future directions. For example, in the first part we
only studied the link invariants for the abelian case, so a natural question would to
investigate the non-abelian scenario. This is harder because, as we discussed in the
text, the effect of the non-abelian configuration of the surface operators on the BHN
equations are difficult to handle. Thus solving the BHN equations and interpreting
the knots in terms of solutions of the BHN equations in the non-abelian case will be
more challenging.

For the second part we only make the barest beginnings in this direction, and
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leave most of the details for the sequel. For example the configuration of the surface
operators in terms of M2 or Mb5-branes, details about the flop transition and the
subsequent analysis of knot invariants still remain to be elaborated. Other connection
to A-polynomial of [14], Khovanov homology [4] etc have not been touched here at
all, and we expect to study them in the sequel. Thus we see that the two connections
to M-theory seven-manifolds explored in this paper lead to a rich spectrum of ideas
that can allow us to have a fruitful dialogue between M-theory supergravity on one
hand and topological field theory and mathematics on the other.
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