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Branes and categorifying integrable
lattice models

MEER ASHWINKUMAR, MENG-CHWAN TAN, AND QIN ZHAO

We elucidate how integrable lattice models described by Costello’s
4d Chern-Simons theory can be realized via a stack of D4-branes
ending on an NS5-brane in type ITA string theory, with DO-branes
on the D4-brane worldvolume sourcing a meromorphic RR 1-form,
and fundamental strings forming the lattice. This provides us with
a nonperturbative integration cycle for the 4d Chern-Simons the-
ory, and by applying T- and S-duality, we show how the R-matrix,
the Yang-Baxter equation and the Yangian can be categorified,
that is, obtained via the Hilbert space of a 6d gauge theory.
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1. Introduction and summary

The Yang-Baxter equation with spectral parameter was recently found to
arise from a 4d variant of Chern-Simons gauge theory devised by Costello
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[1H3], with the action

(1.1) S=- CATr<AAdA+§AAAAA>,

h Y xX

where A is a complex-valued gauge field, Y is a framed 2-manifold, and X
is a complex Riemann surface endowed with a meromorphic one-form C =
C'(z)dz, which can have poles but no zeros. Within the realm of perturbation
theory, this gauge theory encapsulates the underlying structure of integrable
lattice models of two-dimensional classical statistical mechanics.

Outside of perturbation theory, the 4d Chern-Simons theory is
not well-understood (its path integral is exponentially divergent), and it
was suggested in [5] that a nonperturbative definition of the theory should
arise from the D4-NS5 brane system of type IIA string theory, in a manner
similar to how analytically-continued 3d Chern-Simons theory can be given
a nonperturbative definition via the D3-NS5 system. Our aim in this work
is to firstly verify the suggestion in [5], and to derive the integration cycle
which allows to be well-defined beyond perturbation theory; this shall
be done in Section 2.

Secondly, given that the D3-NS5 brane embedding of 3d Chern-Simons
theory leads to the categorification of knot polynomials in terms of Khovanov
homology [4], it is natural to ask if the D4-NS5 brane system will lead
us to a categorification of the Yang-Baxter equation. Indeed, in Section 3,
by applying T- and S-duality to arrive at the NS5-D5 system in type IIB
string theory, we will categorify the elements of the R-matrix which solves
the aforementioned Yang-Baxter equation, thereby categorifying the Yang-
Baxter equation itself, and we shall furthermore categorify the Yangian.

A brief summary of our results is as follows. We shall first show that
a twisted sector of the D4-NS5 system with a meromorphic RR 1-form is
equivalent to Costello’s 4d Chern-Simons theory with nonperturbative
integration cycle defined by . Using T- and S-duality, we arrive at the
NS5-D5 brane system, the supersymmetric Hilbert space of ground states of
which is defined by the Floer cohomology of the 6d equations which
interpolate solutions of the 5d equations . Via these dualities, we are
able to express each R-matrix element in terms of a trace over this Hilbert
space in (thereby categorifying each R-matrix element), and we are
also able to categorify the Yang-Baxter equation, as shown in , as well
as the Yangian.
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2. 4d Chern-Simons theory from 5d topologically twisted
MSYM coupled to meromorphic RR 1-form

2.1. D4-brane worldvolume theory with NS5 boundary
conditions

The low energy worldvolume theory of N coincident D4-branes on a flat
manifold, M, has the classical action [0, [7]

1 1 1 7
(2.1) S= 2 Md%; Tr (4FMNFMN + §DM¢M\DM¢M

1 — ~ ~
+ o o5llo™M, o™ +ip* A (TM) 4P Darp gz

+ PAE(FM)EE[%?, ﬂA§]>,

i.e., 5bd maximally supersymmetric Yang-Mills theory (MSYM), which is
invariant under the supersymmetry transformations

§An = 2¢* () 4P pp 5
(5¢M — _ZQCAA(FM)A\BPAB
5puz=T") AP Dyo™ (Tip) 1% Cas

— )2 CR)pals™ oM16s = SN () anc’y

(2.2)

Here, (M, N,...) and (A, B,...) are respectively vector and spinor indices
for the SOg(5) rotation group, with their hatted counterparts corresponding
to the SOR(5) R-symmetry group. In addition, the Lie algebra of the U(N)
gauge group is taken to be generated by antihermitian matrices T,, where
a=1,...,dim u(N), implying that the invariant quadratic form on this Lie
algebra, denoted Tr, is negative-definite. In particular, the matrices T, are
chosen such that Tr(7,Tp) = —dap.

We shall take the D4-branes to end on an NS5-brane, in the type ITA
brane configuration in flat Euclidean space given by the following table:

1 2 3 4 5 6 7 8 9 10
D4 X X X X X
NS5 x x X X X X
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where, e.g., an empty entry under ‘3’ indicates that the brane is located at
22 = 0. Also note that the scalar fields {07, 05, 3, ¢3, #s} of the worldvolume
theory are taken to parametrize the {6,7,8,9,10} directions, respectively.
This configuration induces the following boundary conditions on the fields
of the worldvolume theory:

(2.3) Fug = 0]s—0, D3¢"? =0[go—g, ¢>"® = 0[4s—0,

(here, p is the boundary SOg(4) rotation group 4d index) together with
projection conditions on the fermionic fields.

We now wish to perform a partial topological twist of the worldvolume
theory along a submanifold of M. The reason for this is we wish to obtain
Costello’s 4d Chern-Simons theory, which is a topological-holomorphic the-
ory, and hence not fully topological. Let the flat manifold M =Y x R4 x 3,
where Y and ¥ are 2-manifolds corresponding to the {x!, 22} and {z%, 2%}
directions respectively, while Ry is half of the real line, R, that corre-
sponds to the x2 direction. We shall twist along V =Y x R, by redefin-
ing its SOg(3) rotation group to be the diagonal subgroup SOg(3)" of
SOE(3) x SOR(3), where SOg(3) is the subgroup of the R-symmetry group
that rotates {¢5, ¢5, ¢3}.

From the string theoretical perspective, this partial twist amounts to
taking the {x! 22 23} and {26, 27, 2%} directions to form TV, where V =
Y X R; the twist follows essentially because V' C V and V' is the zero section
of the cotangent bundle 7"V, and therefore ‘coordinates’ normal to V' in
T*V must be components of one-forms [§], as we shall obtain via the twisting
procedure.

Let us denote SOg(3) vector indices by (a, 3,...) and SOg(3) spinor
indices by (@, f3,...), with their hatted versions corresponding to SORg(3).
Twisting simply amounts to setting the hatted indices to unhatted indices.
The remaining SOg(2) vector indices not involved in twisting shall be de-
noted (m, n, . ..), with the barred and hatted versions having the usual mean-
ing of spinor and R-symmetry indices.

As a result of the twisting, the scalar fields {¢7, ¢35, ¢35} now transform
as the components {¢1, ¢2, ¢3} of a one-form on Y x Ry. In addition, the
twisting of the fermions which transform as (2,2) under SOg(3) x SORr(3)
results in fermions which transform as 1 and 3 under SOg(3), i.e.,

(2.4) 202=103.
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To see this explicitly, the spinor fields p, 7 can be expanded after

twisting as

= Pamam

(2.5) ampm = €apllmm T (0)agVamm

where we have used the antisymmetric matrix €55 and the symmetric ma-
trix (0%)4 5 introduced in the appendix. The supersymmetry transformation
parameters C, 3 = (gma7 can also be expanded in such a manner, i.e.,

(2.6) Caméﬁz = E&BC‘% + (Ua)aBCamﬁz-

With the explicit representation of the gamma matrices given in the ap-
pendix, we can substitute and into and to obtain the
partially twisted action and supersymmetry transformations.

Now, we shall pick a particular supercharge, (), that is scalar along
V', with respect to which we shall eventually localize the theory. The su-
persymmetry transformations generated by this supercharge ought to leave
invariant the combinations Aj +i¢; (or Ay —igq), Az +ide (or Ay — iga),
and Az = %(A4 +iAs), since these combinations are the natural candidates
for the fields of the 4d Chern-Simons theory, to which we hope to localize
the partially twisted theory. Indeed, there are two such supercharges, cor-
responding to the supersymmetry transformation parameters (17 and (i
in . Without any loss of generality, we shall pick the supercharge cor-
responding to (11. Observe that from the on-shell supersymmetry algebra

of 2.1,
(2.7) {Q45 Q%) = (M) 4 P65 Pay —i6,, P (TY) 59 Py,

where Pp; are the worldvolume momenta and Ps; are central charges, we

find (by expanding @,z as in (2.5) and (2.6)) that the supercharge Q22
which corresponds to (17 satisfies

{Qa Q12} X PZ

(2.8)
{Q7 Qﬂ22} X Pﬁv

where @Q = (Q22. This indicates a topological-holomorphic theory, i.e., one
where correlation functions of Q-invariant local operators have holomorphic
dependence on ¥ and no other dependence on M.
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Next, setting the parameter (11 equal to 1, the corresponding supersym-
metry transformations are

QAL =0

QAL = —81Pa22

QA; =0

QA, = 42

Qéz=0

Qoz = —4dina

Qnuy = 2iF.z + 26z, ¢3] — Do’
(2.9) Qni2 =0

Qn21 =0

Qn22 = 4Dz =

QY11 = _%Eﬁ’yafﬁ'y

Qva12 = 2Da gz
Qbaz1 = —i2F 4z
Qa2 = 0,
4

where we have defined the complex coordinates z = z* + iz® and z = z* —
ixz®, the complex gauge fields

(210) Aoe = Aa + 'i(z)om 7104 = Aa - i¢o¢7
and

1 . 1 )
(2.11) Ao = S(Ag—ids), Az = S(Ag+ids),

whereby we have the covariant derivatives

(2.12) Do = 0o+ [Aar ], Da =0+ [Aas- ],
and
(2.13) D,=0,+[A.,-], Dz=0;+[4s"],

and the field strengths Fg, = [Dg,D,], Fa: = [Da, D] and Fz = [D,, Ds].
We have also defined the scalar fields

(214 be= 5 (61— id5), 62 = (b3 +ids).
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Note that these transformations leave invariant the NS5 boundary condi-
tions, which take the following form after twisting:

Az = 0|ys—o, O03A, = 0]z2=0,

D362 = 0]ys o, ¢3,Z,€ = 0|30,

(2.15) 031, = 0|z3—0, Ny = O[z3=0,
Vi = 0]z3=0, 8371}&2% = 0zs=0,

O3tz = Oza=0, Vs = Olas=o,

where a = 1, 2.
Now, let us proceed to reexpress the action in a form suitable for local-
ization. The partially twisted action we obtain can be put in the form

(2.16)
1 1 — _ _
Stwisted = —2/ d°z Tr <]:67]:57 +2F%F oz + QDO‘QS?DO@;
95 JM 4

1, _. .
+8D:¢2Dsz + 5 (2iF:z + 2ilgz, ¢5) — Dso")’
— 4eP P11 Dgthyas + 46 0% Dathgrz — i4m1 Datp®,
— i41)%; Dama + 1495 Danar + 1412 Datpy

— 187 D 1hyoo — 18" Dztpy12 + 18122 D121 + i8n11 Dsmia

— 8¢5z, Vp00) — 8¢521[%, Ya11] + 8n22l@z, 12| + 8mi1[oz, 7721])-

In obtaining the form of the action given in , we have performed sev-
eral integration-by-parts, where we have used the NS5 boundary conditions
. In particular, the terms with only bosonic fields are equivalent to
partial twists of the standard terms, i.e.,

(2.17)

1 1 1 1 1
Sposon = ) / d’z Tr <4FaﬁFaB + ZFomFom + ZFm/BFm'B + Zanan
95 JM

+3D%6" Doty + 3 D6 Doty
4 5D Db+ 3 D" Dy
+306% 0%1[60, 95 + 116, 7] [60 03]

#4100 0m, 05l + 1167, 6, 0n]).



8 M. Ashwinkumar, M.-C. Tan, and Q. Zhao

At this point, we note that the supersymmetry transformations satisfy
Q? = 0 on-shell, that is, with the aid of the equation of motion obtained
from varying n11. In order for Q? = 0 to be satisfied off-shell, we ought to
introduce an auxiliary field to the action, i.e.,

— iQ d°z Tr <;(2inz + 2i[¢z, ¢3] — D6¢5)2>
(2.18) 915 M '
—— 2/ &’z Tr <d(2inz + 2i[pz, ¢5] — Do) — d2>,
95 JMm 2

and modify (2.9)) such that

(2.19) Qmi=d
Od = 0.

Then, the action (2.16)) can be written in terms of a Q-exact part and a
Q-invariant part, i.e.,

(2.20)
1 .
Stwisted = QY — e / d°z Tr <4€aﬁ’y%21pa¢512 + 126710920 Da X pori1
5 JM
— 14" X po11 D212 — 4€ﬁpa¢521[¢§, chrll])v
where
(2.21)

1 1. - _
= ] / d°x Tr ( - ZX/BWHIBW + i Faz + V9Dagz + 2022 D¢z
s Jm

. . 1
+m1(2iF.z + 2i[¢z, ¢z — D’ — 27711d)-
Here, we have performed the field redefinition
(2.22) Xpoll = Epoat1,

where X511 are the components of a 2-form on V, satisfying QX ps11 = —Fpo-
The Q-invariance of the Q-exact term in ([2.20)) follows since @ is nilpotent,
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while the remaining terms are Q-invariant due to the Bianchi identities

(2.23) DoFsy + DpFaa + Dy Fap =0
and
(224) DE"FB'Y + Dg./_':yg + D'yfgﬁ - 0

Note that the dependence on the metric of V' is completely contained
in the Q-exact term in , while there is dependence on the complex
structure of ¥ which can be observed via the presence of the derivative D3 in
one of the non-Q-exact terms. Hence, along the boundary, 9M =Y x X, the
partially twisted theory we have derived is topological along Y but depends
on the complex structure of 3, just as in Costello’s 4d Chern-Simons theory.

2.2. Boundary action

In general, the low energy worldvolume action of coincident D4-branes ad-
mits a topological term which couples to the RR 1-form, R, sourced by
DO-branes in the worldvolume, i.e.,

(2.25) Stong/ RATr (FAF).
95 Jm

In the following, we shall only be concerned with D0O-branes which are
charged such that the RR 1-form R is closed, which allows us to write
as a boundary action.

In order to include such a coupling without breaking the supersymmetry
generated by @, we shall first require that R has meromorphic dependence
on Y, i.e., R = C(z)dz. Upon doing so, the boundary RR 1-form coupling
can be written as
—1

2
(2.26) C/\TY(A/\dA—I—gA/\A/\A),

2
g5 JoMm

where C' = C(z)dz. Now, this boundary action only depends on A;, Ay and
Az, where Az is Q-invariant. Hence, in order to preserve Q)-invariance along
the boundary, we add boundary interaction terms involving ¢; and ¢o to
the action, such that the dependence on (Aj,As) is replaced precisely by
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dependence on (Aj,Az), resulting in the @-invariant boundary action

(2.27) Shoundary = —5 / C ATr (A AdA+ ZANAN A) ,
95 JoMm 3

where we have used the notation A; = As.

2.3. Localization

We shall now specialize to the case where Y is a framed 2-manifold, the
most important examples (in the context of the Yang-Baxter equation) that
we will consider being 72 and R?, and where ¥ is a Riemann surface which
is either C, C* or C/(Z + 7Z). These three choices of Riemann surfaces
will eventually correspond to rational, trigonometric and elliptic integrable
lattice models.

To evaluate the path integral, we shall rescale the @)-exact part of the
action by a parameter s, which we shall eventually take to be very large.
Since the path integral localizes to the fixed points of the fermionic symme-
try, it will be convenient to evaluate it by expanding in perturbation theory
around these fixed points.

Let us first integrate out the auxiliary field d. Then, we gauge A3 away
to zero. Next, denoting solutions of the bosonic fixed points of the fermionic
symmetry as Xo and fluctuations around these points as X for any bosonic
field X, we expand these fields as Xy + X, and we rescale the fluctuations
and the fermionic fields as follows:

-’Zavj~ ~Z ~27$f2\7 5? 53
A As A, A gz 0z o
(228) s ) s 527 52752’52’357
X3a11s Va2, V312, Y321, V322, M1, M2, N21

X3a11 Yaoo 312 Y321 Y322 M1 M2 M21
p s ) 52 ) g5/2) $5/20 53/20 g3/27 g2

(here, and in what follows, (a, E, Y, ...) =1,2). Since the theory is topolog-
ical along V =Y x Ry, we can also rescale the inverse of the metric as

_~ 1 =
(2.29) g%, 9% — 5°¢%, ?9“5 :

where 9ap is the flat metric along Y.
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Taking s — oo, the total action becomes
1 1 N D ~ o~
(2.30) S:—? fﬁﬂ(ﬁ%ﬂ%y%h%+@%%@%&
5 JM

-~ - 1 - -
+ 29" 0505050 + 5979 03630563

— 4g¥g7? X351193¢%522 — i4g%* 1110310322
— 14933 1h30103m12 + 149°4)31203m21

+ 4€3ﬁ¢72183¢§12 + i2€3ﬁ?72233><§§11>
i 2
—2/ C/\Tl"(.AQ/\d.Ao—i-.Ao/\Ao/\.Ao)
95 Jom 3
where we have used the fact that ¢30, ¢z and ¢z, are equal to zeroﬂ Per-
forming the path integral over the fluctuations and fermionsﬂ we obtain a
constant factor which can be absorbed into the measure, giving us

(231) /DA&()DAaOpAZoDAz[) eé faM O (AOAdAO+§AOAAOAAO) .

Then, performing the path integral over Agy and renormalizing, we end up
with

(232) /DAaODAZODAEO eé faM C/\TI‘(.Ao/\dAo-‘rng/\.Ao/\Ao)
r

where we now use the notation 4,9 = A9 and Az9 = Az in the path integral
measure. This is the partition function of Costello’s 4d Chern-Simons theory
with gauge group U(N)c = GL(N,C) (where the Planck constant h = g2),
with the functional integral performed over a nonperturbative integration

!This follows from the equivalence between the terms with only bosonic fields
in and . The latter is a sum of squares, which implies that ¢39, ¢z¢ and
¢z, are each covariantly constant, and commute with all the other ¢ fields. The
Dirichlet boundary conditions on these three fields then imply that they must be
zero everywhere on M.

2We have assumed here that there are no fermionic zero modes. This is a rea-
sonable assumption, given that the NS5 boundary conditions consist of Dirichlet
and Neumann boundary conditions which are both elliptic in general, and the index
of the fermionic operators ought to be proportional to x(M)dim G, which vanishes
for our present choice of M.
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cycle I' in field space, corresponding to the restriction to M of the bosonic
fixed points of the fermionic symmetry generated by @, i.e.,

]:aBo =0
(233) fago - O

2iF,z0 — Daod§ =0

As shown recently in [9], one can also obtain 4d Chern-Simons theory from
string theory by realizing it via a stack of D5-branes supported on the prod-
uct of an -background disk and Y x X.

2.4. Wilson lines

Now, it is a fact that QQ.A5=0 also allows us to define supersymmetric Wilson
lines along Y, i.e.,

(2.34) W = Tr(P elrer A),

as observables of the 5d topological-holomorphic theory that are associated
with representations of the complex Lie algebra g = gl(N, C). From the point
of view of string theory, these Wilson lines arise from the worldsheet bound-
aries of fundamental strings ending on the D4-brane worldvolume.

Now, in [2], a general class of Wilson lines was considered, i.e., not
only those associated with representations of g, but also representations
of g[[z]] (the Lie algebra of polynomial loops of g). These Wilson lines are
necessary in deriving the Yangian algebra associated with rational integrable
lattice models. Such a Wilson line associated with g[[z]] is constructed by
starting with a Wilson line along Y in a representation of g, and giving
holomorphic dependence on 3. to the gauge field in the operator, while also
removing the trace (gauge invariance is maintained by taking Y to be very
large, and insisting that the gauge field vanishes at infinity). In the string
picture, such a Wilson line ought to be realized by an identical modification
to the Wilson line along the boundary of a fundamental string worldsheet,
i.e., choosing a background gauge field with (z, z)-dependence, and which
vanishes at infinity along . Note that since P; is Q-exact (see (2.8])), the
zZ-dependence is actually trivial in the sector of the worldvolume theory we
are studying, and therefore the Wilson line realized along Y has holomorphic
z-dependence.

Let us consider the path integral of the 5d topological-holomorphic the-
ory with Wilson lines along Y C M. Localization of the path integral along
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the lines of the previous subsection leads us to Costello’s 4d Chern-Simons
theory with Wilson line insertions in the path integral, i.e.,

/ DAzDA.0D Az
(2.35) 3

y HTr(P el Aoy o7 o CNTr (AoAdAo+2 AnAAdAA )
i

and for Wilson lines associated with representations of g = gl(N,C) form-
ing a lattice along Y C 0M, this correlation function is identified with the
partition function of an integrable lattice model. This is because contracting
R-matrices (which correspond to intersections of Wilson lines) and taking
a trace gives a transfer matrix, and similarly contracting transfer matrices
and taking a trace gives us the partition function.

3. Categorification of R-matrix elements
3.1. T-duality as a lift to 6d

To categorify the R-matrix elements and the Yang-Baxter equation with
spectral parameter, we need to lift our 5d partially topological theory to a
6d one. From the string theory perspective, this corresponds to T-duality
along one of the directions transverse to the D4-brane worldvolume. For our
purposes, we shall require that this direction lie along the NS5-brane, so
that we end up with a D5-NS5 brane system. We shall pick this direction to
be 20, leading to the following type IIB brane configuration:

1 2 3 4 5 6 7 8 9 10
D5 X X X X X X
NS5 x x X X X X

However, recall that the partial twisting in Section 2.1 was induced by taking
the {29 a7, 28} directions to form the normal bundle to V C T*V, where
V =Y x R lies along the {z!, 2%, 23} directions. Hence, in order to facilitate
the T-duality along the 2% direction, we ought to replace the R fiber in this
direction by a very large circle. T-dualizing the D4-NS5 system then leads
to the above D5-NS5 system, where 2% is a local coordinate of a very small
circle.

Let us now describe this T-duality as a 6d lift of the 5d action. Firstly, we
note that the lift along the 2 direction implies that the field ¢; is replaced
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by the gauge field component Ag. This in turn implies that

(3 1) A1 = A1 +ipr — Al +1Ag = 2A5
' XlZAlfiqf)l*)Al*iAﬁ:QAw,

where we have defined the complex coordinates w = 2! + i2® and w = z! —

.6
iz,

We shall first lift the boundary action (2.27)) using the first identification
in (3.1)), as well as 9; — 28@E| Upon doing so, we obtain

i 92
(3.2) - OATr(A/\dA+A/\A/\A>
95 JoMm 3

-1 2
ﬁQ/ dw/\C/\Tr(A/\dA—i—A/\A/\A)
95 (277) Jonrx st 3
where the circle with respect to which we are lifting has radius r, and where
we use the notation Ay = Ag.
Next, we wish to lift the bulk action. To do this, we shall first lift the
Q-transformations of the 5d action, via

Dl — 2Dﬁ

(3.3) -
D — 2Dw~

The Q-transformations we obtain in this way are

QA; =0

QA; = —8ipina
OQAw =0

QAw = *47722
QA: =0

QA, = 42
Qez =0

Qoz = —4inx

3This choice, as opposed to 0; — 20,,, is necessary to obtain a boundary action
invariant under (small) gauge transformations.
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Qnu =d
Od =0
Qn2 =0
Qn21 =0
Qna2 = 4Dzp=
Qi = 2Fjm
(3.4) Qxijnn = —Fij
Qe = 4Dg o3
Qpi1a = 2D;=
Qno1 = —i4Fyz
Qbiz1 = —i2F;z
Q22 =0
Qpina = 0,
where 4,5, k,... = 2,3, and where we have defined the fields {/;jll = X1j11,

N2 = Y112, 21 = Y121, and 722 = 122. Note that the boundary action (3.2)
remains @-invariant after lifting. We can now directly lift the bulk action in

the form ([2.20) to 6d, which gives

1 .
(3.5)  Splistea = QY — 3 / dz Tr <8€]k¢k21DWj12
95271 Jarxst

— 4e™pro1 Ditina + 4697191 Dinhj19

+ i4€7% 190 Depx k11 — 14€ o Dty

— i4e7% x k11 Dsiia + i8e¥4bj11 Dstbing

— 4e7% 1 [, Xjr11] + 8 i [ 03, {/;jll]>7
where 7% = ¢7% and where

1 1 .. ~ P
(3.6) W' = _9227rr /M s d’z Tr <_ ZX”H]:U + 11 Fjw + i Fie
5 xSt

+ 32721 Fus + ¥'15Diz + 212Dz + 2020 D2
. . . . 1
+ m1(2iF.z 4 2iFup + 2idz, ¢z) — Dj¢’) — 27711d> .

We may verify that this is (a partially twisted version of) 6d N = (1,1)
Super Yang-Mills by studying the terms with only bosonic fields in (3.5]),
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i.e.,

1
g§27rr
+ 8F gz Fuz. + 2D' 45Dz + 8Dz¢zD. ¢z + 8Dz Doz

L1
+ d(2iFyz + 2iFy + 2i[¢2, 5] — Dj¢) — 2d2> .

(3.7) S9d =

boson

1 .. L L
/ dSz Tr (Pﬂfij +2F  Fiz + 2F 5 Fiw
MxS?t 4

Integrating d out of the action, this can be reexpressed as

1 1 1 ,
d
(3.8) Spd = = T /M » d%z Tr (4FzyF$y + ZFin“/ +

1

1 EiF

1 1 1

+ 3 By Y+ 5D Dij + 5 D'¢" Didy
1 - 1 ~

+ §D$¢JDI¢]' + §Dm¢nDa:¢ﬁ

+ 116 0w 03] + 3164, 6o 0]

+ 710", om, 5] + 7[6™, ¢ ][¢m,¢ﬁ])

after integration by parts (making use of the NS5 boundary condition ¢3 =
0), where x,y = z,Z, w,w. Hence, the 6d theory (3.5, together with the
boundary action

-1
(3.9) S84 =
boundary gg(2ﬂ_r)

/ dw/\C/\Tr<A/\dA+2A/\A/\A>
OM xSt 3

we obtained by lifting, is 6d maximally supersymmetric Yang-Mills theory
partially twisted along the 22 and z® directions, with a boundary coupling to
the RR 2-form idw A C. It can be observed from that the dependence on
the metric in the 22 and 22 directions is completely contained in the Q-exact
term, while some of the remaining terms depend on the complex structures
of ¥ or ¥/, where ¥’ is the Riemann surface with complex coordinates w
and w.

As an aside, we note that using similar arguments to section 2.2, one
ought to be able to localize this partially twisted theory to a 5d Chern-
Simons theory with an action of the form given in , with the path
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integral performed over the nonperturbative integration cycle IV defined by

Faz0 =0

.Fw — 0
(3.10) 2

Fwz0 =10

2iF,50 + 2iFuwmwo — Daogg = 0,

which happen to be the lifts of the equations given in . For C' = dz,
this is just the commutative limit of Costello’s noncommutative 5d Chern-
Simons theory studied in [10-12], which was obtained from a stack of D6-
branes supported on the product of an -background plane and R x C2.
Indeed, deforming the Q-background plane to an infinitely long cigar and
applying T-duality along its circle fibers, we obtain the D5-NS5 system.
The reason we obtain a commutative version is that noncommutativity only
arises in the presence of a particular nonzero B-field [10], which we do not
have.

3.2. S-duality

We now go one step further, and study the S-dual of this system, whereby
D5 and NS5-branes are exchanged. We note that both D5-branes and NS5-
branes in type IIB string theory are described at low energy by 6d /' = (1,1)
Super Yang-Mills theory. Hence, the dual theory is also a twist of 6d N =
(1,1) Super Yang-Mills, but one which lives on a stack of NS5-branes ending
on a D5-brane. In addition, the F-strings ending on the D5-branes, which
gave rise to Wilson lines, become D1-branes ending on the NS5-branes, which
are also described by Wilson lines. Also, the background metric is rescaled
under S-duality by a factor of 1/g, where g is the type IIB string coupling,
and therefore variables with dimensions of length are rescaled by ,/g.

Next, we note that before S-duality, the coupling of the 5d boundary
action of the D5-brane worldvolume theory is g2(277) = (27)3ga/, and S-
duality results in the 5d boundary action of the NS5-brane worldvolume
theory having the coupling (27)3a//g. In other words, the boundary action
of the S-dual theory is multiplied by g/(27)3a’ = g2/(2m)%(a/)?*r~1. In addi-
tion, the coupling of the 6d bulk action of the D5-brane worldvolume theory,
which is (27)3ga’ before S-duality, is replaced by the coupling (27)3a’ of the
bulk action of the NS5-brane worldvolume after S-duality. Finally, the RR
2-form idw A C' in the D5-brane worldvolume is identified with an NS-NS
2-form in the NS5-brane worldvolume theory.
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We shall use this S-dual 6d theory to categorify the R-matrix elements,
thereby providing a categorification of the Yang-Baxter equation with spec-
tral parameter. In other words, we want to be able to describe the R-matrix
elements in terms of the Hilbert space of a 6d theory. The reason for using
the S-dual theory is that it allows us to write its path integral as a trace
(over its supersymmetric Hilbert space) of an expression with an obvious
expansion in positive powers of A, which the R-matrix is known to admit in
the semi-classical limit.

3.3. Hilbert space of 6d theory and categorification
The BPS equations to which the NS5-brane worldvolume theory localizes

will be identical to those of the original 6d theory on the D5-branes, which
can be obtained from (3.4)), i.e.,

Fij =0

Fiz=0

(3.11) Fw=0
Fpz=0

2iF.z + 2iFyp — Dj¢) =0

where we have integrated out d, and used the fact that equivalence between
and and the Dirichlet boundary conditions on ¢z imply that its
BPS configurations are forced to be zero.

Let us now use these equations to describe the supersymmetric Hilbert
space of the S-dual theory, taking the sixth dimension S' to be the Eu-
clidean time dimension. We shall first find the space of classical ground
states, which in the present case is a time-independent classical solution of
the six-dimensional equations given in . That is, a classical ground
state would solve the 5d equations

Fpy =0
(3.12) Foz =0
2iF,s — Dgg? =0

which are the BPS equations from our study of the D4-brane worldvolume
theory. We shall assume for simplicity in what follows that these equations
have a finite set of solutions (modulo gauge transformations), and that they
are all nondegenerate (i.e., when expanding around a particular solution,
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there are no bosonic zero modes). The latter condition implies that expan-
sion around such a solution gives a single quantum state of vanishing energy,
at least in perturbation theory.

We shall now take into account quantum corrections to the classical
spectrum. Firstly, it is known that nonzero energy eigenstates of a super-
symmetric Hamiltonian always occur in pairs. In perturbation theory, the
supersymmetric spectrum is unaffected by quantum corrections, because we
always expand around a single approximate ground state, which is obtained
by quantizing the corresponding classical solution, and hence because in per-
turbation theory only this single state is accessible, it is impossible for it to
pair up with another state to leave the spectrum of supersymmetric ground
states.

However, nonperturbatively, quantum tunnelling via ‘instantons’ be-
tween such approximate ground states can lift a pair of ground states to
a pair of excited states. The ‘instantons’ in our case are solutions to the 6d
equations (3.11)), and interpolate the 5d solutions of . An approximate
ground state 7, i.e., which perturbatively obeys Q7 = 0, would now obey

(3.13) Qur =Y mzyiyg,

JESs

(where Ss is the space of solutions of ) in the full quantum theory,
where mz 7 is obtained by summing contributions from all ‘instantons’ that
interpolate between the solutions labelled by Z and 7. Hence, the quantum
Hilbert space of ground states, H, of the 6d theory will be given by the
cohomology of the operator (), which is the Floer cohomology corresponding
to the equations .

Now, when Y = T2, the trace in the Wilson loop operators in can
be disregarded due to the diffeomorphism invariance along Y in our original
D4-NS5 setup, which allows us to take Y to be very large (gauge invariance
will follow if we insist that the gauge field vanishes at infinity). When Y =
R?, removing the trace in this manner can be done without any rescaling of
Y. In what follows, we shall also view the system under consideration at a
fixed length scale, which allows us to set o’ and r to convenient constants.
Let us now consider with two perpendicular Wilson lines along Y,
which gives rise to the R-matrix. Since the path integral of the 6d theory
obtained via the aforementioned string dualities is equal to an R-matrix
element, we can write

(3.14) Rig yr (21, 22) = Try (1) e W] (21) Wi (22))
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where 21 and z9 are the positions of the Wilson lines (denoted as Wt and
W?) on ¥ and correspond to the spectral parameters which label the R-
matrix, I, J, K, L are basis elements of the representations of the Wilson
lines, F is the fermion number operator, and where the operator

(3.15) P=i C/\Tr<A/\dA—|—2A/\A/\A>
oM 3

as obtained from the boundary topological term of the S-dual action at a
point in time.

In other words, we have identified a vector space with each R-matrix
element, whereby the vector space is the Floer cohomology of the set of 6d
partial differential equations . We may compute each R-matrix ele-
ment from the solutions of these equations, which are associated with the
Hilbert space of the 6d theory (we shall leave this for future work). This
may be viewed as an indirect categorification of the Yang-Baxter equation,
but we may also categorify directly. This involves three Wilson lines labelled
by spectral parameters z1, z9 and z3 in the original D4-NS5 setup in Sec-
tion 2, whereby the topological invariance along Y allows us to reproduce
the diagrammatic form of the Yang-Baxter equation by moving one of the
Wilson lines. We then apply T- and S-duality to both sides of the equation,
whereby, with the moved Wilson line denoted as W, we may represent the
Yang-Baxter equation,

(3.16) Z R}\?M,QO(ZM ZQ)RlQ?’L,IP(Zla 23)R203P,JK(227 23)
O,P,Q
= Z R?\;}L,RT(Z% 23)R]1\?T,SK(217 33)RA192R,1J(217 22)
R,S,T
as

Try (=1 e W (20) Wiy s (22) Wi (23))

(3.17) _ TrH((_1)F€—hPWJ1w(Zl)WN/J%M(Zz)W2K(zs))

Moreover, we may, in a similar vein, categorify the Yangian algebra
associated with rational integrable lattice models, in the form of the RTT
relation. The latter is realized in the 4d Chern-Simons theory using three
Wilson lines as well, but with one of them associated with a representation of
g[[2]] instead of g [3]. Moving this Wilson line using the topological invariance
along Y gives rise to the RTT relation, and therefore an expression of the
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form (3.17]) categorifies the Yangian algebra as well. It is expected that affine
and elliptic quantum algebras can be categorified in an analogous manner.

3.4. S-dual 4d Chern-Simons theory

To obtain the 6d theory in Section 3.1, we applied T-duality along a very
large circle in the 2% direction, which resulted in a very small circle in the
6d worldvolume of the Db5-branes. Hence, at low energies, the 6d theory
(and its S-dual) can effectively be regarded as the 5d theory obtained via
dimensional reduction. Considering the S-dual 6d theory, we may localize
the path integral of the effective 5d theory we obtain at low energies, in an
analogous manner to how we localized the path integral of the 5d theory in
Sections 2.3 and 2.4. Doing so, we obtain

(3.18) / D AzoDADAx
r

Y

X H TI‘(P efLi AU) eihf(?]\l C/\Tr(AO/\d-AO"F%.Ao/\Ao/\AO)

)

where I' is the cycle defined by the equations ‘7:&50 =0, Fz50 =0 and

2iF,50 — Daoqﬁg = 0. Hence, we have an ‘S-dual’ of Costello’s 4d Chern-
Simons theory where the coupling is inverted as

1
(3.19) —

This may be compared with the S-duality of analytically-continued 3d
Chern-Simons theory, studied in [I3], [14]. S-duality of this Chern-Simons
theory inverts the coupling and exchanges the gauge group with its Lang-
lands dual, and was argued to arise as a consequence of the S-duality of 4d
N =4 SYM. Similarly, in our case, the S-duality can be understood to arise
from the S-duality of the D5-NS5 system.
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Appendix A. 5d gamma matrices and spinor operations

Where necessary, we use the following explicit representation of the gamma
matrices in five (Euclidean) dimensions
Al Meoloed, M=c?0d, M=l

' M=19s', IM=110q>

2

where the Pauli matrices {o!, 02, 03} are

1 (01 o (0 —i 3
(A.2) U—<10>, 0_<i 0>, o

These gamma matrices obey the Clifford algebra

Il
N
O =
|

Lo
~~_

(A.3) {Ta, TN} = 29mnTaxa.

In addition, we also use this set of gamma matrices for the R-symmetry
group SO(5)g.

The SO(5) rotation/R-symmetry group spinor indices in this paper are
raised and lowered using the two index antisymmetric tensor 2, i.e.E|

(A4) pa = p"Qpa, pt = Q48pp,

where p4 and p? correspond to the representation 4 and its dual represen-
tation 4V. Here, Q is chosen to have the explicit form

AB __ _aB mn __ 0 1 0 1
(A.5) Q" =e""® B —<_1 O>®<1 N

Moreover, the two index antisymmetric tensor € defined above can be used
to raise and lower SO(3) spinor indices, i.e.,

(A.6) Aa = Negs, AT =€)z,
Note that this antisymmetric tensor acts on the Pauli matrices to give sym-
metric matrices, i.e., (aa)&ﬁe[g = (0%)asy and 65"3(00‘)67 = (0*)*, where

(0%)ay = (0)5a and (0)%7 = (97)74,

4We shall only write formulas corresponding to rotation group spinors in what
follows; the corresponding formulas for R-symmetry group spinors can be obtained
by replacing indices with hatted versions of themselves.
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