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Abstract

We consider supersymmetric surface defects in compactifications of the 6d minimal
(Dy4+3,Dy.43) conformal matter theories on a punctured Riemann surface. For the case
of N = 1 such defects are introduced into the supersymmetric index computations by
an action of the BC; (~ A; ~ C;) van Diejen model. We (re)derive this fact using three
different field theoretic descriptions of the four dimensional models. The three field
theoretic descriptions are naturally associated with algebras Ay—;, Cy—1, and (A;)V=1.
The indices of these 4d theories give rise to three different Kernel functions for the BC;
van Diejen model. We then consider the generalizations with N > 1. The operators
introducing defects into the index computations are certain Ay, Cy, and (A;)V general-
izations of the van Diejen model. The three different generalizations are directly related
to three different effective gauge theory descriptions one can obtain by compactifying
the minimal (Dy.3,Dy.3) conformal matter theories on a circle to five dimensions. We
explicitly compute the operators for the Ay case, and derive various properties these
operators have to satisfy as a consequence of 4d dualities following from the geomet-
ric setup. In some cases we are able to verify these properties which in turn serve as
checks of said dualities. As a by-product of our constructions we also discuss a simple
Lagrangian description of a theory corresponding to compactification on a sphere with
three maximal punctures of the minimal (Ds, D5) conformal matter and as consequence
give explicit Lagrangian constructions of compactifications of this 6d SCFT on arbitrary
Riemann surfaces.
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1 Introduction

Supersymmetric quantum field theories (SQFTs) provide a plethora of interesting interconnec-
tions between various subjects in mathematical physics: or quoting L. Tolstoy, “Happy families
are all alike; every unhappy family is unhappy in its own way.”. The happy family subjects of the
ilk of supersymmetric QFTs include, among others, two dimensional conformal field theories
and integrable quantum mechanical models.

Here we will focus on one such connection: relation between six dimensional (1, 0) super-
conformal field theories (SCFTs) and one dimensional elliptic relativistic quantum integrable
models. This relation takes many guises, with one of the more notorious studied by Nekrasov
and Shatashvili [1] which goes through an intermediate five dimensional step and involvs
eight supercharges. A way to think about the relation is through surface defects in four di-
mensional theories with only four supercharges which are obtained by compactifying a six
dimensional SCFT on a (punctured) surface [2]. In principle for every 6d (1,0) SCFT, such
that upon circle compactification to five dimensions an effective five dimensional gauge theory
exists (upon some proper choice of holonomies around the circle for the 6d global symmetry),
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one can associate a one dimensional integrable quantum mechanical system. This integrable
system is related to introducing surface defects into the supersymmetric index [3] of the four
dimensional theories obtained by compactifying the chosen 6d SCFT on a generic (punctured)
surface preserving four supercharges.! This correspondence draws an interesting parallel be-
tween the classification program of 6d SCFTs [6, 7] and classification of elliptic relativistic
quantum integrable systems.

There are various instances of this correspondence known by now. For example, in the case
of the (2,0) theory of type G € ADE the associated integrable model is given in terms of the
Ruijsenaars-Schneider elliptic analytic difference operators (AAOs) [2,8]. 2 In the case of A,
and D, minimal 6d SCFTs [19-21] one can derive novel integrable models [22,23] associated
to the A, and A; root systems respectively. In the case of the 6d SCFT being the rank one
E-string [24] one obtains [25] the BC; van Diejen model [26].3

Another interesting question is to compile the dictionary between compactifications of
6d SCFTs and 4d Lagrangian theories. Such a dictionary is completely and explicitly known
starting with a handful of 6d SCFTs. For example: A, (2,0) gives rise to 4d quiver theories built
from tri-fundamentals of SU(2)s [33]; minimal A, 6d SCFT gives rise to quivers built from tri-
fundamentals of SU(3)s [21]: rank one E-string theory gives rise to generalized quiver theories
built from SU(3) SQCD with Ny = 6 and deformations thereof [34]. In other cases one can
construct the relevant theories in 4d starting with weakly coupled Lagrangians but gauging
symmetries emergent either in the IR or at some loci of the conformal manifolds [24,35-37].
An example of the latter construction which will be relevant for us here is that of minimal
(Dy+3,Dy4s) conformal matter with N > 1 [34,38].* However, starting from a generic 6d
SCFT an explicit Lagrangian construction in 4d, and even whether it in principle exists, is
not not known at the moment. Those models for which a Lagrangian is not known at the
moment are often referred to as “non-Lagrangian”. A major motivation of this program is that
once the dictionary is compiled many interesting strong coupling effects, such as emergence
of symmetry and duality, can be understood in terms of the consistency of the dictionary with
the geometry behind the compactifications.

The purpose of this paper is to study yet another entry in the two dictionaries. On one hand
we will start from the 4d theories obtained by compactifications of the minimal (Dy_3, Dy3)
conformal matter theories in 6d (with the E-string being the N = 1 case) recently constructed
in [34,38,46] and will be interested in the consistency of the dictionary relating these models
to the geometry defining the compactifications. In particular we will perform several checks
of the dualities implied by the geometry.

On the other hand we will derive an infinite set of integrable models which are a general-
ization of the correspondence between rank one E-string and BC; van Diejen model (N =1
above) corresponding to the minimal (Dy 3, Dy,3) conformal matter theories in 6d. This can
be viewed as Ay generalization of the BC; ~ A; van Diejen model. In fact there are yet two
additional 4d descriptions known in terms of USp(2N) and SU(2)" gauge theories which will
give rise to a Cy and an (A;)" generalizations of the van Diejen model. Each one of these

n principle the five dimensional intermediate step might not be needed and one could be able to derive the
integrable models studying defects in 6d, see [4]. See also for another five dimensional discussion [5].

2In general indices in compactification scenarios can be also associeate to 2d topological field theories [9]. In
turn these are long known to be related to integrable models by themselves [10]. In particular the indices of
the compactifications of A type (2, 0) theory give rise to 2d q-deformed YM theory [11,12]. See also [13-18] for
relevant discussions.

3Naturally, for rank Q E-string theory one would expect to obtain the B C, van Diejen model. This was not
shown explicitly yet, but the results of [27-29] should be helpful to establish this relation. Recently the Q = 1
relation was also derived [30] directly in six dimensions by studying the relevant Seiberg-Witten curve [31,32].

*In [38] general compactifications of the 6d SCFT residing on two M5 branes probing a Z, singularity using
such methods was also discussed. Moreover, many more examples of some special compactifications (such as on
tori and/or spheres with special collections of punctures) are known, see e.g. [27,33,39-45].
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would lead to an additional set of integrable systems. The fact that we have three different
quantum mechanical integrable models corresponding to the same 6d SCFT is related to the
fact that these SCFTs have more than one effective quantum field theory description in five
dimensions [47,48]. The different descriptions are usually called dual (in the sense that they
have same UV completion in 6d).

The paper is organized as follows. In Section 2 we review the technology of deriving
integrable models from supersymmetric indices with surface defects and the type of properties
these models have to satisfy following from the physics of the 4d models. In Section 3 we will
apply this technology and discuss in detail three different derivations of the BC; van Diejen
model starting from three different QFTs corresponding to compactifications of the rank one
E-string theory on three punctured spheres. In Section 4 we discuss in detail a generalization
to compactifications of the minimal (Dy 3, Dy.3) conformal matter theories and in particular
derive the Ay generalization of the BC; van Diejen model. In Section 5 we discuss our results
as well as possible generalizations and extensions. Several appendices contain technical details
of the computations presented in the bulk of the paper. In particular as an intermediate step
of our constructions we discuss a four-punctured sphere for general (Dy .3, Dy.3) conformal
matter. For the case of N = 2 this gives us an explicit and simple Lagrangian description
for a sphere with three maximal punctures (one USp(4) and two SU(3)) which we discuss
in Appendix C. This thus makes the compactifications of (D5, D5) minimal conformal matter
theories completely Lagrangian.

2 Integrable models from supersymmetric index and dualities

We begin by discussing a concrete way integrable models can be associated to a 6d SCFT via
supersymmetric index computations in presence of surface defects. We will overview schemat-
ically the general logic and the readers can consult the original papers for the details and
subtleties. A reader familiar with the procedure can skip this section.

Let us start from some 6d (1,0) SCFT and assume it has global symmetry Gg;. We place
this theory on a Riemann surface C and turn on background gauge fields, fluxes supported on
C, preserving four supercharges [37,49], and then flow to four dimensions. We denote the
4d theories thus obtained by 7 [C, F]. These models might be interacting SCFTs, free chiral
fields, or even contain IR free gauge fields: this will not be essential for our discussion. The
Riemann surface might have punctures. In general there can be various types of punctures
which can be understood and classified using several methods (see e.g. [33,50,51]). For 6d
theories that have 5d effective gauge theory description with gauge group Gs, once they are
compactified on a circle with a proper choice of holonomies, there is a natural choice of a
puncture, usually called maximal. This choice amounts to specifying certain supersymmetric
boundary conditions for the 5d fields, and in particular setting Dirichlet boundary condition for
the 5d gauge fields at the puncture. This equips the 4d effective theory with additional factors
of flavor symmetry Gs, associated to each puncture. Certain 5d fields which are assigned
with Neumann boundary condition give rise to natural 4d chiral operators (which we will
denote by M) charged under Gs4: by abuse of notation we will refer to these fields as moment
maps.®> The choice of flux and choices of boundary conditions break Gg, to a subgroup, with
a generic choices leaving only the Cartan generators, C[Gg;]. Note that given an effective
5d description the maximal puncture might not be unique as it involves choices of boundary

>The motivation for this notation is that in the case of the 6d theory being the (2,0) SCFT such chiral operators
are indeed the moment maps inside N' = 2 conserved current multiplet. However, as our models will be only
N =1 supersymmetric, the moment map operators we will discuss do not have such a group theoretic meaning.
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conditions. Naively all these choices are equivalent, but for a surface with several punctures
the relative differences are important. Such differences are usually called different colors of
maximal punctures (see e.g. [24,37]). Moreover, in certain cases there can be different five
dimensional effective gauge theories depending on the choice of holonomies giving rise to
maximal punctures with different symmetry groups. This will be important for us and we will
see explicit examples in this paper.

One can obtain a plethora of other types of punctures by giving vacuum expectation values
(vevs) to the moment map operators, breaking sequentially Gs4 to sub-groups: this procedure
is called partially closing the puncture (see e.g. [52,53]). Turning on sufficient number of vevs
G54 can be completely broken in which case one says that the puncture is closed. Importantly,
the moment maps receiving the vevs might also be charged under the 6d symmetry G¢4. The
theory obtained by completely closing a punctures then can be associated to the Riemann
surface of the same genus but with one puncture less than the theory we started with, and
with the flux F shifted by amount related to the charges of the moment maps (see [24,34,37]
for details). Puncture which can be obtained in this partial closure procedure which only can
be further completely closed is called minimal. Typically, the rank of the symmetry of such a
puncture is one (U(1) or SU(2)). °

Starting from two theories corresponding to compactifications on two surfaces, which
might be different but each has at least one maximal puncture, one can build the theory corre-
sponding to the surface glued along the maximal punctures. Field theoretically there are two
procedures one can perform. First one is called S-gluing and it amounts to gauging the diago-
nal combination of the two puncture symmetries and turning on a superpotential involving the
moment maps of the two theories, W ~ M - M’. In this case the flux associated to the resulting
surface is the difference of the fluxes of the constituents. Note that the overall sign of flux is
immaterial. Second procedure is called ®-gluing and it involves first adding chiral superfields
® in a representation under Gs4 x C[Ggy ] conjugate to the one of M, turning on superpotential
W~M-®—M'-®, and gauging the diagonal combination of Gs4. In this case the flux of the
resulting surface is the sum of the two fluxes. One can also consider a combination of these
two gluing, S-gluing for some components of the moment maps and ®-gluing for the rest, as
long as the gauging is non anomalous.

We assume that we have an explicit Lagrangian construction’ of at least one compactifica-
tion corresponding to a sphere with two maximal and one minimal punctures and some value
of flux. Without loss of generality we will assume that the flux is such that there is a preferred
choice of a vev to a moment map (will be denoted M™) such that one closes the minimal
puncture and obtains (formally) the theory associated to a two punctured sphere with zero
flux.® We will denote this surface by TA , with z and u being parameters of Gs,4 associated to
the two maximal punctures and d a U(1) parameter associated to the minimal puncture. We
denote by A the flux of this surface.

Given the above, the derivation of the integrable models proceeds by considering the su-
persymmetric index [3,54-56] of the theories obtained in the compactification. The supersym-
metric index in four dimensions is defined as a supersymmetric trace over the Hilbert space of

See however [22] where the maximal puncture with SU(3) symmetry can be only broken to no-symmetry
puncture. The punctures carrying no symmetry typically either support a discrete twist line or are not obtainable
by closing a maximum puncture (are irregular). The example of [22] has a twist supported by the puncture.

’For the purpose of deriving the integrable models in fact a description which starts from weakly coupled fields
but involves gauging of emergent symmetries is sufficient. See e.g. [25].

81f the flux of a given three punctured sphere does not satisfy this criterion it is easy to build from it a three
punctured sphere which will. For example, one glues two trinions together with S-gluing and closes one of the
minimal punctures. We will utilize this idea later in the paper.
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the A/ = 1 theory quantized on S°,

T = Trgs(—1)F g it aRphtintsk [Ty, (2.1)
i€C[Gaq]

Here F is the fermion number, j; are the Cartans of the Spin(4) isometry of S, R is the R-
symmetry, and q; are charges under the Cartan sub-group of the 4d Symmetry group G44. This
is the most general Witten index one can define preserving a certain chosen supercharge (and
its superconformal Hermitean conjugate). For more details the reader can consult [57]. Im-
portantly, the index always depends on two parameters q and p, and can depend on additional
fugacities associated to the global symmetry a given theory has. Moreover, being a Witten in-
dex [58], it does not depend on continuous parameters of the theory. In particular, it does
not depend on the RG scale [56] and if a theory has continuous couplings parametrizing a
conformal manifold, the index will not depend on those, and if there is a duality group acting
on this conformal manifold the index will be thus duality invariant. Thus, given a 4d theory
arising in a compactification we can compute the index Z [C, F] which will be determined by
the geometry and the fluxes and will depend on g, p and the fugacities for the global sym-
metries. The 4d theories are determined by the geometry and in particular different ways of
constructing the same geometry, such as different pair-of-pants decompositions and different
ways to distribute the flux among the pairs of pants, lead to equivalent dual theories. The
index thus will be invariant of the different ways we construct the geometry. Given the indices of
two theories one can construct the index corresponding to glued surface by integrating over
the fugacities corresponding to the gauged symmetry,

rank Gsg dz
i

I|:C€BC/,.7::|:]:/1|=E{; l_[ EAHaar(GSd)AS/q)(ZSd;UG&q:p)X (2.2
i=1 l

I[C,]:](ZSd,ued,"' ;q,p) X I[C/,]:/](st,uéd,"' 5q,p).

Here AS/®(254; 1643 q, p) is the contribution of the gauge fields and in case of the ®-gluing also
the fields ®. The fluxes are added/subtracted in case of ®/S-gluing respectively.

We also need to remind the reader about one more general statement about the supercon-
formal index. If we give a vev to a bosonic operator O, charged under some U(1), symme-
try with charge —1 (without loss of generality), which contributes to the index with weight

U* = g/t I7+3R7 piy +17+3R7 ;=1 then the index of the theory in the IR is given by [2],
IIR ~ limuHU*IUv(u) N (2.3)

where the ~ denotes that to achieve equality we need to divide by some overall factors related
to Goldstone degrees of freedom which will not be important for us.

Finally we perform the following computation. We take a general Riemann surface Cg ;[u]
(g is the genus and s is the number of punctures) with at least one maximal puncture

. . . A
parametrized by fugacity u. Next we compute the index 7 [Cg,s[u] @ 7;#’ ol T A] of the

. . . A .
theory corresponding to this surface with 7;}11’& glued to it along puncture u. Then we study
what happens once we close the minimal puncture @ with the preferred vev M~ defined above.

The weight in the index of the operator M~ we give the vev to is U* and this vev breaks the
minimal puncture U(1), symmetry.” By our definitions,

z,u,d’

lima_,U*I[Cg,s[u] oTA F+ A] ~ z[cg,s[z], ]—'} , (2.4)

Without loss of generality we assume that the charge of the operator under U(1), is —1.

6
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Figure 1: Derivation of the AAO from the index. We denote both the flux of the three
punctured sphere we glue in and the preferred choice of the operator we give the vev
to by A, as the resulting two punctured sphere has zero flux.

as the geometry after adding the trinion and removing the minimal puncture without changing
the flux is the same as the one we started with and we assume that the theories are determined
by the geometric data. More mathematically, this implies that the operation of adding 7 ﬁ,a
and then computing residue acts as an identity operator on the index of the theory on C, ;[z].
However, if one gives a vev to certain holomorphic derivatives of M, o/ 82’“]\7[ —, such that the
weight in the index is p"q™ U*, one typically obtains [2],

1imaqprqmu*z[c [u]l® T, F + A] ~ OArm -z[cg,s[z], ]—"] : (2.5)

&, z,u,a’
Here (’)gd’A;r’m) is an analytic difference operator acting on the Gs; parameters z in the index.
See Figure 1 for an illustration. Physically this flow introduces surface defects into the index
computation. The type of defect is defined by the type of the minimal puncture & and the
flux A as well as the choices of the number of derivatives r and m. The fact that the residue
computation gives a difference operator is a non-trivial statement which does not have a di-
rect derivation using this logic. However, the same result was obtained, at least in particular
examples, by directly computing the index of a theory in presence of a surface defect [59].
Since the index is invariant under marginal deformations and dualities these operators
satisfy various remarkable properties. For example, one can close two minimal punctures in
different ways. The different orders to do so correspond to performing the computations in
different duality frames. The index thus should be independent of this order. This, under the
assumptions that the indices are rather a generic set of functions, leads to the expectation that
all the operators obtained using such arguments should commute,

[ogﬁ’f‘;f’m), 05’3’3;“""’)] =0. (2.6)

as shown on Figure 2. For example, studying the procedure detailed here starting with Ay_;
type (2,0) theories the system of commuting operators of the Ruijsenaars-Schneider model
can be obtained [2,17]. This model has 2(N —1) independent commuting operators and these
can be related to the choices (r = 1,...,N—1,m=0)and (r =0,m=1,...,N —1) with
the more general operators expressible in terms of these. We stress that the commutativity
is a consequence of the dualities. Thus once the operators are computed the fact that they
commute can be viewed as a non trivial check of the conjectured dualities.

Another consequence of the dualities is that the indices themselves are Kernel functions for
the difference operators, see Figure 3. Since the difference operators correspond to residues
of the index in fugacity a, and the index is invariant under the dualities, it does not matter on
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Figure 2: We start from a theory with a maximal puncture (labeled by z) and two
minimal punctures (labeled by @ and b). We close both minimal punctures by giving
a space-time dependent vacuum expectation value to operators charged under the
two puncture symmetries, resulting in a theory with surface defects. The choice of
operators is schematically encoded in .4 and 3. We can perform the computation of
the index after giving the vevs in any duality frame and the result should not change.
Here we present two frames which will result in the index being computed by acting
on the index without the defect with two difference operators in different order. As
the result does not depend on the frame the operators have to commute when acting
on the index. Assuming that the index is a generic enough function this implies that
the operators commute.

which maximal puncture fugacity the difference operator acts,
Og&,A;r,m) . II:Cg,S[Z’ u]’f’] — Ol(l&,A;r,m) . I[Cg,s[za u]’f] . 2.7)

Note that the operators Ogd’““;r’m) and (95&’“4;”") in this equality might not be exactly the same
as they depend on the type of maximal puncture, u or g, that they act on. If the types are
the same the operators are the same, but otherwise they in principle can be different. We will
discuss examples of this in what follows.

The discussion here can be generalized to other partition functions. The generalization
is specifically straightforward when one can obtain the partition function of a theory after
gauging a symmetry from the partition function of the theory before gauging that symmetry
directly.! An example of that is the lens index [64-66]. In the case of lens index for the
compactifications of the (2, 0) theory the computation leads to a rich structure [15,16] involv-
ing Cherednik operators which in certain limits generalizes Macdonald polynomials to non
symmetric functions.

1In some partition functions, such as S? x T? or elliptic genus in two dimensions, the connection between
gauged and not gauged symmetries using matrix model techniques is more obscure and involves more sophisticated
methods of computations (JK residues) [60,61]. See however [62,63] for a way to define the gauging in a guise
possibly better suited for generalizations of our discussion.

8


https://scipost.org
https://scipost.org/SciPostPhys.12.4.140

Scil SciPost Phys. 12, 140 (2022)

vev o for a 4, 9) o
o D

S duality

vev o for a 4
natt g m-f{

Figure 3: Here we give vev to an operator labeled by A charged under minimal
puncture symmetry a. We consider two duality frames. In each frame the minimal
puncture is close to a different maximal puncture, labeled by z and u. The fact that the
duality frame does not matter for the computation, as the index is independent of the
value of the continuous couplings, the two computations give the same result. This
implies that the index of the theory without defect generated by the vev, regarded
as the function of maximal puncture parameters z and u, is a Kernel function for the
difference operators introducing the defects.

3 Three roads to the van Diejen model

In this section we derive the relation between the rank one E-string theory and the BC; van
Diejen model. This relation was already obtained in [25] using the three punctured sphere
7;‘1‘1’& obtained in [24]. Here we will present three different derivations each of which will then
have a different extension to the minimal (D, D) conformal matter theory and the associated
integrable models being Ay, Cy and (A;)" generalizations of the van Diejen model. The rank
one E-string theory has G¢; = Eg and thus the integrable models in addition to g and p depend
on an octet of variables parametrizing the Cartan sub-group of Eg. The 5d effective description
is an SU(2) gauge theory with an octet of hypermultiplets and thus G54 = SU(2) with the
moment maps forming an octet of fundamentals under Gs;. The minimal and the maximal
punctures are the same for the rank one E-string. For some relevant details about the E-string
theory see for example [24].

3.1 BC; van Diejen model

Before we derive operators introducing defects into the index computations of the rank one
E-string theory in the following subsections, let us start by defining the basic BC; van Diejen
operator. This operator in various guises will make an appearance throughout the paper. The
BCy van Diejen operators were first defined in [26] and the corresponding integrable structure
was discussed in [67]. These models can be viewed as a certain generalization of the elliptic
relativistic Calogero-Moser systems (Ruijsenaars-Schneider models, see Appendix D for some
details) and Koornwinder operators [68].}! We will define the BC; operator here using the

HSee [69] for appearance of the Koornwinder polynomials in the context of class S compactifications with
outer-automorphism twists.
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notations of [70].
The BC; van Diejen operator Ap (h; x) depending on an octet of complex parameters h={h;}
and acting on a function f(x) (such that f(x) = f(x™1)) is defined as follows,

=1

Ap(h;x) f(x) =V (h;x) f(gx) + V(h;x71) £(q7 %) + Vi (h; x) £ (%), (3.1)
where
3
n 0,((pq)?h,x) kZ Pr(M)[E(E; X) — E(E; wi)]
V(h;x)= V, (h; x) = =2 ) (3.2)
()= 0,(x2)0,(qx2) (i) 20,(£)6,(q71€)
and

oo
wo=1, wy=-1, wy=pI, wg=—p 2, O,()=][1-px)A-p*xY). 3.3)
The functions p;(h) are

pom =] [6,(p2hy), pi(h) = ]_lep(—p%hn),

pM=p| [m26,(h),  pa(h) _pﬁhze (3.4)
and & is

1 1
0,(q2Ew 'x)0,(q 2Ewrx!
Op(q 72 ' x)0p(q 2 opx )
Constant term Vj(h; x) of van Diejen model has following poles in the fundamental do-
main:

+1 1
xX==%q"2, X ==xqg"2p2. (3.6)

Residues at these poles are given by:

8 1

[16,(sp2h,)
29726, (@ 1) (p:p)2,

8 1

I16,(sp2h,)
2926, (¢ (p; p)%,
8

l_[ 29 (shy,)

Res,—sq12Vp(h; x) = —s

Res,—sq12Vy(h;x) =

Res,—sq12p12Vyy (5 X) = —s

2472p 26, (g1 (p; p)%

8 _1
}:[lhnzep (shy,)

Resxzsq—l/zpl/zvb(h; x) =S 1 3 B (3.7)
2q2p~26, (") (p; p)2

where s = +1.

In what follows we will see how the operator (3.1) will appear in the context of studying
surface defects in the index computations of the rank one E-string theory.
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Figure 4: The 4d theory obtained by compactifying the rank one E-string on a three
punctured sphere with a particular choice of flux (breaking the Eg global symmetry
down to E; x U(1)) and definition of punctures. We will refer to this theory as the
A, trinion theory, and it is given by SU(3) SQCD with Ny =6.

3.2 A, van Diejen model

We start our discussion of the defects in E-string theory compactifications with the definition
of a particular trinion theory, 7. _, derived in [34]. This is the SU(3) SQCD with Ny = 6.

x,y,%’
Corresponding quiver is specified on the Figure 4. The supersymmetric index of 7:2},’2 is given

by,

2 dt, dt 1
K?l(x’y’z) — K_ '1 '2 X (38)
6 2Tty 2Tty n?#j L(t;/t;)

3 6
1 1 1 1 _ _
[ [rt@p)eulea™ ) ((ap)svoey L ((gp)swbtiz*) | [L((gp)’ (wvw)2a;e7h).
i=1 j=1

The definitions of the various special functions can be found in Appendix A. The parame-
ters t; parametrize the gauged SU(3) (]_[?:1 t; = 1), and the parameters u,v,w,a,...,ds
parametrize a choice of Cartans of Eg such that,

[Jai=1  Es—E; xSU@syows = SU6)g x SUB) s s x UL)syope. (3.9

i=1 vAw4 2wt

The three puncture SU(2) symmetries are parametrized by x, y, and z. The octets of the
moment map operators have the following charges,

M,=2, ® (6u4/vzwz © 16,12 @ 1u6W12) R
M,=2,® (6V4/uzwz @ 1,620 1V6W12) ) (3.10)
M,=2,® (6W4/u2v2 ® 16,20 1W6V12) ,

where these are built by a sextet of mesons and two baryons. Everywhere in this paper the
charges of operators (fields) under various symmetries are encoded in the powers of fugaci-
ties for corresponding symmetries. For example the operator with weight 6,4/,2,,2 is a sextet
of SU(6) and has charges +4 under U(1), and —2 under U(1), and U(1),,. The mesons are
built from a fundamental of SU(3) transforming under the puncture symmetry and the sextet
of antifundamentals. The two baryons are built from one copy of the fundamental of SU(3)
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(M, q7") (%M, ")

Figure 5: Construction of the AAO. We start here with some theory with the super-
conformal index Z(x). Then we S glue it to two trinions and close minimal punctures.
In the figure above we close SU(2), punctures and denoted closure operation as the
cross on top of the puncture. The notation (z; M,q~') means that we close z-puncture
by giving vev to the moment map M. The last label, ¢!, denotes which kind of vev
it is. In particular q° corresponds to constant vev, while non-zero negative powers,
like g7, correspond to the space dependent vev. As the result of gluing operation
we obtain theory with the very same superconformal index Z(x) but this time with
some AAO OgZ;M s1.9) acting on it. Particular form of operator depends on the trinion
theories we use in the construction and the way we close minimal punctures.

transforming under the given puncture symmetry and two fundamentals of SU(3) transform-
ing under a different puncture symmetry. Note that the three punctures are of different types
(colors) as the pattern of charges of the moment maps is different for each puncture.

The derivation of the AAO here will lead to a version of the BC; van Diejen operator we
will refer to as the A; operator. The reason is that the three punctured sphere used here has a
direct generalization to the (Dy 3, Dy, 3) conformal matter theories with SU(N +1) punctures:
here we discuss the case of N = 1. Thus the operators will act on the SU(N + 1) punctures, and
we will refer to them as Ay type of operators. The generalization will be discussed in Section
4. Many of the explicit technical details of the discussion here are presented in Appendix B for
the general N case.

We will apply the algorithm of Section 2 to derive an AAO introducing defects in the
index using 7;“3,’2. We start with an arbitrary theory 7° with an SU(2) global symmetry and

the corresponding index Z°. Geometrically this corresponds to the compactification on some
Riemann surface C with at least one maximal (which is the same here as minimal) puncture.
In order to obtain AAO we want to glue this surface to one or more trinions and close the
punctures of the latter ones in such a way that the total flux through C is not shifted in the
end. The easiest way to do it in our case is to perform S gluing of two trinions T“‘g, and 7'“4},
with conjugated fluxes to the original surface C along the SU(2) puncture as shown on f:He

Figure 5. At the level of the index according to (2.2) this operation is expressed as follows:

dy dx 1

A A =2

[C O Tiya® Teys ] }5 4niy 4nix T, (y*2)T, (xﬂ)
31(x,y:Z)K31(x:y’z)I[Cfc] . (311)

Here as a particular example we started with the theory having SU(2), minimal puncture and
S glued trinions along SU(2), punctures. In a completely identical way one can choose gluings
along other combinations of punctures since in rank one E string case all the punctures are
minimal. In case of Ay generalization of this model described in Section 4 situation will be
different and only one of three punctures will be of minimal type. The index of the conjugated

theory 7;“4y ; can be obtained from the index (3.8) by simply inverting all the flavor fugacities:

(aiJ u) V, W) - (ai_l) u_lz v_l) W_l)'
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Figure 6: The A; four-punctured sphere theory with zero flux: SU(4) SQCD with
N¢ = 8. Fugacities of all of the fields can be identified from the index specified in
(B.4) upon putting N = 1. Red lines correspond to the flips of mesonic operators of
this theory. This theory has superpotentials turned on corresponding to the triangles
in the quiver and baryonic superpotentials preserving the puncture symmetries (and
including quarks charged under orange and green SU(2) symmetries). Here, and
everywhere in the paper, we do not discuss the subtle issues of the relevance of the
superpotentials as this does not play a role in the derivation of the AAOs.

Now we should close SU(2), and SU(2); punctures. There are two ways to do it that lead to
identical results. In the first approach we start with gluing two trinions forming four-punctured
sphere and then close two conjugated punctures giving vev to two operators corresponding
to them. This will result in a certain tube theory which we can in turn S glue to an arbitrary
theory. Another way to do this calculation is first to close corresponding punctures of the two
conjugated trinions obtaining expressions for two tube theories. After that we can glue them
together and to an arbitrary theory. These two approaches just correspond to two different
orders of performing operations of closing puncture and gluing specified in (3.11). The final
result of course does not depend on this order, which we have checked. For presentation pur-
poses here in A; case we choose the first approach consisting of deriving the four-punctured
sphere theory first. Further in other cases we will also demonstrate details of the other ap-
proach.

Gluing two conjugated trinion theories 7;“4 , and 7_;“4” along the SU(2), puncture and
performing a chain of Seiberg dualities we obtain relatively simple SU(4) SQCD with 8 flavors
theory. The quiver of this theory is shown on the Figure 6. Derivation of this theory is sum-
marized in the Appednix B.1 for the Ay case and its index Kj}l (x, X, 2, £) is specified in (B.4).
Expressions for the A; case can be directly obtained from this Appendix by putting N = 1.
Gluings along SU(2), and SU(2), punctures can be similarly discussed using appropriate per-
mutation of the (u, v, w) fugacities.

As the second step we close SU(2), and SU(2); punctures giving vev to one of the moment
maps. At this point for each puncture we have a choice of 8 moment map operators specified in
the last line of (3.10). On top of this we can “flip“ components of the moment map operators
(adding a chiral field linearly coupled to the operator with a superpotential) before closing the
puncture.'? Notice that we aim to have a zero-flux tube in the end. This requires punctures
SU(2), and SU(2); to be closed consistently, i.e. both should be either flipped or not and both
should be closed using the same moment map. This leads to 16 possible AAOs in total.

Let’s start with an example before summarizing general result. First we consider closing

125ych flippings amount to changing the definition of the puncture. In particular in 5d this will amount to the
question which matter fields acquire Dirichlet and which Neumann boundary conditions. See i.e. [24,71].
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SU(2), and SU(2); punctures using the baryon 1,,12. At the level of the index this amounts
to computing the residue of the pole located at

1 - _l Y
z2=(pq) 2u Pw g Kp™, %= (pg) 2ul?wbqKp™, (3.12)

where K, M, K, M are positive integers. Here for the sake of simplicity we will concentrate
on the case K = 0 and K = 1.!3 Physically this corresponds to giving vev to the derivative
of 1,6,12 baryonic moment map of the SU(2), puncture introducing surface defect into the
theory. The puncture SU(2); in turn is closed using space-independent vev of the conjugated
baryonic moment map.

Corresponding calculation of the residue is summarized in the Appendix B.2 for the more
general case of Ay trinions. Derivation for the A; case can be simply reproduced from it by
putting N = 1 in all of the equations. This calculation results in the following AAO,

8 1 8 1. 1. =
12 - .0 2h; 1X 0 2h; 1x !
O)(cz;u wb;1,0) - ZI(x) [T p(gqp) 2l )I(qx) + iy p((;lp) . 3 )I(qx_l)
6,(qx2)6,(x?) 0,(qx=2)0,(x—2)
W (e )LD (). (3.13)

Here we have introduced the following notations. First of all we encoded all required infor-
mation in the indices of the operator. Subscript x means that we act on the SU(2), puncture
of NV = 1 theory. First argument z in the superscript stands for the SU(2),-type punctures
that we close. Second argument of the superscript is the charge of the moment map we give
space-dependent vev to in order to close the puncture. In our case it is the charge u'>w® of the
corresponding baryon. Finally the last pair of integers (1,0) stands for the choice of K and M
integers in the pole (3.12). On the r.h.s. h; is the octet of charges of the moment maps of the
puncture we act on. In this case it is M, with charges h; = (6u4 Jvaw2 @ 16,12 @ 1u6W12). The

function W (x; hi)(z;“IZWG;l’O) is given by
0, ((p)2uw'2x) 0, ((pq)2v*2u’x)

W(x;hi)(z;u12w6;1,0) = -
0, ((p)u'®qx) 6, (q1x2) 6, (x2)

0, ((p)7u®x71) x

6
0, ((pq)%u“v_zw_zajx) +(x—-x Y|+ l_[ 0, (u_14v_2w_2q_1aj) X
1 j=1

0, (q—1v12H—12) 0, ((pq)%u6w12xi1)
6, (pg>w12u24) 6, ((pq)—%u—18q—1xi1)

Notice that while the shift part of the operator (3.13) depends only on the charges of the
moment maps of the puncture we act on, the constant part specified above depends also on
the charges of the moment map we use to close the puncture SU(2),.

The constant part presented in (3.14) is elliptic function in x with periods 1 and p just as
is the constant part V,(x) of the BC; van Diejen operator specified in (3.1) and (3.2). Also the
poles of both functions in the fundamental domain are located at

6
j=

.(3.14)

1
3

xX=sq 2, x=sqi%p , s==1. (3.15)

Nl=

3For the E-string, as the puncture symmetry is A;, we expect the higher numbers of derivatives to give rise to
operators which are expressible in terms of the one we will derive below. It is analagous to A; class S with the
basic pole giving the RS operator and the higher poles giving polynomials of it. For general Ay_; class S the first
N —1 poles give rise to a commuting set of independent operators while the higher poles are expressible in terms
of the basic ones. For details see [2,17].
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However matching residues of W(x; hl-)(z;”mwé;l’o) and V;(x) functions requires flip of one of
the charges which is implemented by the following conjugation of the operator

12..6.

. . -1 .
(’)SCZ’“IZWG’LO) =T, ((pq)§u6W12Xi1) O)(Cz,u w ,1,0)Fe ((pq)%u6w12 :I:l) ) (3.16)

This conjugation affects only the shift part of the operator (3.13) leading to

8 1o 8 le 9
y S .0 Thlx - .0 2h1x1
BE D () [T, p(iqp) : ) I(qx)+l_[l_1 p(E;zp) O )I(qx—l)
0,(gx2)6,(x?) 0,(qx=2)6,(x~2)
WO R)E O I(x), (3.17)

where h; is the octet of the moment map charges with one of the baryons flipped
}Nli = (6u4/v2w2 @ 1,6,12 0 lu—sw—lz). 14

Now in order to compare this operator to the van Diejen operator (3.1) we start with the
shift part. From it we clearly see that octet of the van Diejen model parameters h,, is equal to
the octet of the inverse parameters 1, ! specified above, i.e. P = h~!. Using this simple iden-

tification we can check that all the residues of the constant part W (x; hi)(Z;”12W6;1’O) specified in
(3.14) are given by (3.7). Hence since the constant part is elliptic in x and poles with residues
coincide with those of the van Diejen model we conclude that up to a constant independent of
x the operator @g{z;”u“ﬁ;l’o) is just the BC; van Diejen model. Above we have made the choice
of which single component of the moment map to flip. This choice is immaterial and in fact
we can flip any odd number of components and find a map between parameters to match with
the BC; van Diejen model.

Above we gave an example of the result of a particular computation with a particular
puncture we act on and a particular moment map we give vev to. Similar computations can
be performed for all other possible combinations of punctures and moment maps.

Next, after we have discussed several subtleties using particular example, let us describe
the general operator as a function of the puncture we act on and the moment map we give vev
to. Calculations for other combinations can be done in a similar way. Since most of them are
almost identical to the calculation of the operator above, details of which we present in the
Appendix B.2, we leave these derivations to the interested reader. Without loss of generality
from now on we will only consider the situation when we close SU(2), puncture. In general
for each of the two remaining puncture types we have an octet hl@ of U(1) charges where
index a = (u, v) stands for the puncture type. We have to flip one of the charges in each octet
so that the charges of the moment maps become ﬂga) defined as follows

]\N/[u =2, ® (6u4/vzwz @ 1,6,12 0 lu—sw—lz) )
MV = Zy ® (6v4/u2w2 D 1,6,120 ].v—6W712) . (3.18)
M,=2, ® (6w4/u2v2 © 16,120 1W6v12) ,

Notice that the charges of SU(2), puncture moment maps are the same as in (3.10). Now let’s
write down the operator acting on the puncture of type a obtained by giving vev to one of

14Let us make a comment here. Note that the flip on one hand just redefines the type of the puncture by changing
the charges of one of the components of the moment map. On the other hand this is essential as doing so for odd
number of components changes the global Witten anomaly of the SU(2) puncture symmetry. Note that the three
punctured sphere of Figure 4 has SU(2) punctures with three fundamentals and thus have a Witten anomaly for
the global symmetry. The flipping takes us to a definition without such an anomaly. In particular when & gluing
punctures one should always be careful that the Witten anomaly is zero. For example the trinion defined in [24]
(used in [25] to derive the van Diejen model) has no Witten anomaly for punctures. The same is true for the trnion
derived in [38] and used in the next subsection. Thus gluing these trinions to the trinion of Figure 4 one cannot
use S or @ gluing but a combination of these with odd number of gluings of each type.
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the M,, moment maps. As one can notice from (3.18) M,, moment maps are related to the
moment maps M, , as follows

1
4

Fw) _ z(a)f
A" = R R,

8
l_[fzf a=(u,v), (3.19)
i=1

where we have to flip some of the M,, depending on which type a is the puncture we act on.
Since moment maps M, are related to moment maps Mu,v as specified above further we will
parametrize everything, including the moment map we give v.e.v. to, using charges hl(a) of the
moment maps of the puncture we act on.

Then we can write the general shift operator arising from this construction:

1(~(a —1
SR 10 o) [T, 6,((ap)? (L) xa)z( .
i . X — qx
‘ ‘ 0,(qx2)6,(x2) ‘
-1
[T, 6,z (R”) 27 el
o T(gx, ")+ W (g A ER R0 7 ),
0,(ax2)0,(x72) a
8 1
I16 (q_l(;l(a)h(a)) ;13)
p i
W(xa;fl(a))(Z;flga)ﬁ;%il’O) _ A — %
l o (7@) 251/2
ep(q (R@) "Rl )
@) 16, (Gt () " %)
Qp((pq)ihi xal) AL / ¢

+
_1l(% -1 (a) —1/2
0 (00 # () RiPqmixzn) | O ((HRVRS axz)

6, (002 R "R *x,) 6, ()" x; ")
0p (q71x;2) 6, (x2)

+ (xa — x;l) ,  (3.20)

where x, = x, x,, = y are SU(2) charges of the puncture.
The expression above gives an octet of possible operators originating from 8 moment maps
we can give vev to. Another octet comes when we give space-dependent vev to the opera-

o)\ =151
tors with charges (hl(.a)) hZ. The latter one can be obtained in two ways. First we can flip
corresponding moment map before giving it a vev. This is achieved by introducing the con-

1 (g —1L
tribution T, ((pq) ( (a)) hgzil)r‘e ((pq)%hl(.a)ha 4§i1) of the flip multiplet into the index
Kyp (x, X, 2, £) of the four-punctured sphere theory. Second approach is to work with the
original no-flip theory and give z, % fugacities the following weights:

— 1 1
2= (pa)} (R9) R, #=(pa) *H@h;"q (3.21)
which corresponds this time to giving space-dependent vev to the moment map of SU(2);
puncture introducing corresponding surface defect into the theory. Notice that this is opposite
to our previous choice in (3.12). In Appendix B.3 we give a detailed derivation of one example
of this kind. Performing this derivation for various moment maps we arrive to the general
expression of the following form:
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- -1
e T 0 ()

a xa) = Qp(qxg)ep(xg) I(qxa)+

[T, 6,((ap)? (A) " 7))

~ 7 (a) —1~%
(g H+w ;h@ (Z;(hi ) ha'51,0) 7 )
60,0 L@ )T he ) (xa)

ﬁ 17, (@7 ()7 ~3
0 (q‘ A@R@R 2)
— 1 11 p a
W(xa;;lga))(z;(ﬁg“)) 1?13‘;1,0):1#1 ( (l))zf s
0 (q—Z i‘l.a }Nl_ )
p L a
8 -
P@Y 15(a)
o (o0t () ) | (R
—2h{%hy a1 =
0, () 2h"h; " *q1x21) | g ((pq)% () h}l/qua)
- 1. 3 .
O ((pq)% (hl(‘a)) hcl/zxgl) 6, ((pCI)% (hga)) Xa)
6y (a71x;2) 6, (x2)

X

+ (xa — x;l) , (3.22)

Notice that the operator (3.13) is exactly of this kind and can be reproduced from the

operator above if we put a = u and fll(.u) =u"ow 12,

In all of the operators (3.20) and (3.22) constant parts W (x,; Flga)) are elliptic functions of
x, with periods 1 and p. Poles of all these functions are located at (3.15). Residues are given
by the residues of van Diejen model specified in (3.7) upon the identification of parameters

h;’D = (flga)) 1. Hence all of the 16 operators specified above actually collapse to the one
single operator equal to van Diejen operator up to a constant. We will later see that in the
generalization of this discussion to (Dy 3, Dy,3) minimal conformal matter, we will obtain an
Ay generalization of the system of operators and these 16 different operators will generalize
to 4N + 12 operators. Also of course we have operators (51(12;'";0’1) which are simply obtained
from the operators above by the exchange (p «<— q). In subsection 3.5 we will comment more
on some of the properties of the operators derived here.

3.3 A] van Diejen model

We proceed with yet another trinion of the E-string compactification. The theory 7;3Z . we will
consider in the present section was derived in [38] and corresponds to a compactiﬁ&ation on
a three punctured sphere with vanishing flux. The quiver of this theory is presented on the
Figure 7. Just as in the previous section there are three types of punctures possessing SU(2)
global symmetry. Two of the SU(2) puncture symmetries are explicit in the UV theory. The
third puncture symmetry is obtained from U(1), of the quiver. It has been argued in [38] using
dualities that the global symmetry enhances to SU(2), in the IR. Parameters c; 53, ¢; 53, t, @
parametrize Cartans of Eg symmetry. There is also superpotential of the following form

W = (MM, + MyM,) q + FMMZ + FY M2 + e7%F,Q,Q; + £ 7*F,Q;Qx. (3.23)

where F denotes various flip fields and in the last two terms indices run through 1,2, 3. These
are crucial for the IR enhancement of the global symmetry to SU(2),.
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¢ife v G/c

Figure 7: Quiver ofA% trinion theory. This trinion is obtained by compactifying the E-
string on a sphere with certain choice of three punctures and vanishing flux. Crosses
on lines stand for gauge singlet chiral fields flipping a quadratic gauge invariant built
from the field they cross out. All fields charged under SU(2) gauge symmetries have
R-charge % while the gauge singlets have R-charge 1. Red lines as usually stand for
the contributions of flip singlets F; and F;. In our notations blue corresponds to the
names of the fields, red to the fugacities of gauge and global symmetries and black to
the U(1) charges of the fields. We also write € in orange denoting the SU(2), global
symmetry of the corresponding type puncture that is not present explicitly and only
arises in the IR. Types of two other punctures are denoted in blue and green. For the
fugacities we also use notation ¢ = (c;¢yc3)"/? and & = (¢;&,E;)'/3. For convenience
in the text we will instead use fugacities ¢, = ¢~ and &, = ¢ 3.

The trinion used here has a generalization to (Dy_,3,Dy.3) minimal conformal matter
theories such that the maximal punctures have SU(2)" symmetry. We will thus refer to the
version of the BC; van Diejen model derived here as the (A;)N=! model. We will not consider
this higher N generalization explicitly in this paper.

The superconformal index of the theory described above is given by the following expres-
sion,

K ze) = Kz§; dy, é dy, [T (00t ety )L (o)t e iyi'E)
3 PR ]

- 4miy, | 4miy, L () (v2)
3
]_[Fe(«/_ecc4)F(«/_€CC4)F(«/_f2 )

T, ((Pq)1/4t 2y F T (pg)/4 el e 24y F) T, (/pge 2t vE)
L ((p"* ta™ e 2y v )L ((p) V4 tae Pv*y 1) (3.24)

Here y, and y, parametrize the two gauged SU(2) nodes and we also introduced fugacities
s = (c1¢9¢3) " and & = (¢,6,E,) . For each of three punctures there is an octet of operators
in the fundamental representation of the puncture symmetry (and having R-charge +1) with
the following charges:

M, : {talcj,ta lc,, ta lcs, ta_1c4, tacy, tac,y, tacs, tacy},
M\Z : {t7lacy, t7tac,, tac,, t_lac4, tla71c,, t7la1C,, ta e, t_la_1'54} , (3.25)
. (1.1 —1 1 1 -1 x—1x—1 x—1x—1 x=1x—1 2 -2 .2 2
M, : {cj ¢y ,c] ¢35 ,C5 €3 ,C €y ,Cq €3 ,Cp Cq ,t7a -, t"a}.

Now we can derive the AAOs along the lines summarized in the Section 2. As we specified
previously there are two possible sequences of operations in the gluing (3.11). In the A;
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C; F

Figure 8: Quiver of the A% tube theory with SU(2), and SU(2), minimal punctures.
Note that we assign here various charges to fields. These charges (with the exception
of the flip field associated to the cross) are not fixed by a superpotential of this theory
but rather by superpotentials one will need to turn on gluing this model to another
theory.

case considered in the previous section we first glued two trinions, then closed punctures
introducing defects and finally glued the tube theory obtained in this way to an arbitrary
theory with an SU(2) global symmetry. Here, although the same approach can be used, we
will take another route. Namely we first close punctures obtaining tube theories and then
glue them together and to a theory associated to arbitrary surface with at least one maximal
puncture.

We start with closing a puncture and obtaining a theory corresponding to a tube. This
amounts to giving a vev to one of the moment map operators (3.25) and its derivatives. Unlike
in A; case the punctures here are not exactly on the same footing since SU(2), puncture is not
present explicitly in the gauge theory. Let’s consider particular setting closing e-puncture and
acting on v puncture.

To close the e puncture we give a vev to one of M, moment maps. We have an octet of

choices and to be concrete we choose the moment map component with the charges equal to

t?a®. Giving vev to this operator is equivalent to setting € = (pq)?t2a?q¥pM in the index,

with K and M being integers corresponding to the number of derivatives of the moment map
in the operator we give vev to. As usual at these loci the index (3.24) has a pole and we aim at
computing the residue at this pole. Just as in the A; case and everywhere else in the paper we
choose M = 0 and K = 0, 1 for simplicity. In case K = 0 we calculate the residue and obtain

. . . 2
the following expression for the index of 7;’2,

dy, [T ()2 tacv )T, ((pg)2 tac;y;)
X
iy, l"e(ylﬂ)
L(a2y; v (252", (3.26)

Ké;o)("’z) = KF(an4)Fe(pqt4)§4

which is gauge theory with the quiver shown on the Figure 8. Giving vev with K = 1, i.e.
introducing defect into the tube theory we obtain the following index:
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KA1 (v,2) = Kre("z) dy, [T T (q 2t iy;:) (
;1)

1/2 L o 11 eS|
Fe((Pq)qutzyﬂvﬂ)F(t a2y )T, (g7 20 2y 1) x
(G0 are). (G e v ) -

Finally, we S glue tube (3.27) with a defect to a tube (3.26) with no defect and to a
general theory with for example v-puncture and the index Z(v). The computation is detailed
in Appendix B.4. The end result is,

[T, 6, (Pt acyv) 6, ()7t a i M)
6,(v?)6,(qv?)

Ol a0 7(v) = Z(qv)

. 0,(a O, 6, ((pa)2tacv™) 6, ((pg)? taEiV)I( )
0,(v2)0,(a*v-2)0,(q2t*a—4) Y
B a0 ) [T, 6, ((p)itacv) 6, ((pg)2eativ)
6, (a2 t—a=)0, [@v2)0, ()0, (g v D)

()

+ {ves v}, (3.28)

This operator once again has the form of the van Diejen operator (3.1) with shift and
constant parts. Looking on shift part only we can fix the dictionary between parameters of our
gauge theory and octet of parameters h; of the van Diejen model as follows:

hi=tac?, hy,=t"la T, i=1,...,4. (3.29)

1

As for the constant part of the operator above we can notice that it is an elliptic function in
v with periods 1 and p. Mapping the parameters one can show that position of its poles and
corresponding residues coincide with the poles (3.6) and residues (3.7) of the constant part
of van Diejen model. Hence we can conclude that up to an irrelevant constant term operator
(3.28) is just van Diejen operator (3.1).

In a similar manner we can derive AAOs acting on any of the three punctures and obtained
after closing one of the two remaining punctures giving vev to one of its moment maps. Results
for some of these cases are summarized in the Appendix B.4. Studying various combinations of
punctures and moment maps we conclude, just as in A; case, that AAOs we obtain are always
equal to the van Diejen model (3.1) up to an irrelevant constant (independent of v,z,¢€)
shift. Parameters h; of these van Diejen Hamiltonians are given by the inverse U(1) charges
of the moment maps of the puncture AAO operator acts on. This can be seen in the example
considered above where the map is given in (3.29). The parameters are indeed given by the
octet of charges of M, moment maps (3.25).

3.4 (, van Diejen model

Finally we consider one additional E-string trinion theory. This model can be in fact derived
from the A, trinion and we give some details of this in Appendix B.5. As in the previous two
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Figure 9: Quiver of the C; trinion theory. It is obtained taking N = 1 in the theory
presented on the Figure 21 and corresponds to a three punctured sphere compacti-
fication of the E-string theory such that all the punctures are of the same type and
the flux breaks Eg to SU(8) x U(1). The line starting and ending on the SU(3) node
denotes a field in antisymmetric two index representation which is the same here
as fundamental representation. The SU(2) symmetry rotating the two fields in the
symmetric representation is broken by a superpotential.

cases the trinion we discuss here has a natural higher rank generalization such that two of
the punctures become maximal ones with USp(2N) global symmetry while the third one is
minimal SU(2) puncture. Hence we will refer to this trinion theory as Cy—1, see Appendix B.5.
The quiver of the theory is shown on the Figure 9. It has SU(2)? global symmetry, where each
SU(2) stands for the puncture. Unlike A; theory here all SU(2) punctures are of the same type.

The index of the C; trinion theory is given by,

o8 9 dt; dt, 1 +1
e f 1Pl i)

j=1

:oo

Fe((pq)%w6tjyi) ((pq)ﬁw tjz* ) Fe((Pq)%W_%aitj_l)

Il
-

i

L((po)iw 2 57), 3.30)
<3

~

1<j<

where x, y,z label the three punctures symmetries and w, a; parametrize U(1) x SU(8) sub-
group of the 6d global Eg symmetry. Each puncture has an octet of mesonic moment map
operators with the following charges:

M,=2,08 95 a=x,y,z. (3.31)
w

Since all punctures are of the same type the moment maps also have the same charges for each
of them. As usual, we can close one of the punctures giving vev to one of the mesonic moment

maps (3.31). Without loss of generality let us close z-puncture by setting z = ( pq)_% w2 al_1 in

the index (3.30). When gz takes this value the poles of T, ((pq)_%wgtjal_l) and

T, ((pq)%w_%al tj_l) collide leading to pinching of the integration contours. Computing the
residue of this pole results in SU(3) gauge theory being higgsed down to SU(2) and the result-
ing index of the tube with no defect is given by:
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_27 2 dtz 1
(2 O)(x J’) = KF@ (qu 2 al) §2ﬂlt F (tiz) ((pq)2W2a Xil)

((PQ)ZWZCI y* ) (W4 a1 tgﬂxil)r (w4 a 2t:i:1y:i:1)
_1 8 N
fe ((pq)%w_%% ’ téﬂ) [ ((pq)%w—?'taiaf tzil) : (3.32)
i=2

At this point we can in principle take the same route as we did in the case of A%
trinion. Namely we can also consider closing z puncture introducing the defect by computing
the residue of the pole of the trinion index (3.30) at z = (pq)_%w_gai_lq_l. Then we should
consider the gluing similar to (3.11). We take however an alternative route. We start with
gluing the tube (3.32) to the trinion (3.30) and perform chain of Seiberg dualities. As a result
of applying these dualities mesonic moment map we give vev to turns into baryonic one. So
giving vev to it higgses gauge theory completely leading to the Wess-Zumino tube theory. S
gluing this tube to the arbitrary theory with for example SU(2),. puncture we get the following
AAO,

[15, 6, ((pg)2w 27 x)
0, (x2) 0, (qx?)

0, ((p)2w'*x) 0, ((p)wia,x* ) [T 4 6, ((pg)2w3a;x)
6, ((pQ)%W_lsx) 6, ((pq)éqwgaix) 0, (x2) 6, (¢ 1x2)
0, (47w a7 ) [ T34 6, (7w e ) 6, (@) w2 aix*!)
0, (2wa;2) 6, (¢ tw $a;1) 0, ((pq)2q-tw i, x*1)
[T 6 (w¥ ) 6 (G0)whaix™?)
0, (aw%a;) 6, ((pg)2wisx*1)

Details of this calculation can be found in the Appendix B.6. Just as before we can look at
the shift part and see that it coincides with the shift part of the van Diejen model (3.1) and
see that they are the same after the following identification:

9
(’))(CZ;Wz a310) . 7(x) = T(qx) +{x - x7 1} +

() + {x - x7 1} +

I(x)+

Z(x).(3.33)

h; = (pq)?w2a;?. (3.34)

As in previous cases this identifications maps van Diejen parameters h; to the inverse U(1)
charges of the moment maps (3.31) of the puncture we act on. The constant part of the
operator (3.33) is an elliptic function with periods 1 and p, and poles with residues coinciding
with those of the BC; van Diejen model upon identification (3.34). Hence once again we
obtain van Diejen operator acting on the puncture. Since all punctures and all moment maps
are on the same footing we can of course act with operators of exactly the same form on y
and z punctures.

3.5 Duality properties

In this section we have discussed the derivation of a collection of AAO operators specified in
(3.20), (3.22), (3.28) and (3.33). It was also shown that all of these operators are actually
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Figure 10: Quiver of the tube theories. In Figure (a) we show tube with the con-
jugation with the index given (3.40). In Figure (b) we show tube theory with no
conjugation and index given by (3.39). The theories differ only by singlets which are
important once we start gluing these tubes to other surfaces.

BC; van Diejen operators (3.1) with octet of parameters given by the inverse charges of the
moment maps of the puncture the operators act on.

As we have discussed in Section 2 operators we derived should posses a number of inter-
esting and important properties that follow directly from their construction. In this section
we will discuss checks and proofs of some of these properties using explicit expressions of the
operators we have obtained.

Let us first discuss the commutation of the operators specified in (2.6). In terms of our
derivations this means that all of the operators acting on the same type of the puncture should
be commuting with each other. Namely we should have:

(),
O

;0,1)
@) }z 0, (3.35)

b > a >

[ ~((1b;§$b);1,0) @C(lc;gﬁc);l,O)} _ [@C(lb;ggb);o,n @(c;é(.”;o,l)] _ [@gb;gﬁb)n,m

where a is the label denoting the type of the puncture we act on, b and c are types of the
punctures we close, & l(.b) and & ©) are U(1) charges of the moment maps we give vev to. Fi-
nally labels (1,0) and (0, 1) stand on the kind of the moment map derivative we give map
to (corresponding to factors of either g or p). Operators with these two choices are identi-
cal up to permutation of p and q parameters. We would like to check this identity for all of
the operators we have derived. However since all of these operators are actually BC; van
Diejen operators (3.1) (up to a constant shift) with parameters depending only on the type of
puncture operators act on, these operators do trivially commute.

The more complicated property to check is the kernel property (2.7). As explained in
Section 2 superconformal index of any 4d model obtained in compactifications of the E-string
theory with several maximal punctures is the kernel function of our difference operators. One
interesting conclusion of our paper is that the indices of all the trinions as well as indices of the
tubes we derive from them can be used as the kernel functions of van Diejen model. Despite
main kernel function property (2.7) directly follows from our geometrical construction shown
on the Figure 3 we would like to present here some checks of it in particular cases.

Good examples of kernel functions of van Diejen model are superconformal indices of all
trinions (3.8), (3.24) and (3.30) and tubes (3.32), (3.26). For example if we take index of A;
trinion theory it should satisfy the following property:

@Ecz;u12W6;1’O) * K?l (x; y) Z) = (;jg,z;ulz‘/vﬁ;l’o) * K3A1 (x) ,y; Z) . (3-36)
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Instead of this particular choice of the operator we can choose any other A; operator from
(3.20) and (3.22). This relation is very hard to proof due to technical reasons. However we can
study explicitly the tubes of A; theory which are on one hand much simpler and on the other
hand are of course also expected to be Kernel functions. Index for this tube theory can be ob-
tained by computing the residue of the trinion index (3.8) at for example z = (pq)_%u_lzw_f’.
This corresponds to closing z-puncture by giving vev to a baryon 1,12,6. At this value of z
pinching of the integration contours of (3.8) happens. In particular integrand of this trinion

index has poles at

_kl

(pQswltiz=qFp™ | (pq)subtyx =q Fp ™2, (pg)subtyx I =g Fp ™. (3.37)

Using SU(3) constraint l_[‘?zl t; we can rewrite these sets of poles as two sets of poles in for
example t;

t = 65151 = (pg)su'2gfetkpmatma ¢ = (pg) sw bz g RipTm (3.38)

where the first set of poles is inside the integration contour while the second one is outside.
Whenever z = (pq)_%u‘lzw_6q_k1_k2_k3 p ™3 two lines of poles collide and pinch the
contour. Choosing k; = m; = 0, Vi we obtain the following expression for the index of the
tube Wess-Zumino theory without defect:

—my—my—

Ky 0)(x y)= (pqw12u24) e((pq)Zulz 6 ﬁ:l)l—- (u 6v6x:t1yﬂ:1)

6
L, ((pq)%uéwlzxil) l_[ T, (u_14v_zw_2aj) T, ((pq)%u“v_zw_zxﬂaj) . (3.39)
j=1

However this index is expected to be the kernel function of the operator of (3.13) rather
than the BC; van Diejen operator. In order to write down the kernel of the latter one we
should take into account the flips of the moment maps M, and M, as in (3.16). It leads to the
following proposal for the kernel function:

K00 =T (p@)2u w21, (pg)2 v ow 2y ) Ki (e, y) =
(pqw12u24) e((pq)2u12 6 il)r (u 6v6xj:1yﬂ:1) e((pq)“/ w 12yﬂ)x

l_[F 2w a]) e((pq)%u4v_zw_2xilaj) . (3.40)

The quivers of the corresponding theories are shown on the Figure 10. Now since we have
no integrals in this expression it is straightforward to check kernel property
12,,6. A 12,,6. A
O(z uw®;1,0) | K(zlo)(X,)’) _ O(z u*w®;1,0) | K(zlo)(x’y)’ (3.41)
where particular expressions for the operators can be read from (3.20) and (3.22). This iden-
tity was discussed in [70] (for completeness we prove it also in Appendix E.1). It would be

interesting to directly check whether the indices of all of the trinions are indeed kernel func-
tions of the BC; van Diejen model.
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Figure 11: Quiver of the Ay trinion theory and its Seiberg dual. This trinion is ob-
tained by compactifying the (Dy_,3,Dy,3) minimal conformal matter theory on a
sphere with two maximal SU(N + 1) punctures and a minimal SU(2) puncture with
flux breaking the SO(12 + 4N) symmetry to SO(8 + 4N ) x SU(2) x U(1).

4 Ay generalizations

In this section we will generalize considerations of the previous section to the compactifica-
tions of the minimal (Dy 3, Dy.3) minimal conformal matter with N > 1. We discussed three
versions of E-string compactifications that upon generalization to the higher rank should lead
to three different trinion theories and hence three different finite difference integrable Hamil-
tonians.We will concentrate only on one of these three possible generalizations. Namely we
will consider Ay case which is a direct generalization of the A; van Diejen model considered
in the Section 3.2. We will obtain a system of (4N +12) AAOs depending on p, g and (2N +6)
extra parameters each.

The (Dy 3, Dy43) minimal conformal matter theory is a 6d (1,0) SCFT. The six dimensional
symmetry group is Ggqg = SO(12+4N). For the case of N = 1 the SO(16) symmetry enhances
to Eg. Upon compactification to 5d there are three different possible effective gauge theory
descriptions (depending on holonomies turned on the compactification circle): with either
SU(2)N, USp(2N), or SU(N + 1) gauge groups. The descriptions relevant to us are the latter
one. We will consider maximal punctures with G54 = SU(N +1) and a minimal SU(2) puncture
which can be obtained by partially closing the USp(2N) puncture. Note that for N = 1 the
three descriptions in 5d coincide.

The trinion theory 7;“3,’2 we will use was obtained in [34]. It is SU(N +2) A/ =1 SQCD
with (2N + 4) flavors. The quiver of the theory is shown on the Figure 11. While in A; case
all of our punctures were minimal now in higher rank case we have two maximal punctures
with SU(N + 1) global symmetry and one minimal puncture with SU(2) symmetry.
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The index of the theory is given by

N+1 N+2 N+2N+1
N(x y,2) = KNHj( l_[ 2mt l_[ l_[ l_[r ((pq)g(N+2)u2N+4t o )
i#j e(f_j) i=1 j=1
L, ((PQ)mVZNHtiJ’j) I, ((PQ)ZW;”)WZNMtizﬂ) X
2N+4

[T (o™ @)™ w2il), @D
=1

where

. N—1 . N—1
KN:(p,p)ooN('q,q)oo ' “2)

SU(N + 2) gauge symmetry is parametrized by t;’s with the relation

[[e=1. (4.3)

Global SU(N+1) symmetries of the maximal punctures are parametrized by x; and y; satisfying

N+1 N+1

l_[szl_[yj:l- (4.4)
j=1 j=1

Each puncture has (2N + 6) moment map operators with the following charges:

Mu = N + 1X ® (ZN + 4uN+3V7N71W72 D l(qu+1)2N+4) D N + ].x ® l(uNW2)2N+4 5
M,=N+1"® (ZN + 4 n+3,-N-1,—2 © l(qu+1)2N+4) &N+ 1 ® l(va2)2N+4 s
M, =2"Q® (ZN + 4(uvw_2)—N—1 ® l(WVN+1)2N+4 @ l(wuN+1)2N+4) , (4.5)

so that each moment map has 2 baryonic and 2N + 4 mesonic components. Notice also that
one of the baryons in M,, and M, transforms in the antifundamental representation of the
puncture global symmetry.

We will proceed along similar lines as in the A; case considered in Section 3. We will start
by considering particular example of the finite difference operator AAO. Then we will proceed
with giving general expressions covering all possible combinations of puncture we act on and
moment map we give vev to in order to introduce defects. Finally we will discuss the duality
properties (2.6) and (2.7).

4.1 Closing with 1, i1y Vev.

The Ay trinion we consider here has one minimal puncture with symmetry SU(2), and we
close it by giving vev to one of the M,, moment maps.

We follow the usual algorithm summarized in the Section 2. We start with some arbitrary
theory ’7:f with SU(N + 1), maximal puncture and index Z(a), where a = x or a = y. For
concreteness we consider the theory with an SU(N + 1), puncture. Then we also glue two
trinions 7;“4}, and conjugated one 7_;“‘3,2 along SU(N + 1), puncture resulting in the four-

Iy4

punctured sphere theory 7, ;. ; shown on the Figure 12. This theory is just SU(N + 3) SQCD
with (2N + 6) multiplets and some extra flip singlets. The index Kf"’ (x,%,2,Z2) of this theory
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2N +5

Figure 12: Quiver of the Ay four-punctured sphere theory obtained by S gluing two
three punctured spheres. Note that there are superpotentials corresponding to the
triangles as well as certain baryonic superpotentials preserving the puncture symme-
tries.

is specified in (B.4). Finally we can S glue this four-punctured sphere to our theory with
SU(N + 1); maximal puncture by gauging this symmetry.

Now we can close z and £ minimal punctures which will result in obtaining expression
for the index of the tube theory with the defect introduced. For now let us choose to close
these punctures by giving vev to the baryon 1 (wuN+1)2N - This amounts to giving the following
weights to z and Z variables:

—(2N+4) _p _ (2N+4) _g _§
(N+1)) T Kp™ (N+1)) aKp™ . (4.6)

z=(pq)? (wu . E=(pq)? (wu

where K, M, K, M are positive integers. In order to introduce simplest single defect we should
choose M = M = 0 and either K = 1,K = 0 or K = 0,K = 1. Let’s start with the first case
corresponding to the SU(2), puncture closed with the defect introduced while SU(2); puncture
is closed without a defect. This choice of z and £ as usually corresponds to the pole of the index
originating from the contour pinchings. Computing the residue of this pole and higgsing all of
the gauge symmetries we finally obtain the following finite difference operator AAO:

N+1

019 7(x) = (ZAEf,;l’O)(x)Aﬁ;O) + w<€;1’°>(x)) I(x), &= (wuV)
l#m

4.7)

where we have introduced the operator Ay, shifting two of the x variables in opposite direc-
tions as follows:

AL F () = f (= 71X, X — g - (4.8)
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The shift part of the operator is given by

L _oN—4_ —(N+1)(2N+4),.—1 1 _4N—8, —N(2N+4)
A(?;';l,())(x) _ 6p ((pQ)ZU v X; ) 0, ((pq)zw u xm) §

Op (q%) Op ();_T)
2N+4

0 (pq)%u_N_SvNHsz_la._l %
] p 1 Jj
J:

1 _ 1
N+1 9p ((pq)2W4N+8uN(2N+4)xi 1) 9p ((pq)ZH(N+2)(2N+4)xi)

[

iFm#l O (%)Qp (J;_m)

Notice that there is sharp difference with the A; case in (3.13). The latter one depended only
on the charges of the moment maps of the puncture we act on. On the other hand it is obvious
that while the terms in the first two lines of the expression above also depend on the charges
of the moment maps M,, the terms in the last line depend on the charge of the moment map
we gave vev to. When N = 1 this last product is absent and we return to the expression in
(3.13)

Finally the constant part of the operator is given by

. (4.9)

2N +4 -1 _1\(N+1)(2N+4)
WwEL) () = l_+[ 0, (u=(N+DRN+5),=N=1),-24-17 ) % (q (vu) )
i=1 P J 0, (pq2W4N+8u2(N+1)(2N+4))

1 1
N+ g ((pq)§W4N+8uN(2N+4)xi—1) N+ Q) ((pq)zu2N+4v(N+1)(2N+4)xm)
i=1 gp ((pq)—%u—(N+2)(2N+4)q—1xi—1) =1 Qp ((pq)%u(N+2)(2N+4)qu)
6, ((pq)%w“N*BuN(ZN‘L“)xi_l) 0, ((pq)éu(N+2)(2N+4)xi)

X
Ll o 2)5, ()

2N+4

[0 (po7 v w2x,a;). (4.10)
j=1

X

This constant term is a direct generalization of the one appearing the A; discussion and de-
pends on all of the moment map charges M,, as well as on the choice of the operator we give
vev to. Details of the derivation of this operator can be found in the Appendix B.2.

In N =1 case the operator derived above reproduces operator OE{Z;“12W6;1’0) given in (3.13).
In Section 3.2 we have also introduced operator @)(CZ;“12W6;1’0) obtained by conjugation (3.16)

of the operator (’)Sf;“mws;l’o). The resulting AAO was identical to the BC; van Diejen AAO.
Now in Ay case we also can perform conjugation which takes the following form,

N+1 N+1

OO =TTr. (@) (w?) ™" 5 ) 0O [ 1, ((pg)? (¥ w?) ™ xi)_l ’
i=1 i=1
(4.11)

Only the shift part (4.9) of the operator is affected by this conjugation. It changes to the
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following expression:

~(&;1,0 —
AS0(x) =
N+1 N+1

l_[ Le ((pq)% (Vw2 xi)Agiil’o)(X) l_[ T, ((PQ)% (uVw?) ™ xl‘)_l =
. i=1

2N+6 .
0 2hlx ! 1 _ 1
jl:[1 p ((PQ) i X ) N+1 9p ((pq)2W4N+8uN(2N+4)x. 1) A ((pq)zu(N+2)(2N+4)xi)

0
1
Op (q%ﬂ)ep (%) i#m#l Op (;(_1) O (fc_m) ,
(4.12)

where h; are the U(1) charges of the moment map operators of SU(N + 1), with one of the
baryonic operators flipped:

M,=N+ 1*® (ZN + 4 n+3,-N-1,2 @ 1(qu+1)2N+4 ® l(uNWQ)—ZN—4) ,

I\7[v =N+1"® (ZN + 4 N+3-N-1,2 D l(qu+1)2N+4 ) l(vNWZ)—ZN—4) , (4.13)
while the moment maps M,, remain the same. Notice that when N = 1 these moment maps
are exactly the same as the ones in (3.18) we have obtained flipping one of the baryons in
A; model. However in A; case the flip did not have any good motivation except that the
operators (3.20) and (3.22) are exactly equal to the van Diejen operator (3.1). In the higher
rank case it is obvious that the choice of the moment map to be flipped is determined by the
form of the moment maps (4.5) itself. In particular we can see that one of the baryons in
M, and M, moment maps transforms in the antifundamental representation of the SU(N + 1)
global symmetry of the corresponding maximal puncture. Flipping this baryon we arrive at
the moment maps (4.13) all of which transform in the fundamental representation. Hence the
choice of the particular operator and the flip itself is clear and natural. Since this flip affects
only the shift part and keeps constant part (4.10) the same we arrive at the following operator,

N+1

OEL0). T(x) = (ZAEiil’(’)(x)A%i;‘” ¥ w@ﬂm(x)) (), &= (w1,
l#m

4.149)

where Agi;l’o)(x) is given in (4.12) and AST;O) is the same shift operator given in (4.8).

One more thing to be discussed here is an alternative way to close the punctures. In
particular we can make an alternative choice of integers K,K,M,M in (4.6). Previously
we introduced defect closing SU(2), puncture by choosing K = 1 and K = 0. But we
can make an opposite choice K = 0,K = 1 corresponding to the defect introduced clos-
ing conjugated SU(2); puncture. Alternatively the same goal can be achieved by introduc-
ing defect in SU(2), puncture but also flipping baryons of both z and Z that we give vev
to. At the level of index this reduces to including the flip singlets contribution of the form
T, ((pq)% (uN+1w)_2N_4 zﬂ) T, ((pq)% (uN+1w)2N+4§i1). One way or another we give space

dependent vev to the baryon with the U(1) charge £~% = (wu® +1)_2N_4. Both calculations

lead to the same finite difference operator. After performing conjugation (4.11) this operator
takes the following form:

N+1
OF 0. 7(x) = (Zfﬁ O + W“”LO)(x)) I(x), &= (w1,
l#m

(4.15)
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where the shift part is given by

2N+6 S
[T 6, ((p)zh;*xt)
F(E5L,0), =L
Alm (X): . s
O (qx_z) O (xT)
N+1 9p ((pq)%w—4N—8u—N(2N+4)xi) 9p ((pq)%u—(N+2)(2N+4)x_—1)

A
l_[ : , (4.16)
i#ml 6, (3) 6 (%)
and the constant part is
IN+4 0 (q_l (uv_l)(N+1)(2N+4))

(71,0 — (N+1)(2N+5) . N+1, 2 —1 —1)_P
wy (x)= l—! 0, (u Vi wigT ) 0, (q-2wAN+82(N+1)(2N+4))
J:

1 _an_g _ 1 _on_4a _ _
Ilv_[l 9p ((pq)zw 4N—8,, N(2N+4)xi) N+1 9p ((Pq)zu 2N—4,, (N+1)(2N+4)xm1)
i-1 0, ((pq)—%u(N+2)(2N+4)q—1xi) m=1 0, ((pq)%u—(N+2)(2N+4)qxn—11)
N+4

0, ((pq)%u_N_3vN+1w2x;llaj_1) %

N

j=

—_

1 _unN—g§ — 1 _
9p ((pq)iw 4N-8,, N(2N+4)xi)9p ((pq)Zu (N+2)(2N+4)xi 1)

i#m % (q_l);_?) % (;c(_m)
Details of the calculations of this operator can be found in the Appendix B.3. One interest-
ing feature of the operators derived above is dependence of the shift parts (4.12) and (4.16)

on the fugacities of the moment maps we give vev to. In N = 1 case considered in the previous
section these shift parts in turn depend only on the fugacities of the puncture operator acts on.

(4.17)

4.2 General expression

We can proceed with general expression covering all possible combinations of punctures we
act on and operators we give a vev to. We will always be closing SU(2), minimal puncture
giving vev to various components of the M,, moment maps operators in (4.5). As an input in
each case we have (2N + 6) parameters h; of the moment map operators we act on. We will
always consider AAOs with conjugations similar to (4.11) already included. Hence instead of
h; charges it is convenient to consider charges of the moment maps (4.13) with the required
flip already included. We will denote corresponding (2N + 6)-plet of charges as f;.

Let us assume that we act on SU(N + 1), maximal puncture with the conjugations (4.11)
already in place. The index a can be u or v with x® = x and x") = y. Charges of the
corresponding moment maps M, with the flip included are fll(.a). Now assume we give a
space dependent vev to one of the minimal puncture moment map operators the U(1) charge
&= flga)(il(a))_% where i@ = l_[?ivfr 6 fll(.a). Notice that a component of the moment map opera-
tor with weight h is not necessarily present among the M,, operators. However, if the operator
with this weight is not there then necessarily an operator with the conjugated weight, £~} is
and thus we can introduce a flip field to change the weight of the moment map component to
£. Without loss of generality for notational convenience we will assume then that he operator
with weight & is present. The flip of the moment maps depends on the puncture we act on.

For example if we act on the SU(N + 1), R = (uw_l)B(N+2)
be read from:

and the weights after the flip can

M]g/u) = 22 ® (ZN + 4(uvw*2)_N_1 ] ].(WVN+])2N+4 ] ].(WuN+])—2N—4) 5 (4.18)
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@;ﬁ;lyo;nf)(fli’ i,)-

Flipping all of the punctures
with operator U(h) = )

(&g

@g(f‘l;lﬁﬂmuf-)(ﬁ—l 21 N

(ARt}

(’jg(fil;l’om‘f‘)(ﬁ*l ;U (h)-

i M

@&5;1,0;,{)(};“%) = U(h)—lég;l,o;n.f.)(}“L—1 l‘-_l)U(h)

i 0V

Figure 13: Geometric proof of the relation between flip OEL%f) and no flip
O&Lonf) operators. In the first line we present the construction of no-flip oper-
ator. Then we proceed with flipping all moment maps of all punctures. Finally in the
last line the relation between flip and no flip operators is explained.

In case we act on the SU(N +1),, puncture we have h") = (vw_l)S(N+2) and the weights after
the flip are given by

M&/V) =2°Q® (ZN + 4(uvw,2)—N—1 &) I(WVN+1)—2N—4 @ l(WuN+1)2N+4) . (4.19)

Thus we have a choice of (2N + 6) operators to give vev to. Additionally there are (2N +6)
more operators coming from closing punctures with the flipped moment maps vevs ili_lil‘l‘. In
our example summarized in the previous subsection closing with no flip corresponded to the
space-dependent vev of L un+1y-28-4 according to M,, moment maps in (4.18). This results in
the operator (4.15). If we consider closing with the flip it would correspond to giving space-
dependent vev to the L unery2nes leading to the operator specified in (4.14).

Each of the (4N + 12) total choices leads to a distinct though sometimes related AAO.
Performing calculations in various cases we can empirically find the expressions covering all
possible choices of operators obtained closing punctures with no flips:
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<9 1,0in.1.)

o ()=

~ (a), ~
(Z ACTLO (e 10) 1 € ’1’0)(x(a),h(a)))l(x(a)), (4.20)
l#m

where Sga) is the charge of the moment map we give space dependent vev to in order to
close the minimal puncture. This moment map should be chosen from (4.18) and (4.19) and,

according to what is written above, equals ilga)(fl(a))_%. The shift part of the operator above is
given by

N+6 N -1
17 .(a)
Ul ()t (A% )
(a) (a)
9p( (a))e (q (a))
- _ -1
w1 0, ((pa)Pe® (1) <) 6, ()t e ()™ (x@) )

k#m#L X, xgy)
& —m_
#mi O 2@ Op <@

and the constant part is given by:

~(5( 9;1,0)
(x@) =

, (4.21)

16, (q—l (£R) (fl(”)%)
iy t J
WELO((@) f@y = I — x
6, (q_2 (5 Ea)) )
vit g, ((pg)7El® (@) x(®)
(ot (&) 6 o)
2N+6 -1

w1600 (B7x0)

Jj# )
’”Z:;Qp ((pq)%iga)(?z(a) () )
¥ 6, ((Pq)%iga) (R@) ™ () )9 ((pg)#& (A@)* @)

) @
o (r5)e ()
— 1
If we put a = u,x@ = x and A® = (uNWZ)_ZN_4 and &; = (ilgu)) ' (fz(“))‘_‘ = (uN+1w)2N+4
using expressions above we reproduce previously obtained operator (4.14), (4.12) and (4.10).
If we close minimal punctures with the flip we obtain similar expressions for (2N + 6)
operators which appear to be simply related to the no-flip operators summarized above. In

particular using simple argument based on gluing constructions (see Figure 13)we can expect
these operators to be related by the following conjugation

. (4.22)

O (x@ @) =y OO (O, GO, @2y
where U is the conjugation operator given by
2N+6N+1
=[11]x ((pq)zh x) . (4.24)
j=1 i=1
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Let us discuss the argument of Figure 13. We start with gluing trinion with two maximal punc-
tures of the same type and one minimal puncture. This trinion can be obtained from the four-
punctured sphere after closing one of the minimal punctures without introducing defect. Then
we flip all of the moment maps in all of the punctures and close minimal puncture with defect
introduced. This also corresponds to the substitution & ga) - (& ga))_1 and ilga) - (711(.'1))_1
inside operator and all indices. Finally we can interpret resulting construction as flipped
operator O, i.e. one closed using vev of the flipped moment map with the charge £, on the
usual puncture with ill(a) moment maps charges. As the result we obtain conjugation (4.23).
Applying this conjugation to shift (4.21) and (4.22)

(5951,
Ox(a)

0;f.) . I(x(a)) =

gl ~(£9:1,0) (1,0) (@, -

DA T )ALY  wETLO (@) (R@)T1) | Z(x @) (4.25)
l#m

When we put N = 1 in the expressions above reduce to the previously obtained results
(3.20) and (3.22). Notice that in the A; case we were getting 16 operators all of which were
equal to the BC; van Diejen model up to a constant shift. However here the 4N + 12 operators
differ more significantly, e.g. also the shift part is different.

4.3 Duality relations

We can check some the duality identities introduced in Section 2. We start with the
commutation of the operators (2.6). In our case we require all of the (4N + 12) operators
(4.20) we derived to commute:

O O x(ﬂ) 2 x(ﬂ)

x(ﬂ) 2 x(ﬂ)

[ A (£931,0:0) ~(£§“):1,0;ﬁ)] _ [ HE 0L @(55«");0,1;/3)] _

Ox(a) 0 =0, Vi,ja anda,p =f.orn.f..(4.26)

[~(§§“);1,o;a) ~(€§“’;o,1;/5)]
In A; case all of the operators acting on certain puncture were actually the same van Diejen
operator up to a constant shift and their commutativity trivially followed from this fact. This
is not the case here since now we have (4N + 12) distinct operators and the proof of their
commutation relations is involved. Though we don’t have strict proof of it in the Appendix
E.2 we give strong evidence in its favor. In particular we break the full commutators (4.26)
into parts according to how these parts shift the trial functions. Then we show that each part
is zero. However to in our arguments we rely on g and p expansions instead of a strict proof.

Finally we can obtain kernel functions of the operators (4.20). By our construction we
know that superconformal index of any N/ = 1 theory obtained in the compactification is a
kernel function of this finite-difference operators. Simplest examples are trinion index (4.1)
and index of the tube theory we will specify below.

For the Ay trinion index (4.1) kernel function property (2.7) reads

~(§5”);1,0;a) ~(Ef~v);1,0;/3)
Ox ' y ’

Ky (x,y,2)=0 Ky (x,y,2), Vi, (4.27)

where

N+1
&y =] [ n (o @ w?) ™ e )n (o) (W) ) K (x,y,2)
i=1

(4.28)
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is the conjugation of the kernel functions required to accompany corresponding conjugation
(4.11) of O operators. Notice that the moment map we give vev to should be equal on both
sides of the kernel equality. But on different sides of equality it can correspond to different
types of flips and hence we should use different indices a and 3 which can be equal or not.
Just like in A; case the proof of this kernel identity is technically complicated.

However instead we can follow the lines of Section 3 and study the kernel function prop-
erties of tube theories. If we close the minimal puncture of the trinion theory giving vev to
one of the baryonic maps in (4.5) we obtain Wess-Zumino tube theory 7;2 0)" For a particular
example we will consider here the case of giving constant vev to the 1 w12+ baryon. In this

case we do not introduce any defect into the theory. As usually this corresponds to capturing
(N+1))_(2N+4)

the residue of the index (4.1) atz = (pq)_% (wu that emerges due to the contour
pinching. It can be easily seen from the positions of the poles in the integrand of (4.1). One
of the possible combinations of the poles giving identical contributions is:

1
t; = (pq) @ u_ZN_A'xl._lq_kip_mf ,i=1,...,N+1,
1
tN+2 = (pq)_z(N+2) W_ZN_4Z_1q_kN+2p_mN+2 . (4‘29)

Using SU(N + 2) constraint we can rewrite poles of the first line in the expression above as
poles in ty,:

N+1 N+1 N+1

N+1 2k 2m
tyin=[ |67 = (B 2N DO S T ST (4.30)

The line of poles in (4.29) are outside the integration contour while (4.30) are inside. When
— 2 +2

z = (pq)_% (wu(N +1)) (2N+4)q_zgv=+ ip ~2i5 M these two lines of poles collide and contour

gets pinched. Choosing k; = m; = 0 V i we get the required pinching. Substituting these

values into the integrand (4.1) we obtain the index of the tube theory,

2N+4
(2 0)(x y)=TL, (qu4N+8 2(N+1)(2N+4)) l_[ T, (u—(N+1)(2N+5) ~N-1,,~ al) y
=1
N+1 N+1 )
l_[ T, ((u—1V)2N+4 iji—1) I_[ T, ((pq)zw—4N—8v—N(2N+4)yi) »
Lj=1 i=1

2N+4

T, ((pq)2v2N+4 (N+1)(2N+4) ) l_[ T, ((pq)zuN+3 “N-1),-2,. az) (4.31)
=1

where we have already performed the conjugation of (4.28). Theory described by this index
is shown on the Figure 14. The kernel property (2.7) in this case reads

O(gl 1 O a) KAN

@ 0)(x,y) = (’)(51 L0 KAzNO)(x ¥), Vi, a,f=f. orn.f.. (4.32)

Here on both sides of the equation shift operators are obtained giving vev to the same moment
map in M,,. Notice that it can happen that the operator should be considered as flipped on one
side and not flipped on the other side of the equation. For example let’s assume we give vev
to l(wuN+1)2N+4 baryon. When we act on SU(N + 1), puncture this baryon should be considered
as flipped according to the moment maps summarized in (4.18). So on the lhs of (4.32) we
should use expressions (4.23) for the operator. At the same time when we act on SU(N + 1)y
puncture this baryon is not considered as flipped according to (4.19) and hence we should use
expressions (4.20), (4.21) and (4.22) for the corresponding operator.
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Figure 14: Quiver description of the Ay tube theory.

In A; case we provided the proof of the kernel property (4.32). However for N > 1 we do
not attempt to do so analytically. Instead we can rely on q and p expansions for the lower rank
cases. We summarize this analysis of kernel identity for one particular choice of operators and
tubes in Appendix E.3.

5 Discussion

Let us briefly summarize and discuss our results. In this paper we have first utilized a variety
of explicit 4d descriptions of compactifications of the rank one E-string theory on surfaces to
derive an integrable model corresponding to the E-string theory. As was previously derived
using yet another description in [25], this model turns out to be the BC; van Diejen system.'®
In all the different derivation we obtain the same model (up to constant shifts). This is a
non trivial check of the dictionary between 4d theories and 6d compactifications as one can
think of the integrable models as being associated locally on the surface to punctures, while
the difference in derivation has to do with how we define the compactification globally on the
complete surface. The indices of various compactifications are expected to be Kernel functions
of the BC; van Diejen model providing a number of mathematically precise conjectures. It will
be very interesting to study these conjectures.

Our second main result is the explicit derivation of a generalization of one of the routes
to the BC; van Diejen model. We have considered the rank one E-string as a first item in a
sequence of 6d SCFTs, the minimal (Dy 3, Dy3) conformal matter theories (N > 1). Upon
compactification to 5d these models have (at least) three different effective gauge theory de-
scriptions. This leads to three different types of maximal punctures one can define on a Rie-
mann surface when compactifying to 4d. We have utilized one of these descriptions, the one
with SU(N + 1) gauge group, and the associated compactifications to 4d derived in [34], to
obtain an Ay generalization of the BC; ~ A; van Diejen model. The derivation leads to a
set of commuting analytic difference operators and the indices of the compactifications of the
minimal (Dy,3, Dy,3) conformal matter theories are expected to be Kernel functions for these
operators.

There are several ways in which our results can be extended. First, one can utilize the other
two 5d descriptions of the minimal (Dy 3, Dy,3) conformal matter theories to derive analytic
difference operators associated to Cy and (A;)N root systems. The relevant three punctured
sphere for the former is defined in Appendix B.5 Figure 21, while for the latter it was obtained

15See also [30] for a higher dimensional derivation using SW curves.
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O N O

Figure 15: Upon a circle compactification of the non minimal (D, D) conformal mat-
ter, k M5 branes probing Dy 5 singularity, with proper holonomies turned on one ob-
tains a 5d effective quiver description shaped as the affine Dynkin diagram of Dy 3
with SU(k) and SU(2k) gauge groups as depicted here. Upon compactification to
four dimensions this five dimensional description gives a puncture with symmetry
SU(k)? x SU(2k)N x SU(k)? with a pattern of moment map operators corresponding
to the Dynkin diagram.

in [38] (see Figure 9 there). Using the general procedure presented in [2] and discussed
here in Section 2 given these 4d theories the relevant operators are thus implicitly defined.
However, it would be very interesting to derive them explicitly and study their properties.
For example, the index of the WZ model of Figure 17 should be a Kernel function of the Ay
operators derived here and the putative Cy operatos. Also gluing together N three punctured
spheres (with two (A;)N maximal punctures and one SU(2) minimal puncture) of [38] one
obtains a three punctured sphere with two (A;)N maximal punctures and one Cy maximal
puncture: the index of this model thus is expected to be a Kernel function for the putative
(A;)N and Cy operators. Thus these generalizations and the mathematical properties they are
expected to satisfy can give us interesting checks of the various relations between physics in
6d, 5d, and 4d.

One can also consider the non-minimal (Dy3,Dy43) conformal matter theories: these
are 6d models obtained on a collection of k M5 branes probing Dy,5 singularity [72]. A
generalization of the effective 5d description with (A;)N gauge group is known and it takes
form of (Ax_1)? x (Agr_1)N x (Ar_;)? quiver gauge theory. This quiver gauge theory has a shape
of the affine Dynkin diagram of Dy 3, see Figure 15. The relevant 4d three punctured spheres
with two maximal punctures of this type and one minimal U(1) puncture are also known [45].
Thus one can apply the procedure of [2] directly in this case also. The models will depend
again on 2N + 6 parameters, however for k > 1 these should be thought to be associated with
Dy 43 X Dy 5 instead of Doy, of k =1.

It is also interesting to understand whether the various models associated to a given se-
quence of 6d theories have any interesting relations to each other. For example in the case
of k M5 branes probing an Ay _; singularity, the (Ay_;,Ay—_1) conformal matter theories, the
various integrable models [39,73,74] associated to different values of N were related to same
set of transfer matrices [73,75]. It would be interesting to understand whether any relations
of this sort exist also for the D series. Moreover, although three punctured spheres are not
know at the moment for the E series of conformal matter models, it would be interesting to
try and find a uniform definition of the integrable models which would be applicable to the
full ADE series of the conformal matter theories.®

As it was already mentioned in our discussion in certain cases there are more than one
effective 5d gauge theory descriptions which eventually lead through the procedure applied
in this paper, to a number of tightly related integrable models which however might act on

16The two punctured spheres are known for all the ADE series and these do take a rather unified form [71].
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different types of parameters. These models will have for example joint Kernel functions. The
Ay, Cy, and (A1)N models are examples of this. Such effects go beyond the D-type conformal
matter theories. For example in the case of A-type conformal theories in addition to a puncture
with (A;_;)V group!” there are 5d descriptions discussed in [76]. For k = 2 the associated
maximal punctures and three punctured spheres were discussed in [38]. It will be very inter-
esting to derive integrable models associated to these theories and study their relations to the
ones of [39,73,74].

The rank one E-string theory has yet another natural generalization to a rank Q E-string
SCFT: Q M5 branes probing the end of the world brane. A corresponding effective 5d de-
scription is given in terms of a USp(2Q) gauge theory. A natural generalization of the relation
between the BC; van Diejen model and the rank one case is the BC, model associated with the
rank Q case. For Q > 1 such models have nine parameters which fits the number of the Cartan
generators of the Eg x SU(2) symmetry group of the corresponding 6d SCFTs. Although here
the three punctured spheres are not known, and thus the procedure of [2] cannot be directly
applied, the two punctured spheres are known [27]. The indices of these thus are expected
to be Kernel functions for the BC,, van Diejen model. The relevant indices are directly related
to the interpolation kernels derived by Rains in [28,29]. The issue of having more than one
5d description is also applicable here. There is at least one additional effective 5d description
for the rank Q E-string theory [77]: SU(Q + 1) with level i% CS term, eight fundamental
and one antisymmetric hypermultiplet. It would be interesting to understand whether thus
there is an A, relative of the BC,, van Diejen model in the sense discussed above (e.g. joint
Kernel functions). Finally, the BC, van Diejen models are related to the D type RS models by
specialization of parameters (see Appendix D for a brief review of one facet of this relation.).
Thus there is a natural question whether the indices (and not only) of the corersponding 4d
theories, compactifications of rank Q E-string and class S (D-type class S or A-type class S
with twisted punctures, see for example [8,78,79]) have any interesting relations.

Another venue for a search for a systematic understanding of the relation between the
integrable models and 6d SCFTs is to consider the non-higgsable cluster theories [72]. These
are in a sense minimal theories in 6d. For some of them we know what the integrable models
are: A, RS for the A; (2,0) SCFT, BC; van Diejen for the E-string, the models derived in
[22] (and further disucssed in [23]) for the minimal SU(3) and SO(8) SCFTs. However, we
lack any understanding for other models in the sequence (the minimal F,, E¢, E;, E,1, and

71,
Eg SCFTs [19, 20]). It would be very interesting to understand the full sequence in 2cletail.
In more generality, there is a vigorous effort in recent years to classify and systematize our
understanding of 6d and 5d SCFTs in recent years (see for a snapshot of examples [6, 7, 48,
72,80, 81]), and it will be very interesting to understand whether association of integrable
systems to these models can on one hand help with this classification and on the other hand
whether novel interesting integrable systems can be found by utilizing this classification.

Finally it would also be interesting to better understand the relation between our results
and various manifestations of BPS/CFT correspondence [82]. One of such manifestations are
g- and elliptic Virasoro constraints [83-87] for various partition functions of supersymmetric
gauge theories. Particular example interesting for us are elliptic Virasoro constraints for A" =1
superconformal indices [88] with Wilson loop insertions. Usual Virasoro constrains are known
to be related to the Calogero-Sutherland integrable model. It would be interesting to reveal
connections between our AAOs and these elliptic Virasoro constraints.

7This is to be associated to a circular quiver of N A,_; groups, the affine quiver of Ay_;.
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A Special functions

We summarize here some definitions and properties of special functions used in the paper.
Elliptic Gamma function is defined through the following infinite product:

OO _ o k+1 m+1
Le=[] 1-p7 9" /2 %))

ok
km=o 1 TPMA"Z

It can be easily seen that the poles of this function are located at the following values of the
argument:

z=p kg™, k,meZs,. (A.2)
The following relation will be useful in our calculations:
re(pq)r (z)=1. (A3)

Also we will often deal with the elliptic beta integral formula

K§ 4miz T, (zﬂ) l_[F (6:z* l_[Fe (1)) - (A4

i<j

Here « is defined to be

k=(g:9)(p:p) =] Ja—q"H1—p™*). (A.5)

£=0

Ay generalization of this formula is

jﬂl_lzmz ( )_1ﬁﬁr(5121)r( )=

i=1 j=1
N+2 N+2 N+2 N+2
[[n(ssn(re) ] [ntse), (T =[]t s= l_[si) N
i=1 i,j=1 i=1 i=1

The Theta function is defined as follows:

6, (x) = (x; P)oo (X 7'P5P) o, » (A7)

where (2; p) o is the usual g-Pochhammer symbol defined as follows:

o0

(x;P)oo =] J(1—xp%) . (A.8)

k=0
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Following properties of theta function will be useful to us

I, (gx)
r,(x)’ ep

We will also use the following duality identity from [89]:

0, (x) = (x ) =—x716,(x), 6,(p™ =(=1)"x""p 2"V (x). (A.9)

8

vio= [] L(tt)n(tiatea) V), (A.10)
1<j<k<4
where
8

d nre(tjzil) 8
z j=1

V(D)= , t:=pq, |t:|,ls:]<1.

© Kjgzrciz I, (z%2) gl Pa, Itjl. ks

_ . . _ 4| f1tatsty
si=p tj, j=12,3,4; s;j=pt;, j=5,6,7,8 p= T (A.11)

B Derivations of operators

In this Appendix we will present derivations of AAOs mentioned in this paper. In Appendix B.1
we derive the theory corresponding to the compactification of minimal (D,D) conformal matter
theory on the four punctured sphere. In Appendices B.2 and B.3 we derive two examples of Ay
generalizations of van Diejen operator. Finally in Appendices B.4 and B.6 we discuss derivation
of the A% and C; AAOs both of which turn out to be van Diejen operators.

B.1 Derivation of A, four-punctured sphere.

In this appendix we derive the index of the 4d theory corresponding to the compactification of
the D-type conformal matter theory on the four-punctured sphere. For this purpose we start
with the trinion index (4.1) and S glue it to a conjugated trinion. This leads to

vt LN N+2
dt; df; dy; !
A 5 o5 2 : l ;
4 X, X,2, N+1RN [ ' ] ; ;
i=1 27t 2mit; j=1 27y i#j T (%‘)Fe (%)

N+1 N+2N+12N+4

Le ((pq)z(NlH) u2N+4tixJ')Fe ((PQ)ﬁVZN‘Mti j) X
Ty —2N—47—1. — ol N drie
(G =ty ) (w150

X
N+1 _N—1. —92,— N+L -~
L (@) )™ w2 ) T (pg) 7= @)V Wi ) . (B.1)
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z x
Yy u2N+4
— ==
N+2 N+2
Seiberg duality at

. node
Y

s Seiberg duality at

@ node

Figure 16: Chain of duality transformations of the four-punctured sphere theory.
As a starting point we use two S glued Ay trinions. Red lines correspond to the
conttributions of theflip singlets.

Now starting from this expression we perform a chain of Seiberg dualities which is shown
in the Figure 16. As the first step to simplify this expression we can notice that SU(N + 1),
node of this theory is S-confining so we can integrate y out using Ay elliptic 3-integral formula
(A.6).

N+1 dt~ df N+2

1
KN(x,%,2,8) = K2
4 ( ) N+1 l_[2mt 27it; DF ( )

£;
t}

Fe((Pq)ﬁu_ZN_“fi_lij_l) ((pq)ZNMWzNMt 1)

X

L ((p)™2 81T, ((pg) 555 (v )V wPia )T, ((pq)2<N+2) uN e

1 oN_ A~
Fe ((pq)2N+4W 2N 4ti lzil) ((pq)2N+4(uv) —N— 1 al)
L, ((pq)=a v N DWHD 1) ((pg)aves y 2N+ DN+

X
t). B2

Now we can perform Seiberg duality on the SU(N + 2), node which leads to the following
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index:
N+2 N+1 z N+3 1 N+2 1
A ~ ~
K4N(X’XJZ,Z)=KN+]_KN+2 l_[ l_[ l_[ l_[ t X
2mt 2mt &
Ui#j L, ; i#j Te £

>\.
I

1 =1

,_.
I

-
~
I

2 (N+1)(N+2) N+2

1 N+2
N+3  wINHs F tt; ) e ((pq)m(u_lw)4mx]:l t; | X

N+1
Fe (pq) 2(N+2)(N+3) 1y

— =

(N+1)%

(N+2)(N+1) ? +
L ((pa) ™ (w250 241 ) ((pq)wm W Ny 2 g l)x
L 2(N+1)(N+2),, 2N+4_=*1 1 N+3,—-N-1, -2
L ((pg)tv W, (pg)tu Py Nl 2a x, )
T, ((pq)%u2N+4v2(N+l)(N+2)x )1" ((pq)% (uv)—N—l W2N+2alzi1)

X
L ((pq)2gVT3)u W5y 41)(N+2) —4%1§t ) (B.3)

In this index f-integration corresponds to the SU(N + 2) gauge theory with (N + 3) flavors
which is S-confining so we can integrate it out using Ay elliptic -integral formula (A.6). This
will lead to the following integral,

N+2 N+3 1
Ki(x,X%,2,2) =« %
4( ) N+2§ 27'Clt l—[F (&)
Li#j Le t;
T 4N=*2 2 (N+2)(N+1)
[TIT]]x ((P‘D”” w ) X't ) ((pq)N+3( )T zilti)
i=1 j=1 I=1
1 +1)%
((pq)z(NtS)u o vWHw™ 2%”&11'? ) ((pQ)zuN+3 1y~ Clle)x
I ((pg) AV 2 e mgt s
Le ((pq)%uzNHVZ(NH)(NH)X ) L. ((PQ)% (uvw il) X
L, ((pq)%V2(N+1)(N+2)W2N+4zi1) ((pq)z(Nil3)u2(N+ll\3%+2)2W (I\Ilvtrzs)zt )x
l . — —_— ~
I ((PQ)ZU 2N(N+2)y,—4N ij)re ((pq)zu 2(N+1)(N+2),,,—2N—4 ﬂ:l)

1 4@ 1 (N+1)(N+2) i
L, ((pq)m(u‘lvv) e tifcj‘l)Fe ((pq)m(uW‘l) Vg 1) (B.4)

This expression stands for the index of SU(N + 3) gauge theory with (2N + 6) flavors (and a
superpotential which can be determined from the charges of the various fields), and will be
used as a starting point for closing punctures in our derivations.

B.2 Closing minimal puncture with 1, .v:4 eniam+1) VEV.

We will derive next AAO obtained by closing SU(2), minimal puncture of the Ay trinion (3.8)
giving space-dependent vev to the baryonic moment map 1, 2v+4,eN+an+1) -

We start with the index of the four-punctured sphere (B.4) having two punctures, SU(2),
and SU(2);, that we want to close. First let’s compute the residue of the index at
Z = (pq)_% (uN +1W)2N+4 corresponding to closure of SU(2); without the defect. This residue
is simple to calculate because the pole is present in the index explicitly due to the term

T, ((pq)% u—2(N+1)(N+2)W—2N—4§il) )
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Hence we just need to substitute corresponding value of Z into expression. As the result we
get SU(N + 3) gauge theory with (2N + 5) flavors. As the second step in the computation
we should compute the residue of the resulting expression at z = (pq)~2 (uN +1w)_2N_4 q!
corresponding to space dependent vev of the baryonic moment map 1, 2nv+4yev+4w+1. This pole
corresponds to certain pinching of the integration contour. Before performing this step it is
useful to apply a Seiberg duality transformation resulting in the SU(N + 2) gauge theory with
(2N +5) flavors and the following superconformal index:

N+1 N+2 N+2N+12N+4
K (x,%,2)= K'N_ng 2mt !;[ e(t_) !—1[ H l:[ T, ((pq)z(N+2)u2N+4x]tl y
i

L ((pq)2<N1+2>u2N+45c.t~)F ((pg @ w2441, ) x
L, ((pq)z(l\ll\li—sz) u—Z(N+1)(N+2)t ) ((pq)ZUM) (uv)™ —N-1,,-2 alt

L ((p s y2 M DO 1V (pg)E (N w?) 2V ),

X

)
T, ((Pq)2u —N—3 N+1W2az 1x ) ((pq) (qu+1)—2N—4x 1))(

)

')

(B.5)

where we omit all overall irrelevant constants. Now the pinching leading to the desired pole
in the expression happens at the following points:

2(N+2) 2AN+1T)(N+2) - 1—ky s

I — -1 _—k; N+1
= (pq) 2(N+2) Xl. q ", tN+2 = (pq)Z(N+2)u q

or
= (pq) Ty 2N DgAgki o = (pq) MW 2NNk (B 6)

where k; are partitions of 1, i.e. Zi k; = 1. This is only one particular choice of pinching point.
Of course there are (N +1)! such choices coming from the total number of roots permutations.
However contribution of each of them is the same due to the symmetry of the Weyl group.
Hence calculation can be done just for the point (B.6) and the result should be multiplied
with (N + 1)!. Since overall constants are irrelevant for our calculations we ommit the letter
coefficient. Let’s start with the pinching specified in the first line of (B.6). Computing this
contribution we get the following expression for the index of the tube theory depending on
the partition k = (kq, ko, , kKn42)

Koo =1 111

N+12N+4 T, ((pq)%UZ(N+2) 1- kN+2x)
i=1 1=1 [ ((pq)zuz(N+2)2 T+ki—ky 2,
_ 2 4 _
E ((pa) hu 22116
I, ((pq)_%u_Z(NJ'_Z)ZXi_ qu+2_1—ki)
Le ((pQ)%”N+3V_N_1W_2alxiqki)F ((PQ)% (Vw2 kgt

)
)
)
L ((p@)2u 2+ 5 g 7% ), ((pg)? (wv*?) N+4xlqk’)"
%)

1—‘6 ((pq)2 u2(N+2)2 = kN+2xl x

X

Fe ((pq)% (qu+1) —N- 4X ) ((pq)zu —N-3 N+1 2 1
om0 )e (B ] HET ) ( l

e 1) %e X; i 1—- ( qk k e
Fe (pqz_kNJrZ) Fe (pq3—kN+2 (uN+1W)4N+8) Fe (quJrz—l (Vu_l)Z(N+1)(N+2)) 8

. ((u2N+5v)—N—1 W_Zazqu+2_1) ) (B.7)

X

X

T,
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To get the full expression for the tube theory index we should sum expressions above over
different partitions such that Zf[:ll k; = 1. The final expression for the index should be S
glued to the index Z(%) of an arbitrary theory with SU(N + 1); maximal puncture:

N+1

d5; 1
TR (x) = xy § ]_[ 2mx (x) K k)(x x)Zo(%). (B.8)

There are two kinds of partitions k to consider here.
I. First class corresponds to the following partition k;

ki=1,1<i<N+1, k;=0YV j#i. (B.9)

In this case the tube becomes

ON+4N+1
A 2 2(N+2)?
Ky 060 =T (pg) C; [111e ( ) ((p)2u2M+2’qx,

=1 j#i

X

X

L ((pg) 2™+ g%, ) T, ((p) 2P g )T, (pg) e vV Iw2a;x,9
.X‘) X

)

)

L () (@)™ )L () u 2 g )
Fe((pq)%(uNw2)2N+4qx71)Fe((pq)fu‘z(N”) XL ()2 (™)™ gx;)
)
)
)

X

( pq)3u N3N+ y2g —1) e((PCI) (wN+1)” 2N—4 1) o
((pq)Zu —-N-3 N+1W2al 1) ((pq)i (qu+1) 2N— 4xj_1

L (o) (@w?) ™ 7 5 (o (w7 )5 (00 (@)™ x,

N3 N1 N+1N+1 )?j ) % % )
+ — i i —
(0w [T (2 )n( Za u(2)e(202)).

X

k#i j=1
(B.10)
where C; is the following constant:
— 1. \2(N+1)(N+2) 4N+8
CizFe(q uty) ) (q(uNJr1 ) )x
2N+4
l_[ T, (q—lu—(N+1)(2N+5)v—N—1W—2al) _ (B.11)

Notice that as usually the tube theory has prefactor T, (pq2) which is equal to 0. Once we
perform S gluing (B.8) this zero is canceled by a pole which comes from the X integration
contour pinchings.'® These pinchings happen at

N+1
% =xonq" N, X;= Xa(j)q_kj’ Z ki=1, (B.12)

where o (i) are permutations. Due to the symmetry of all expressions w.r.t. X; permutations
we can fix to the choice o(i) = i. All other permutations will give equivalent contributions

8 Although we perform the computations in steps, the procedure really is to be understood as first gluing all
the parts together and then closing the punctures. In this way we will generate various vanishing and divergent
contributions, some of which will cancel out. In the end we will have only poles which correspond to closing the
punctures.
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resulting in overall irrelevant factor of (N + 1)! which we will omit in any case. Once again
we have two classes of partitions k; of 1.

La. First possible partitionis k; = 1,k; =0 V j # i corresponds to the pinching at X; = x;
Y j. In this case we obtain

1 N4+1 2N+4
% ((pq)z (wv?1) Xi) 2ﬁ49 ((Pq)%uNJer_N_lw_zazX') X
0, ((PCI)%UZ(NJ"Z)ZQXI') =1 ’ l
ﬁ 6, ((p0)? (¥w?)™ ™ x;) 6, ((p)?u™"*2’x;)

j#i 6p (;c_]) Oy (q_l%)

Lb. Second possible type of partitions is when k,, = 1 for some m # i and all other k; = 0
including j = i. This choice of the partition corresponds to the following pinching:

s
%9 = ¢,

IO(X), (B-]-S)

Xi=qx;, Xm=q Xy, Xj=x;,VjFi#m. (B.14)

Substituting these values into the integrand of (B.8) we obtain the following contribution

SEa o 0 6, (002 (w'w?) ™ " x) 6, ()2 (™)™ )
=5 )5on
m# 6, () 6 (az2)

2N +4

1_[ 0, ((pq)%u—N—stﬂWzal—lx;ll) %
=1

Iﬁ 6, (()?u*" %) 6, () (¥ w?)™ " x7)

jEm# % (i_,)ep (;c(_i)

where we have summed over all possible m and A,,; is the shift operator defined in (4.8).
II. Finally we should consider the second type of partitions in (B.6) corresponding to

AYOIT(x),  (B.15)

kN+2= 1, ki =0. (B.16)
This partition leads to the following index of the tube theory:

a N+12N+4 ) X .
£) = -1 o(N+2)2 —1_—1
K(;jkw)(x,x)—Fe(pq)CN+zl_1[ !_1[ 0, ((pa) 2u e 'x) x

1= =
L ((0@) ™22 )T, (0@) 2 vV w2ayx ) T, (pg)? (¥ w?)™ ™ gx1)

L

L (@72 2T, (pg)? (w™ )™ )T (07 (w™*1) ™ 27 )

1

N+1 o
T, ((pq)%u‘N‘%N“wzal‘lfc;l) T, ((pq)% (N w?) ;‘ci) l_[ T, (?) ,
j=1 i
(B.17)
where
Crag =T, ((vu_l )2(N+1)(N+2)) T, (pq2 (uN+1W)4N+8) y
2N+4
l_[ T, (u—(N+1)(2N+5)V—N—1W—2al) _ (B.18)
=1
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Once we glue it to an arbitrary theory as in (B.8) we obtain the pinching at X; = x; V i
compensating the zero coming from I, (pq) prefactor in the tube index. The calculation of the
residue results in

N+ g ((pq)% (uNW2)2N+4 xj_l)
IkN+2(x) = CN+2 l_[ -
j=1 Gp ((pq)—f u—2(N+2)2xj—1q_1)

To(x). (B.19)

One should also perform similar computation for the pinching specified in the second line
of (B.6). This calculation is identical to the one presented above and leads to exactly the same
results. We leave this calculation to the interested reader. Summing terms (B.13), (B.15) and
(B.19) we finally obtain the finite difference operator (4.7) with the shift part given in (4.9)
and the constant part given in (4.10).

B.3 Closing minimal puncture with the flipped 1, 2v:4,@viaw) VeV.

Let us derive the AAO corresponding to the closure of a minimal punctures by flipping the
baryon 1(,,~+1y2v+2) and giving vev to its derivatives.!® The calculation here is very similar to
the calculation with no flip presented in the previous Appendix B.2. However some details of
these two calculations differ so we summarize the calculation with the flip below.

We once again start with the index of the four-punctured sphere theory given in (B.4).
This time we add contributions of the flip multiplets:

KﬁN’flip(x,fC,Z,E) =T, ((PQ)% (uN+1W)—2N—4zj:1) %

T, ((pq)% (uNHW)ZNHéﬂ)KfN(x,fc,z,ﬁ). (B.20)

Now in order to close two minimal punctures we should compute the residues of the index
located at

z=(pq) 2 (VW) g, E=(pg) T (VW) N (B.21)

Like in a previous section we give required weights to z and Z one by one. We start with putting
5 = (pq) 2 (N +1w)_2N_4. As we have seen in the previous section without the flip the pole
at this value of # is explicit. However now with the flip the pole is not explicit anymore and
originates from the pinching of one of the integration contours at

N+l (N+1)(N+2)2 N+2)2

t;= (pq)2W+y*" ~+3 W4(N+3 , (B.22)

for any choice of j. Without loss of generality let us discuss the case of j = N + 3. All other
choices should give the same result so they contribute with an overall factor of (N + 3) which
is not relevant for our conclusions and will be omitted. Also in order to preserve SU(N + 2)
constraint we should rescale

____N+1 (N+1)(N+2) N+2
t; — ti(pQ) NN 2T N3 w AN ) (B.23)

After this we obtain the following expression for the four-punctured sphere with one puncture

19Usually flipping minimal punctures is not a simple geometric procedure, e.g. it is not in class S. However, as
the minimal puncture here is obtained by partially closing an USp(2N) maximal puncture [38], the flipping of the
minimal puncture can be thought of as partially flipping the maximal puncture and closing it to the minimal one.
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closed:
N+1 N+2
ks = | e[
Lij e(tj)
N+2N+12N+4 e I
1 l"e((pq)z(N”)u X; ti)Fe((pq)2N+4w z ti)x

j=1 1=1
(@ )ﬁu_ZN_A'J"cj_ ) ((pq)gvﬁuz(NH)(N”)ti)x

1
(

T, ((pq)2N+4 (uv)N+1 wzal 1 " ) ((pq);,mv 2(N+1)(N+2)ti—1)
(
(

(pq)2u2N+4 2AN+1)(N+2) ) . ((pq)guZN(N+2)W4N+8xj—1) y
(PQ)E (UVW_Z)_N_l az* )Fe ((pq)% (vN+1w)2N+4zﬂ) x

L((p)¥ v 2ax;) . (B.24)

Now notice that the pole at z = (pq)_% (uN +1W)ZN+4 q~! which was explicit before closing

SU(2); puncture is not explicit anymore and originates from the contour pinchings at two
e.20
points:

N k. N+l _
= (pq) FFEutN g ki, ty,y = (pq) ey 2N DN DG N e =

or
Ll —k o
= (pq) FHuPN R, tyi, = (PQ)2N+4U NN Kz Z ki=1,

(B.25)

and all possible permutations that result in an irrelevant overall constant factor. Like in the
previous section let’s consider pinching specified in the first line. Substituting these expressions

into the integrand and computing the residue of the pole we obtain the following expression
for the index of the tube theory

N+12N+4

(ANk)(x %)= q2—kN+z) l_[ l_[ T, ((pq)%uNH’:v—N—lW—zalxj) %

j=1 1=1

L () (@) )1 () (¥ w)™ 1) x
L ((pg) 222 x;q 77k ) 1, ((pg)2u 2Ny gtz )

Fe ((pq)_%u2(N+2)2qu—1—kj+kN+z) ((pq)zu—z(N+2)2 1 —kn42tk;

T, (%q_ki) N+1

)

r (ghver? (1 VU0V ﬁ 5 [1n (s5g™)
i#j Fe(x—;qkf_ki) i=1

)

)

X

—2(N+2)? —1 1-k N4 g k;
L ((pg)2u 22 g kv ), ((pg)? (u¥w?)” J
1 _ —4N—8

I, ((pq)Zu —N-3 N+1W2al x q )1“ (pq?’ kmz( N+1,,

1 N+1 2N -4 k 2(N+2 —k;

L (@) (™) x5 1q4 ) T (pg) 222  xg7h ) (B.26)
2Calculation can be done in another way. Namely we could have first closed SU(2), puncture by computing
residue of the explicit pole. This calculation would have lead to different but equivalent expression for AAO. In

particular the constant part W (x) of the operator (4.15) would take different form. For this reason here we choose
another approach leading to the result qualitatively similar to the non-flipped result of the previous apppendix.
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where k labels a partitions of 1, i.e. it is the vector with only one of the entries equal to one
and all others are zero. Now we S glue this tube to an arbitrary theory with SU(N + 1) global
symmetry in a usual way

~ N+1
) = x + L (5,0)Z0(5). (B.27)
N 2mx iz T, ( ) (4 k) 0 ’

As usually there are contour pinchings that depend on a particular choice of the partition k
in the tube (B.26). These pinchings cancel the zero in the index of the tube coming from the
term T, (pqz_kN+2). Just like in the previous section there are two distinct classes of partitions
contributing.

I. First class corresponds to the following partition 751-

ki=1,1<i<N+1, k;=0V j#i. (B.28)

For this partition tube index (B.26) reduces to

2N+4N+1
Ky %) =L (pa®) € [ [ [ T8, (02 (w'w?) ™ 7 x; ) (o) 2u 2+ 571
=1 j#i
Le ((pq)% (uNWZ)_ZN_4 qu) L, ((PCI)%UZ(NJrZ)ZXj) T, ((PQ)% (HVNH 2N+4 Xl) X
T, ((pq)%uN+3 —N—1,,~ alx) e((pq)%u—z(N+2)2)~ci_1q) T, ((pq)2u2(N+2) 1) %
x;:\ 1
T () Y o) T (g () M) 0 (x_]) 9
, N+1
6p ((PQ)ZU ANF2) ) [l_[F (xjxml)F q xx )]
(B.29)
where
C, =T, (q—l (uv—1)2(N+1)(N+2)) T, (q—lu(N+1)(2N+5)VN+1W2al—1) %
T, (PqB (uN+1W)—4N—8) . (B.30)
Once we glue this tube to an arbitrary theory we obtain contour pinching at
N+1
% =4 %), Xi=q""xg0), Z ki=1, (B.31)
i=1

where o (i) are permutations. We fix these permutations to o (i) = i. All other permutations
give the same result so we can just multiply the answer with the irrelevant constant factor of
(N +1)!. Once again we have two distinct classes of partitions of 1.

La. First partition is k; = 1,k; =0 V j # i which corresponds to the pinching at X; = x;
V j. In this case we obtain

If“")(x) = Iﬁ % ((pq)% (uNWZ)_ZN;4 xi) Oy (?Q)%u_z(mz)zxj_l) x

7 % (x_]) % (q_lx_;)
Op ((pQ)% (UVN+1)_2N_4 —1) IN+4 )
0, ((pq)2u—20v+22x1) l_[ 0, (P VW ) GT (), B.32)
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Lb. Second class of possible partitions is k,, = 1 for some m # i and all other k; = 0
including j = i. This choice of the partition corresponds to the following pinching:

J’Ei:q_lxi) J’Em:qua jz.j:xj) V];él;ém (B33)
In this case we obtain:
g, -~ O (002 (W)™ ) 6, ()2 () )
Il (X) - Z X X X
M 6, (x_m) 6p (qx_m)

IN+4
l_[ 0, ((pq)%u_N_?’vNHWZal_lxi_l) 9
=1

ﬁ 0, ((p@)2u 2+ ;1) 0, (pg)7 (Vw?) " x))

JEm#E Qp (%)Qp (%)

IL. Second class of pinchings in the gluing (B.27) corresponds to the partition:

AMeT(x). (B34

kN+2 =1 5 ki =0. (B.BS)

This partition leads to the following index of the tube theory:

A N+12N+4 1 -
K(4A;]kN+2)(X,)?) =T,(pq) Cyia l_[ l_[ T, ((pq)§ (uNwz) xj_l) y

j=1 1=1
L ((pg)2u 2251, (pg)2 (WM w?) ™ xjq ) T (@) 222 x; )

1 " 1 N+1
i=1

where

((uv_l)Z(N+1)(N+2)) T, (u(N+1)(2N+5)vN+1W2al—1) %

T, (pq2 (uN+1w)_4N_8) . (B.37)

CN+2 = Fe

Once we glue it to the index of the arbitrary theory we obtain the pinching at X; = x; resulting
in

1 —2N—4
N+l g, ((pq)2 (N w?) xj)

IkN+2(x) — CN+2
g 0, ((pq)~2u2W+22x;q1)

To(x). (B.38)

Finally one should perform similar computation for the pinching specified in the second
line of (B.25). This calculation is basically identical and leads to exactly the same results. We
leave the calculation to the reader. Summing terms (B.32), (B.34) and (B.38) and performing
conjugation (4.11) we finally obtain the AAO (4.15) with the shift term given in (4.16) and
constant term of (4.17).

B.4 Difference operator from A} trinion.

In the present appendix we give details of the derivation of the AAO (3.28) otained using A%
trinion theory. We start with computing indices of the tube theories (3.27),(3.26) with and

without the defects. For this we start with the trinon index (3.24) and set € = (pq)% t2a%q or
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l . . . . . .
e = (pq)2t2a®. Let’s consider the case of closing without the defect. In this case substituting
the value above we obtain

Koo = @ § g dyy T B (e )L (e 53)
2;0
3

4niy, | 4wiy, L, (yiﬂ)re (J’z )
[ It (pat?a®cic,) . (pqt?a®ee,) T(a™)
i=1

T, ((pq)1/2 azylﬂ:lzil) T, ((pq)l/zzﬂ:l ﬂ:l) T, (t—2a—22:|:1vﬂ:1)

L((p9)"? 2y VL (092 v y3 ) . (B.39)
Now we can use the duality identity (A.10). We split variables so that t*a™*
group of four and (pq)2z*! with (pq)? t2a2v*!

¢; is in the first
in the second group of four. We then obtain:

R |
KZL\;O)(V,Z) = KZFe(Pq)jg d}./l § dy, I1 N A (e e ((pq)Ztaclyz )
; 4riy, | 4miy, T, (ylﬂ)r‘e (yz )

3
l_[ T, (pqt?a®cicy) T, (t72a7266,) T(a )L (pqt*a™)T, (vilygﬂ)

T, ((pq)l/z azylilz:tl)l—-e(t a 2211},;:1) e((pq)l/z tzyitlvﬂ:l). (B.40)

Notice that there is [, (pq) factor which equals zero. However, as usual, at the same time
there is pinching of the integration contour taking place at y; = v*! which cancels this zero.
Computing contribution of this pinching we finally obtain an expression (3.26). In an identical

way we can obtain the tube (3.27) with the defect denoted as KA ! 1)(v z).
Now having expressions for both tubes we can conjugate one of them and perform S gluings
of the following form:

O - I(v) = «? § dz _dw K )(v,z)KAl W, 2)T(w), (B.41)

4riz 4miw T, (ziz) T, (w*2) (251 (2;0

gl
where K?Zl 0) is the conjugated tube, i.e. the one with all of the charges flipped. Substituting
(3.26) and (3.27) into expression above we obtain the following result:

4
oyt @ 1 a1 [ ay Hn(ateiatan?)
N 4riw T,(w*2) | 4miz T,(2*2) | 4miy; L (yi%)

L,(v?)
1/2 43 42 +1,%1 1/2 0342, %1, %1 e -2 -2 1
((PQ) q2a Y1'% ) e((PQ) qzt yiv )[Fe(qu)f‘e (t a ‘vz )x

L e 2a )L ()2 qeagv ) T, ((pq)%taav—l)ﬂvm—l}]

)F (t2 +1 :|:1)1—1 (a2x:|:1 :l:1)
1

jé dx; TTL L ((pg)2 e e e x!

4mix, T, (Xl 2)
1 ~—
T, ((pq)7 t_la_lci 1Wil)I(w). (B.42)

Next we perform two duality transformations of (A.10) type. First one is on x; node. The
split of the fields is chosen so that those charged under z or w are grouped together and so
the gauge singlets of the dual theory contain a bifundamental of SU(2), and SU(2),, gauge
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groups. Second duality is performed on the z node. Similarly to the first duality the fields
charged under w or v are grouped together. We then get,

4 _lq
4 L3 dw 1 dz 1 dy; [T T (q ta lciyfﬂ)
L,(qv2) | 4miw[,(w*2) | 4miz [,(2*2) | 4miy, T, (yliz)

L (a2y )T ((00) 2 g2 2y v )L ((0g) 22 20 2v2* )T, (pg) 2qtaciv) x

‘T 1,41
Le ((pq)%q_%t a7y 1zi1) e((PQ)%taEiV_l)f 4?1';()1( nl:lf‘ Etacz) - )x
1 o (X3

(g 207212 ) L ()2 €2 W ) L((pa) 2 2 22w DL, (vw*)

L(g v iw*hr, (pqq2x1 1i1)1"e ((pq)%t 1a_16‘1_1 jEl)T(W)+{v<—>v . (B.43)

X

The poles of T, (q v Wﬂ) and T, (vwil) collide when w = v*! or w = (qv)*! which results
in the integration contour pinching. We should sum over contributions of all these pinchings.
Terms with opposite powers contribute equivalently since w is a fugacity for the Cartan gener-
ator of SU(2). Substituting values of w at the pinching points we can integrate out first z and
then x; integrals using A; elliptic beta integral (A.4). The result of these integrations is

—2

dy, [T (q‘%t‘la‘lciﬁl) (

1 1
T 2g3t
aniy, ) e\ (P9)q

B L,(v)IL(g v2)
L((pa)iat ety )L () 2 g 2yt ) = L(gv).(v2)

KL (aM(g'a™ jg vyEh) x

li[ L ((pg)2qracy) T, ((pg)2 e a6 v TL(pgta™) li[ L((pg)2t a7y x
i i=1

11 9 1 _
T, ((pq)Zt laci Ly 1)l_ll“e(tzazcjlckl)I(v)+{v<—>v 1
j<k
+
1
T (a7 e e eys?)
KT (pgt*a M (aM (g a ™) jg = x
4my1 L, (yi?)
I Sq3t2y-1yE\ 5a5 2a%yvE\T 1/2 1342, %11 L(?)
\(Pp)2g 2t vy L ((pg)2q>t"avy L ((pg) " g2ty v L@

EN

[ Tt (et (Got e ) [ Trees 6] In (eote e e )
i i=1

i=1 j<k

L ((ea)iat a V)L ((pg)F a6 (qv)*)) Z(g) + v > v}, (B.44)
where the first term comes from the pinching at w = v*! and the second from the pinching
at w = (qv)*!. In both of the terms above we get an SU(2) theory with 4 flavors. In order

to proceed we perform (A.10) duality for these two theories. For this in each of the cases
we group together fields transforming in the fundamental representation of SU(4). global
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symmetry. Dual expressions are then given by

KT (aT (¢ a L (pg* ) (pg®a)T.(pg* t*a®T (pg* t YT (pg®v? )T (pg* t*a®v ™) x

1.9 _ dy; 1 4 101
r L2 2¢c _— I ig2tac;y )T 2t 4q %y
]_[ e(q j k)jg iy, Fe(ylﬂ)]:[ e((pq) qrtac;y; ) e(q yi )

j<k

L(q a7y (¢ e 2vﬂyiﬂ)r(v LeCaa )]i[Fe ((p)7qtaciv) x
i=1

L (qv3)L,(v—2)
4
91 1~1 = 4 1l 49 3 _ 1 -1 -
L((pg)2 e G v ) Lipgta ) ] L (o) ') L ()2 e e v )
i=1
[ [r(??c g ze) +{v v}

j<k

+
kL (pL.(pqv )L (pq*a" ), (pg* t*a T, (pg® t*a*v ), (pg* t O (pqt ~*a (eI (g 'a ) x

dy, l_[l 1 ((pq)2q2tacly1 ) —3.4 2 _1_=+1 1 oo 41 L(v*)
§4m‘y1 L (yi?) G T LI O )re(qzvz)

L (q 2a zvﬂylﬂ)]i[F ((piqtagv)T, ((p)2racy™) [ [rt?a®e; )%

i= j<k

—1,-2 — 19,1 -3 1. — 1 _ —
a2 2ge) [ [ (o)t e v L ((pa)2qt " ac'v) x
i=1

N

L ((pg)2 e ta e (qv)™ ) Z(gv) + {v = v} (B.45)

As usually we obtain zeroes in these expressions. In particular first term contains T, (pqz) and

second T, (pq) prefactors. These zeroes are cancelled by pinchings of integration contours. In
L 19 1o oo
the first term pinching takes place at y; = (¢2a®v"1)*! and y; = (¢ 2a?v~1)*!. Pinching in
. 1 N . .
the second term is located at y; = (q2a?v)*!. Substituting these values into expressions above

we precisely get the operator (’)1(,6“2“2;1’0) given by (3.28) and equal to the van Diejen operator
(3.1) upon the identification (3.29) of its parameters.

In a completely similar way we can derive AAOs for any pair of punctures we close and
we act on. For example the operator acting on SU(2), puncture that is obtained by giving vev
to the moment map of U(1), puncture with the charge t2a? is given by,

l_[le 0y ((PQ)% ta_lci_lz) 6, ((pq)% taE’l._lz)
0, (z2) 0, (qz2)
N 6, (q_l t_4) n?=1 0, ((PQ)% ta3ci_lz_1) 0, ((pq)% taEi_lz)
0, (q2t*a*) 0, (22) 0, (a*z72)
l_[?:1 6, ((PCI)% ta_lci_lz) 0, ((pq)% taEl._lz)
0, (@ 2t=*a=*) 0, (22) 6, (q71272) 6, (a=*22)
0,(q 'a )6, (¢ "t *a ) I(z) + {z = 27"} (B.46)

Oge;tzaz;l,o) -I(Z) —

T(gz) +

I(z) +
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Another example is an operator acting on the U(1), puncture obtained by closing the
SU(2), puncture giving vev to the moment map with the cahrge tac,. The result is given by,

6, ((p@)? e 2a*2¢ )Ty, 6, (093515 e) 6, ()i ;e
6, (€2)0, (ge?)
6, ((p9)?t2a%¢) 6, ((p9)? t%e,c; e )T, 6, (p0)?ETie ) 6, ((Pa)> a%Eycse ™)
6, (q2t72a72¢,2) 6, (€2) 6, (a2¢yc, ' e2) "
6, (47 a5 %e,) 6, (7' 2 252¢) 6, (p0)? )
6, (q2t72a28,2) 6, (¢2) 0, (¢~ 1€2) 6, (a=2¢; "c4¢?)

Ogv;taa;l,O) . Z(E) —

I(ge) +

0

p (47167, ey ) o) +

]_[ 0, ((pq)%a@je) 0, ((pq)%c4cje) Z(e) +{e — €7} (B.47)
j=1

Both of these operators above can be mapped onto the van Diejen model. Correspodning
dictionaries can be read from the difference parts of operators. In particular for operator
(B.46) the map is given by:

hi=ta'c;!,  hga=tdc]t, i=1,...,4, (B.48)

L

while for the operator (B.47) we obtain:

hi=c,'c;',  hys=¢, ¢, i=1,23, hyg=ta*. (B.49)
Just like in (3.29) van Diejen parameters map to the inverse U(1) charges of the moment
maps of the puncture we act on as can be seen from (3.25). Constant parts of both operators
(B.46) and (B.47) are elliptic functions with periods 1 and p. It can be checked that poles
and corresponding residues of these constant parts coincide with those of van Diejen model
summarized in (3.6) and (3.7). Hence we conclude that both of these operators can differ
from the van Diejen model at most by an irrelevant constant part.

B.5 Derivation of the USp(2N) trinion

In this appendix we construct a three punctured sphere, with two maximal USp(2N ) punctures
and one minimal SU(2) puncture, of the minimal (Dy, 3, Dy3) conformal matter. In the bulk
of the paper we use only the degenerate case of N = 1 (SU(2) ~ USp(2)) but here we will
outline the more general construction. The construction starts from the trinion [34] with two
maximal SU(N +1) punctures discussed in Section 3, and gluing to the two maximal SU(N +1)
punctures two tubes with one SU(N +1) puncture and one USp(2N ) puncture discussed in [46]
(see Figure 17). The dynamics of these gluings turns out to be S-confining. The relevant S-
confining gauge theory is depicted in Figure 18. This duality was discussed by Spiridonov and
Vartanov in [90] following mathematical results of Spiridonov and Warnaar [91] and we will
thus refer to it as Spiridonov-Warnaar-Vartanov (SWV) duality. For N = 1, 2 these dualities are
special cases of the standard Seiberg duality.

Let us briefly discuss the SWV duality. We start with asymptotically free SU(N + 1) SQCD
with one chiral field in the antisymmetric representation, 2N fields in the anti-fundamental
representation, and N + 3 fields in the fundamental representation. This is a non-anomalous
vector like matter content. We have two non-anomalous abelian symmetries: one depicted as
U(1), in Figure 18 under which the anti-fundamentals have charge +1 and the antisymmetric
field has charge —2, while under another one, denoted by U(1);, the antifundamentals have

charge +%, the antisymmetric charge 0 and the fundamentals charge _N+r3- Anomaly free
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2N -6
1 1
2N > N+1
0
Y/

Figure 17: A tube theory with one USp(2N) puncture and one SU(N + 1) punc-
ture. The flux corresponding to this tube breaks the 6d SO(4N + 12) symmetry to
U(1) x SU(2N + 6) for general N (breaks Eg to U(1) x E; for N = 1). The line
starting and ending on the same gauge node is in two index antisymmetric represen-
tation. We have a superpotential terms corresponding to the triangle and coupling
the two index antisymmetric to the antisymmetric square of the bifundamental be-
tween USp(2N) and SU(N +1). The R charges depicted here are the six dimensional
ones.

choice of R charges, which we denote by Rgy, is depicted in Figure 18. One can perform a-
maximization [92] on the two abelian symmetries and discover that the theory flows to an
SCFT with all the operators above the unitarity bound. For example for the case N = 2 the
superconformal R-symmetry is,

R:R6d +gqt—§qb. (BSO)
Next we consider deforming the theory by a superpotential of the form W = q?A. This is a
relevant deformation for any N. E.g. for N = 2 the R-charge of this deformation is g < 2. This
deformation breaks the U(1), symmetry. The claim of the SWV [90,91] is that this theory
flows to a WZ model in the IR, as depicted in Figure 18. In particular it was shown that the
supersymmetric indices of the two dual sides are exactly the same. For our computations this
equality is an essential input.

Let us now use the SWV duality to derive a three punctured sphere with two USp(2N)
maximal punctures. For N > 1 the three punctured sphere we will derive will be an IR free
gauge theory while for the N = 1 case it will be an interacting SCFT in the IR. We first give a
derivation for general N and then give more details for N = 1. We start with the SU(N + 1)
trinion and glue it to one of its SU(N + 1) maximal punctures the tube. Note that we need to
choose whether to ® glue, to S-glue, or a combination of the two. Because of gauge anomalies
we cannot use only ® gluing or S-gluing here. In fact the difference between the number of
components of the moment maps we use to glue in either way needs to be odd. We choose to
®-glue all the components of the moment maps but one: the one we S-glue flips the baryonic
moment map component which is built from N of the quarks charged under the SU(N + 1) of
the puncture we glue and the 2 quarks charged under the minimal puncture SU(2). See Figure
19.

In order to analyze the dynamics we turn on deformations one by one. We consider the
three punctured sphere with two SU(N + 1) punctures at the CFT point where all the chiral
fields have superconformal R-charge +%. First we turn on the gauge coupling. The anomaly
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W~ ¢*A W ~ M?B
mB — QN-I—I
i N
2N f—p N+1 i N+3 2N > N+3
q0 u Q Nig M = qQ

Figure 18: Spiridonov-Warnaar-Vartanov (SWV) S-confining duality. The line starting
and ending on the same gauge node is in two index antisymmetric representation.
The theory on the left has a superpotential in the UV and the theory on the right
has a dynamically generated superpotential. The duality can be reduced to Seiberg
duality [93] for low values of N. Note that for N = 1 the duality reduces to the
S-confinement of SU(2) with six fundamentals. For N = 2 we have SU(3) SQCD with
five flavors and a baryonic superpotential breaking SU(5) to USp(4). The Seiberg
dual theory is SU(2) SQCD with five flavors, gauge singlets, and the effect of the
baryonic superpotential is a mass term for four fundamentals. This leaves us again
with S-confining SU(2) with six fundamentals and a bunch of gauge singlet fields.

2N + 4 2N +5

2N

Figure 19: We glue a tube to one of the maximal SU(N + 1) punctures. The dotted
line represents the moment map field coming from the tube flipping the baryonic
moment map of the trinion. We then use the SWV duality to reduce the dynamics of
the SU(N + 1) gauge node to a WZ model and obtain the theory on the right.

TrRSU(N +1)? = # is positive and thus the gauging is UV free. We flow to the IR and turn
on the superpotentials one by one. First, the superpotential flipping the baryonic moment map
is irrelevant at this stage while the two superpotential terms involving the bifundamental of
SU(N + 1) and USp(2N) are relevant. We first turn on the one also involving the antisym-
metric field. In the IR we perform a-maximization again and now obtain that both remaining
superpotentials are relevant. We then turn on the superpotential flipping the baryonic moment
map. The remaining superpotential is still relevant so we turn it on and flow to the IR.

Then we use the SWV duality in the version of Figure 20 to obtain a simpler theory with
only one SU(N + 2) gauge group. We thus obtain a trinion with one maximal SU(N + 1)
puncture, one maximal USp(2N) puncture and one minimal SU(2) puncture. The procedure
is depicted in Figure 19. The theory on the right side of the Figure has two superpotential
terms coupling the antisymmetric field to the antisymmetrics of SU(N +2) built from quadratic
combinations of the fields transforming under the puncture symmetries SU(2) and USp(2N).
After performing the duality we have a UV free gauge theory with TrR;,..SU(N + 1)? = %,
which is independent of N.
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N4+1
2 2 N+2
2N - N+2 2N > N+2
0 _1
N+2 N2
* N+1
1 N2
1
1 1

Figure 20: A version of SWV duality with an additional field and a superpotential.
We split N + 3 to (N +2) + 1 and add chiral field in fundamental of USp(2N) which
couples to the rest through a cubic superpotential corresponding to a triangle in the
figure.

Next we can perform the same procedure on the remaining SU(N + 1) maximal puncture
and we obtain a trinion with two maximal USp(2N) punctures of Figure 21. The same analysis
of the dynamics however gives different result. The gauging is UV free as before and then the
two superpotentials involving the bifundamental of USp(2N) and SU(N +1) are relevant while
the one involving the baryonic map is irrelevant. We can turn on the two relevant deformations
one by one. However, in the end for N > 1 the flipping of the baryonic moment map is still
irrelevant deformation. We can perform the SWV duality to see another vantage point of the
issue. The theory after the duality is depicted in Figure 21 and for N > 1 this is an IR free
gauge theory. Thus we obtain the trinion with two USp(2N) maximal punctures and one SU(2)
puncture which is an IR free gauge theory. We can still use the index of this model to deduce
various properties of indices of general theories built from such theories: in particular more
complicated theories built from this might flow to interacting SCFTs in the IR. In this paper
we explicitly discuss only the interacting case of N = 1 and thus we will comment on it a bit
more further in the text.

Let us now analyze the case of N = 1. The S-confinement of Figure 18 is the Seiberg
duality between SU(2) with six fundamentals and a WZ model of fifteen chiral fields. The an-
tisymmetric field becomes a gauge singlet field coupled to one of the quadratic invariants with
a cubic superpotential and thus giving it a mass in the IR. The trinion of Figure 21 for N =1 is
SU(3) SQCD with eight flavors and a baryonic superpotential. Note that the superconformal
R-symmetry of all the chiral fields here is g. Thus the baryonic superpotentials have R-charge
% and are relevant. Turning these on one by one we arrive at an SCFT. One can wonder what
is the flux to be associated to this three punctured sphere. The theory manifestly preserves
SU(8) x U(1),, and thus the flux should at least preserve this symmetry. There are two possible
choices which do that, an E; x U(1) or SU(8) x U(1) preserving fluxes [24]. By ® gluing two
three punctured spheres into a genus two surface we can show that actually the latter one is
the right answer. Let us first glue two three punctured spheres into a four punctured sphere.
To glue we need to add an octet of SU(2) fundamental fields, turn on cubic superpotentials
and gauge the SU(2) symmetry. The gauging is IR free before we turn on the superpotentials.
Thus we first take one trinion, add the octet of fields and turn on the cubic superpotential,
which is relevant. After turning on the superpotentials the gauging becomes exactly marginal.
Note that TrRSU(2)? = 0 and there are no anomalous symmetries. We can now glue all the
other punctures following the same sequence of steps and arrive at an SCFT. We can compute
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Figure 21: A trinion with two maximal USp(2N) punctures and a minimal SU(2)
puncture. Note that the two maximal punctures are of the same type (color). More-
over, following the logic of [38] gluing together N such trinions, the N minimal
punctures will recombine into an USp(2N) maximal puncture somewhere on the
conformal manifold. Such a theory then will have tree maximal USp(2N) punctures
all of which are of the same color. For N = 1 this theory is asymptotically free.
For N = 2 the gauge and superpotential interactions are marginally irrelevant. The
theory has a U(1) symmetry, such that the fundamentals have charge +1 and the
antisymmetrics charge —5, so that all the marginal couplings have the same charge
and thus there is no interacting conformal manifold [95,96]. For higher values of N
the gauge interactions are IR free.

the index of the resulting theory and read the flux from it. In fact let us quote the index of the
theory obtained by following this procedure to construct a theory corresponding to a generic
genus g surface,

IT=1+
(3g—3+(63+1)(g—1)+(g—1+3F)8w = +(g—1—3F)8w? + (g —1—2F)28w’+

(g—1+2F)28w 2 +(g—1 +F)56w_% +(g—1—F)%W%) pq+---, (B.51)
with F = g — 1. As the decomposition of the adjoint of Eg into irreps of SU(8) x U(1),, is,
248 - 1463 +8;+8_5+28_,+28,+56, +56_;, (B.52)

the above follows the expected pattern of [94] (see also Appendix E of [24]). We can thus
deduce that to build a genus g surface we glue together 2g — 2 three punctured spheres with
each such sphere having half a unit of SU(8) x U(1) preserving flux associated to it. Yet another
check is to compare the anomalies computed using this trinion versus the ones predicted from
six dimensions. For example the a anomaly for genus two surface obtained using the trin-
ion here is 11—6 (171/1_7 + 50) which can be matched to the 6d value extracted e.g. from [27]
(g =2, £&; =4 for SU(8) flux, and z = 1 in equation (2.1) there).

B.6 Difference operator from C; trinion.

In this Appendix we present some details of the derivations of van Diejen operator from C;
trinion summarized in the Section 3. We start by S gluing the trinion (3.30) to a tube with no
defect (3.32) along y puncture by gauging corresponding SU(2),, global symmetry. This gluing
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Figure 22: On this figure we show the chain of Seiberg dualities used in the derivation
of the C; trinion given in (B.53). On the Figure (a) we start with the S gluing of the C;
trinion (3.30) with the tube (3.32) obtained by closing SU(2), minimal puncture with
no defect. Then we use Seiberg duality on the S-confining SU(2), node. Resulting
gauge theory is shown on the Figure (b). After this we perform two Seiberg dualities
on one and another gauge nodes one after another. In the end we arrive to the SU(4)
gauge theory with 7 flavors, one antisymmetric and some singlets. Corresponding
quiver is shown on the Figure (d).

is S-confining, i.e. the resulting SU(2), gauge node can be eliminated using A; elliptic beta
integral (A.4). We end up with SU(3) x SU(2) gauge theory. Then we perform Seiberg duality
on the SU(3) node which has 7 flavors, so the duality results in SU(4) gauge node with the
same number of flavors. Once we do that the SU(2) node becomes S-confining. Integrating
it out we are left with SU(4) gauge theory with 7 flavors, one antisymmetric and some flip
singlets. This chain of dualities is shown on the Figure 22. Calculation results in the following
index of a trinion theory:

I ((pq)%w%gal‘la?ﬂ)

K3 dtl dtz dt3 1
41

KCl (X,Xl,Z):_ . . .
(3:0) 2mity 2mity 2mits TT2, T, (6/t;)
1 L i
T, ((pq)%w_%af tjxil) T, ((pq)‘ltw_% af tjzil) T, ((pq)_‘l*w%al4 tj)

1 — 1 4 _1
T, ((pq)‘ltw—ga1 4al._1tj_1) T, ((pq)‘l‘w%af tj)?il) | | T, ((pq)%w%l 2 tjtk)
k<j

e 1 1

Il
N

L (pqw™= a) T ((p@) 2 wiax®™ )L, (pg)*waiz*!) . (B.53)
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Now we glue this to a general theory with SU(2); global symmetry by gauging it and
close z-puncture with the defect introduced. It can be seen from the expression above that

the mesonic vev, which corresponded to setting z = (pq)_%w_%al_lq_l, is now a baryonic one.
At this value of z the trinion written above has a pole. So we have to calculate the following
residue:
2 dx 1
OEW2a10) . 7(x) o< Res _— x,X,2)L(X B.54
x (x) - (pq) 2w 2ay 1" T amix T, (X*2) e 0)( ). ( )

As always this pole is coming from the contour pinching. Without loss of generality let’s con-
sider t; integration in (B.53). The integrand has a sequence of poles outside the contour at,

out

3
= (pQ) Fw Sz g = (pq)iqwFaliq . (B.55)

On the other hand remaining integrations have poles at the following positions,

1 1
-1 _u7 %

tz=(pq)‘%w%a1 xq 2, ty=(pq)” 4wga ixg t4=(pq)‘l*w Ta, g
and (B.56)

1 1
i 1. 1 _117 -

1 2 _1 27 - _ 1 117
ty=(pq) Fwsa, *Xq72, t3=(pq) iwFa, ‘% 'q75, t,=(pq)iw T a, *q"

-N>—‘

Using the SU(4) condition ]—[?:1 t; = 1 both of these sets of poles can be rewritten as poles of
t; but this time inside integration contour:

=t ;= (pq)‘ltw68 a qlﬁlﬁl4 (B.57)

Poles inside and outside the contour collide whenever [; + [, + I3 + [, = 1. Thus, we have 4
contributions (14, ,,15,14) = (1,0,0,0) or (0,1,0,0) or (0,0,1,0) or (0,0,0,1). We have 4!
such contributions due to the permutations of the t’s. There is also a factor of 2 due to the
sum over equal contributions of poles in the two lines of (B.56)?!. However this overall factor
is not relevant for the form of operator, and as elsewhere in the text of the paper we disregard
it. Finally once we evaluate the residue at the pole in z we are left only with X integration
and an overall factor of zero. This zero is cancelled noticing that X integration contour is
pinched either at ¥ = x*! or ¥ = (¢*'x)*'. Once we compute residues corresponding to these
pinchings we obtain the AAO (3.33).

C Derivation of the (D5, Ds) trinion

Let us discuss here the description for the sphere with two minimal and two maximal punctures
that we have obtained in the previous section Figure 16. The description is SU(N + 3) SQCD
in the middle of the conformal window with flip fields. The superpotentials correspond to
triangles in the quiver and to certain baryonic operators: these are all the operators of R-
charge two with vanishing charges for global symmetries. Note that although the triangle
superpotentials are relevant the baryonic superpotentials are irrelevant for N > 1.

First the form of the theory after the sequence of dualities in Figure 16 (depicted also in
Figure 12 in a more collapsed way) implies that conjugating one pair of minimal/maximal
punctures moment maps (by introducing flip fields) to make them of the same type, the two
minimal punctures and the two maximal ones appear exactly on the same footing. We expect

21The fact that poles with x and with % contribute equally has to be shown in the detailed calculation which we
leave to the interested reader
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Figure 23: On the left we have the three punctured sphere, two maximal SU(3)
punctures and one maximal USp(4) puncture, with zero flux of the (Ds, D5) minimal
conformal matter theory. The theory has baryonic superpotentials consistent with
the assigned charges. The superpotential is built by taking a triplet of fundamen-
tals transforming under one of the SU(3)s, computing third antisymmetric power to
build a singlet of the SU(3), and then taking the fields transforming under USp(4)
to the second antisymmetric power to build a singlet under it. This superpotential is
irrelevant for the trinion. On the right hand side we glue four trinions into a genus
three surface. This theory has the baryonic superpotentials as well as the ones cor-
responding to closed loops in the quiver which are consistent with the charges. The
symmetry of the theory is SU(10) x U(1), € SO(20) where SO(20) is the symmetry
of the 6d SCFT.

that same type of punctures should be exchangeable by duality arguments [34], and here they
are manifestly so. The model flows to a point on the conformal manifold which is invariant
under the exchange of the punctures. Moreover since the superpotential distinguishing all
the punctures is the irrelevant baryonic one there is no actually a direction on the conformal
manifold preserving all the symmetries we want. However when we will glue these theories
together in principle a conformal manifold can arise.?? The issue is that for low enough number
of punctures/“small” enough punctures/ low genus/low flux some general expectations (such
as existence of exactly marginal deformations corresponding to complex structure moduli)
from the 4d theory might fail.

Moreover there is another way to view this theory. As was argued in [34,38] in general we
expect that the SU(2) punctures might combine into a bigger puncture of USp type. The SU(2)
punctures are obtained by partial closing of the USp(2N) puncture. These partial closings are
obtained by giving vevs to some components of the moment map (with addition of certain
flip fields) and the symmetry can be broken to USp(2k) with k < N. The claim of [34, 38]
is that if we have k < N minimal SU(2) punctures somewhere on the conformal manifold of
the theory they might recombine into an USp(2k) puncture. Thus for N > 1 we can view the
theories of Figure 12 alternatively as a three punctured sphere with two maximal SU(N + 1)
punctures and a non maximal/minimal USp(4) puncture. Note again that this symmetry is
trivially manifest in the Lagrangian and is preserved by the irrelevant baryonic deformation.

For the special case of N = 2 the USp(4) puncture is a maximal one. Thus this new
description discussed here gives us a completely Lagrangian formulation of a sphere with three
maximal punctures in this case. Since we obtain this theory by S-gluing two copies of identical
theories the flux associated to it is zero. Starting from this sphere we can explicitly build
theories corresponding to arbitrary surfaces. For example, in Figure 23 a genus three surface

22The situation is very similar to what happens in the discussion of the compactification of the minimal SU(3)
SCFT [21].
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with zero flux is depicted. Doing so all the deformations (including the baryonic ones) become
relevant/exactly marginal. In particular we can compute say the index of the genus g theory
and obtain,

IT=1+qp (3g—3+(g—1)(1+99su10) + 45s0010) h® + 455y h ) +-+-,  (C.1)
which is exactly as expected [94]. Note that,
14 99ua10) + 4550010y h° + 4555100 ° = 1905020y » (C.2)

using the decomposition of SO(20) into irreps of SU(10) x U(1). The symmetry of the 6d
theory is SO(20) and as the flux is zero we expect to see it appear somewhere on the conformal
manifold.

D RS AAO as square root of van Diejen AAO

The van Diejen model has a simple relation to the more well know elliptic Ruijsenaars-Schneider
(RS) system. Let us review here the relation. In a sense one can think of the BC; van Diejen
Hamiltonian as a refined square of the A; RS Hamiltonian. The basic observation is a simple
identity satisfied by the theta function: the theta functions 6,(z) satisfy a simple “square root”
identity,

1 1
Gp(zz) = Qp(z)ep(_z)ep(pZz)ep(_pzz)' (Dl)
Using this identity let us consider the shift part of the BC; van Diejen operator,

12, 6,((gp)7h;x)
0,(qx2)0,(x2)

f(gx), (D.2)

and make the specialization of the octet of parameters,
pq q p 1
h.} o {£4/ 2, £4/ 2, % —,:I:—}. D.3
thy = {2/, /L 2B 2 (03)

0,(FFx*)6, (¥ gx?)
6,(x2)6,(qx?)

Then (D.2) becomes

flgx). (D.4)

Now let us consider the A; Ruijsenaars-Schneider operator,

(qp 2) (qp —2)
Ors - f(x) = Wf( 2x)+ 5 D) (g ), (D.5)
and compute
2 6,(%x*)0,(FFqx?) 0,(Fx7)6,(%Fqx7?) |
(Ogs)™ - f(x) 0,(qx2)0,(x2) flgx)+ 0,(qx2)0,(x2) flgx)

(ep(%x_z) Qp(%q_lxz) Qp(%xz) GP(%q_lx_z)

0p(x72)  6,(¢7'x?) i 0,(x2)  6,(g71x72) )f(x). (D.6)
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This is the BC; van Diejen operator with the parameters specialization (D.3). To see that the
constant part agrees let us compute the residues at the poles of the constant piece of (D.6).
We find,

6,6 (q7'¢)
29726, (¢ (p; p)%
0,(t)6,(q7"t)

Res,—sq1/2 (Ogs)?

const

Res,_..—1/2 (O )2 =S )
x=sq RSJconst 2q%9p (q—l)(p;p)io
6,(t)06 (q_lt)
Resxzsql/zpl/2 (ORS)fonst =TS p_l . 2’
2q72p720, (a7 1) (P; P)oo
. 0,()6,(q't)

Resx=sq*1/2p1/2 (ORS) (D.7)

const —

1 1 )
2q2p7260,(q7) (p; p)2

where s = +1. There are also poles at x = :I:p% but computation yields zero residues. Using
(D.1), it is easy to check that the above residues match exactly the ones in (3.7) with the spe-
cialization (D.3). Since both operators are elliptic with the same period, this means that they
can differ only by x-independent function (which they do as can be checked in p expansion).
So we conclude that,

(Ors)* - f(x)=Oyp - f(x) (D.8)

up to x-independent function and Oy, is the van Diejen operator with the specialization (D.3).
Moreover, also the elliptic Gamma function satisfies the following “square root” identity,

To(x?) = (£ (£ VX)L, (£ VP )T (£/qPX). (D.9)

Using this identity and specialization (D.3) on the ®-gluing integration measure in the rank
one E-string case we obtain,

[T L(@p)2hix®) (P2
T,(x*2) [(x%2) ’

(D.10)

which is the relevant ®-gluing measure for the Ruijsenaars-Schneider model. For example it
is simply the contribution of the SU(2) N = 2 vector multiplet [2] (without the term coming
from the Cartan of the adjoint chiral field).?>

E Duality properties

In this Appendix we will provide supporting evidences for various duality properties the oper-
ators are expected to satisfy following duality arguments. Namely in Appendix E.1 we test the
kernel property (3.41) claiming that the tube index (3.40) is the kernel function of the van
Diejen model. In Appendix E.2 we check the commutavity of the Ay operators (4.20). Finally
in the Appendix E.3 we discuss the kernel property (4.32) of the tube index (4.31) and our
Ay operator.

BSimilar considerations can be used to relate USp(2Q) Ruijsenaars-Schneider model to the BC, van Diejen
model. There for example the adjoint of USp(2Q) can be obtained from the antisymmetric representation and the
octets of fundamentals with a similar specification (again without the contribution of the Cartans in the adjoint
representation).
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E.1 Proving kernel property for the A; tube.

In this appendix we give a proof of the kernel identity (3.41).2* We will first write down
explicit expressions for right and left sides of the relation and then prove that they are actually
equal. To start we compute lhs of the equation

12,,6. A A
O(z uwo;l O) K(ZIO)(x’y) = CK(Zl;l)(xJ .y)) (E.l)

where K(2 1)(x, y) is the tube theory that we obtain closing z puncture of A; trinion (3.8)
with the defect introduced and performing conjugation similar to (3.40). It is just obtained
by computing the residue of the trinion at the pole z = (pq)_%u_lzw_(jq_l. At this point the
integration contour is pinched as can be seen from (3.38) with the choice m; = 0, Vi and
(kq,k9,k3)=(1,0,0) or (0,1,0) or (0,0, 1), where we should sum over all possible partitions.
This calculation leads to the following expression for the tube theory:

A B T, (pq2w12u24)
6 ((pq)‘%u‘lsq‘lxﬂ)

((pq)2v6 12 ﬂ)r (Veu 6xﬁ:1yﬁ:1)

((PQ)ZU w! qxil)l_lr ((Pq)zu v 2w 2a xE )F (u V2w 2aj)+
j=1
T, (pq3W12u24)

0, ((pg)2u'®qx )6, (x2)

T, ((pq)%ve’ulzqyil) T, (v6u—6xy:|:1) T, (V6u—6q—1x—1yil) %

6
T, ((pq)%u6w12x_1) T, ((pq)%uf’wlqu) l_[ L (u™v?w2a;q7") x

j=1
L ((pq)2u4v_zw a]qx) e ((pQ)%u4V_2W_2an_1) +(x->x71),
G (x,y) = L ((0g)2uow 21T, ((pg) v w12y *1 ) K (6. (E.2)

Calculation of the lhs of (E.1) leads to K’ o 1)(x y) with the extra constant C given by

Gp (q—1v12u—12) 6

- 6, (u v Pwa;q7") . (E.3)
6, (pqw'2u>4) 6, (quwlzuz“)g p( id )

This constant appears since in our derivations of the tubes we were often omitting overall
factors independent of x and y. If one keeps track of all constants this coefficient should be
just equal to one. In order to show relation (E.1) one needs to use the following 8-function
identity,

(0 52), (™), (o)
6, (g~ v12u=12) 6, ((pq)2ut2vey*1) 6, (qx2) +
0, ((p)2uv12x) 0, (vou®q1x~1y*1) 6, ((pg)2u'®x 1)
0, (g71v12u~12) 0, ((pq)iuIZVGyil) 0,(q1x2)

=1. (E.4)

Let us provide the following proof of the identity. First of all we notice that both terms on the
lhs of this expression are elliptic functions with periods 1 and p. In the fundamental domains

24This is already considered in [70] and we include the discussion here for completeness.

62


https://scipost.org
https://scipost.org/SciPostPhys.12.4.140

Scil SciPost Phys. 12, 140 (2022)

*1

these functions have poles at x = £q/? and x = +q/?p/? as well as at y = ((pq)%uls)

It can be checked that the residues of two terms at these poles are exactly the same but of the
opposite signs. Hence sum of these terms is just constant that does not depend neither on x
nor on y. In order to prove that this constant is actually 1 we have to choose simple values
for x and y. For example if we choose y = qv~%u®x we can see that the second term on the
lhs vanishes and the first term is exactly 1 proving the identity (E.4).

Similar calculation can be performed for the rhs of the kernel property identity (3.41). In
this case by construction we should obtain:

12.,.6. A dual
OF SO R (6, y) = CRG ™ (7). (E.5)
where K( A1, d)”al (x, y,2) is the tube with the defect that can be obtained starting from the Seiberg
dual of Al trinion (3.8). This Seiberg dual is basically the same as the original theory with
extra flip singlets. The quiver of the Seiberg dual theory for general rank is shown on the

Figure 11 for the higher rank case and A; expression can be obtained simply putting N = 1.
Corresponding index is given by:

A1 dual

2 6 1 1
(32 = 5 [ TR (o7t 2w 2 )L ()2 vhu 2w ey ™ ) x
2 a1

3

1 dt dt
r 7W4v_2u_2a~zﬂ 1 2 l—| l/6u 2V4W4tx 1
. ((pa) #*1) omit, 2mit, 3 3 !=1| . ((pg) )
T

i#i

L ((p)You*v 2wty * 1) T, ((pg)Vow2utv*t;2*1) e((pq)1/3u v 2W_Ztl._laj_l). (E.6)

As function of x, y and z fugacities this function is of course exactly the same as the index

(3.8) of the original trinion theory. To obtain the index K?zl ld)ual

once again capture the residue of the pole at g = (pq)_i u2wq! and add flip multiplets.

(x, y) of this trinion we should

A dual 1l 6 12 +1 1l 6 12 +1 A dual .
Kohy (GY)=T (@) 2w 2 1)1, ((pg)2 v Pw 12y )(;1) (x,¥);
Aq,dual _ Aq,dual
Koy (6y)= Z Koo k(YD

ky+ko+ky=1
Aq,dual 10. 10 F (-y q )

Koty (00 Y) = L (7w 2v 20,4 T (pgw vy )1" (2g®)

L(y2q%)  T((p@uwi2vogkthsy =T, (pg) 2w 12y 12y8y~1g ke k)
L(y=as)r, (((pq)‘%ul2w12v_6yq2’<2+"3)i1) L (((pq)%ulzwlzv_6y‘1q2k3+k2)ﬂ)
L ((pg)2u 2w 208y q R KT, ((pg)2uw!2x* g ¥ ), (u vy x*lq ) x
L (u o0y g ) L, (p) 7u vy 1K) T, (pg) 2ut2vOy g )

X

I, (pqu*tw!?q<hatis) l_[F((pq)zuwv a7'qy )T, ((pg) 2wy ey gy ™) x

T, (u_low_lovzaj_lq_kfk3) T, ((pq)fu4v_2w_2ajxﬂ) T, ((pq)%v4u_zw_2ajyil)] . (E.7)
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Computing lhs of (E.5) we can check that indeed we get the tube K(21 ld)ual(x, y) with extra
constant C given by (E.3).
Now in order to check the kernel property (3.41) we just need to show that the
two expressions (E.2) and (E.7) for the tube theories indices are actually equal i.e.
(2 1)(x y) = Kél f)ual(x, y). In principle their equality follows directly from the fact that
they are derived closing punctures of Seiberg-dual theories in exactly the same way. However
we can provide an independent proof for it. Using explicit expressions (E.2) and (E.7) equality
of the tube expressions reduces to the following 6-function identity:

Fi(x,y) =Fy(x,y),

o] (pq)%u6W12xi:1
( ) 1—19 4,-2,,~ a]q 1)+9 (pq2w12u24)><
((pq) 2u18g- 1xi1); 1

(Gt n o (G0t

Fl(x>}’) -

0, ((pq)2 vou 12yj:1)

1 + (x —>x_1) s
0, (vou=bq1x-1y*1), ((pq)7ui®qx ) 6, (x2)

(E.8)
((pq)2u12 6 :I:l) 6
l_[9p pqwloulov a1)+9 (pq2W12u24)><
((pq) Ju—12p-12y6q— y:tl) i1
6
6, ((p)2u'v® )l_[ L ((pg)2udw?va;ly)

0, (¥2) 6, (vou=6q~ly~1x*1)0, ((pq)%u”wuv—6qy

FZ(X,)’)—

0, ((pq)2 u6W12xﬂ:1)

)+(;v—>y‘1)

(E.9)

Let us provide a proof of this identity. For this we notice that both F;(x,y) and F5(x, y) are
elliptic functions in both x and y with periods 1 and p. In the fundamental domain both these
functions have poles at x = (v u 6q_lyil)

equal to:

. The residues of the functions at these poles are

Res _v6u—6q—1ysF1(x,y) = Res _v6u—6q—1ysF2(x,y) =
1
0, (pa>w'u**) 6, ((p)2vow'%q'y*) 6, (p)7u>voy ™)
ubv=6qy~s (p; p)2 0, (y=%) 0, (v12u~12q~2y )

6
1 9 _
[ 16, (eo)7v*u=w2a;q7ty*),
j=1
Res,—y-6y6qys F1(X, ¥) = Resy—,6y6qy:Fo(x,y) =
6, (paPwu*) 6, (P0)*vow’q 'y ) 6, ((09)u™°y)
X
u=6v6q=1y=s (p; p)2, 6, (y%) 6, (v12u~12q-2y~2)

6
[ 16 (G0vu2u- 2 y).

j=1

X

(E.10)
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. 1o1g )L 1/2
where s = £1. It also looks like there are poles at x = ((pq)Zu q) x ==%1,x =+p=,

= ((pq)2u12w12v q) 1, y =#1and y = £p'/2. However accurate analysis shows that the
residues of both F;(x,y) and F5(x,y) at these putative poles are actually zero so that there
are actually no poles at these points.
As we see both F;(x,y) and F,(x, y) are elliptic functions in x and y with identical sets
of poles and residues. This means that they differ at most by a constant independent of x
and y. Now we need to check some values of x and y to find this constant. The easiest way
to do it is to find zeroes of functions. For example both F;(x,y) and F,(x,y) have zeroes
at x = (pq) 2u~%w'2 and y = (pq)"2v—®u~'2. Since their zeroes coincide we can finally
conclude that indeed F,(x,y) = F,(x,y) leading to the equality between the tube indices
(x y)and K?l dual(x y). Hence right hand sides of both (E.1) and (E.5) are equal leading
to the proof of the desired kernel property (3.41). Here we provided proof of a particular kernel
property with the fixed choice of the operator and the tube theories. The latter ones are also
defined by the way we close puncture of the trinion. However any other tube theory can be
used as the kernel function of any AAO derived in the Section (3.2). The proof in each of

these cases is identical to the one we presented in the this appendix.

E.2 Discussion of commutation relations of the A, operators

Now let’s move to the duality properties of the Ay operator (4.20). In this Appendix in partic-
ular we will give evidence of the commutativity relations (4.26) of all of these operators. For
this purpose it would be useful to know how the shifts of variables of the form

X = QXX = q 'x;, and X, — pXy, X =P X (E.1D)

act on various parts of operators (4.20). These shifts are precisely the ones realized by the
shift operators Aﬁ;o) and A%?T;l) defined in (4.8).
First of all let’s notice that all constant parts (4.22) are invariant under these shifts:
Ag?f;l)(x)W(gi;l’O;a)(x, h) = wEsLOa)(yx R)
ASO W G0N (e, h) = wERLD(x h), Vi, (E.12)
where a index can take values ”f.” and "n.f.” distinguishing between flipped and non-flipped
operators. For convenience we have also introduced corresponding index for the constant

parts W(x, h). While in non-flipped case constant part is given by (4.22) in case of flip we just
postulated according to (4.25)

W(£i§1;0;f~)(x, h) = W(Ei;l,o;n-f-) (x_l, h_l) . (E.13)

Also here and everywhere further in this section we omit the (a) index of x variables for brevity.

Functions Agif 1’0)()() defined in (4.21) are not invariant under the shifts but rather acquire
extra prefactor as follows:

nrlm nrlm
where
( 1)N+1 qN+2}~l_1/2X_N_3, n;ém,rzl;
N+1g-1pN 27—1/2,.—N—3 _ .
CIPMG RGNS,
13 n,r m,L;
a0 (x)={ (~1)V+ (pq) N2 RV2xN*3, r&m,n=1I; (E.15)
_1\N+1, 71/2 .N+3 _
(=1)""pgh*/*x, ™, n#l,r=m
(PN A ()N, l=r,n=m;
B X, X , =n,r=m;
(P ™ R N l
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(1)
nrim
eters. Here we use the same notations of the Section 4. Namely h; are U(1) charges of the

moment maps of the puncture operator acts on and h = ]_[ h Notice that the prefactor a is
independent of the i index of the operator, i.e. of the ch01ce of moment map we give vev to in
order to introduce the defect.

Now using expressions above we can find the following commutators:

o) N+1N+1 0
e D I ] e e
l#m n#r

and a can be obtained from the expressions above by simple exchange of p and g param-

N+1
7(€550,1) L (0,1) 5 51,0 1,0 2(£:51,0) A (1,0) +0,1;
Aln”jt Alm A(ngr )Ai(w )] + Z [Alm Alm W(gj P
l#m
W (E550.138) f(ESL0) A (1O) 4 11/ (E:51,05 a)A(% 0, 1)A(o D _ 350D 4 W(éi;l,O;a)j| (E.16)
Im Im Im > .
where as usually a and 8 indices can take values ”’f.” and "n.f.” distinguishing between flipped
and non-flipped operators. Since all constant parts W (i) are invariant under corresponding
shifts as specified in (E.12) we can immediately see that the second term in the expression
above is zero. The remaining term in the first line can be rewritten using (E.14) in the following
form

[@gi;o,l;a) ~(5110/3)] ZZ( o1 _ (10))A(sl10)A(5101)A(10)A(01)_ (E.17)

lmnr nrlm
l#m n#r

Finally using explicit expressions for a coefficients from (E.15) we can see that the difference
in the brackets above is zero for each term in the sum. Hence we conclude

[@)(;i;o,l;a)’ @ffﬁl:‘);ﬁ)] =0, Vij. (E.18)

This result is expected from duality arguments and says that two shift operators constructed
by closing two punctures in various ways (i.e. exchange in p and g shifts as well as baryon
vevs used to close puncture) commute with each other.

Finally we should prove that the commutators [(’)(El L.0:e) (’)(5) Lo ﬁ)] and

~ . . ~ .,0,1’ . .
[(’),(Cg“o’l’a), (’)ff) ﬁ)] are also zero. It is enough to show that one of them vanishes and

the other one will follow automatically since they differ only by the exchange of parameters
p < q. Proving this kind of commutation identities is more complicated since in this case

we can not use periodicity of theta functions. Let’s directly study the following expression
[O(a,l,o ) AE0LE)

be either flipped or not flipped moment maps. In order to approach this calculation we will
consider separately prefactors of various possible shifts of Z(x) function. Each such prefactor
has to be independently equal to zero in order for the whole commutation to work.

Z(x), where Z(x) is some arbitrary function and both &; and &; can

1. Term Z(q 'x;,qx,,,q *x,,qx,) with [ # m # n # r. Such contribution originates from
the action of the product of two A;,,A;,,, terms with different indices in the shift oper-
ators. Also since in shift parts of operators (4.20) we sum over all possible indices we
should consider four different possible combinations of this indices:

|:(7)J(C§i;1,0;a)’ @(ﬁj;l’(’;ﬁ)]z(x) (A(iwl’o)( AT (=T axe, )+

(5)71 0) ~(§)91 0)

ACTLOAT (g X, @y ) FATELO0OA (g oy, @y - )

sl (5 ;1,0 — - -
AEO AT q 1x1,qxr,-..)—(€i<—>€j))1(q 1X0, X, q g, 9,) - (EL19)
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Substituting expressions for the A;,, functions from (4.21) we can see that this part of
the commutator is zero when the following theta function identity is valid:

Fo (OF, (@ xz,qu)+Ff;lr(x)Flrnm(q—lxn,qu)+
o GOF (a7 %, qx, )+F1mm(x) Fo (a5, q) —
Fo o GOFS (¢ % qx) = Fil GOFS, (47 %, qxm) —
B S (@7 %, qx) —Fol GRS (@7, qxm) =0, (E.20)
where the functions F fn"mr are defined as follows

Féi

Imnr

) x
0, (a32)0 (326, ()6 (32)0s (%) (32) ’

(E.21)

We do not provide a proof of the condition for the F-functions specified above. However
we do check it in the series expansion in q and p instead for each pair of i and j indices.
Indeed the check up to the order O(p3q®) strongly suggests that the relation is true and
hence this contribution to the commutator is just zero.

2. Term Z(q?x,,,q 'x;,q ' x,) with [ # m # n. This kind of terms come from the action of

the operators A(gl L 0)(X)A(1 O)A(g’ b O)(x)Agllr;lo) with n # | # m. Summing over various
possible comb1nat1ons of 1nd1ces we obtain the following contributions:

[@)(Céi;l,o;a)’ @(51';1’0?/5)]1'(@ (A(«El L 0)( )A(g’ (q_lxl,qu, o)+

(€51,

A(gl L O)(X)A (q_lxn’qu:---)_(gi - gj))"z-(qzxmﬁ q_lxl: q_lxrl)' (E.22)

In order for this combination to be zero the following identity has to be satisfied

Glilm(X)Gnml (q X1, 4Xms - ) + GE;nl(x)Glmn (q_lxna qXms .- - ) -
G ()G (a7 %0 qXmso. ) = G (OGE (67 %0 QX ) =0, (E.23)

where

6, (pa) e 7x;1) 6, ((p@) ERix, )

O (q%) O (fc_'?) Op ();C_l) O (»;_m)

Using expansion in p and g series we can check that the identity above is indeed valid
and hence considered terms do not contribute to the commutator.

Gl (x)=

Imn -

(E.24)

3. Term Z(q 2x;,qX,,,qx,) with [ # m # r. This term is similar to the previous term. It
comes from the following terms in the commutator

| 0100, S 1) ~ (AT 00A (0 01,0 I
. (E551,0), _
AT a5 )= (6o ) T P axmax,). (B25)
In order for this combination to be zero the following identity has to be satisfied
Glgr;lr(x)Glrm (q_lxl, qQXpms - - ) + Glrm(x)Glmr (q X1, QXpye .- ) —

lmr(x)Glrm (q X1y QX s - - ) Glrm(x)Glmr (q X1y QXpy .- ) =0, (E.26)
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where Gfr;m(x) are the previously defined functions. Once again we checked the validity
of the relations written above using p and g expansion.

4. Term Z(q2x;, ¢*x,,). This term comes from the contributions of the form

| 009, O | 70e) ~ (A5 CA a a0

A(i,,l,o)

510), — -
A 1,0, )) T 200, 0%00) . (B27)
This term is obviously zero since shifts act only on x; and x,,, in Agi;l’o)(x). The parts that
depend on x; and x,, in these expressions do not depend on the choice of the moment
map &; we give vev to. Hence it is obvious that this term does not contribute to the
commutator.

5. Constant term Z(x). This term in its nature is similar to the previous one and comes
from

A(E::1,0: ~(£5;1,0;8) 51,0 ~(£;;1,0), _
| 0109, G | 1) ~ (GO A a5 a0 )
~(£:;1,0 ~(E.: _
Agii )(x)A(ni“l’O)(q 1x1,qu,...))I(x). (E.28)

Just as in the previous term an expression above is zero since shifts act only on x; and

. +(E;31,0 . .
X, in Agi; ’ )(x) and hence there is no dependence on the moment map &; we give vev
to.

6. Z(q"x;,qx,,). This term is the most complicated one. Unlike previous terms it comes
not only from the commutation of shift parts but also from the commutation between
constant terms W&51%®(x) and shift parts A%519(x). In particular we have the fol-
lowing terms,

o0, 60 o~ | 3[R )
n#Em#l

~(£;;1,0 ~(£51,0) r _ ~(E51,0) - ~(& _
ASOA (g7 5 qx) = A  (0OAG (g, gx, ) —
~(£:;1,0) ~E L _ ~(£;;1,0 10 _
AT ()AL (g 1xqul):|+A(€ JWERLER (g7 1x;, gxy ) +
1.0 ~(£;;1,0) ~(€ ;1,0) 1.0: —
W(g“l’o’a)(x)Alni (x)— j (x )W(&,l,O,a) (q 1X1,qu)—
. ~(&;51,0 —
W(gﬂl’o’ﬁ)(x)Agfn )(x))l'(q Yx,qx,).  (E.29)

Although we do not provide a proof, we once again have checked (p, q) series expansion
of the expression above for the ranks N up to N = 6 and up to the order p?q%. As a
result we find that contribution of these terms are also zero concluding our proof of all
commutation relations (4.26). On top of this there is another check of all the relations
for functions F;,,(x), G,;m(x) and also the relation above. Instead of expansion in both
p and g we can set p — 0 keeping q finite. This will simplify all theta functions down to
the simple rational functions using the limit of the theta function lim,,_,, 6, (x) — (1—x).
Then we can check that all the relations above hold to any order in q. For the expression
above we have checked it for the ranks N up to N = 6.

As a result we find that all of the contributions to the commutator [(’)(5‘ 1.0:a) (’)(gj Lo ﬁ)}

zero. This concludes our evidence for all commutation relations (4.26).
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E.3 Discussion of the A, kernel property

Now let us discuss the kernel property (4.32) involving Ay operators (4.20) we derived and the
tube index (4.31). The line of arguments here will be exactly the same as in A; case presented
in Appendix E.1. We will start with writing left and right sides of equation (4.32) precisely
and then show that the result we get in the two cases is actually the same.

Here we will show how the procedure works for the operator obtained by closing SU(2),
punctures with the vev of L ve1y2na baryon. In this case the left hand side of the kernel
identity (4.32) we obtain

o aa A _ 2N+4
OF Lo Ky (36, ¥) = CK 51 (X, ), £ = (wu*) ’ (E.30)

where the operator O(E’ 07 4 given by (4.11) and (4.7). The tube K (x y) is given by
(4.31). It is observed from the Ay trinion (4.28) after closing SU(2), puncture with the same
1(WuN+1)2N+4 baryonic vev. Finally I?é";’l)(x, y) is the tube also obtained from the same Ay trinion
closing SU(2), minimal puncture with the defect introduced. It corresponds to capturing the

residue of the pole of the trinion theory index located at z = (pq)~2 (wu®™ +1))_(2N+4) q~!. This

pole comes from the pinching of the contour at the points specified in (4.29) and (4.30) with
the choice

Substituting these values t; from (4.29) and (4.30) Summing over all possible partitions spec-
ified above we arrive to the following expression for the tube:

N+1
Kol G )06 y) =Ky (6, y) + D Kg (6,), (E.32)

N+1

R (x, y)_]_[r (o) (¥ w?) ™ e ) ()t (M w?) ™y ) K (e,

where the first and the second term in the first line of the equation above correspond to the
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partitions with ky_ 5 =1 and k,,, = 1 correspondingly. Expressions are given by:

2N+4
Tkn(x,y) = l_[ T, (u—(N+1)(2N+5)v—N—1W—Zalq—l) % X
=1

T (pq)%W4N+8uN(2N+4)X—1 N+1 N+1

e( : m ) l_[ 1x l_[ r. ((Vu_1)2N+4 iji_l) y
ep ((pq)ﬁu(N+2)(2N+4)xmq) i#£m Qp (X_T) i,j=1;i#m

N+1 ) 2N+4 )

l_lre ((pq)7W4N+8uN(2N+4)xi—1q) l_[ T, ((pq)iuN+3v_N_1w_2xia,) %

i#m =1

N+1 N4 .

l_[ T, ((vu_l) + yix:q_l) T, ((pq)iv2N+4u(N+1)(2N+4)yiq) «

i=1

l 2N +4

T, (pq3W4N+8u2(N+1)(2N+4)) l_[ T, ((pq)%uN“LBv_N_lw_zxmqaZ) ,
=1

. 2N+4

TkN+2(x,y) =T, (pq2W4N+8uZ(N+1)(2N+4)) l_[ T, (u—(N+1)(2N+5)v—N—1W—2al) 5
=1
N+1 - N+1 )
— + — 1 —
l_[ T, ((vu 1) ¥iX; 1) l_lre ((pq)2W4N+8uN(2N+4)xi lq) %
i,j=1 i=1
1

T (pq)§v2N+4u(N+1)(2N+4)y_ IN+4
e( - 1) l_[ T, ((pq)%uNJ’Sv_N_lw_zxial) . (E.33)
Gp ((pq)_iu—(N+2)(2N+4)xi—1q—1) 11

Finally the constant factor C in (E.30) is given by

2N+4
9p (q—l(u—lv)(N+1)(2N+4)) ljl 9p (q—lu—(N+1)(2N+5)v—N—1W—2aj)
€= o : (E.34)
0, (pquN+1)(4N+8)y4N+8) 6, (pquN+D(AN+8)y4N+8)

In order to get (E.30) one needs to use the following intricate relation

N+1
O + Z Bim =1, Vm, (E.35)
l#m

where
g 1,\2N 1,—1
[T 6, (W)™ **y;xla™)
j=1
9p (q—l (u—lv)(N+1)(2N+4))
1 1
9p ((pq)iu2N+4v(N+1)(2N+4)xm) l—[ 9p ((pq)ﬁu(N+2)(2N+4)xi)

i#£m

a, =

(E.36)

N+1 ’

[16, ((pq)%u(N+1)(2N+4)v2N+4yj) 16, (g xx;1)
j=1 i#m
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9p ((pq)%u(N+2)(2N+4)qx ) ((pq)Zu 2N—4v—(N+1)(2N+4)xl—1)

ﬁlm =

X

0
6, (g1 (u1v)(V+D(N+4)) ﬁ ((pq)%u(N+1)(2N+4)V2N+4yj)

p

1—[ ep ((pq)zu(N+2)(2N+4) )1—[ ) ((u v)2N+4 )

i#m#l
6, (quxl_l) I 6, (xixl )
i#£m#l

(E.37)

We do not provide a proof for relation (E.35). Instead, as usual, we have checked it term by
term in p expansion for several low ranks N. These checks strongly suggest the validity of the
required relation.

Now we should perform similar computation for the right hand side of the kernel property
(4.32). In this case we obtain

dual 2N+4
OFLOmFY ke (e, y) = CRG " (e, y), &= (wd )7, (E.38)

where expression for the operator can be extracted from (4.20) putting a = v and x( ) = Y.
Notice that while on the r.h.s. (E.30) of the kernel equality we were required to close w1th the
flip, on the L.h.s. specified above closure is performed with no flips. Finally Ké”lc)lual(x, y)is

the tube obtained closing the minimal puncture of Seiberg-dual trinion theory with the defect
introduced. This Seiberg-dual theory has the following index:

¥ N+12N+4
A l
K3V =Ky l_[ l_[ L ((PQ)ZUN+3 T alx)
i=1 [=1
) N+1 1
N+3 —N—-1, —2 5 —N—1 2N+2
L, ((pq)zv w al.Vi)Fe ((pq)Z(uV) w fl_[zmt (r) x
N+2N+12N+4 y
[ L ((pg) T u 2wty D1 ), (pg) T v~ 2W4U2(N+1)yj_1ti) x
i=1 j=1 I=1
N+1
T, ((pq)Z(N+2)W 2N(uV)Z(N+1)t Zil) i ((pq)z(NJ:rz) (uv)_N_lw_zal_lti_l) . (E.39)

The quiver of this theory is shown on the Figure 11. It is also SU(N + 1) gauge theory with
(2N + 4) flavors and some extra flip singlets.

Starting from the index (E.39) we can close SU(2), minimal puncture using the very same
baryonic vev L uns1y2ne. This once again corresponds to capturing the residue of the pole of

(E.39) located atz = (pq) 2 (WU(N+1))_(2N+4) q!. Performing usual calculation we obtain the
following index of the tube theory:
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N+1
Ry e =[] (0o ()™ )1 (ot (M) 5)
Kf‘zjfic)lual(x,y): Ky (.0 = Z Kady " (50
i, N+12N+4 N+1 Fe(yl.q_ki)
Kopy (6¥)= [T]]x ((Pq)ZUN+3 “w ) ﬁ )
i=1 1=1 i Fe(yjqf )

1 “N-1, — - _
T, ((pq)zvN+3u N-1,, 2alyi)re (u (N+1)(2N+3),N+1,, 2(2N+3)Clzq K) %
1 9 _N—1\2(N+2) _ _
T, (pqu(N+1)(2N+5) N+1W2alq ) ((pq)z (vw 2,~N 1) ¥ 1qK kNH) %
— - 2(N+2) —K—k:
L ((pg) 2 (v 2u V1) y Kk

X
£1
T, (((pq)% (VW_Zu_N_l)_Z(N+2) y._lqK—kN+2+ki) )
1 - 1 —k;
T, ((pq)2W4(N+2) 2N(N+2),. lqK kN+2) e((pq)2u2(N+1)(N+2)v2(N+2)yqu kl) %

2N+4
1 _N—3. -1 k — _

l_[ T, ((pq)ZquN+lv N 33’1' 1qklal 1)Fe (pqW4(N+2)u4(N+1)(N+2)q2K kN+2) %

1=1

N+1

l_[ T, ((vu—1)2(N+2) yixj_lq_ki) T, (vN+1u—(N+1)(2N+3)W—2(2N+3)a 1ku\,+2 K)

(E.40)

Finally the constant C in (E.38) is the same constant defined in (E.34). Deriving (E.38)
requires identity similar to (E.35) which we once again check in expansion for low ranks.

Comparing left (E.30) and right (E.38) sides of the kernel function property (4.32) we
can finally see that its validity reduces to the equality K(2 l)(x y) = g”gual(x, y) between
indices of the tubes obtained from Seiberg dual theories. Since indices of the Seiberg
dual theories are equal [28], and we compute the residue of the same pole located at
z = (pq)_% (wu(N +1))_(2N+4) q~ ! expressions we obtain should be the same functions of x
and y. So the required equahty should work by construction. Relying on this argument we
conclude that the tube index K(ZNO)(X, y) is indeed a kernel function of our Ay operator (4.20).
Just as in A; case the same proof can be used for AAOs and tube theories obtained by closing

punctures in all other possible ways.
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