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1 Introduction

Surface defects are an interesting class of non-local observables in four-dimensional gauge
theories [1]. In this paper, we consider surface defects in four-dimensional N' = 2 supercon-
formal field theories of class S, which are obtained by compactifying the partially twisted
six-dimensional (2, 0) theory on a decorated Riemann surface C' [2, 3]. The six-dimensional
(2,0) theory is characterized by a Lie algebra g of ADE type. In this paper we focus on
the case of Axy_1. In this case, the six-dimensional (2,0) theory arises as the infrared limit
of the worldvolume theory on a stack of N coincident Mb5-branes. Surface defects in four-
dimensional theories of class S can be formed from both codimension-two and codimension-
four defects in the six-dimensional parent theory. This is summarized in table 1.

Let us first discuss codimension-two defects of the (2,0) theory in six-dimensions,
which are labeled by embeddings p : su(2) — g. These defects play an important role in
the construction of theories of class S: a codimension-two defect that is inserted at a point
on the Riemann surface C' and spans all four space-time dimensions corresponds to a flavor
puncture in the construction of [2, 3] — see (i) of table 1. Alternatively, wrapping the
same codimension-two defect on the whole Riemann surface C' leads to a surface defect in
the four-dimensional theory — see (ii) of table 1. This class of surface defects has been
studied, for example, in [4, 5].

On the other hand, there are codimension-four defects in the (2,0) theory in six-
dimensions, which are expected to be labeled by an irreducible representation of g, see
for example [6] and references therein. Inserting a codimension-four defect at a point on
the Riemann surface C' engineers another class of surface defects in the four-dimensional
theory — see (iii) of table 1. In this paper, we study this second class of surface defects in
four-dimensional A/ = 2 theories of class S.

Important evidence for the classification of codimension-four defects in terms of irre-
ducible representations of g comes from the correspondence between four-sphere partition
functions of AV = 2 theories of class S and correlation functions in Liouville or Toda con-
formal field theory on C [7, 8]. In this correspondence, flavor punctures are represented
by vertex operators labeled by non-degenerate and semi-degenerate representations of the
Virasoro or Wi-algebra. There are also completely degenerate representations labeled by
two dominant integral weights of g, or equivalently, by two irreducible representations R
and Ry of g. Correlation functions with additional insertions of completely degenerate
vertex operators compute the four-sphere partition function in the presence of surface de-
fects [9]. In particular, the labels Ry and Ry characterize the surface defects supported on
orthogonal two-spheres.

Inspired by the connection to degenerate vertex operators and the analytic struc-
ture of Virasoro/Wy-algebra conformal blocks, the authors of reference [10] introduced a
renormalization group flow that can be used to construct the surface defects from vortex



Name

X |C

(i) | 4 | 0 | flavor puncture
2 | 2 | surface defect
210

surface defect

Table 1. Summary of the defects in the six-dimensional (2,0) theory on X x C. X is the four
dimensional space-time and C' is a decorated Riemann surface. (i) and (ii) show configurations of
codimension-two defects while (iii) shows the configuration of a codimension-four defect.
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Figure 1. Schematic illustration of the renormalization group flow Ty — Trr that can be used
to introduce surface defects. The white dots represent full punctures with SU(N) symmetry while
the black dot is a simple puncture with U(1) symmetry. The red dot represents a codimension-four
defect engineering a surface defect in four dimensions.

configurations in a larger theory. Let us consider the simplest example of this procedure
illustrated in figure 1.

The starting point is a theory T;r with a full puncture encoding an SU(N) flavor
symmetry. We then form the larger theory Tyy by adding a simple puncture nearby
with U(1) flavor symmetry. This corresponds to adding an additional hypermultiplet in
the bifundamental of SU(N) x SU(N) by gauging the diagonal SU(/V). The extra U(1)
symmetry corresponds to the baryonic symmetry of the bifundamental hypermultiplet and
the position of the simple puncture controls the gauge coupling of the gauged SU(V).

The theories Trg and Tyy are connected by a renormalization group flow that is initi-
ated by turning on a constant vacuum expectation value for the hypermultiplet scalar. By
turning on a position-dependent vacuum expectation value corresponding to a half-BPS
vortex configuration in 7y, the endpoint of the renormalization group flow is a surface
defect in the original theory 77r. These surface defects are labeled by a pair of positive
integers (r1,72) corresponding to the vortex numbers in orthogonal two-planes. This con-
struction is analogous to the Toda construction of codimension-four surface operators [9].
Hence our working conjecture is that they give a representation of codimensions-four sur-
face defects labelled by a pair of symmetric tensor representations of g.

A concrete prescription was given in [10] to implement this renormalization group flow
at the level of the superconformal index. The superconformal index is a trace over states of a
superconformal field theory in radial quantization [11]. It is a much simpler observable than
the four-sphere partition function because it does not depend on the marginal couplings of
the theory. For previous work on the superconformal index of theories of class S see [12-16].
In full generality, the N' = 2 superconformal index depends on three parameters denoted
by {p,q,t} that are associated to combinations of bosonic conserved charges commuting



with a chosen supercharge. It also depends on flavor parameters {ay,...,ayx}, such that
[1; a; = 1, for each global SU(NV) symmetry and an additional parameter b for each U(1)
symmetry. The superconformal index is thus denoted by

Z(p,q,t,a;,b,...). (1.1)

The superconformal index of the theory T;r with surface defects is obtained by com-
puting a residue of the superconformal index of the theory Ty in the additional fugacity
b associated to the additional U(1) symmetry. The result is a difference operator Gy, r,
that acts on the superconformal index of the original theory 77gr by shifting the fugacities
of the SU(N) flavor symmetry. Schematically, the difference operator is defined by

Grors Tinlaj, )~ Res | Tpv(agb,..) |, (1.2)
b=t2 pr1/Ngra/N

where the proportionality constant is discussed in section 2. The difference operator G, r,
corresponds to inserting a surface defect in the original theory T;g that is labeled by the
pair (r1,72).

In what follows we concentrate on the case 1 = 0 and simply label the difference
operators by G, where r € Z>g. The label r can be thought of as denoting a symmetric
tensor representation of rank r. The resulting expression for G, is

myg— 1 m+mk mjt / : )
Gr-I(a;) = Z H H 0 (qm— mkakC/Limak)

Zklka]kl m=0

z (aj g N T aj) , (1.3)

where the theta-function (z,p) is defined in section 2.

Following our arguments above, we expect that there exist difference operators Gr
corresponding to surface defects labeled by all irreducible representations R of g. In princi-
ple, they could be constructed by starting from a theory 7y with an additional puncture
with a larger flavor symmetry. However, this would involve non-Lagrangian ingredients
and, although the index can be bootstrapped as in [10], the analytic structure needed for
this approach is not manifest.

Instead we follow the line of reasoning introduced in [17] and complete the algebra
of difference operators. For the difference operator associated to the representation R we
make an ansatz

Gr-1 Z Cra(pq:t,a;) T(g~Ma)ay), (1.4)

where the sum is over the weights A\ of the representation R, (, ) is the standard inner
product on the Cartan subalgebra of g, and h; are the weights of the fundamental repre-
sentation. This ansatz is compatible with what we already know about difference operators
G, for symmetric tensor representations R = (r).

The coefficients Cr A(p, ¢,t,a;) are then determined by imposing that the full set of
difference operators G is closed under composition

Ry © GR2 ZNRl,RQ pv q, )GRg 5 (15)



and forms a commutative algebra. Since the symmetric tensor representations form an
over-complete basis, there are many compatibility conditions for the system (1.5) to be
solved consistently. It is thus non-trivial that a solution exists. Nevertheless, we can find
a solution using the following method.

First, we notice that all irreducible representations in the case g = su(2) are symmetric
tensor representations, so that there are no additional difference operators. Even though
it is not obvious and requires numerous functional identities for theta-functions, the sys-
tem (1.5) can be solved uniquely in this case. The structure coefficients Ng, Ry B3 (p, q,t)
turn out to be an elliptic generalization of the (g, ¢)-deformed Littlewood-Richardson coef-
ficients. In section 2.4.1 we give a recipe to obtain the elliptic coefficients N, r, ™ (p, q,t)
uniquely from the (g, t)-deformed ones.

If we then assume that for any rank of the gauge group the structure coefficients
N, R, Rs (p,q,t) are given by this elliptic generalization of the Littlewood-Richardson co-
efficients, the system (1.5) can be solved consistently and uniquely for all of the difference
operators Gr. The coefficients Cr ) are in general sums of products of ratios of theta-
functions. Let us stress once more that the fact that we can find a consistent solution to
the system (1.5) is highly non-trivial and involves numerous identities for theta-functions.
We see this as strong evidence that a class of surface defects labeled by general irreducible
representations R of g exists.

In particular, we find that the difference operators G ;) labeled by the rank r antisym-
metric tensor representations, can be conjugated to the Hamiltonians of the N-body elliptic
Ruijsenaars-Schneider integrable system. This is an extension of the fact, noted in [10],
that the fundamental operator in the case of A; can be conjugated to the Hamiltonian of
the two-body elliptic Ruijsenaars-Schneider integrable system.

A microscopic definition of a large class of surface defects can be given by coupling the
four-dimensional theory to two-dimensional N' = (2,2) degrees of freedom supported on
the surface [9, 18-20]. The superconformal index in the presence of such surface defects has
been constructed recently in [21]. Thus it is natural to ask whether the surface defects intro-
duced by the operators Gr can be understood in this approach. For the rank r symmetric
tensor representation, it was already noted in [21] that the two-dimensional degrees of
freedom consist of an N = (2,2) gauge theory with gauge group U(r), coupled to N funda-
mental and N anti-fundamental chiral fields and an additional chiral field in the adjoint rep-
resentation of U(r). Using the same techniques, we find that the relevant two-dimensional
degrees of freedom for the rank r antisymmetric tensor representation are the same as
above, but without the adjoint chiral field. For other representations, it is not clear to us
whether the surface defect can be constructed by coupling to an N' = (2, 2) supersymmetric
gauge theory. We make a few additional remarks about this in the discussion in section 6.

The superconformal index of N' = 2 theories of class S has a dual description in
terms of a two-dimensional topological quantum field theory on the surface C' [14, 15]. We
continue in this paper by showing that the difference operators G are natural objects
in this two-dimensional TQFT. When we focus on the Macdonald slice {p = 0, ¢,t}, the
TQFT is given as an analytic continuation of refined Chern-Simons theory on S x C [22].
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Figure 2. Sequence of dualities that maps the four-dimensional 7y theory (upper-left) to the
three-dimensional star-shaped quiver theory (lower-right).

In the Macdonald limit, the operators G(;r), labeled by antisymmetric tensor repre-
sentations, can be conjugated to the so-called Macdonald operators, whose eigenfunctions
are the Macdonald polynomials Ps(a, g,t) labeled by an irreducible representation S. We
find that the eigenvalue of a general, conjugated, difference operator G, in the Macdonald
limit is given by

SR:SPS(CL]'?q’t) 5 (16)

G(]:{'PS(aja(Lt) = S,
0,8

where Sk g is an analytic continuation of the modular S-matrix of refined Chern-Simons
theory, which depends on ¢ and t. A consequence is that the surface defect introduced
by the operator G% is equivalent to a Wilson loop wrapping around the S L of the three-
manifold S* x C.

In the Macdonald limit, the structure constants Ng, r,’*(g,t) become the (g,t)-
deformed Littlewood-Richardson coefficients and the algebra of difference operators Gpr
is identified with the Verlinde algebra. We expect that this Verlinde algebra has a natu-
ral interpretation in the (analytically continued) chiral boundary theory on the two-torus
boundary near a puncture of C.

We find further confirmation of the physical relevance of the difference operators G
by reducing the superconformal index to the three-sphere partition function, following [23—
25]. In particular, we consider the dimensional reduction of the four-dimensional 7 theory,
which is obtained by compactifying the six-dimensional (2,0) theory on a three-punctured
sphere with three full punctures. The dimensionally reduced Ty theory has a Lagrangian
mirror description as a star-shaped quiver theory [26]. This is illustrated in figure 2. In
particular, each full puncture of the three-punctured sphere is represented by a three-
dimensional linear quiver theory called 7 (SU(V)).



It is expected that the surface defects introduced by the dimensional reduction of the
operators Gg correspond to supersymmetric Wilson loops in the representation R for the
central node of the star-shaped quiver. This is in fact equivalent to the statement that
the partition function of the 7 (SU(N)) theory is an eigenfunction of the dimensionally
reduced operators ng). The partition function Z(z,y) of the 7(SU(NN)) theory depends
on two mass parameters  and y associated to the Higgs branch and the Coulomb branch
respectively, and is symmetric under x <> y. For the case of a round four-sphere, we show
indeed that

GOV (y) - Z(e.y) = Wan (@) Z(z.9), (1.7)

where W) (z) is a supersymmetric Wilson loop in the r-th antisymmetric tensor repre-
sentation.

For other (non-minuscule) representations we find that this is not quite correct. In
particular, the Wilson loops obey the algebra

WRl : WR2 = Z NRl»R2R3 WRs ) (18)
R3

where Ng, gr, Rs are the ordinary Littlewood-Richardson coefficients, whereas the algebra

of the three-dimensional operators ng) is not of this form. Instead, we find that when the

. . . . . 3d .
representation R is non-minuscule, the dimensionally reduced operators Gg% ) are linear

), with |S| < |R|, that are dual to Wilson loop operators.?

combinations of operators ég’d
This gives a simple invertible linear transformation on the algebra of difference operators.

Finally, by embedding the three-dimensional 7 (SU(NV)) theory as an S-duality do-
main wall in the four-dimensional N/ = 2* theory, we interpret the dimensionally reduced
difference operators ng) as operators that introduce 't Hooft defects, labeled by irre-
ducible representations R, into the four-sphere partition function of the N/ = 2* theory.
Again, when the representation R is an antisymmetric tensor representation, we find perfect
agreement with both localization [27] and (in the case of the fundamental representation)
computations of Verlinde operators in Liouville/Toda conformal field theory [9, 28-30],
while for other representations we once more find an invertible linear transformation on
the algebra of operators.

The outline of this paper is as follows. In section 2 we construct the difference operators
Gr by completing the algebra generated by the difference operators G,, which are labeled
by symmetric tensor representations, and we interpret the operators Gr as computing the
N = 2 superconformal index in the presence of surface defects. In section 3 we interpret the
difference operators G in the limit p = 0 as Wilson loops wrapping the S! in an analytic
continuation of refined Chern-Simons theory on S' x C'. In section 4 we reduce the difference
operators G g to three dimensions, and interpret them as operators that describe line defects
when added to the three-sphere partition function. In section 5 we relate the dimensionally

reduced operators ng) to operators that introduce 't Hooft loops into the four-sphere

We defined the partial ordering of representation by |R1| < |Rz| iff the dimension of the representation
Ry is less than the dimension of Rs.



partition function of the four-dimensional N = 2* theory. We finish in section 6 with a
discussion of our findings. Some longer calculations are presented in appendices A, B and C.

2 Elliptic algebra of four-dimensional surface defects

2.1 The superconformal index

The superconformal index is a trace over the states of a superconformal field theory in
radial quantization, or equivalently, a twisted partition function on S' x S3. The most
general superconformal index of four-dimensional N’ = 2 theories is

T = Te(—1)Fp= "¢ Bt B ] ol (2.1)
J

where the trace is taken over states of the theory in radial quantization annihilated by a
single supercharge QL;. Here, we are parametrizing S® by two complex coordinates (z, w)
obeying |z|2 + |w|? = 1, and the generators j, and j,, are rotations in the orthogonal z and
w-planes respectively. The symbol r denotes the generator of the superconformal U(1),
and R the generator of the Cartan subalgebra of SU(2)g. The f; are generators of the
Cartan subalgebra of the flavor symmetry group.

The combinations of generators appearing in the powers of (p, ¢,t, a;) in equation (2.1)
are those combinations that commute with the supercharge Ql,i' The letters p, ¢, t and
a; are fugacities for these symmetries and obey

Ipl, |ql, It], Ipq/t] < 1, laj] =1, (2.2)

which ensure that the index is well-defined.

If there exists a weakly coupled Lagrangian, the superconformal index can be computed
from single-letter indices by the plethystic exponential. The basic ingredients are the single
letter indices of a half-hypermultiplet and vectormultiplet,

_ Prq
iH:—ﬁ vt
(1-p(1-q’ (2.3)
B1 _ ¢
iy =P q ;

l-p 1-q (1-p)(1-gq)
For example, the superconformal index of a free hypermultiplet in the bifundamental rep-
resentation of SU(N) x SU(N) is

N
1
I(aj,bj,c) = PE iH Z (aibjc+ )

a;bic
i,j=1 v

) (2.4)
= H r (\/i(aibjc)i;]?a Q) )
ij=1

where PE stands for the plethystic exponential. The parameters {a;} and {b;} are fugacities
for the SU(N) x SU(N) symmetry and c is the fugacity for the overall U(1) symmetry. The



elliptic gamma function I'(z; p, ¢) is defined as

(1 _ Z—lpi-i-lqj—i-l)
(1 - zp'q/)

T(zip,q) = [] (2.5)

4,7=0

An important operation on the superconformal index is that of gauging a global sym-
metry. Given the superconformal index Z(a) of a theory with SU(NNV) flavor symmetry, the
superconformal index of the theory where this symmetry has been gauged is

%A(a) Zy(a)Z(a), (2.6)

where
Ty (a) = PE[iV( ZN: ;i - 1) } (2.7)

is the superconformal index of an SU(N) vectormultiplet and

N1 da; 1 a;
Ala) = | = 1-—= 2.
(=111 2mia; | NI H< aj> (28)
J=1 i#]

is the Haar measure on the maximal torus of SU(N).

2.2 Swurface defects from vortices

In this section, we review the construction of the superconformal index in the presence of
a certain class of surface defects, which arise as the infinite tension limit of background
vortex configurations [10]. They are labeled by a nonnegative integer r, the vortex number,
which may be interpreted as the magnetic flux through the vortex core.

The starting point is any superconformal field theory T;r with a global flavor symmetry
SU(N). By gauging this flavor symmetry, the theory may be coupled to a hypermultiplet
in the bifundamental representation of SU(N) x SU(N). The resulting superconformal
field theory Tyy has an additional baryonic U(1) symmetry acting on the bifundamental
hypermultiplet.

The two theories Trr and Ty are related by a renormalization flow initiated by turning
on a Higgs branch vacuum expectation value for the bifundamental scalar field Q. When
this expectation value is a constant, the RG flow brings us back to the theory Trr. When
the expectation value is taken to be coordinate-dependent, the theory 77r is modified along
a surface and in the low energy limit we recover the theory 77g in the presence of a surface
defect.

More precisely, we can introduce a vacuum expectation value for the baryon operator
B = det @ of the form

T

B(z) = [[(z - =), (2.9)

i=1
where z is a complex coordinate in a two-plane, the degree r corresponds to the vortex
number, and the parameters z; are the positions of the vortex strings. Taking the z; = 0,
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Figure 3. The left picture illustrates the Riemann surface C' corresponding to a theory Ty, which
is obtained by coupling the theory 77 to a bifundamental field. An RG flow, that is initiated by
turning on a Higgs vev for the bifundamental scalar, relates the theory 7yv to the original theory
Trr with a surface defect GG,.. This is illustrated on the right.

we have r coincident vortices. This construction then leads to surface defects labeled by
r € Z>o. For N' = 2 superconformal field theories of class S, this construction has an
elegant interpretation in terms of the curve C' — see figure 3.

This field theoretic construction of surface defects can be implemented concretely in the
superconformal index for surface defects supported on the S x S* defined by the locus {z =
0}. Denoting the superconformal index of Trr by Zir(ay,...), then the superconformal
index of Ty is

IUv(bj, C,.. ) = j{A(ai)IV(ai)IH(ai, bj, C) IIR(ai_l, . ) . (2.10)

This has simple poles that originate from simple poles in the integrand pinching the contour.
We consider the simple poles of the integrand coming from the bifundamental hypermulti-
plet index at

1
a; = t3gmi (2.11)
ba(i)c
where o is a permutation of {1,..., N} and )", m; = r where r € Z>o. They correspond

to the chiral ring generated by derivatives of components of the bifundamental scalar field,
(Oy)™ Q;T(l). For each permutation o, these poles pinch the contour when

c=t2gW, (2.12)

leading to a simple pole in the integral at this point. This pole then corresponds to the
chiral ring generated by derivatives of the baryon operator (9,,)" B where B = det (), which
is charged only under the U(1). The residue at this pole corresponds to the index of Trr
in the presence of a surface defect obtained by giving an expectation value B = z" to the
baryon operator of Ty and flowing to the IR.

As demonstrated in [10], the residue takes the form of a difference operator G, acting
on the superconformal index of 77r. There is one term in the operator for each distinct

set of integers {m1,...,my} such that >, m; = r. The precise prescription defining the
difference operator is
1
Gy - ZIrg(bi,...) = NIy (b) Rlesr |:CIU\/(C, b;, .. )] . (2.13)

c:t?qﬁ

~10 -



The result of the computation is

mj—l

N m4mi—m; 11/} .
G, - I(bl) _ Z H H 0 (q +m; tbz/b]?p) T (bz N qﬁfmi bz) ’ (214)
N

- o |z 0@ /bisp)
j=1"M =T "

where the theta-function is defined as

—

Il
=)

0(zp) = [T (1 — 2p") <1 - piH) . (2.15)

z
)

The difference operators G, constructed by this method are formally self-adjoint with
respect to the measure A(a)Zy(a) used for gauging. They are labeled by a nonnega-
tive integer r € Z>p. Furthermore each term in the operator can be identified with a
weight of the r-th symmetric tensor representation of su(/N). In particular, the numbers
{mi,ma,...,my} denote the number of times the integers {1,..., N} appear in the corre-
sponding Young tableau. Based on this observation, we associate these operators to surface
defects labeled by the symmetric tensor representations of su(N).

It is, however, expected that there exist surface defects labeled by arbitrary irreducible
representations of su(N). The necessity of such defects becomes apparent when the differ-
ence operators are composed.

2.3 Composition of difference operators

Let us now consider the composition of two difference operators, G,, o G,,. This can be
given a physical interpretation by coupling the theory 77g to a single hypermultiplet Q1 in
the bifundamental representation of SU(N) x SU(/N) and then to another bifundamental
hypermultiplet Q2. The resulting theory 7/}, is illustrated in figure 4. It has two additional
flavor symmetries U(1); and U(1)y that act on the two bifundamental hypermultiplets Q1
and ()9 respectively.

The original theory T;g is reached by turning on constant vacuum expectation values
for both baryon operators By = det @1 and By = det Q5 charged under the additional
flavor symmetries U(1); and U(1)2. In the superconformal index, this corresponds to the
residues of Zyy at the simple poles ¢; = t%/2 and ¢y = t%/2 in the fugacities associated to
U(1)s,1 and U(1) 2 respectively. Turning on position dependent vacuum expectation values
Bi = 2™ and By = 2" corresponds to computing the residues at simple poles ¢; = ¢1/2¢™
and ¢g = t1/2¢"2. The order in which the residues are computed is irrelevant and the result

Gh : (GT‘Q 'IIR) = Grz : (Gn 'IIR) 5 (2.16)

defines the (commutative) composition Gy, o Gy,. This construction again has an interpre-
tation in terms of the curve C for theories of class S, shown in figure 4.

2.4 The algebra of surface defects

The operators G, constructed above do not form a closed algebra under composition and
addition. More precisely, except for su(2), the composition G, oGy, cannot be decomposed

- 11 -
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Figure 4. The left picture illustrates the Riemann surface C' corresponding to the theory ’T[}V,
which is obtained by coupling the theory 7;r to two bifundamental fields. An RG flow, that is
initiated by turning on Higgs vevs for both bifundamental scalars, relates the theory ’T{IV to the
original theory Tir with two surface defects G, and G,,. This is illustrated on the right.

as a sum of other operators G, with coeflicients that are independent of the flavor fugacities
{a;} acted on by the operators.

In order to close the algebra, we need to enlarge the set of difference operators G,.
Having identified the label r with the r-fold symmetric tensor representation of su(NV), it
is natural to introduce operators G for any irreducible representation R of su(N) and to
force them to obey the algebra

Gr oGry =Y Nryir, ™ Gr, (2.17)
R3

where the coefficient Ng, g, R3 is non-zero only when the representation Rz appears in the
direct sum decomposition of the tensor product Rq ® Ro. Indeed, it turns out that this
determines the operators Gr and the algebra coefficients Ng, r, Rs essentially uniquely,
in a sense we explain in detail below. The closure of the algebra is a highly non-trivial
statement, however, depending on intricate theta-function identities.

Let us explain the procedure is some more detail. For each irreducible representation
R of su(N), we make an ansatz for the operator Gg. The ansatz is a sum over the weights
A of the representation R,

GR ' I(az) = Z CR,)\(pv q,t, a]) I(q_()\’hi)ai) (218)
A

with some unknown functions Cr x(p, q,t,a;). Here, the bracket (, ) denotes the standard
inner product on the Cartan subalgebra normalized so that (e;,e;) = 2 for all simple
roots. Furthermore, h; are the weights of the fundamental representation. They obey
(hi, hj) = (51'0' — 1/N.

The weights of an irreducible representation R of su(N) can be represented by semi-
standard Young tableaux, that are obtained by placing a number 1,..., N in each box of
the Young diagram (as we review in appendix A). Each weight can be written as a sum

N
A=Y mjhy, (2.19)
j=1

- 12 —



where m; are the filling numbers of the corresponding semi-standard Young tableau. In
particular, the weights of the r-th symmetric tensor representation are given by

N
A=Y "mjh;, (2.20)
j=1

where the numbers m; are such that Zj m; = r. Since (A, h;) = m; — %, the chosen ansatz
is compatible with the symmetric tensor operators G, that we already know.

Now we substitute the coefficients Cr (p, q,t, a;) for the symmetric tensor operators,
as well as our ansatz for the remaining representations, into the algebra relations

Gr oGry =Y Nry ., ™ Gr, . (2.21)
R3

We first solve these relations for the su(2) coefficients N, ,, ™ (p, ¢, t), and propose a gener-
alization for the su(NN) coefficients Nr, g, R3(p, q,t). Then we find that the remaining coef-
ficients Cr A (p, ¢, t, a;) are determined uniquely. The fact that this procedure works requires
intricate theta-function identities, providing a strong self-consistency check of our ansatz.
As a preliminary step, we introduce a small normalization of the operators G, labeled
by r-th symmetric tensor representations. We redefine the operators by multiplying them

by the factor

r—1 —1—i
N; = trv-n2 T ) (2.22)

9 P
i 0(td'p)
The purpose of the normalization is to render the leading algebra coefficient equal to
one. In the Schur limit {p,q,t} — {p,q, ¢} this normalization factor reduces to N, —
(—I)Tq_%T(T+N ), in agreement with the normalization factor in [17].

2.4.1 Rank 1

A good starting point is su(2), since its irreducible representations are exhausted by r-fold
symmetric products of the fundamental representation. Thus, the algebra of difference
operators should close without introducing any new operators. In particular, we expect
that the product G,, o G, can be decomposed according to the tensor product of the
corresponding irreducible representations

r1+72
GroGry= Y Npyp Gy, (2.23)

r=|ri—ra|

where we can compute the OPE coefficients N;, »,"*(p, ¢,t). Consistency of this struc-

ture demands that the coefficients N, ,,"

constructed in this way are independent of the
fugacity parameter a.

For simplicity, let us first consider the Macdonald limit p — 0. In this limit, the ratios
of theta-functions in the operators are replaced by rational functions of the remaining
variables ¢ and ¢. The operators G, become

mj—1 (1 o qm+mjfm¢@

2
G Z)=N, > I] | II Y

s @
mi+ma=r 1,j=1 | m=0 (1 —qm mJLTJZ.)

) I(aw—)q%*mi a) (2.24)
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where a; = a and as = a1

When composing any two such rational operators G,, and G,,, we indeed find that
the product Gy, o GG, decomposes according to the tensor product of the corresponding
irreducible representations, in such a way that the structure constants N, ,,"(g,t) are
rational functions of ¢ and ¢.

As mentioned above, we have normalized the difference operators such that the struc-
ture constant for the leading OPE coefficient A, ,"' ™™ = 1. The remaining structure
constants can be computed straightforwardly in each case. For example, Gi o G| =
Go +./\/‘1710 Go, where

1+t)(1—¢q)

N11%(q,t) = (Ch)[Chet ) 2.25
=S (2.25)

This is a particular case of the more general decomposition
GioG, = GrJrl +N1,rr_1 Gr_1, (226)

where -
1—t¢" " )(1—q"

Nl Trfl(q’t) — ( q )( q ) (227)

’ (1 —tg—H) (1 —tq")
Similar formulae can be derived for any other example.

Remarkably, we observe that the structure constants NV, »,"(q,t) are equal to the (g, t)-
deformed Littlewood-Richardson coefficients. In other words, the operators G, in the limit
p — 0 obey the same algebra as the Macdonald polynomials P.(a,q,t) for su(2). (We
refer to appendix A for more details regarding Macdonald polynomials and (g, t)-deformed
Littlewood-Richardson coefficients.)

It turns out that the structure constants of the general elliptic operator algebra can
be obtained in a canonical way by “lifting” the structure constants N, ,,"*(g,t) of the
Macdonald algebra. This works as follows. First we express the (g, t)-deformed Littlewood-
Richardson coefficients as rational functions consisting of factors of the form (1 — ), where
 is a monomial of the form ¢®t?. Then we “lift” each factor to an elliptic function 6(z, p)
whose second argument is the additional parameter p. The original coefficients are obtained
in the limit p — 0.

Note that even though there are ambiguities in writing the (g, t)-deformed Littlewood-
Richardson coefficients as rational functions of the form (1 — z), such as for example in

1-2)(1—-q (Q—-3)(1-1)
Mg, t) = ( = L, (2.28)
’ C-00—q)  (1-Hi-1)
the elliptic lift
0(t*, p) 0(q,p)
N 0 p’ q,t — ’ ) . 229
L g.?) 0(t, p) 0(qt, p) (229)
is uniquely defined because of the theta-function identity
1
0(=""p) = =~ 0(2p). (2.30)
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Verifying the composition rules for the elliptic difference operators G, now requires nu-
merous theta-function identities. For instance, checking that G10G1 = Ga+N11%(p, ¢,t) Go

(

requires
2 p) 0 (til,p) 0 (ta*2,p) 0 (taQ,p)

0(t*,p)0(q, p) N 4
(

g2
0(t,p)0(at,p)  6(q"sp)0 (¢ a2 p) 0 (¢~ a? p) O(qt, p)
0 (71, p) 0 (ta=2,p) 0 (tg~"a?,p)
~ 0(a2,p)0(t,p)0 (g "a?,p) (2.31)

0 (til,p) 0 (ta2,p) 0 (tqila*Q,p)
0 (a%,p)0(t,p)0 (¢ ta"2,p)

which can be checked for instance by expanding around p = 0.

Similarly, when composing the fundamental operator G; with the operator G, for
any other irreducible representation of su(2), we find that another elliptic theta-function
identity brings the non-trivial structure constant into the form

0(t2¢" 4, p)0(q", p)
O(tq"=1,p) O(tq", p)

In fact, for any other check we did, we find that the structure constants N, ,," are

N poa,t) = (2.32)

independent of the fugacity parameter a and can be expressed as ratios of theta-functions.
Even better, we find that they are elliptic (lifts of (g,t)-deformed) Littlewood-Richardson
coefficients, in the sense explained above.

The elliptic operators G, thus obey an elliptic version of the Macdonald polynomial
algebra. In particular, this provides evidence for the conjecture that the surface defects
labeled by r € Z>( are to be identified with irreducible representations of su(2).

2.4.2 Higher rank

For su(N), with N > 2, the algebra of the difference operators G, is not closed. We
introduce a new set of operators G labeled by irreducible representations of su(N), and
identify the difference operators G, with the operators G(;) labeled by the rank r symmet-
ric tensor representation.? We systematically find expressions for the novel operators by
imposing the algebra

GR1 o GR2 - ZNR17R2R3 GRg ) (233)
R3

where we assume that the coefficients N Ri. R2R3 (p, q,t) are given by the elliptic (lifts of (g, t)-
refined) Littlewood-Richardson coefficients, which can be found uniquely for any triple of
representations Ri, Rs and Rs.

In the rank 2 and 3 cases, we have explicitly computed a large set of elliptic difference
operators Gg, and performed ample consistency checks amongst them. These computa-
tions reveal several structures amongst the difference operators, and we are to make some

proposals for general N. Let us give a few examples here.

2We label by (€1,...,€n—1) the representation associated to the Young diagram whose j-th row has
length ¢;.
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First, consider the composition of two operators each labeled by the fundamental repre-
sentation, G/(1) o G(1). This representation (1) ® (1) decomposes into the symmetric tensor
(2) and the antisymmetric tensor (1,1) representations. The coefficient of the operator
G(2) labeled by the symmetric tensor representation is one, following from our choice of
normalization. Choose the coefficient

Nayy"V(p,q,t) = (2.34)
to be the uplift of the corresponding (g, t)-deformed Littlewood-Richardson coefficient. The

difference operator G(1,1) labeled by the rank-two antisymmetric tensor representation of
su(N) can then be determined from the equation

0(q,p) 0(*, p)

G G0 = S0+ 5 py o, p) O

(2.35)

By this method, we find that the elliptic difference operator Gy ) for the antisymmetric
tensor representation is given by

0 (gaﬁ/ak,p) 4 (3%/%1’)

0 (ak/ajlap) 0 (ak/ajzvp)

Guy- Za) =t ]

J1<j2 k#{j1,j2}

T (q%_(siy{hdz}ai) . (236)

The term in the sum labeled by ji < jo corresponds to the weight A = hj, + hj, in the
antisymmetric tensor representation (1,1).

Next, we determine the difference operator G5 1) from the equation

2 2
0(q°,p) 0(qt*, p) G

(G o) - T =Cy T+ 5z o, py C

T, (2.37)

where
(¢, p) 0(qt?, p)
0(qt, p) 0(qt,p)

is the elliptic lift of the (g, t)-deformed Littlewood-Richardson coefficient /\/'(2)7(1)(2’1)((1, t).
We verify that the difference operator G, 1) can indeed be written as a sum over the

NP (p,a,1) = (2.38)

weights X = Y. m;h; with ), m; = 3, i.e. as a sum over the weights in the representation
labeled by the Young diagram (2,1). These weights can be divided into two groups. The
weights {m;, = m;, = m;, = 1} occur with multiplicity two, whereas the weights {m;, =
2, mj, = 1} occur with multiplicity one.

We then expand the resulting operator to lowest order in p, read off its elliptic lift and
check this in an expansion in p. For instance, for su(3) we find that

aO'
G,y - L(a1, a2, a3) Z C210(Ag(1), Ag(2 ),%(3))1< (1(1),%(2),(1%(3))

o€ES3 (239)

+ Chii(ar, a2, a3) (a1, az, as3) .
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The first group of terms in this sum correspond to weights A = 2h,(1)+h,(2) that occur with
multiplicity one. These terms are given by a single product over ratios of theta-functions:

taa(l) ta(,(l) ) (t(lo.(Q) ) ( taa(l) )
-2 0 <q%<2>’p> 0 (qa <3>’p 0 qa <3>’p 0 q2%<3)’p
Conolto () Bo@): o) = 17— 0, N Ta) N (5em N g (Fem )
<%(1>’p) (a (1) ’p> (a ) ’p) (%m ’p>

The last term corresponds to the weight A = hy + hg + hsz, which occurs with multiplicity
two. Its contribution is given by

_5 0(t,p) 0 (¢*t,p)

0(q1,p)0(qt? p)

ta, ta, ta, - ta, ta,

) 29(%5;;,]0)9(%3,]9) (G o (Geon) 0 (Gton) 0 (son)

a, ay - qa, o 905

250 ()0 () () 0 () (22.0) 0 (222.0)
(L, p)26(¢3,p) 9(t§;,p)9(t52,p) (i?;, ) 022, p) (43, p) 6(12, p) (2.41)
0(¢,0)?0( . p) 0505 p) 0(52, p) O(%2, p) O(TL, p) 0 (q;‘f,p) 0(%2,p) )

The last term in this expression is invariant itself under permutations of a1, as and ag, the

(2.40)

Ciii(ai,az,a3) = —t

first six terms permute into each other.

Continuing this strategy, one can systematically find the elliptic difference operators
for any given representation R and perform consistency checks on it. We have explicitly
computed all su(3) and su(4) difference operators labeled by Young diagrams with up to
four boxes. From these results we infer that the difference operator G(;r), corresponding
to the rank r antisymmetric representation of su(N ), is given by

G(]_T) I(a;) = _ 4r(r=N)/2 Z H i a]/alm T <q%— z‘,Iai) 7 (2.42)

\I|=r jEI (ax/aj,p)
kgl
where the summation is over subsets I C {1,...,N} of length |I| = r and where the

symbol ;7 is one if ¢ € I and zero if ¢ ¢ I. As we will show in more detail in the
next section, these operators are related by conjugation to the Hamiltonians of the elliptic
Ruijsenaars-Schneider model.

2.5 Properties of difference operators

Let us summarize a few properties of the resulting difference operators Gg:

e They are formally self-adjoint respect to the vectormultiplet measure A(a)Zy (a) on
the unit circle |a| = 1.

e The composition G, o G, is commutative.

e The difference operators Gr obey the algebra

GrioGry =Y Npym, Gry, (2.43)
R3

where the coefficients Ng, R, are elliptic lifts of the (g,t)-deformed Littlewood-
Richardson coefficients.
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e They can be expanded as

GR : I(al) = Z CR,)\(pa qvta aj)I(q_O\’hi)ai%
A

where the summation is over weights A in the representation R.

While we have not found a closed expression for the coefficients Cr A (p, ¢,t, a;), it may be
useful to point out the following structures:

e For general values of the fugacities, Cr x» # Cr/ » when X is a weight of two different
representations R and R’. Only in the Schur limit ¢ = ¢ do the coefficients Cg x
depend only on the weight A.

e The coefficients Cg ) are given by a single ratio of theta-functions when the weight
A occurs in the representation R with multiplicity one. If A occurs with higher
multiplicity the coefficient Cr ) is a sum of ratios of theta-functions.

e If X and X\ are in the same Weyl orbit, the coefficients Cr » and Cg s are related by
a permutation of fugacities a;.

e If )\ is in the Weyl orbit of the highest weight in the representation R, the coefficient
CRr,» does not contain theta-functions that are independent of the fugacities a;.

e If X\ is not in the Weyl orbit of the highest weight in the representation R, the
coefficient Cg ) does contain a ratio of such theta-functions that are independent of
a;. This ratio can be obtained as an elliptic lift of the corresponding coefficient for
the Macdonald polynomial Pg(q,t).

We also note that the elliptic lift of the (g, t)-deformed Littlewood-Richardson coeffi-
cients Ng, r, Rs (p, q,t) have the same number of terms in the numerator and denominator.
Moreover, when ¢ = t these terms all cancel each other. This implies that the elliptic
algebra reduces to the Schur algebra when ¢ = ¢. In this limit all coefficients Cr x(p, q,1)

reduce to a single product C)\(q) depending only on the weight A as found previously in [17].

2.6 Two-dimensional worldvolume theory

So far, we have constructed an algebra of operators G that compute the superconformal
index in the presence of a set of surface defects labeled by irreducible representations R
of su(N). The operators G(;, labeled by symmetric tensor representations, were found
in an infinite tension limit of two-dimensional half-BPS vortices. The operators for the
remaining representations were obtained in a canonical way by completing the algebra.
An alternative and more direct way to define surface defects is by coupling to two-
dimensional degrees of freedom on the supported surface. For instance, consider a two-
dimensional N' = (2,2) gauge theory with flavor symmetry group SU(N). This two-
dimensional theory can be coupled to the four-dimensional theory by gauging the 2d flavor
symmetry using the restriction of a 4d dynamical or background SU(NN) vectormultiplet
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SU(N)
SU(N)a SU(N)s

Figure 5. Linear quiver description of A/ = 2 superconformal QCD. The flavor symmetry group of
each set of N hypers is enhanced to U(N). This splits into an SU(NN) plus a diagonal U(1) flavor
symmetry group.

to the surface S. A large class of half-BPS surface defects defined in this way have been
studied in [19, 20].

The superconformal index of four-dimensional linear N' = 2 quiver theories in the
presence of such surface defects can be found by combining the two-dimensional elliptic
genus with the four-dimensional superconformal index [21]. Let us consider this combined
index in a few examples of surface defects in AN/ = 2 superconformal QCD, i.e. a four-
dimensional SU(N) gauge theory coupled to 2N hypermultiplets.

Before introducing surface defects, let us remind ourselves that N' = 2 superconformal
QCD has a dual description as a degeneration limit of a Riemann surface with two simple
and two full punctures. Equivalently, its matter content can be read off from a linear
quiver, see figure 5. The manifest global symmetry in this presentation is

SU(N)4 x SU(N)g xU(1)4 x U(1)p

If we denote the corresponding fugacities by (a;, b;, x,y), the superconformal index of su-
perconformal QCD is

/A zj) Zv (25) T (25 Yai, ) T (2, bi,y) - (2.44)

Notice that we could have equivalently considered the same theory with a U(N) gauge
group, since the center of mass U(1) decouples in the IR.

Let us now add two-dimensional degrees of freedom to the four-dimensional supercon-
formal QCD theory with gauge group U(INV). We give two examples whose 2d-4d quiver
descriptions are shown in figure 6.

As a first example, we consider a two-dimensional V' = (2,2) gauge theory with gauge
group U(r) coupled to N fundamental and N anti-fundamental chiral fields. The two-
dimensional flavor symmetry group is thus U(N) s x U(NN)4. We couple the N fundamental
chirals to the U(N) gauge symmetry, and the N anti-fundamental chirals to the SU(N)p x
U(1)p global symmetry, as described in [21]. The resulting quiver is illustrated on top in
figure 6. The superconformal index of the resulting 2d-4d system is

/ A() T (2) Tu (257, 02, 2) (Or - Tar (25, birw) (2.45)

where the operator O, acts as

- SIS () 210

2/ %25
‘Ilf jEI k‘/ ]7
k¢l
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Figure 6. On top (bottom): 2d-4d quiver description of a fully antisymmetric (symmetric) surface
defect in N' = 2 superconformal QCD.

on the fugacities z; of the U(NN) gauge symmetry.

The terms in the above expression are in one-to-one correspondence with the (]X ) Higgs
branch vacua of the two-dimensional theory, in which certain components of the chiral
fields get a vacuum expectation value. Each term in equation (2.47) can be interpreted as
computing the index of the 2d-4d system in one of these vacua.

The operator O, agrees with the elliptic difference operator G(;r) labeled by the anti-
symmetric tensor representation (1") of rank 7 up to an overall fractional shift by q%. Since
the shifts z; — ¢ %7z; do not preserve the condition Hj zj = 1, the fugacities z; should
really be interpreted as U(N) (instead of SU(N)) fugacities. To find the exact operators
G(ir), however, we would need to find a system that couples the same two-dimensional
degrees of freedom to a 4d theory with genuine SU(N) symmetry groups. This is for in-
stance required to understand surface defects in the four-dimensional Tx theory, whose
flavor symmetry groups cannot be enlarged to U(N).

As a second example, we add a chiral field in the adjoint representation to the two-
dimensional N' = (2,2) theory that we considered before. The quiver description can be
found on the bottom of figure 6. The presence of the adjoint field drastically changes the
vacuum structure, which is mirrored in the expression for the superconformal index. The
index of the 2d-4d system is the same as before, except that the operator O, now acts as

mj;—1

N MAMG =i, [
OT ~I(Zi) _ Z H H 9((1 + t z/ J’p) I(q—mi Zi) . (2‘47)

SNy dj=1 | m=0 0 (q™~"izj/ 2, p)
g=1"%" >

This expression coincides with the operator G, associated to the symmetric representation
(r) of rank 7, as was already noted in [21], except that the fractional shift ¢¥ is again
missing.
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For the symmetric as well as the antisymmetric tensor representations the two-
dimensional degrees of freedom on the surface defect introduced by the operators Gg,
can thus be identified with certain two-dimensional N’ = (2,2) gauge theories, up to some
shifts.

It would be interesting to observe whether the S? partition function of these A = (2, 2)
theories can be obtained from Toda correlators with degenerate vertex operators labeled
by highest weights of the symmetric and antisymmetric tensor representations. This has
been demonstrated for the fundamental representation in [31] (see also [18, 32]).

3 Two-dimensional TQFT and Verlinde algebra

In this section we identify the difference operators G with local operators in a topological
quantum field theory (TQFT) of the Riemann surface C. In the case p = 0, this can be iden-
tified with an analytic continuation of refined Chern-Simons theory on S* x C' and the rele-
vant local operators arise from Wilson loops in the representation R and wrapping the S?.

3.1 TQFT structure of the superconformal index

Recall that for any superconformal field theory of class S the superconformal index is
independent of marginal couplings and hence of the complex structure of the Riemann
surface C. This suggests that the superconformal index of these theories has a dual
description as a two-dimensional TQFT on the Riemann surface C' [12]. In the Schur
limit (when p — 0 and ¢ = t), the TQFT has been identified as g-deformed Yang-Mills
theory on C' in the zero area limit [14], or equivalently as an analytic continuation of
Chern-Simons theory on C' x S'. This picture can be extended to the Macdonald limit
(p — 0) when the superconformal index has a dual description as an analytic continuation
of refined Chern-Simons theory on C' x St [22].

In order to verify the above relation, it is necessary to extract a certain function K (a)
from the superconformal index for each SU(N) flavor puncture. In what follows, we define
the normalized index Z(™ through the equation

Z(a,b,...) = (K(a)K(b)---)I™(a,b,...), (3.1)

where N
K(a) = [[T(tai/aj,p,q) - (3:2)

i#£]

The normalized index Z(™ is now gauged using the measure

Ry 1 ((pp)a,9)\V " 1y D(tai/aj,p,q)
AM(a) = K(a)A(a) = ~i (r(t,p, m ) gf(ai/aj,p, R (3.3)

The difference operators Gr acting on the normalized index are thus obtained by

conjugation i .
Gr= W(GR - K(a)). (3.4)
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This conjugation leaves the algebra of difference operators unchanged. After a long, yet
straightforward, computation we find that the conjugated operators for the fully symmetric
representations R = (r) are given by

N m;—

G- T () = A, Z H H e 6 (tq™ai/aj,p) 7(n) <q%_m"ai> (3.5)

m= mzaz/a p)
Z]lmJT’]lmO 7

while those for the fully antisymmetric representations R = (1") are

_ 0 (ta; /ak T
. 7(n) __yr(r—N)/2 YAy [ Yk P P (n) —0i1 .
G(l'r) A ( =t Z H /ak (qN Iaz) ) (3'6)
|I|=r keI @j/ @k P
where the summation is over all subsets I C {1,2,...,N} of length r. Comparing

with (2.14) and (2.42) noting the reflection property 0(z,p) = 6(p/z,p) we see that the
effect of the conjugation is simply to interchange t <> pg/t. In summary, we have found that

éR(p, Q7t7a) =GR (p’%}%)oo . (37)

Remarkably, the conjugated antisymmetric tensor operators G(lr) are precisely the Hamil-
tonians of the elliptic Ruijsenaars-Schneider model, extending the observation made in [10].

We will assume that the difference operators Gr admit a complete set of eigenfunctions
{ts(a;)}, indexed by irreducible representations S of su(N), which are orthogonal with
respect to the measure A(”)(a) and have non-degenerate eigenvalues E( R)" In fact, the
eigenfunctions are determined by the fully antisymmetric operators G(lr) With the help
of these eigenfunctions {1g(a;)} the TQFT structure of the superconformal index can be
made very explicit [10].

Consider for instance the sphere with three maximal punctures. The corresponding
four-dimensional conformal field theory is known as Ty. It has at least SU(N)? flavor
symmetry. Write the normalized superconformal index of the Ty theory as

I(n) (aiv bi7 Ci) )

where the parameters a;, b; and ¢; are three sets of fugacities dual to the maximal torus of
the SU(N) flavor symmetries. This superconformal index can be expanded in terms of the
set of eigenfunctions {¢g(a;)} as

T (i, biyei) = Y Cy 55,8, ¥, (i) ts, (bi) s, (ci) (3.8)

51,52,53

where Cg, g, g, are the structure constants of the two-dimensional TQFT. If we impose that
acting with any one of the operators C_T’(lr) gives the same result, and assume that the eigen-
values are non-degenerate then the superconformal index is in fact diagonal in this basis

T (a4, biyei) = Y Cohs(ai)s(bi)ibs(ci) . (3.9)
S

- 29 —



~—  Z(ai,bi, ;) = > g Dstps(a;i)ps(bi)s(c;)

~——  Gr-gla;) = (?j—;) ¥s(a;)

Figure 7. The superconformal index can be written as a TQFT correlator. This correlator is
diagonal in the eigenfunctions g (a;) of the difference operators Gg.

This is illustrated in figure 7 for the case of a sphere with three punctures. As explained
n [10], the constants C's can be found by comparing two degeneration limits of the N + 1
punctured sphere with N — 1 maximal and two minimal punctures.

In the remainder of this section we will restrict ourselves to the Macdonald slice
(p,q,t) = (0,q,t). In this limit, the antisymmetric difference operators G’(F) turn into
the Macdonald operators

_ (1—
Gury - T (a;) = ¢70-N/2 7 H =495/ @, D) ) (o =i (3.10)
i ker (1 @/ p)
j¢l

while the normalized vectormultiplet measure becomes

gy — TT L~ tai/as,q)
A (a) g(l—ai/aj,q) (3.11)

and coincides with the standard Macdonald measure.

The operators @(p) are self-adjoint with respect to this measure on the unit circle
la| = 1 and their common eigenfunctions are the Macdonald polynomials Pgs(a;; ¢, t), which
are labeled by irreducible representations of su(NN). They are by construction orthogonal
with respect to the measure A (aq) and are normalized such that

Ps(ai;q,t) = xs(ai) + Y esr(qt) xr(ai) . (3.12)
T<S
In this equation, the cg r are rational functions of ¢ and ¢ that are uniquely fixed by ensuring
that Pg(a;;q,t) is an eigenfunction of the Macdonald operators G‘(y) forr=1,...,N—1.
In this limit the structure constants Cg are given by

1
Cg = — 3.13
5= Sos (3.13)

where Sg g is an analytic continuation of the modular S-matrix of refined Chern-Simons
theory.
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3.1.1 Operator algebra from Macdonald polynomials
The Macdonald polynomials obey

Psl 'PSQ :ZN51,SQSBPS37 (314)
S

where Ng, g, 93 are the (g, t)-deformed Littlewood-Richardson coefficients. Remarkably, we
have found that the conjugated difference operators G'i obey the same algebra. Let us try
to understand this fact.

Consider for instance the case N = 2. The eigenvalues of the difference operators G,
can be computed from explicit formulae that we have found. By experimentation, we find

that they are given by

= Sy
Grl : PT2(a) = SOL 2
T2

where S, ,, is an analytic continuation of the modular S-matrix of refined Chern-Simons

P.,, (3.15)

theory (see appendix A for the construction of this quantity). This formula can be proven
by a lengthy computation using the residue construction, in which the eigenvalue is given by

1
P (316)
Resa:t% éPrz(a) S0,
This S-matrix is known to obey the (g, t)-deformed Verlinde formula
STLS : ST27S = SO,S ZNTlﬂ“zTST,S . (3'17)
T

Let us now act with the composition of the operators G, and G, on the Macdonald
polynomial Ps and apply the refined Verlinde formula

_ _ Spi s S
G, 0@, Py = 28 2res p
( 1 o 2) SO,S SO73

r ST,S
:ZN”"l,T‘Q KPS (318)

T
— ZNT’l,T‘QTGT‘ * PS .
T

Since the Macdonald polynomials form a complete basis of symmetric functions, we find
that the structure constants of the difference operator algebra are indeed the (g, t)-deformed
Littlewood-Richardson coefficients.

Similarly, we have verified that the generalized difference operators Gg, labeled by
irreducible representations R of su(N), satisfy the eigenvalue equation

SRR
G, - Pry =~ P, (3.19)

0,Rs

in the Macdonald slice.
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3.2 Wilson loops in refined Chern-Simons theory

In the Macdonald slice the superconformal index is dual to an analytic continuation of the
refined Chern-Simons theory on S' x C. Similar to the discussion in [17] we can identify the
surface defect operators G g in this refined Chern-Simons theory as the Wilson loop operator

Or =TrgrPexp (z?{ A) (3.20)
S1

in the representation R wrapping the S'. This is of course a local operator from the
perspective of the two-dimensional TQFT on C, in accordance with our expectations from
six-dimensional engineering.

Correlation functions of this operator are independent of its position on C and simply
insert a ratio Sp /S5 in the sum over representations S is any correlator. For example,
inserting the operator Og in a correlator on the three-punctured sphere is computed as

Pg(a1)Ps(az)Ps(asz) S
(On)oy = 3 Dol Elaa)Psles) S (3.21)

S

where Sg g is an analytic continuation of the modular S-matrix of refined Chern-Simons
theory. Hence inserting the local operator Og in a TQFT correlation function is equivalent
to acting on any of the punctures with the difference operator Gg.

Moreover, from the (g, t)-deformed Verlinde formula

SRS - SRys = 50,5 ZNRl,RzRSR,S (3.22)
R

we derive the operator product expansion

OR1 . ORQ = ZNRl,RzROR7 (3.23)
R

where Npg, R2R are the analytically continued (g, t)-deformed Littlewood-Richardson co-
efficients. Thus in the Macdonald limit, the algebra of the difference operators Gg is
equivalent to the Verlinde algebra in refined Chern-Simons theory on S x C.

The general superconformal index could be taken to define a (p, q,t)-deformed Yang-
Mills theory on C, whose structure constants are given in terms of the eigenfunctions
Yr(ai;p,q,t) of the elliptic difference operators. The difference operators satisfy an alge-
bra whose structure constants N, r,’ are elliptic functions. It would be fascinating to
understand this theory.

4 Algebra of three-dimensional line defects

In section 2, we constructed the superconformal index of A/ = 2 theories on S x S3 in the
presence of certain surface defects supported on S* x S'. These surface defects were labeled
by an irreducible representation R of su(N) and could be added to any superconformal
theory with an SU(N) flavor symmetry. In this section, we consider the reduction of the
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four-dimensional superconformal index to a partition function on a squashed three-sphere
S3, following [23-25]. In this limit, the surface defects become codimension-two defects in
the three-dimensional theory wrapping an S* C S3.

For four-dimensional theories of class S, upon dimensionally reducing on S! the theory
flows to an A/ = 4 superconformal field theory in three-dimensions. Moreover, this has
a mirror description in terms of a star-shaped quiver theory [26]. It is expected that the
surface defects introduced by the difference operators Gr become supersymmetric Wilson
loops in representation R for the central node of this star-shaped quiver upon dimensional
reduction. We demonstrate this explicitly for antisymmetric tensor representations
R = (1") and the case of a round three-sphere. For non-minuscule representations R,
however, we find that the difference operators G introduce a linear combination of
Wilson loops in irreducible representations S with |S| < |R)|.

4.1 From superconformal index to 3d partition function

The four-dimensional superconformal index on S' x S2 can be reduced to a partition
function on the squashed three-sphere S3, as demonstrated in [23-25]. This limit is taken
by parametrizing the fugacities by

_ Bt Bb b= B

p ) q= e, ’ aj = e_iﬁmj ) (41)

with 3 > 0 and then taking the limit 3 — 0. Here we have introduced the convenient
notation € = 4 + im where ¢ =b+b"1.
The real parameter b > 0 encodes the geometry of the three-sphere, defined by the
embedding
b2 22 4+ b |w)? =1 (4.2)

into C? with complex coordinates (z,w). The parameters x; with Zi\;l x; = 0 are real mass
parameters for the global SU(N) symmetry that is inherited by the three-dimensional
theory. It is convenient to repackage the components z; into a vector z such that
xj = (z, hj). In addition, the real parameter m gives a mass to the adjoint chiral multiplet
inside the background N/ = 4 vectormultiplet, breaking the supersymmetry to A’ = 2 in
three dimensions.

Let us consider two important examples. Firstly, the three-dimensional limit (4.1) of
the superconformal index of a free hypermultiplet is given by

Zp(z) = Sy (g + zx) . (4.3)

Secondly, the superconformal index of an SU(N) vectormultiplet combined with the Haar
measure becomes the partition function of a three-dimensional N' = 4 vectormultiplet

N
Zy(x) = H 2sin (inbtr;;) K(z) (4.4)
where
R .
K(z) = So(e) H Sp(€" + ix45) (4.5)
ij=1
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where we have denoted € = 4 — im. Note that C(z) is the contribution from the N = 2
adjoint chiral multiplet inside the three-dimensional N' = 4 vectormultiplet and cancel
in pairs in the limit m — 0. We use the double sine function that obeys the difference
equation Sy(x + b*F) = 2sin(rbTx)Sy(x) and the reflection property Sy(z)Sy(q — x) = 1.
Further properties of this special function can be found in appendix C.

Let us now consider the three-dimensional limit of the difference operators G that
introduce surface defects into the four-dimensional N' = 2 theory. The three-dimensional
limit can be evaluated using the fact that the ratio of theta-functions with a common

second argument reduces to a ratio of sine-functions,

H(ea’),eﬁp) p—0  sin(wa/f)
6 (e7°, ePr) sin (mv/8)

(4.6)

Let us first consider the difference operator Gy labeled by the fundamental represen-
tation of su(NN). In four dimensions this operator is given by

G Sl 0( aj/ak,p) 5
L) = T 5075 )I(qN “ai..) (4.7)

ak/a]7p

up to some overall t-dependent factor. Applying the above formula to each term, we find
that the three-dimensional limit of the fundamental difference operator G ;) acts on the
three-dimensional partition function Z(z,...) as

N N
b(e* —ixk) )
GO z(s sinm ik) 7 bhi. ... 48
) ;Ig sin7h ( —zxjk) (z+i 7 ), (4.8)

where we use the shorthand z;, = x; — x,. We also recall that the weights h; obey
(hi, hj) = 51']' — 1/N.

Let us now extend this computation to the rank r antisymmetric tensor representation
(1) of su(N). In section 2 we found that up to a power of ¢ the corresponding difference
operator is

G ) = 3 T A 7 (-5 (1.9)

\I|=r jeI 0ar/a;, p)
kgl
where the summation is over subsets I C {1,..., N} of length |I| = r and where the symbol

d;.1 is one if i € I and zero if i ¢ I. In the three-dimensional limit, we obtain the operator

b(e T ;
GHY . 2@) =Y Hsm — i) 5 z+ibY hy |, (4.10)
sin b (—ix i) :
[I|=rj GI Jjel

acting on the squashed three-sphere partition function Z(x). Similar computations can
be performed for the four-dimensional difference operators G corresponding to any irre-
ducible representation R of su(N).
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Tn @ T(SU(N))

FEHE-O

() 0 ()
Figure 8. Left: star-shaped quiver corresponding to the mirror of the three-dimensional Ty theory.
Right: linear quiver description of the three-dimensional 7 (SU(N)) theory.

The dimensionally reduced operators ng) have similar properties to their four-

dimensional ancestors. The adjoint operator of ng) with respect to the three-dimensional

N = 4 vectormultiplet measure (4.4) on RV~1,

dN—lx N
(ot = [ |5 T 2sin inb) K00 | - i) alo) (411)

)

is given by the operator G(g,fi for the conjugate representation R*. Furthermore, the opera-

tors ng) generate a commutative algebra that can be derived by applying the limit (4.1) to
the general structure constants Ng, g, B3 (p, q,t) that we found in the four-dimensional case.

Finally, in section 3.1 we pointed out that the four-dimensional difference operators
with the replacement ¢ — pq/t were related by a similarity transformation. In the three-
dimensional limit, this corresponds to m — —m or quivalently ¢ — €*. Thus, either by
direct computation or by taking the three-dimensional limit of the the result in section 3.1
we find that

Gi@) = - GR @) K@) (4.12)

where the operator ng) (x) is related to ng) () by the replacement € — ¢* and K(z) is

the partition function of an adjoint A/ = 2 chiral multiplet inside an N" = 4 vectormultiplet.
A consequence is that the eigenfunctions of the two sets of operators are proportional.

4.2 Wilson loops in 3d star-shaped quivers

Since the dimensional reduction is performed along a circle on which the surface defect is
supported, we expect that the difference operators (4.8) and (4.10) introduce defects in
the three-dimensional theory supported on the circle |z|> = b2. In the following we will
perform indirect checks of this prediction by exploiting three-dimensional mirror symmetry
to relate these defects to supersymmetric Wilson loops.

Upon dimensional reduction, a four-dimensional N' = 2 theory of class S flows to
an N = 4 superconformal field theory in three dimensions, which is related by mirror
symmetry to a star-shaped quiver gauge theory [26]. For example, the mirror of the three-
dimensional reduction of the Ty theory is given by a star-shaped quiver with three legs,
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shown in figure 8. More generally, each full puncture in four dimensions gives rise to one
copy of the linear quiver illustrated on the right in figure 8. The corresponding field theory
is known as the 7 (SU(N)) theory [33, 34]. This theory contains N' = 4 vectormultiplets
for the gauge groups U(1),...,U(N —1). These gauge groups are coupled linearly through
U(k) —U(k+1) bifundamental hypermultiplets. Lastly, there are N hypermultiplets in the
fundamental representation of the largest gauge group U(N — 1).

The T(SU(N)) theory has manifest SU(N) Higgs branch symmetry acting on the N
hypermultiplets whose mass parameters are denoted by the vector x. In addition, we can
introduce N — 1 Fayet-Illiopoulos parameters ¢, ...,ty_1, which are mass parameters for
the topological U(1) symmetries associated to each node of the quiver. Let us express
these parameters in terms of a new vector y such that ¢, = yr — yrar1. Let us denote
the partition function of 7(SU(N)) by Z¢(x,y). This is expected to be invariant under
exchanging = <> y and € <> ¢*. This symmetry reflects an enhancement of the Coulomb
branch symmetry to “SU(N) in the infrared, as well as the presence of mirror symmetry
exchanging SU(N) > ZSU(N).

The partition function of any three-dimensional theory of class & with full punctures
can then be constructed according to the star-shaped quiver description. For example, the
partition function of the three-dimensional mass-deformed Ty theory is given by

dN 1w
N!

Zry(x,y,2) = Zy(w) Ze(w, x) Ze(w,y) Z(w, 2) , (4.13)
where Zy (w) is the partition function of an N' = 4 vectormultiplet. This multiplet is used
to gauge the diagonal combination of SU(V) Higgs branch symmetries.

Let us consider the action of the three-dimensional operators on the partition function
Z(x,y, z). Similar as in four dimensions, the result should be independent of which punc-
ture we act on. This condition is guaranteed if the partition function of each quiver tail

T (SU(V)) is an eigenfunction of the operator GE‘Z)?)) . We will now show that in fact we have

GE‘?’%) ) - Ze(@,y) = Wany () Ze(z,y) (4.14)
where
Wary(z) = > e 2@t tm) (4.15)
J1<.<Jr

is the expectation value of a supersymmetric Wilson loop in the rank r antisymmetric
representation of the SU(N) flavor symmetry® with mass parameter x.

But let us first remark that equation (4.14) tells us that introducing a background
defect in the 7 (SU(N)) theory for the Coulomb branch symmetry, through the operator
GE‘;’(E)) (y), is equivalent to introducing a background Wilson loop W r(z) for the Higgs
branch symmetry. This means that mirror symmetry interchanges the defects introduced
by the operators Gg?)) and supersymmetric Wilson loops in the r-th antisymmetric rep-

resentation of SU(N). In the context of the mirror description of the three-dimensional

3Recall that Wilson loops are labeled by irreducible representations of the gauge group. Here we use
that each irreducible representation R of su(NN) corresponds to an irreducible representation R of SU(N),
and vice versa.
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Tw theory, the operators Ggf)) therefore introduce a dynamical Wilson loop for the central

node of the star-shaped quiver theory.

4.2.1 T(SU(2))

We first show equation (4.14) in complete generality for the partition function of the mass
deformed 7 (SU(2)) theory on a squashed three-sphere. This partition function is given by

1

Ze(z,y) = S0

/dz Q(x, z) em* | (4.16)

where ( § )
Sy (5 iw—iz
= _ , 4.1
9z 2) Sy(q— 5 iz —iz) (417)

x is the SU(2) mass parameter and y the FI parameter and the contour is given by z €
R + ie with € > 0. Note that the N' = 2 mass deformation m in the hypermultiplet
contribution appears with the opposite sign compared to equation (4.3). The reason is
that after dimensional reduction, there is a mirror symmetry required to reach the star-
shaped quiver description.

It is expected that the partition function has the following properties

Ze(xay) = ZE(_aj7y) = Ze(xa _y)
Ze(xvy) = Zex (y,l‘) (418)

Gﬁ?(y) Ze(z,y) = Wy (x) Ze(z, y),

where ) . ‘ ) . '
GE??) (2) = sinwb (€* — 2ix) vy sinwh (e + 2ix) _ibg,

4.19
sin b(—2ix) sinb(2ix) (4.19)

is the fundamental difference operator (4.8) when N = 2, and W) (z) = €™ 4 2™ ig

the fundamental Wilson loop expectation value.

The first line of equation (4.18) represents the enhancement of the Higgs and Coulomb
branch symmetry to SU(2) x “SU(2) in the infrared. The second line illustrates the mirror
symmetry of the mass-deformed 7 (SU(2)) theory. These properties were demonstrated
in [35]. Here we would like to prove the final line of equation (4.18). Using mirror symmetry
this line is equivalent to

GO (@) Ze(a.y) = Wy () Zel.y). (4.20)

~(3d)
where G(l)

intertwining property in this equivalent form.

(x) is obtained from Gg’;i) (x) by the replacement m — —m. Let us prove the

As a preliminary step, we derive a few properties of the function Q(z,z) defined in
equation (4.17). From the difference equation and the reflection property obeyed by the
double sine function Sp(x), it is straightforward to show that

sin ﬂb(% tiz —iz)

e Q(x, 2) = O(z, 2) (4.21)

sinb(q — & + iz — i2)
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and
sinb(5 —ir —iz)

e%aﬂﬂQ(x,z) = e~ [ Q(:c,z)] (4.22)

sinmb(q — & — iz — iz)

sin b(& —i— iz —iz)

e 20 Qz,2) = e 20

sinwb(q — 7 + iz —i2) Q(, z)] ) (4.23)

where we have used the notation € = £ +im. Using these results we can now compute the

(3d

action of the difference operator G (1))(1‘> on this function,

sinmh (€ — 2ix) sinmb(S — iz — i2)

G () - Qla,z) = e 30 [

sinh(—2ix) sinmb(q — & — iz — iz)

sinmh (e + 2iz) sinmb(S + ir —1z)
sinb(2ix) sinwb(q — & + iz — iz

) ] Q(z, 2)

sin 7rb( tir —iz)
sinmb(q — & iz — iz)

= (e%az + e_%az)Q(z,x) )

ib
= 67582

Q(z, 2)

In going from the first to the second line we have applied a simple trigonometric identity.

Armed with this result, we now consider the action of the difference operator Ggl()i)( )
on the full partition function (4.16) of the 7 (SU(2)) theory. The difference operator can be
brought inside the integral to act on Q(x, z) as in equation (4.24). By shifting the contour

of integration by z — z £ %, we find

1

G(3d)( ) Ze(z,y) = m

ib —ib TIYZ
) /dz [(e 2% 4 e729%) Q(x, z)} et
/Q z, Z 62 [ Te % ) 47r7,y21 (425)

= <)(>

Using the analytic structure of the double sine function Sy(z), it is straightforward to check
that no poles are crossed in shifting the contours provided the mass are real. Now, applying
mirror symmetry we have

GOV (y) Z(@,y) = Wiy (2) Zc(,y), (4.26)

which is the required result.

An important consequence of this result, together with the similarity transforma-
tion (4.12) relating the operators GE?‘;) and C_}’g’?), is that the partition function of mass
deformed 7 (SU(2)) theory obeys

Zex (xa y) = K(y) Ze(m7 y) (427)

which is rather non-obvious from the integral representation.
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4.2.2 T(SU(N))

Let us now consider equation (4.14) for the general 7 (SU(NN)) theory. In this case, we

simplify the problem and prove a weaker result by taking the limit of N' = 4 supersymmetry

(m = 0) and a round three-sphere (b = 0).

In this limit, the operators for the fully antisymmetric representations are given by
GO 2(@) = ()™ ST Z(a ik, o+ D) (4.28)
J1<<gr
Hence, up to a sign, the operators are simply a sum of shift operators with coefficient 1
with the shifts determined by the weights of the representation (17).

Furthermore, the zero mode integrals in the partition function of the 7 (SU(N)) theory
can be performed explicitly [36, 37]. The result is*

EpESN (_1)p€2m Zy:l Zp(5)Yi

[T;; 2sinh m(x; — x;) 2sinh 7 (y; — ;)

Z(x,y) = (4.29)

where the summation in the numerator is over the Weyl group Sy of permutations of

{1,..., N}. Mirror symmetry z <> y in this case follows from the identity
Z (—1)Pe*™ Sl T Ui — Z (—1)Pe?™ S TG | (4.30)
peSN peSN

Thus there is a vast simplification in the limit b = 1 and m = 0.
Let us now act with the operator GE‘;’?)) on the partition function Z(z,y). First, note

that each term in the operator Gg’?)) leaves the denominator invariant up to a factor

(—1)"™=7) which cancels the overall sign in the operator. Thus we can concentrate on the
numerator of Z(x,y) and find

G ()Y (~)PemEm o = 37 | 37 (<1)e? D e 2T Epwer | L (4.31)
peSN [I|=r | peSN

Imposing the condition Zf\i 1 ¢; = 0 leads to vanishing overall background shifts.

Label the subsets I C {1,..., N} with |I| =rby Iy for 1 </ < N, = (];7) Furthermore
split SV into Zy, ® (SV " ® S”), where S(N=7) @ S gives all the permutations satisfying
p(I;) = I for fixed I and ¢, and Zy, gives the different choices of ¢ (or I). Since this
splitting is an isomorphism,® we can write the sum over all p € SV as a double sum over
sets I with |I| = r and permutations in S¥=" @ S preserving p(I;) = I. With that in
mind, we can rewrite the above as

N,

Ggi’f)) () - Z (_1)pe27riZ§V:1 Yp()Ti — 26_271-21'6][ i Z Z (_1)pe2ﬂiZkN=1 Yp()Th
pESN =1 [I|=r pesN
p(Ie)=I
(4.32)

“Here we drop the subscript m on the partition function of 7(SU(N)) because we have set m = 0.
®Any p € SV can be uniquely characterized by p(o(I)) = m(I) for a unique Iy or T and o € S™, m € SV ="
permutations of I, Zy \ I respectively.
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which is equal to the Wilson loop vacuum expectation value W(lr)(x) times the numerator
of Z(x,y). The eigenvalue of the operator Gg’f)) acting on the full partition function
Z(x,y) is thus precisely the localization expression for a supersymmetric Wilson loop in

the antisymmetric representation (1") of SU(N).

4.3 Three-dimensional algebra

In the above, we have shown that the defect operator Ggf)) is dual to a Wilson loop in the

rank r antisymmetric representation of SU(N) under mirror symmetry. This turns out not
to be the case for non-minuscule representations.
One immediate way to see this is the following. Denote the operator that is exactly

dual to a Wilson loop in the representation R by G(gd). The operators @gd) must obey
the algebra
Gy oGy = 3 Nryn,™ G (433)

R

where N Rl,RgRS are the (plain) Littlewood-Richardson coefficients. Indeed, the super-
symmetric Wilson loops are characters and hence obey this algebra. Instead, the elliptic
Littlewood-Richardson coefficients Ny, r, B3 (p, q,t) reduce in general to non-integer coef-
ficients in three dimensions.

For example, let us consider SU(2) and the composition of two operators in the fun-
damental representation. In the three-dimensional limit we find that

(3d) <> (3d) 1 B (3d)
Gy 0 Gy = Gl + (20080w2)_] 1><;m). (4.34)

Since ég?) = Gg’;i) and @gg?) = Ggg;i) = 1, we read off from equation (4.33) that

(3d) _ ~(3d) 1 (3d)
Gl =Gl +(mmqm%—1 )G@. (4.35)

The operator C;’g;i) that is dual to a Wilson loop thus differs from the difference operator

GBd)

@) by lower order contributions.
In general, the relation between the operators ng)

~(3d)

tion and the operators G,

appearing in the vortex construc-
that are exactly dual to Wilson loops in the three-dimensional
limit is given by

GRV =65V + Y sV (4.36)
ISI<IR|
(34)

Even though the difference operators G ;" are thus not exactly dual to Wilson loops, this
is merely an invertible linear transformation on the algebra that these operators obey.
The original basis of operators G appears to be more fundamental from a four-
dimensional perspective, since in the limit p — 0 they are precisely dual to Wilson loop
operators in refined Chern—Simoclll)s theory on S' x C. On the other hand, in the three-
3

dimensional limit, the basis CNJEQ seems more fundamental since it is dual to a basis of

Wilson loop operators in the star-shaped quiver theories.
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5 ’t Hooft loops in the four-dimensional N’ = 2* theory

In this section, we realize the mass-deformed theory 7 (SU(N)) on a squashed three-sphere
as an S-duality domain wall in four-dimensional N” = 2* theory on an ellipsoid, as described
in [35, 38]. We then use this observation to interpret the three-dimensional difference

)

theory partition function on a four-sphere.

operators ng as operators that introduce supersymmetric 't Hooft loops in the N' = 2*

The four-dimensional A/ = 2* theory can also be obtained by compactifying the six-
dimensional (2,0) theory of type Ax_; on a torus with a simple puncture. A consequence
of this construction is that via the AGT correspondence [7, 8], the four-sphere partition
function of the N' = 2* theory can also be computed as a correlation function in Liouville
or Toda CFT on the punctured torus. The difference operators ng) can then be inter-
preted as Verlinde loop operators that act on suitably normalized Virasoro or Wy-algebra

conformal blocks on a punctured torus.

5.1 Four-sphere partition function

The exact partition function of N' = 2 supersymmetric gauge theories on an ellipsoid
has been computed by supersymmetric localization in [39], extending the computation of
Pestun for the round four-sphere S* [40]. The ellipsoid geometry can be embedded into
five-dimensional Euclidean space as

7+ g (o +aB) B+ =1, (5.1)
where b € R>g is a real parameter. The equator {zp = 0} is identified with the squashed
three-sphere geometry considered in the previous section by setting z = x1 + izs and
w = T3 + 124.

Let us concentrate on the NV = 2* theory and denote the real hypermultiplet mass
parameter by m and the complexified gauge coupling by 7. The result of the localization

computation can be written as a matrix integral

Zga (m,7) = /da | Z(a,m;7) !2 (5.2)

over a real slice of the Coulomb branch. In this integral Z(a, m; 7) is the Nekrasov partition
function for the four-dimensional N' = 2* theory in the Omega-background Rém, with
equivariant parameters ¢; = b and €3 = b~! [41, 42]. Tt can be split into a classical, 1-loop

and instanton piece as
Z(a, ms; T) = cl(a; T) Zl—loop (av m) Zinst (aa m; T) . (5'3)

In this paper we advertise an alternative factorization of the ellipsoid partition function
ng. We find it insightful to rewrite the matrix integral 5.2 in the form (for a derivation
of this representation see appendix C)

Zgs (m;T) = /da u(a) | Gla, m; ) ‘2, (5.4)
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where
ula) = H 2sinh (mb(e, a)) 2sinh (b~ (e, a)) (5.5)
e>0
is the Haar measure times the partition function of a three-dimensional N' = 2 vectormul-
tiplet on the squashed three-sphere at the equator {zy = 0}.

We expect that the factorization (5.4) has the following interpretation [29]. We can cut
the ellipsoid into two half-spheres {zo > 0} and {z¢ < 0} and impose Dirichlet boundary
conditions on the fields in the N' = 2* theory at the boundary {zy = 0}. This decouples
the dynamics on both half-spheres. Restricting the gauge transformations to the identity
on the boundary, leaves a flavor symmetry group SU(NN) acting on the values of the fields
at xg = 0. We can reconstruct the partition function of an ellipsoid by inserting a three-
dimensional N’ = 2 SU(N) vectormultiplet on the boundary {zo = 0} and gauging the
diagonal SU(N) symmetry. We thus claim that G(a,m;7) in the matrix integral (5.4) is
the partition function of A/ = 2* theory on the upper half of the ellipsoid {zg > 0} with
Dirichlet boundary conditions, and similarly for G(a, m;7) on the lower half {z¢ < 0}.

Note that G(a,m;7) can be split into classical, one-loop and instanton contributions
just like the Nekrasov partition function in (5.3). Whereas we take its classical and in-
stanton contributions to be the same as those of Z(a,m;7), i.e. Gu(a;7) = Z.(a;7) and
Ginst (@, m; T) = Zingt(a, m;7), the one-loop factor Gi_joep is not canonically determined.
We claim that it is fixed by imposing Dirichlet boundary conditions on the half-sphere, in
such a way that

IT T (% +i(a,w) + im)

weadj

G e = : 5.6
1-loop ( ) l;lopb(q+i(a,e))rb(q—i(aae)) "

where ¢ = b+ b~ and T'y(z) is the Barnes’ double gamma function. The numerator
contains the contribution from the vectormultiplet and the denominator that from the
adjoint hypermultiplet with mass m in the N' = 2* theory.

Let us mention that via the AGT correspondence, in the case N = 2, this choice is
equivalent to a commonly used normalization of Virasoro conformal blocks in Liouville
theory, as described for example in [28]. For this choice of normalization, we will show that
the expectation values of 't Hooft loop operators in the N = 2* theory are given by acting on

G(a,m;7) with the three-dimensional difference operators ng), constructed in section 4.

5.2 S-duality domain wall

The three-dimensional theory 7 (SU(NV)) appears as an S-duality domain wall between two
four-dimensional A" = 4 SYM theories with gauge groups SU(N) and “SU(N) respectively
and equal holomorphic gauge coupling 7 [33, 34]. Furthermore, the mass deformation m of
the domain wall theory can be identified with the canonical mass deformation of the bulk
theory to A/ = 2* by giving a mass to the adjoint N = 2 hypermultiplet.

On the ellipsoid Szl, one can introduce the S-duality domain wall at the equator
{zo = 0} in a way that preserves half of the supersymmetries of the bulk [29]. As
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G(a',m;T)

g(aa —m; _l)

T

G(a,m;T)
G(a,m;7)

Figure 9. Left: the ellipsoid partition function in the presence of an S-duality domain wall can be
constructed by gluing in the domain wall partition function Z(a,a’,m) in between the half-sphere
partition functions G(a,m;7) and G(a’,m;7), while gauging their flavor symmetries. Right: the
same ellipsoid partition function can be constructed by gluing the half-sphere partition functions
G(a,m;7) and G(a, —m; —1).

T

above, let us assume that the normalized function G(a,m;T) corresponds to the partition
function of the N' = 2* theory with gauge group SU(N) on {zy < 0} with Dirichlet
boundary conditions for the vectormultiplet, and similarly that G(a’, m;7) corresponds to
the partition function of the N' = 2* theory with gauge group “SU(N) on {zg > 0}. Let us
also denote the partition function of the 7(SU(V)) theory on the squashed three-sphere
at the equator {zg = 0} by Z(a,a’,m), where a and o’ are mass parameters for the
SU(N) x “SU(N) global symmetry as in section 4. Then the combined partition function
in the presence of the S-duality domain wall is

/da da’ p(a) u(a')Gla,m;7) Z(a,a’,m)G(a’,m;7), (5.7)

where p(a) p(a’) is the partition function of three-dimensional ' = 2 vectormultiplets on
the equator {x¢ = 0} that gauge the symmetry SU(N) x “SU(N) (see figure 9).

Another interpretation of the same domain wall is as a Janus domain wall interpolating
between holomorphic gauge coupling 7 for {zy < 0} and —1/7 for {xg > 0}. The two
pictures are related by an S-duality transformation of the theory on {zg > 0}. Another way
of saying this is that the partition function Z(a, a’, m) should be an S-duality kernel relating
the functions G(a,m;7) and G(a, —m; —1/7) through the measure du(a). This statement
is rather hard to check in field theory because there is in general no closed expression for
the G(a, m; 7). In appendix B, however, we demonstrate this explicitly in the limit m =0
and b = 1 and explain some of the subtleties involved in making this statement precise.

On the other hand, in the context of the AGT correspondence, it has been checked
in [35, 38] that the partition function Z(a,a’, m) on a squashed three-sphere of the 7 (SU(2))
theory is precisely equal to the S-duality kernel of a normalized conformal block in Liouville
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theory [43] under the relevant identification of parameters. We are not aware of a similar
computation for N > 2 and Toda theory.

5.3 Supersymmetric loop operators

Since we can embed the mass-deformed 7 (SU(NN)) theory as a domain wall in the
four-dimensional A/ = 2* theory on an ellipsoid, it is natural to think that supersymmetric
loop operators in the two theories on {z < 0} and {z > 0} are related. In particular, one
can introduce a loop operator on one hemisphere and push it through the domain wall
to find another loop operator on the other hemisphere. For an S-duality wall one expects
that this process turns a Wilson loop operator in the four-dimensional N = 2* theory into
a 't Hooft loop operator.

Let us briefly summarize a few facts that are known about supersymmetric loop oper-
ators on the four-sphere. The four-sphere partition function can for instance be enriched
with Wilson and 't Hooft loop operators. To preserve half of the supersymmetries such
loop operators should be supported on the circle

Xy = COS p
x1 =bsinpcosp (5.8)
T9 = bsin psinp '

x3=x4=0,

where 0 < ¢ < 2m and 0 < p < m, or alternatively supported on the circle obtained by
interchanging b <+ b=! and {z1, 72} > {3, 24}. The support of the loop operator lies in the
squashed three-sphere at the equator {z¢g = 0} when p = 7/2. However, the expectation
value of the loop operator is independent of p.

Wilson loops. Supersymmetric Wilson loops in the four-dimensional N' = 2* theory are
labeled by irreducible representations of the gauge group . The expectation values of
supersymmetric Wilson loops on the ellipsoid have been computed in [39].

The expectation value for a supersymmetric Wilson loop in the irreducible represen-
tation R around a circle in the (z1,z2)-plane is obtained by inserting the factor

Wr(a) =) e 2m0wa) (5.9)

wEeR

into the matrix integral. For example, for a rank r antisymmetric tensor representation of
SU(N) we insert the factor

Wan(a)= Y et to), (5.10)
{jl <...<j7‘}

The expectation value for supersymmetric Wilson loops in the (z3,z4)-plane is obtained
by replacing b — b~

Sometimes it is convenient to normalize the above expression by dividing by the quan-
tum dimension dim, R of the representation, where q = e”b2, but we will not do this here.
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’t Hooft loops. A supersymmetric 't Hooft loop is defined by computing the path inte-
gral in the presence of a singular boundary condition along a circle that preserves half of
the supersymmetries. The boundary condition is specified by the image of an abelian ’t
Hooft monopole under a homomorphism p : U(1) — G, with gauge transformations acting
by conjugation on p. These configurations are classified by irreducible representations R
of the Langlands dual “G [44].

The expectation values of supersymmetric 't Hooft loop operators in the N' = 2* theory
on the round four-sphere have been computed in [27]. It was found that the expectation

value can be expressed as (where now b = 1)
/daZ(a,m; ) (Tg - Z(a,m;T)), (5.11)

where Tg is a difference operator that acts on the Coulomb branch parameters a. The
difference operator takes the general form

a) =Y _ Cy(a,m)Z(a+iv), (5.12)

where the sum is taken over the weights v of the representation R.
For the antisymmetric tensor representations R = (1") the coefficients C,(a, m) only
receive one-loop contributions. In this case

sinh7(a;p —m)sinh7(—a,r —m) 1/2
Cy(a,m) = —J : ¢ : 5.13
(a,m) };[I [ sinh 7 (ax) sinh w(—ajy) (5:13)
kgl

where we have denoted the weights of the r-th antisymmetric tensor representation by
v = Zjel hj for I = {ji1 < ... < j,}. For general representations R there are additional
non-perturbative monopole bubbling contributions to the coefficients C, (a, m).

Here, we want to re-express the expectation value of the 't Hooft operator in terms of
a difference operator T, r acting on the half-sphere partition function G(a, m;7) in the case
b = 1. In other words, the expectation value of the ’t Hooft loop is given by

/ da 11(a) Gla, m; 7) (:FR - G(a, m; T)) . (5.14)

The difference operator TR is related to Tr by conjugating with the one-loop factor that
relates the Nekrasov partition function Z(a,m;7) to the half-sphere partition function
G(a,m; 7). Later it will be important that Tr is self-adjoint with respect to the measure
p(a)da.

In appendix C, we perform this conjugation explicitly for the antisymmetric tensor
representations to find

sin 7(—ia;i — im) . A
=> 11 Smm%k) Glatid hi]. (5.15)

[I|=r jeI jer
kel
Remarkably, this difference operator is in agreement with the difference operators GEIT; (=

Gg'f)) ) that introduce codimension-two defects in the 7 (SU(N)) theory by acting on the

three-dimensional partition function Z(a,a’,m), in the limit b — 1.
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5.4 Intertwining Wilson and ’t Hooft loops
)

We consider the four-sphere partition function in the presence of both an S-duality wall and

Let us now explain why the difference operators ng are related to 't Hooft operators T.
a supersymmetric loop operator. Recall that on the lower half-sphere {x¢ < 0} we have the
gauge group SU(N) for which the Wilson loops are labelled by irreducible representations
of SU(N). On the upper half-sphere {x¢ > 0}, we have the gauge group “SU(N) for which
the 't Hooft operators are labelled by irreducible representations of SU(N).

Thus, let us now consider an 't Hooft loop labelled by an irreducible representation of
SU(N) inserted at some point p > 7/2 in the upper half-sphere {xy > 0}. The expectation
value of this system takes the form

/da da’ p(a) p(a') G(a, m; 1) Z(a,a’,m) T(lr)(a’) : g(a’,m;T)} , (5.16)

where for simplicity we focus on antisymmetric tensor representations.

Now, the expectation value is independent of the position p. Thus we can imagine
moving the 't Hooft loop through the S-duality domain wall to some point p < 7/2 in
the region {xg < 0}. According to the transformation of loop operators under S-duality,
it should become a Wilson loop in the antisymmetric tensor representation R = (17). At
the level of the partition function, since the operator T (y)(a’ ) is self-adjoint with respect
to the measure p(a’), we can bring it to act on Z(a,a’,m). Provided that Z(a,a’,m) is
an eigenfunction such that

Tar(d) - Z(a,d',m) = Wr(a) Z(a,a’',m), (5.17)
we find

/da da’ p(a) p(a’) G(a,m;7) Z(a,a’,m) [f(lr)(a’) -G(d',m; 7‘):|

= /da da’ p(a) p(a') G(a, m; ) [T(ly-)(a/) . Z(a,a/,m)} G(a',m;T)  (5.18)

= /dada'u(a) u(a’) [W(lr)(a) G(a,m; T):| Z(a,a’,;m)G(a',m;T),

which is the expectation value of an S-duality domain wall together with a Wilson loop in
the representation (17) at some point p < /2. Thus compatibility with S-duality demands
that Z(a,a’,m) intertwines 't Hooft loops and Wilson loops according to equation (5.17).
See figure 10. In section 4 we have argued that three-dimensional mirror symmetry

requires Z(a,a’,m) to obey the same relation with respect to the three-dimensional limit
(3d)
Ly
Above we checked that this is indeed the case for a round four-sphere.

of the surface defect operators G Thus the corresponding operators should agree.

Let us now make some comments on non-minuscule representations R. Since Wilson
loop operators labeled by R are defined by a trace over the representation R, they obey
the character algebra

Wg, o Wg, = Z Np,.r, ® Wh,, (5.19)
R3
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G(a,m;7) G(a,m;T)

Figure 10. A 't Hooft loop operator Tz can be moved through the S-duality domain wall to obtain
a Wilson loop operator Wg.

where Np, 3233 are the standard Littlewood-Richardson coefficients. In particular, they
can be generated from Wilson loops labeled by fully antisymmetric tensor representations
by composition and addition/subtraction.

Therefore, we can define a new set of operators Tx by taking T(lr) =Ty, or equiva-

lently T(l'r) = Gg’f)) , for antisymmetric representations and imposing the character algebra
TRl o} TR2 = Z NR17R2R3 TR3 . (520)
R3

The resulting operators Tr automatically transform in the expected way under S-duality,
and it is natural to expect that these operators encode the expectation value of 't Hooft
loops for general representations.

However, we emphasize that the T do not seem to correspond to the expectation value
of a 't Hooft loop with magnetic weight given by the highest weight of the representation
R, when the representation is non-minuscule. For example, for SU(2) the 't Hooft loop
whose magnetic weight is double that of the ’t Hooft loop of minimal charge is given
by 17 o T7 rather than 77 o 77 — Tjy. This is again an invertible linear transformation
on the algebra of the operators. In this case, the origin of the basis transformation is a
natural resolution of the Bogomolnyi moduli space that arises for representations with non-
perturbative monopole bubbling effects [27]. Once again, we emphasize that the simplest
and unambiguous operators are those in antisymmetric tensor representations.

5.5 Verlinde operators in Toda CFT

All we have discussed so far in this section can also be framed in the language of Liouville
or Toda conformal field theory. This approach has the benefit that, at least for the ’t
Hooft loop in the fundamental representation, we can compute the required operator for
general squashing parameter b.

Let us briefly review aspects of this correspondence. For the N' = 2* theory with gauge
group SU(N), the ellipsoid partition function is related to a Liouville or type Ay_1 Toda
correlator on the punctured torus with an insertion of a semi-degenerate primary field. The
parameters on both sides of the correspondence are related as follows:
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Figure 11. The four-sphere partition function of the N = 2* theory is equal to a Toda correlation
function on the punctured torus with a semi-degenerate vertex operator V,,, with momentum g,
inserted at the puncture.

1. The geometric parameter b is a dimensionless coupling in the conformal field theory
and gives the central charge ¢ = (N — 1)(1 + N(N + 1)¢?), where ¢ = b+ b~L.

2. The holomorphic gauge coupling 7 is the complex structure parameter of the punc-
tured torus.

3. The mass m of the adjoint hypermultiplet is encoded in the momentum of the semi-
degenerate primary field,

p=N (g + zm) WN_1. (5.21)

Choosing a pants decomposition, the correlation function of the primary field on the
punctured torus can be written as an expansion in Liouville or Wy-algebra conformal blocks

/da Cp, o, 2Q — a) F(ay, p; 7)F (e, 3 7) (5.22)

where the integral is over non-degenerate momenta o = Q + ia, with a € RV~! and
Q@ = qp, where p is the Weyl vector of Ay_1.

The conformal blocks F(a, u1;7) are normalized to contain the classical and instanton
contributions to the Nekrasov partition function. The three-point function C(u, o, 2Q — «)
is proportional (up to an m-dependent piece that can be absorbed in the normalization
of the primary field) to the modulus squared of the 1-loop contribution |Gj_joep |* times
the measure p(a). The meromorphic function G(a,m;7) that we introduced earlier
corresponds to a convenient normalization of the conformal block F(a, u;7) that absorbs
the three-point functions. This is an extension to higher rank of a frequently used
normalization in Liouville theory [28].

Loop operators in the four-dimensional gauge theory are realized as Verlinde operators
in the dual conformal field theory [9, 28]. The Verlinde operators act on the space of
Virasoro or Wy-algebra conformal blocks by transporting a chiral primary field around
a simple closed curve C' on the Riemann surface. The operators constructed in this way
depend only on the homotopy class of the curve C up to a choice of ‘framing’ that will not
be important here.

If we choose the pants decomposition of the punctured torus determined by the A-cycle
in figure 11, a supersymmetric Wilson loop in A/ = 2* theory in the rank r antisymmetric

— 41 —



tensor representation corresponds to transporting a degenerate chiral primary with momen-
tum 7 = —bw; around that A-cycle. The resulting expression changes from the original
conformal block by the factor

W((if‘)T _ Z o~ 2mb (ajy +-+jr) ’ (5,23)
{n<.<gr}

which is in agreement with the localization computation.

An 't Hooft loop in the r-th fundamental representation corresponds to transporting
the same chiral primary around the B-cycle of the punctured torus. This Verlinde operator
has been computed directly in Toda theory for the fundamental representation in [30].
Acting on the conformal blocks F(a, u; 7), the operator is given by

N N .
(iba )T (b ba;
T Fe) =3 1] ~bage) 0g ¢ thase) Fla—bhj),  (5.24)
=kt T ( + ibajy, — zbm) <7q + ibaji + ibm)

where a = @) + ia is the momentum around the loop that defines the pants decomposition.

To construct an operator that acts on the normalized conformal blocks G(a, m;T),
we have to conjugate by the one-loop contribution (5.6). In appendix C we perform this
conjugation to find

N N
sin 7rb — i — zm)
TET - J ibh; 5.25
1) G(a ZH SlHTf‘b (—iajr) G (a+ibhy), ( )
J=1k#j
which is precisely equal to the three-dimensional operator Gg’;l) for any real b (see equa-

tion (4.10)). This provides another check on the relation of the difference operators ng)

to the 't Hooft loop operators for the fundamental representation.

6 Discussion

In this paper we generated an algebra of difference operators G acting on the N' = 2 super-
conformal index, labeled by irreducible representations R of SU(V). Generalizing the argu-
ments of [10], we claim that these difference operators represent half-BPS surface defects in
four-dimensional N' = 2 theories of class S. We discussed several arguments in favour of this
claim. Most importantly, we emphasized that it is highly non-trivial that we indeed man-
aged to consistently close the algebra, and that the difference operators have a natural inter-
pretation in various dual frames. Let us mention a few open questions and interesting links.

A microscopic gauge theory understanding of these defects is unfortunately still lack-
ing, either in terms of a defect description or alternatively as a description of the two-
dimensional degrees of freedom living on the support of the defect. We did find a two-
dimensional field theory description in two extreme cases: fully antisymmetric and fully
symmetric representations. It is however not at all clear that there exists a Lagrangian
description for the two-dimensional degrees of freedom living on the support of the surface
defect for a generic representation R.
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Figure 12. Left: UV curve of the theory Tyy, obtained by gluing a three-punctured sphere with
two full punctures and one hook-shaped puncture to the UV curve of the theory 7ir. Right: a
renormalization group flow connects Tyy to Tir with a possibly general surface defect Gg.

The operators G can be written as a sum of weights in the representation R, which in
the field theory description of the defect should have the interpretation as a sum over vacua.
In case a weight \ appears with multiplicity one in the representation R, the contribution
to GR is a single ratio of theta-function and seems likely to have an interpretation as the
contribution to the superconformal index in a vacuum characterized by A. When the weight
A appears with higher multiplicity, however, the contribution to G is a sum of such ratios
and is less likely to have such an interpretation.

A similar structure can be observed from the perspective of the AGT correspondence.
In particular, reference [31] has demonstrated that a ratio of Toda correlation functions
involving a degenerate momentum g = —bh; captures the two-sphere partition function
of the N' = (2,2) theory that we have associated to the surface defect labelled by the
fundamental representation. However, for representations with multiple weight contribu-
tions, the Toda three-point function with degenerate insertions (see [45, 46]) do not appear
to have the structure of one-loop contributions to the two-sphere partition function of an
N = (2,2) theory.

As briefly mentioned in the introduction and main text, we expect that there is an
alternative method to find the difference operators Gr. Instead of coupling the theory
Tir to a bifundamental hypermultiplet, corresponding to adding a puncture with U(1)
symmetry, one could add a puncture with a larger flavor symmetry group. This generically
involves coupling 7;r to a non-Lagrangian theory corresponding to a sphere with two full
punctures and one intermediate puncture. An example is illustrated in figure 12. The
superconformal index for Tyvy should then contain a larger spectrum of residues. One
might expect any difference operator Gr to originate from such a residue computation.

Again, this is analogous to the Toda perspective, where non-maximal flavor punctures
correspond to insertions of semi-degenerate vertex operators. By analytic continuation
correlation functions of such operators have poles, whose residues correspond to reductions
to a completely degenerate vertex operator. If we insert a semi-degenerate vertex operator
that corresponds to a simple U(1) puncture, we can only access completely degenerate
vertex operators with momentum o = —b\; — b~ 'y, where \; = rw; and Ay = rows are
the highest weights of two symmetric tensor representations. To find completely degenerate
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vertex operators with generic weights A\; and A9, one must insert a generic semi-degenerate
vertex operator, corresponding to a generic flavor puncture.

The difference operators Gg are elliptic generalizations of the Macdonald operators.
Although these operators have not been constructed mathematically for all representa-
tions R (as far as we know), the elliptic Ruijsenaars-Schneider difference operators have
been related to exterior powers of the vector representation of the elliptic quantum group
E; ,(gln) [47]. It would be very interesting to interpret this connection to elliptic quantum
groups physically. This relation could appear naturally when interpreting the difference
operators G in terms of a three-dimensional topological field theory on C x S!.

In the Macdonald limit p = 0 we have found that the difference operators correspond
to Wilson loops in an analytic continuation of refined Chern-Simons theory on C x S (see
section 3). The particular ratio of modular S-matrices that appears in the operator product
expansion of the G, suggests that when we take a Wilson loop operator close to a puncture
on C', it can be interpreted as a Verlinde loop operator on the boundary torus. For example,
taking the Schur limit ¢t = ¢, and replacing ¢ — exp (27i/(k + N)) in the modular S-matrix,
we would recover the modular S-matrix elements for characters of integrable representations
of the affine current algebra su(N);. However, for the superconformal index it is important
that we have an analytic continuation of this statement to |g| < 1.

In the dimensional reduction of the four-dimensional superconformal index to a three-
dimensional partition function, we found that the difference operators G are related to
operators that introduce line defects. For theories of class S, there is a mirror description as
a star-shaped quiver and we showed that the difference operators introduce Wilson loops for
the central node of the quiver, at least in the case of antisymmetric tensor representations.
For non-minuscule representations, we found that there is some mixing.

It would be interesting and important to understand these line defects in three-
dimensions from first principles by localization. For the fully symmetric and anti-symmetric
tensor representations, we expect this could be done by coupling to a supersymmetric
quantum mechanics on a circle, in a similar spirit to [21] but in one dimension lower. On
the other hand, we expect that the rank-r anti-symmetric tensor operator has another
description as a monodromy defect breaking the gauge group to S(U(r) x U(N — r)),
which might also be used to perform an exact localization computation by extending the
computations of [48, 49] for abelian monodromy defects.
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A Macdonald polynomials and the refined S-matrix

A.1 Group theory

The finite dimensional irreducible representations of Ay are in one-to-one correspondence
with dominant integral weights,

N-1
)\ = Z )\Z ws
=1

whose Dynkin labels (A1, A2,...,An_1) are nonnegative integers. Equivalently, irreducible
representations are labeled by partitions (¢1,fs,...,fn) where {1 > ly > ... > {n = 0,
such that

=X+ A1+ ...+ Av-1. (A.1)

Each partition is associated to a Young diagram whose i-th row has length ¢;. For instance,

the following diagram

corresponds to the partition (4,2,2,0). The partition labels (¢1,42,...,¢x) are related to
the components of the weight in the orthogonal basis

. N
7
wi:€1+"'+€i—NZ€j (A.Q)
7j=1
where
N L V-1
Az;ﬁiﬁm ki =l — o } lj(fj_fjﬂ)- (A.3)
= j=

The states in a given irreducible representation are in one-to-one correspondence with
semi-standard Young tableauz. They are obtained by filling the boxes of a Young diagram
with the numbers {1,..., N}, such that the numbers are non-decreasing from left to right
and strictly increasing from top to bottom. Finally, to each semi-standard Young tableau,
we attach the labels (ny,...,ny), where n; denotes the number of times that i appears in
the semi-standard tableau. As an example below we include a few semi-standard tableaux
for the adjoint 8 representation of SU(3) with their corresponding labels.

1] 2] 3 2]

1 1 1 2
12 13 2] 3]
(2,1,0) (1,1,1) (1,1,1) (0,2,1)
A.2 Schur polynomials and the modular S-matrix

Introduce coordinates aj, for j = 1,..., N, obeying Hf\il a; = 1. For a; = % they are
coordinates on the maximal torus of SU(N). The Schur polynomials form a basis of sym-
metric functions in the variables {ai,...,ax} labeled by irreducible representations. The
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Schur polynomial of the irreducible representation A labeled by the partition (¢1,...,¢y)

is given by the determinant formula
det @btV
_ J

a) = ——~—— A4
o) = = (A4)

An important property of the Schur polynomials is that they are orthonormal with respect
to the inner product on the space of symmetric functions

(fq) = / Aa)f(a)g(a™) (A5)

where

Ala) = % J'V_l ;Taf 11 (1 _ Z) . (A.6)

is the Haar measure and the integration is over the maximal torus of SU(N). Products of
Schur polynomials decompose according to the tensor product of the irreducible represen-
tations

(@) X0 (@) = 3 Naa” X (@) (A7)

where Ny, " are the Littlewood-Richardson numbers.

In order to construct the modular S-matrix we introduce the Weyl weight p, which is
the highest weight of the adjoint representation of SU(N). Its components in the Dynkin
basis are p = (1,1,...,1). In the orthogonal basis mentioned above,

N-1 N-3 1-N
p—<2727-..72>7 (A..S)

and we will denote these components by p; = (N —2j+1)/2. Now consider two irreducible
representations A and A’ with components x; and x} in the orthogonal basis. Then the
modular S-matrix is given by

p1t+K1
.

Sxw = Soo xalg™, - "N )xxn (g PN (A.9)

where ) denotes the complex conjugate representation of X. We will not need the overall
normalization Syg.

A.3 Macdonald polynomials and the refined S-matrix

The Macdonald polynomials are symmetric polynomials in the variables {ai,...,ay} that
depend on two additional complex parameters ¢ and ¢t. The Macdonald polynomials are
labeled by irreducible representations A of SU(N) and reduce to the corresponding Schur
polynomials when ¢ = t.

The Macdonald polynomial labeled by the irreducible representation A is

Pa(a,q,t) = xa(a) + Y exulg,t) xu(a) (A.10)
n<A
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where ¢ ,,(¢,t) are rational functions of ¢ and ¢ that are uniquely determined by ensuring
Py(a,q,t) is a simultaneous eigenfunctions of the difference operators

ta; — a;
_ 4r(1-N) i J _ _
G, =t" Z H p— TI, r=1,...,N—1 (A.11)
Ic{1,..,N} i€l j¢I
[I|=r
where

1=1Ng, ifiel
Ty :a; — 1 ’ (A.12)

g YNa; ifigl.

—-1/N

Here we have included a background shift by ¢ compared to the standard Macdonald

difference operators in order to preserve the condition Hiv a; = 1 relevant for SU(N). For
example, the first few Macdonald polynomials for SU(2) are

Py(a,q,t) =1
P1<a7q7t) = Xl(a’)
Py(a,4,t) = xala) + 1%

1—qt 1 (A.13)
Py(a,q,1) = va(a) + (q_l_)(tqjq)xl(a)
_ (¢ —t)(1-q’) a(g —t)(1+¢*)(1 - t)
Pl = xal) = T A= e — e

The difference operators are self-adjoint with respect to the inner product

N-1

U= [Su@i@ota™), At =5 11 ijj;lﬂ i 0) (5 1a)

tal/a],

where (a; ¢) = [[;2,(1—¢'a) is the g-Pochhammer symbol, and consequently, the Macdon-
ald polynomials are non-degenerate and orthogonal with respect to the same measure. In
order to obtain functions orthonormal with respect to the measure, a normalization factor
must be included.

The product of Macdonald polynomials decomposes according to the tensor product
of irreducible representations

P)\l (a7Q7 )P)\z a, Q7 ZNA17A2 Q) (Cl Q7t) (A15)

where the Ny, x,”(g,t) are rational functions in ¢ and t.
Analogous to the modular S-matrix, the refined S-matrix is given by

S)\)\/ = SOO P/\(tpl tPN) P_ (tpl Kl . ,tquKN) . (A16)

It is then an easy exercise to check that the ratios Sg /S0 s are indeed the eigenvalues of
the difference operators Gg in the Macdonald limit, namely

GR : PS(ai>q7t) =

ai,q,t). A7
G Pstanat) (A17)
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B S-duality kernel

Instead of merely inserting a three-dimensional N' = 2 vectormultiplet on the three-
dimensional boundary {zy = 0}, we could also glue in the three-dimensional mass-deformed
linear quiver theory 7 (SU(N)). In fact, its N' = 4 variant was introduced as an S-dual of
the Dirichlet boundary condition in the four-dimensional N' = 4 theory with gauge group
SU(N) [34, 50].

It is thus natural to expect that the mass-deformed 7 (SU(XN)) theory encodes the field
theory degrees of freedom on a so-called S-duality domain wall in the N' = 2* theory. Such
a domain wall is defined so that the four-dimensional theories on either side are related
by the transformation S : (7,m) — (—1/7, —m). In this appendix we will verify that this
is indeed the case if we assume that G, is the partition function on the half-sphere with
Dirichlet boundary conditions.

Before introducing the S-duality domain wall, let us briefly consider the ellipsoid
partition function Zga of the N/ = 2* theory with gauge group SU(N). The AGT
correspondence relates this to a Toda correlator on the once-punctured torus. We thus
expect that the ellipsoid partition function transforms as a modular form. More precisely,
it should transform as [51]

Zga(—m; =1/7) = |72 Zga(m; 7) (B.1)
with modular weight
_ 2
A(m) = N(N2 D) <4 + m2> . (B.2)

This modular property of the ellipsoid partition function is guaranteed if the half-
sphere partition function G, transforms as

Gy(—m,a; —1/7) = (—ir)A0™) / da’ py(a’) Zy(ai,d',m) Gy(m,d';7), (B.3)

where we integrate over a real slice of the Coulomb branch (just like in all matrix integrals in
the remainder of this section). The integration kernel Z(a, a’, m) must obey two important
properties. First, it must obey the symmetry

Zy(a,a’,m) = Zy(d’,a,—m).
Second, it must be a unitary with respect to the measure u(a) da, in the sense that
/da wp(a) Zy(a’, a,m) Zy(a,a”, —m) = up(a’) 5(a’,a”) . (B.4)

Now consider the ellipsoid partition function with the insertion of an S-duality domain
wall. Assuming that G, is the half-sphere partition function of the N = 2* theory with
Dirichlet boundary conditions, the S-duality partition function on the squashed four-sphere
should be given by

/da p(a) Go(m, a; 7) Gy(—m, a; —1/7)

= /da,u(a) /da'u(a') Go(m, a;7) Zp(a,a’,m) Gy(m,a’;7). (B.5)
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Consequently, Zj(a,a’,m) should encode the gauge degrees of freedom localized on the
domain wall. Specifically, we expect that Z(a,a’, m) is the partition function of the mass-
deformed 7 (SU(N)) theory on a squashed three-sphere.

In this context, the symmetry Zy(a,a’,m) = Zy(d’,a,—m) is equivalent to three-
dimensional mirror symmetry. The unitary property (B.4) follows because the partition
function Zy(a,a’,m) is an eigenfunction of the self-adjoint operator ng) with respect to
the measure pp(a) da (see equation (4.11)).

Indeed, let us denote the integral (B.4) by
Z(a',a") = /da wp(a) Zy(a’, a,m) Zp(a,a”, —m) . (B.6)

The self-adjoint operator ng)(a’ ) can act inside this integrand in either direction, which
must lead to the same answer. Consequently we find

(Wg(a) — Wg(d")) Z(a,d") =0, (B.7)

where Wg(a) is the expectation value of a Wilson loop in the representation R. This
implies that the integral vanishes if a # a” modulo Weyl transformations.

B.1 Example

Let us check the above transformation properties of the half-sphere partition function G
on the round four-sphere, when b = 1, and in the N’ = 4 limit, when m — 0.

First, we compute the explicit expression for Gy—1(7,m,a;) for gauge group SU(N).
Its one-loop contribution (5.6) simplifies to the formula

TG

Gi— loop(m CLZ \/7 H Slnh TFCLU)

(B.8)

where a;; = a; — a; with the constraint that ZZ]\L 1 a; = 0. Its classical contribution times
its instanton contribution is given by

2

Gei(ai; T) Ginst (as; 7) = e~ (T o) m(r)' N (B.9)

This can be argued as follows. If the gauge group would be U(N), the instanton contribu-
tion would be Ginst = 1 [52]. For gauge group SU(N), however, one must first divide by
the U(1) factor. We can find this U(1) factor by comparing with the ¢ = exp(7)-expansion
of the Toda conformal block

Flay; ) = ¢~ Z q"Fy . (B.10)
k

In particular, using the known expressions for the Toda central charge ¢ and the momentum
A(a;), we can verify the classical contribution to G¢j Gingt for any N. Furthermore, we can
match the full expressions in an expansion of the instanton parameter q for N = 2, 3.

— 49 —



Putting the pieces together, we have

Taij

B . _ —TFiT(Z,L Z
gb—l(a“ T) e e \/7 H Slnh Wazj)

m(r)!=. (B.11)

After performing (N — 1) Gaussian integrals we expect to find the partition function

1

253:1(7—) ~ |m(7-)|2(N_1) Im(T)(Ng_l)/z 9 (B12)
which has the expected transformation
1 _
Zsi, <_T) =N Zgs (1) (B.13)

under S-duality. We have indeed verified this for N = 2,3. In the above, we have used
m=1(a) = IL;<; 4sinh(ra;;)? and A(0) = w
We can also check that the three-sphere partition function

ZpeSN(—l)pe%Z] 19)%
HK]. 2sinh 7(a;;) QSinhﬂa;j) 7

Zp=1(ai, a;) = (B.14)

is the S-duality kernel for the half-sphere partition function Gp—;(7,a;). This is again a
matter of performing Gaussian integrals and using the modular property of the n-function.
In particular, for N = 2,3 we explicitly verified that

—N(N

[ et ss (@) 2 i) Goma (i) ~ (i) =5 G s -1/7).
This completes the argument and gives some evidence that G is indeed the half-sphere
partition function with Dirichlet boundary conditions.

C Factorization of Toda 3-point function

Let us briefly review some properties of special functions we need in order to manipulate
one-loop contributions. As in the main text, b € Ryq is a real parameter and we define
=b+b1L.
The double gamma function I'y(x) is a meromorphic function of = characterized by the
functional equation

Ty(z +b) = V2 B 2Ty (2) /T (ba) (C.1)

where I'(z) is the Euler gamma function and its value I';(¢/2) = 1. We will also need the
double sine function, which is a meromorphic function that can be defined in terms of the
double gamma function by the formula Sy(z) = I'y(z)/Ty(¢ — z). The double sine function
is characterized by the functional equation

Sp(z + b) = 2sin(mbx)Sy(z) . (C.2)
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We will furthermore need the function Yy(x)~! = T'y(2)T(¢ — o) which is entire analytic.
A more complete discussion of the properties of these functions can be found, for example,
in [53].

Let us begin by considering the three-point function C(a,2Q — a,v) in Ay_1 Toda
theory corresponding to the trivalent vertex in the pants decomposition of a torus with
a simple puncture. The momentum in the internal channel o = @ + ia, with a € R, is
non-degenerate and describes a delta-function normalizable state, while the momentum
v = N(q/2+ im)wn_1, with m € R, is semi-degenerate. Substituting these momenta into
the more general result of [45, 46] we find that

HTMWWTMi%?

1<j

Cla,2Q — a,v) = f(m)—; (C.3)
H Ty (% +1ai; + Zm)
i,j=1
where a;; = a; — a;. The proportionality factor f(m) is independent of the internal pa-
rameter a. Since we will be concerned with difference operators acting only on the internal
parameter a, we will not need to know the details of f(m) and it will be omitted whenever
convenient in what follows.

The complete correlation function on a torus with simple puncture is

/ da (01, 2Q — o, 1) o, i 7) Flev, 5 7) (C.4)

where F (v, pu; 7) are the W-algebra conformal blocks. This correlation function computes
the ellipsoid partition function of the four-dimensional ' = 2* theory on an ellipsoid, with
the parameters identified as in the main text.

We now consider two different ways of factorizing the three-point function and ab-
sorbing it into the Wy-algebra conformal blocks. The first way is chosen to maximally
simplify the expressions for the Verlinde operators and we expect that this corresponds
to a half-sphere partition function of AV = 2* theory with Dirichlet boundary conditions
for the vectormultiplet. The second way corresponds to computing the Nekrasov partition
function of the N' = 2* theory with deformation parameters ¢; = b and ey = b™1.

Renormalized conformal blocks

Let us express the Toda three-point function in terms of double gamma functions
and manipulate the answer into a convenient factorized form. For the hypermultiplet
contribution, we have

-1
HTb< —Ha,]—i-zm) :HFb( +za,]+zm)1“b(2 z’aij—im>

a.] 1 ,] 1
2 (C.5)

= H Fb( +zaw+zm)

,j=1
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For the vectormultiplet contribution

N N

1
Ty (iaii) Ty (—iaz;) = , .
g ! ! g Ty (iaij) Ty (q — iaiz)
H Ty(q+ za” H 1
Fb Zaz] Fb q—+ Zazg) Iy ( - Zaz])
N 2 (C.6)
H Sb q + /La/’L] H 1
S( Zal] it [y (¢ + iaij)
2
N 1
= a X ;
wa) E Iy (¢ + iai;) (g — iaij)
where
= H 2sinh (ba;;) 2sinh (7b~ ' ayy) (C.7)

i<j
is the 3d partition function of an N' = 2 vectormultiplet on a squashed three-sphere [54],
which is identified here with the equator {xo = 0}.

As described in the main text, we can now absorb the three-point function into the
W-algebra conformal blocks, by defining new renormalized blocks

N
[T To (§ +iay +im)

Gla,m;7) = = Fla,m;7) (C.8)

I1 Ty (g +iaij) To(q — iaij)
i<j

such that the correlation function becomes
[ da @) Ga,mim) (C.9)

We believe that the renormalized conformal block G(a, m;7) correspond to the partition
function on the upper half-sphere {zy > 0} with Dirichlet boundary conditions for the
vectormultiplet at the equator. Thus, in order to transform between Verlinde operators
acting on F(a,m;7) and those acting on G(a, m;7) we have to conjugate by the factor in
equation (C.8).

Let us concentrate on the Verlinde operator corresponding to the fundamental 't Hooft
loop. Acting on the unnormalized conformal blocks, the difference operator has been
computed in [30]. The result is given by

N N

T (ibay;) I (bq + ibay;)
Z H bq . ’ . bq . ]. Aj (C.l())
=1 | k2 T <7 + ibag; — zbm) T (7 + ibay; + me)

where we have introduced the notation A; : a — a 4 ibh;. Now, by patient and repeated
application of the functional equation for the double gamma function, we find
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i,j=1 i,j=1

N N
[T Ty (4 +iaij +im) [T Ty (3 +iag +im) -1
N . . ]A] [ N . . ]
[I Lo (q+iaij) Tv(q — iaij) [1 Ty (g +iai;) Ty(q — iaij)
i<j i<j
b .

B ﬁ r (% + ibay; + me) T (1 — ibay;)

k#£j I (1 — %b — ibakj + me) r (bq + ibakj)

(C.11)

We can immediately see that two sets of gamma functions the second line will cancel
against the same gamma functions in the unnormalized operator in (C.10). The remain-
ing gamma functions combine to give only trigonometric functions for the renormalized
operator,

i el T (ibag;) T (1 — ibay;)
> -7 b A
=1 Lt T (% ibagy — ibm ) T (1= % — ibag; + ibm)

N

sin b (g +iag; — Zm)
= Z H 511127rb (m]-) A; (C12)
=1 |k &

as claimed in the main text. With patient bookkeeping, the same computation can be
performed for the difference operators in any other completely antisymmetric tensor rep-
resentation.

Nekrasov partition function

For comparison with the exact computation of an 't Hooft loop on the four-sphere in [27],
it is necessary to consider another factorization of the Toda three-point function. In this
factorization the difference operators act on the Nekrasov partition function Z(a,m;T),
with €; = b and €3 = b~!, which we named as in the main text.

Thus we now express the three-point function as

C(a,2Q — a, p) = f(m) | Z'71°P(a, m; 7) %, (C.13)
where
N 1/2
H‘ Tb (iaij) Tb (—iaij)
ZI_IOOP(CL, m;T) = Z]<Vj (C.14)
H Ty (% + ta;; + Zm)
2,7=1

are the one-loop contributions to the Nekrasov partition function and f(m) is independent
of the internal momentum a as before. The classical and instanton contributions to the
Nekrasov partition function are encoded in the W-algebra conformal blocks. Thus, up to
the factor f(m), the complete Toda correlator can be expressed

/da | Z(a,m; ) |2 (C.15)
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in agreement with the exact computation of the partition function of the N/ = 2* theory
on an ellipsoid in [39].

To obtain difference operators acting on the Nekrasov partition function, it is easier at
this stage to start from the relationship to the renormalized W-algebra conformal blocks.
In fact, from the relationship between the double gamma, the double sine functions and
upsilon functions, we find that

N 1/2
H' Sb(q + iaij)Sb(q — iaij)
Z(a,m;7) = | == G(a,m;7). (C.16)
'Hl Sp(4 + iaij +im)
1,)=

Now, using the functional equation for the double sine function, we compute

N 1/2 N - —1/2
[T Se(q + iai;)Sy(q — iaij) [T So(q + iai;)Sy(q — iaij)
i<j A | &I
N q . . j N q . .
m‘lll Sb(§ + a5 + im) m‘lll Sb(§ + a5 + im) | (C.17)

11/2

- ﬁ sinmb (4 + iay; + im) sin wb(iak;)

Py sinmh (4 + iar; — im) sinwb(q + ia;)

Thus, combining with equation (C.12), we conjecture that the fundamental 't Hooft
loop operator acting on the Nekrasov partition function with e; = b and e; = b~! has the

general form
1/2

A (C.18)

ﬁ sinh (4 + iay; + im) sinwb (4 + iag; — im)

sin b (iay;) sin wb(q + iay;)

k

Jj=1 | k#j

This agrees with the exact computation of the fundamental 't Hooft loop operator in the
case of a round four-sphere b = 1 [27]. Again, with patient bookkeeping the same conclusion
can be reached for 't Hooft loops labeled by any antisymmetric tensor representation.
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