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Aspects of Class-S Theories

Fei Yan, Ph.D.
The University of Texas at Austin, 2018

Supervisors: Jacques Distler
Andrew Neitzke

This dissertation discusses certain aspects of class-S theories [1,2]. First
we give an overview of class-S theories. Then we report on the study of prod-
uct SCFTs in class-S theories. We first describe an algorithm to determine
whether an isolated 4d A/ = 2 SCFT is a product of two (or more) theories
and apply this algorithm to a large subset of class-S theories that have been
catalogued. This part is based on joint work with Jacques Distler and Behzat
Ergun [3]. Afterwards we report on some preliminary studies of the supersym-
metric vacuum moduli space of product SCF'Ts. Finally we turn our attention
to supersymmetric (half) line defects in 4d N/ = 2 theories. In particular we
describe a close relation between the Schur index in the presence of a super-
symmetric (half) line defect and the vacuum expectation value of such line
defect in U(1),-invariant vacua of the theory compactified on a circle. We
explicitly check such relation in some special class-S theories: the Argyres-
Douglas theories of type (Aj, As), (A1, A4), (A1, Ag), (A1, D3) and (A, Ds).

This part is based on joint work with Andrew Neitzke [4].
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Chapter 1

Introduction

Supersymmetric quantum field theories have been playing an important
role in theoretical physics. The existence of supersymmetry keeps quantum
corrections under control and makes many physical quantities exactly calcu-
lable. A particularly nice class of supersymmetric quantum field theories are
those with A/ = 2 supersymmetry in four dimensions. In general there are
mainly three ways to construct large classes of 4d N = 2 theories. The first
way is to use a Lagrangian description, though there are a lot of 4d N = 2
theories that don’t admit any Lagrangian description. The second way is the
so-called “geometric engineering” [5]6], where 4d N = 2 theories are realized
as the field theory limit of string compactifications on Calabi-Yau singularities.
The third way is the class-S construction [1,2], where 4d N = 2 theories are
obtained by twisted compactifications of 6d (2,0) SCFTs on a Riemann sur-
face. This thesis studies 4d ' = 2 theories arising from the third construction.

These theories are often also called theories of class-S.

This dissertation is organized as follows. In sections[L.1]-[1.3] we give a
brief review of class-S theories. In chapter[2] we first talk about an algorithm to

determine whether an isolated 4d A" =2 SCFT is a product of two (or more)



theories and apply this algorithm to a large subset of class-S theories that
have been catalogued so-far. This is based on joint work with Jacques Distler
and Behzat Ergun [3]. Then we talk about some preliminary studies of the
supersymmetric vacuum moduli space of product SCFTs, based on some past
work with Anderson Trimm and ongoing work with Jacques Distler, Behzat
Ergun, Qianyu Hao and Andrew Neitzke. In chapter |3| we turn our attention
to supersymmetric (half) line defects in 4d N = 2 theories. In particular,
we describe a close relation between the Schur index in the presence of a
supersymmetric (half) line defect and the vacuum expectation value of such
line defect in U(1),-invariant vacua of the theory compactified on a circle. We
explicitly check such relation in some special class-S theories: the Argyres-
Douglas theories of type (Aj, As), (A1, A4), (A1, Ag), (A1, D3) and (A, Ds).
Chapter [3is joint work with Andrew Neitzke [4].

1.1 A brief overview of theories of class-S

In this section we give a brief overview of class-S theories. This part is

mainly based on [1},2,/7].

A 4d N = 2 theory of class-S, originating from compactification of a
6d (2,0) theory on a Riemann surface with a partial twist, is specified by the

following data:

e A choice of a 6d (2,0) theory of type g, where g € {A,, D,,, Eg, E7, Es}.

e A choice of a genus-g n-punctured Riemann surface Cj ,,.



e A decoration of the punctures of Cy,, by codimension-two defect opera-

tors of the 6d (2,0) theory.

Properties of class-S theories are closed tied to the internal Riemann

surface Cy -

e In absence of twisted punctures (as introduced in e.g. [8,9]), the moduli
space of exactly-marginal deformations of the SCFT is identified with
the complex structure moduli space of Cy,, [2]. Different pairs-of-pants
decompositions of Cy,, (in the degeneration limit) correspond to different
weakly coupled descriptions of the same SCF'T which are related to each
other by the generalized S-duality. With twisted punctures the conformal
manifold is modified to be a branched cover of the complex structure

moduli space [10-H12].

e Putting a class-S theory on S%, the partition function corresponds to
the n-point correlation function in Liouville/Toda theory on the corre-

sponding Riemann surface |[13-17].

e The superconformal index of a class-S theory is interpreted as the n-
point correlation function of a 2d topological quantum field theory living
on the corresponding Riemann surface [18]. This interpretation is very
powerful such that it allows one to bootstrap the superconformal index
of class-S theories given some input from class-S theories that do have

a Lagrangian description [19,20].



e (Class-S theories are closely related to Hitchin systems. Compactify-
ing to three dimensions on a circle, at low energies the effective three-
dimensional theory is a N' = 4 sigma model with a hyperkéhler tar-
get space M, which is identified to be the moduli space of solutions to
Hitchin’s equations [21] with prescribed boundary conditions on punc-
tures of Cy,, [1]. In this picture new algorithms have been developed to

compute the spectrum of BPS states of class-S theories [1,22-25].

1.2 Compactifying the 6d (2,0) theory

In this section we review general aspects of the compactification of 6d
(2,0) theory on a Riemann surface C' with a partial topological twist. This

part is following [1].

The (2,0) superconformal theories in six dimensions have osp(6,2[4)
as their superconformal algebra. They could be constructed by taking a low-
energy decoupling limit of type IIB string theory on R x C?/T", where I is a
discrete subgroup of SU(2) of the type A, D or E. There exists a basis opera-
tors labeled by Casimir operators of j = A, D or E and transforming in short
representations of osp(6,2|4). Within the k-th short multiplet the subspace of
operators V, with lowest conformal weight is an irreducible representation of
the s0(5) R-symmetry. The conformal weight is twice the exponent dj of j. The
vacuum expectation values of these chiral operators parametrize the Coulomb
branch of the six-dimensional theory, which is isomorphic to (R®)r1k0) /W,

where W, is the Weyl group of j.



To compactify a 6d (2,0) theory on a Riemann surface C' while pre-
serving 4d N = 2 supersymmetry, a partial twisting must be performed. The
super Poincaré subalgebra of 0sp(6,2[4) has bosonic part so(5,1) ©so(5). The
Poincaré supercharges transform in the (C* @ C*), of s0(5,1) @ s0(5), where
+ indicates a symplectic Majorana reality constraint. Compactifying on C
breaks s0(5,1) @ s0(5) to s0(3,1) B s0(2)c & s0(3) & s0(2)g under which the

supercharges transform as

<<<27 D)1z @ (1, 2)—1/2) ® (21/2 S~ 2_1/2>>+. (1.1)

The twisting identifies the diagonal s0(2) of s0(2)c@®s0(2) g with the holonomy
algebra of C'. After the twisting the supercharges transform under so(3,1) ®
50(3) @ s0(2), as

(2,1;2)1 @ (2,1;2)0 @ (1,22)0 @ (1,2;2) 1. (1.2)

The middle two summands are uncharged under so(2), and become well-
defined N = 2 supercharges in four dimensions. We denote them as Q** and
oA,

The moduli space of the 4d theory could be obtained via dimensional
reduction from the Coulomb branch of the 6d (2,0) theory. Concretely choose
a Cartan subalgebra s0(2)r @ s0(2) C so(5) and denote the operator in Vj
with weight (dg,0) as Ok. In the k-th short multiplet Oy has the largest
50(2) g charge, therefore Oy, is annihilated by supercharges with positive s0(2)g
charges such as Q4. The vacuum expectation values of this type of chiral op-

erators parametrize the Coulomb branch B of the four-dimensional theory.



Note that after the partial twist O, becomes a section of K®%* over C, more-
over its vacuum expectation value () is annihilated by 0. Therefore the 4d

Coulomb branch is given by

rank(j)
B= P H(C K*"). (1.3)
k=1

The 6d (2,0) theory of type Ay_1 could be realized as the low-energy
worldvolume theory of N coincident M 5-branes. In this picture B has a nice ge-
ometric interpretation. The four-dimensional theory is obtained by wrapping
the N M5-branes on a holomorphic cycle C inside a hyperkahler four-manifold
Q. Going to the Coulomb branch corresponds to separating the M 5-branes
such that they wrap some other cycle ¥ C @), where X is a connected divisor.
One could identify a neighborhood of C' with T*C' by viewing ) as a holo-
morphic symplectic manifold and choosing holomorphic Darboux coordinates
(z,2). A point in B corresponds to a set of coefficients u, € HO(C, K®*) for

the following equation:
N
N + Z up(2)zV 7 = 0. (1.4)
k=2

This equation defines ¥ C T*C'. ¥ is identified with the Seiberg-Witten curve

of the low energy four-dimensional theory. And the canonical one-form
A =zxdz (1.5)
restricted to X is identified with the Seiberg-Witten differential.

For 6d (2,0) theories of type D or E the story is very similar. How-

ever, the coefficients in the defining equation for ¥ are in general, polynomial



expressions when expressed in terms of the natural linear coordinates at the
origin of the Coulomb branch. Concretely there are polynomial constraints on
the coefficients of the k-differentials which need to be solved before one sees
the natural linear structure. Moveover the Coulomb branch could have graded
components of degrees other than the exponents dj. In general the Coulomb

branch takes the form [26]:
BcV=H(C K)o PW;, (1.6)
k k

where W), are vector spaces of degree k and B is the subvariety satisfying the
collection of polynomial constraints, which are linear in at least one variable

and of homogeneous degree.

1.3 Relation to Hitchin systems

In this section we briefly review the relation of class-S theories to

Hitchin systems following [1].

To do so we consider the theory obtained by further dimensional reduc-
tion from 4d to 3d on S!. At low energies the 3d effective theory is an N = 4
sigma model into a hyperkahler target space M fibered over the 4d Coulomb

branch B with generic fiber being a compact torus [27,28].

To study M the logic is to reverse the order of compactifications. Due
to the partial topological twist, the BPS-protected quantities are insensitive
to the conformal scale of the metric on C', therefore no phase transition in the

low energy physics is expected when one exchanges the relative length scales



of C'and S'. By first compactifying the (2, 0) theory on S! with radius R, one
obtains at low energies five-dimensional N' = 2 supersymmetric Yang-Mills
theory. The next step is to compactify this five-dimensional theory further
on the Riemann surface C' with an appropriate topological twist. The moduli
space of the resulting 3d theory is then the space of 5d BPS configurations
that are Poincaré invariant in R®. Denote the five adjoint scalars of the 5d

N = 2 super Yang-Mills theory by ®;, I = 1,...,5 such that

has s0(2)g charge +1. (®345 have charge zero.) In the twisted theory ¢
becomes a (1,0) form on C. The BPS equations are the Hitchin equations for
the gauge field A = A.dz + A:dZz cotangent to C' and the adjoint scalar ¢:
Fa+ R*[¢,¢] =0,
Ot = dz(0:¢ + [Az, ¢]) = 0, (1.8)
046 = d2(0.6 + [A., 3]) = 0.
M is therefore identified with the moduli space of solutions to Hitchin’s equa-
tions on C. M is hyperkahler and in one distinguished complex structure M
is a fibration over the 4d Coulomb branch B. The projection from M to B is
given by:
(A, ¢) — {Casimirs of ¢}. (1.9)
This map is the well-known Hitchin fibration [21] with generic fiber being an
abelian variety. The Seiberg-Witten curve > C T*C' is identified with the

spectral curve determined by ¢:

det(\ — ¢) = 0, (1.10)



where A = xdz. Namely the positions x; of various sheets of ¥ in the cotangent
directions are interpreted as the eigenvalues of the matrix-valued 1-form field
0.

For most of the class-S theories that we study, the Riemann surface
C' has finitely many marked points with half-BPS codimension-2 defects of
the 6d (2,0) theories living at those points. The presence of such defects give
rise to various boundary conditions for (A, ¢). A systematic study of such

codimension-2 defects has been carried out in [9].



Chapter 2

Product SCFTs in class SV

2.1 Introduction

The class-S construction [1,2] has yielded a wealth of information about
4D N = 2 supersymmetric field theories and their superconformal fixed points.
Generically, N' = 2 SCFTs come in families, where the exactly-marginal de-
formation corresponds to varying a complex gauge coupling (whose S-function
vanishes). If we turn off the gauge coupling(s), these theories decompose into a
product of free vector multiplets with an isolated SCFT, a subgroup of whose

global symmetry we had previously gauged.

So, to classify such theories, it suffices to classify the isolated theories
and their possible gauging. In class-S, the isolated theories further decompose
into products of SCFTs associated to 3-punctured spheres (“fixtures”), on
which one performs a partially-twisted compactification of a 6d (2,0) theory.

The fixtures fal]ﬂ into three broad types: free hypermultiplets, an isolated

1 has appeared as J. Distler, B. Ergun, and F. Yan, “Product SCFTs in Class-S”,
arXiv: 1711.04727[hep-th] [3]. In collaboration with Jacques Distler and Behzat Ergun, I
contributed to formulating the algorithm to identify product SCFTs, applying the algorithm
to some examples, and writing part of the preprint.

2This is not quite true in the twisted compactifications of the (2, 0) theories with outer-
automorphisms. There |[10H12}[29], one encounters a fourth type of fixture, with a hidden
marginal deformation, which we called a “gauge theory fixture.” Some of these also turn

10



interacting SCFT, or a mixture of both.

For any given (2,0) theory, the list of fixtures is finite, permitting a
complete classification of the resulting 4D SCFTs [9-12,26]29-35]. It turns
out that the same isolated 4D SCF'T can have many different realizations
as fixtures in (different) (2,0) theories. That redundancy is not too difficult
to keep track of. More serious is the possibility that some (many? most?)
fixtures could themselves correspond to product SCFTs, introducing a further

(unexpected) level of redundancy.

This has already been noted, in examples, in [10}12,26,32,35], where
the fact that one has a product SCF'T can be seen by doing some gauging and
then using S-duality (see, e.g., the discussion in §7 of [12]). But how prevalent
the phenomenon — of a fixture corresponding to a product SCFT — is, was

unknown.

Our purpose here is to develop a technique for deciding the issue, and
applying it to a large (but far from exhaustive) subset of the class-S theories
which have been catalogued so-far. The technique will involve using (certain
limits of) the superconformal index to compute the number of N' = 2 stress
tensor multiplets (after suitably removing the contribution to the index from

any free hypermultiplets that might be present).

For the Ay_; and Dy (2,0) theories (at least for low N), the number of

known product theories is very small. We verify that these are indeed product

out to be product theories, as we shall see below.

11



theories and that there are no additional ones.

We then turn our attention to the Eg (2,0) theory. In the untwisted the-
ory [32], there were 10 fixtures which were known to be products. We checked
all 881 fixtures and found no additional product theories. In the twisted sector
of the Fj (2,0) theory [12], the fixtures were known to include 12 corresponding
to product SCFTs. We checked that these were, indeed, product theories and
found that there is only one additional previously unknown product theory

among the 2078 fixtures in the twisted sector of Ej.

From this large, but admittedly still limited sample, we seem to be led

to two conclusions.

e Fixtures that are product SCFTs are relatively rare (at most, a few

percent of the total).

e In all of the examples we have found, whenever you do find a product
SCFT, one of the factors in the product is always a (rank-k) Minahan-
Nemeschansky theory [36,[37] (the SCFT whose Higgs branch is the k-
instanton moduli space of Egrg). This phenomenon becomes under-
standable using the unitarity bound criterion, which is an alternative

way to identify product theories [38,39].

12



2.2 Counting stress tensors

The unrefined superconformal index of a 4d N/ = 2 SCFT is defined
as [19,40]:

I(p, q, t) _ TrH(_1)Fp%(A+2j1—2R—r)q%(A—2j1—2R—r)tR+r' (2'1)

Here p, q,t are the three superconformal fugacities, A is the dilatation gen-
erator (conformal Hamiltonian), j; and js are the Cartan generators of the
SU(2); x SU(2)2, R and r are the Cartan generators of the SU(2)g x U(1),
R-symmetry. The trace is taken over the Hilbert space H on S* in radial
quantization. We will be interested in two specializations of the superconfor-

mal index: the Schur index, defined as
Isctur = Trpp™~H(=1)" (2.2)
and the Hall-Littlewood index,
Inp, = Tryg,, TG0 (=1)" (2.3)

where Hyy, is the subspace of H defined by A—2R—1r = j; = 0. The supercon-
formal index does not receive contributions from generic long multiplets of the
4d N = 2 superconformal algebra (or from combinations of short multiplets
that can recombine into long multiplets).

In the notation of [41], the Hall-Littlewood index receives contributions
from the short multiplets Bp (whose superconformal primary contributes 72%)

and Dy ;) (whose first superconformal descendent contributes 7207241 (—1)1+272),
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The Schur index receives contributions from R(j1,j2) B Ry DR,(0,j,) and bR(jl:O)'

The contribution from each of these short multiplets is listed in the table be-

low.
Short Multiplet Isehur (P) Iy (1)
= I == TE= Te)
(;R(jl,h) (_1)2(]14—]2;;0 11_102 0
BR 1pr T2R
Dro.j») (4)%#1@ (— 1)+ L 2Rt +D)
> —D
— - RFj 1
D0 i 0

The representation B, /2 is the free half-hypermultiplet. Dy ) +E0(0’0)
is the free vector multiplet. We assume that there are no free vector multiplets.
If there are free hypermultiplets present, we want to remove their contribution

by hand. n free half-hypermultiplets contribute a factor of

1/2 n 0 1 n
b
Tsms = (PE 11—
. ( [1—19]) ,g](l—p’““”)

IHL = (PE[T])n =

(2.4)
T
to the index.

After removing the free hypers, we have an isolated interacting SCFT.
As such, there should be no higher-spin conserved currents in the spectrum.

Various Dg (o,j,) and bR(jl,O) multiplets contain such higher spin currents and

hence must be absent from the spectrum. In particular,
#D120.1/2) = #D1/2(1/2,0) = #Do(0.1) = #Do(1,0) = #D1/20,0)

= #D12000) = #Do,1/2) = #Do(1/2,0) = 0

The remaining contributions to the Schur and Hall-Littlewood indices can be

14



written as follows

Isehr = 1+ 510 + 53/0p°% + 59p” + ...
Inp, = 14 ha7 + hypot® + hot* + ..
where
hy = s = #Bl
h3/2 = 83/2 = #33/2
hy = #By — #D10.0)

sy = #B1 + #By — #D1(0,0) — #51(0,0) + #OO(O,O)
Rearranging these, we obtain

~

#Co0,0) = s2 — h1 — hy + #51(0,0)
In general, this gives us only a lower bound
#éo(o,o) > 89— hy — hy

Because of the recombination formula,

éo(o,o) + Di0,0) + 31(0,0) + B, = long multiplet

(2.5)

(2.6)

(2.8)

the superconformal index cannot do better than this lower bound. We need

some dynamical information. The key point is that Dy ) + Euo,o) is the

multiplet containing an (N = 1)-preserving (but (N = 2)-breaking) marginal

perturbation (exactly-marginal, if it’s a flavour singlet [42]). If such an opera-

tor s present in our product theory, then one of the factors in the product is

actually a special point of enhanced N' = 2 superconformal symmetry in a fam-

ily of N' = 1 superconformal theories. While this is certainly possible, it seems

15



unlikely in the cases at hand. So we will simply assume that #51(070) =0 and
(2.8) is an equality. CA’O(Q’O) is the N' = 2 stress tensor multiplet and computing
the RHS of (2.8) allows us to count them.

2.3 Superconformal Index for Class-S Theories

In this section, we’ll recall some facts about class-S theories and their
superconformal indices. A class-S theory of type j is obtained by a partially-
twisted compactification of a 6d (2, 0) theory of type j, where j is a simply-laced
Lie algebra, on a genus-g, n-punctured Riemann surface C,,. The punctures
are the locations of codimension-two defects in the 6d (2,0) theory. In the
untwisted sector, the punctures are labelled by nilpotent orbits in j or, equiv-
alently, embeddings p : su(2) — j up to conjugation. The global symmetry

associated to a puncture is then the centralizer f of p(su(2)) Cj [9].

For a fixture, i.e. a 3-punctured sphere, the Schur and Hall-Littlewood

limits of the unrefined superconformal indices have the following form |19}20]

I Ks(ai)xa(ai)
Fowr D)= 2 K b)) |, 2
o [ Kar(ai) Pa(a)
]HL(T) - EA: ICHL({T})PA({T}) - (210)

where

1. The sum is over highest weights A labeling the finite dimensional irre-

ducible representations of j.
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2. Flavor fugacities a; associated to the i*" puncture are determined by
decomposition of the fundamental representation of j under p;(su(2)) xf;.

{p} and {7} are the fugacities for the trivial puncture.

3. The K-factor associated to the i*" puncture is determined by the decom-

position of the adjoint representation ad; of j under p;(su(2)) x f;:

ad; = PV, ® Ry, (2.11)

where V,, is the n-dimensional irreducible representation of su(2) and
R, ; is the corresponding representation of f;, possibly reducible. Upon

this decomposition, the K-factors are

+1

Ks(a;) = PE [ 4 prXRm(a‘)] (2.12)

Kun(a) = (1 — )% PE [Z N (a )] (2.13)

4. The polynomials appearing in the index y, and P, are characters and
Hall-Littlewood polynomials for the corresponding representation labeled

by A. The HL polynomial is defined as:

1 1 — 72~ w(@
Palay) = S ew [T LT oy
WA( ) weW acd 1 — el
> 2w (2.15)
weStabyy (A)

where & are the positive roots of j and flavor fugacities {a;} are assigned

once we choose a basis for the weight lattice of j.
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In the twisted sector, some of the defects are associated with a twist
by an outer automorphism o € Out(j). Let g C j be the invariant subalgebra.
Twisted defects are labeled by, up to conjugation, homomorphisms p : su(2) —
g¥ where gV is Langlands dual of g. As in the untwisted case, the flavor
symmetry is the centralizer of the image of p [9]. Twisted-sector fixtures
have 2 twisted punctures and 1 untwisted puncture. Unrefined superconformal
indices for such fixtures have almost the same form as before but are slightly

modified as [11}/12}20]

_ Ks(b)x) (b) Hf’zg Es(ai)xivr (a;)
oo ®) = 2 RO |, (216)
5 Kan(0)PAD) T, Kas(a) P (20)
Tnalr) =2 = D A L

where the sum is now over the weights A’ of gV, extended?| (in the case of the
untwisted puncture) to weights of j (denoted as A in the formulas). The K and
flavor fugacities a; for twisted punctures are determined as in the untwisted

case but with j replaced by gV.

The main computational bottleneck is computing and evaluating the
Hall-Littlewood polynomials, which requires a sum over the elements of the
Weyl group. For low rank classical algebras Ay and Dy, the Weyl groups are
rather small and the HL polynomials can be evaluated with ease. However,

|Wgs| = 51840, which makes the evaluation of HL polynomials very tedious.

3For the main case of interest here, namely gV = f4 and j = ¢g, the precise extension can
be found in §4.1 of [12].
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Figure 2.1: An interacting fixture in the D, theory

And we need to compute them for every representation that contributes to a
given order in 7. Fortunately, one can exploit the freedom in the choice of
flavor fugacity assignments to deduce whether or not a given representation

will contribute to a desired order.

For the untwisted Fjs theory, it turns out there are 71 representations
that contribute to the order p? and 7*. The highest dimensional representa-
tion that occur has Dynkin labels [0,0,1,0,0,2],, and dimension = 1911195.
In the twisted Eg case, there are 30 representations that contribute, 15 of
which already appeared in the untwisted case. The largest f4 and ¢g represen-
tations that contribute to order p? and 7* have dim[1, 1,0, 1];, = 379848 and

dim[2,1,0, 1,2,0]., = 688740975

2.4 Examples

As a simple example, consider an interacting fixture in the D, theory
as given in Figure The corresponding 4d A/ = 2 SCFT was identified as

the product of two copies of rank-1 Minahan-Nemeschansky Eg SCFT in [26].
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The unrefined Schur and Hall-Littlewood indices for this fixture to the order

of p? (74) are

Tsohur = 1 + 156p + 11102p° + ...
(2.18)
Iy, = 14 15672 4+ 109447 + . ..

We read off hy = s; = 156, which equals the dimension of e @ ¢g. The lower

bound on #CA'(](O’()) is
S9g — hy — hy = 11102 — 156 — 10944 = 2.
The lower bound is clearly saturated in this example.

At least for low IV, there are not too many further examples of product
SCFTs among the (twisted or untwisted) fixtures of the Ay or Dy theories.
For most of the interacting fixtures the lower bound on #CA'O(O,O) is equal to 1.

However, there are more interesting product SCF'Ts in theories of type Es.

In the untwisted FEjg case, our results can be summarized in the table
below. We find 10 product theories among the 881 good fixtures (the number-
ing is the one used in [32]) with regular punctures. The first 7 were known to

be product theories in [32]. The last 3 were not.

Those three fixtures,

(respectively, #59, #61 and #99 in the table of interacting fixtures in [32])
were later identified as product theories in [12] by gauging a subgroup of the

flavour symmetry and using S-duality.
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#type Fixture ISchur(p) Iy, (7—) #CO(O,O) Theory
1+ 496 1+ 49672+
Ling AT 2 o 4 2 [(Es) 5 SCFT]?
" +116002p% + ... + 1155047% + ...
O 0 5 ) 5 [(Er7)g SCFT]
< A, o 14222p+216p3+ | 1+ 22272 + 21675+ ) §
int 2 4
D + 23880p% + . .. + 2365671 + ... [(E6)yg X Sp(2)1 x U(1) SCFT]
O
o 0 5 ) 5 [(E7)g SCFT]
. A3 + Alo 1+ 269p + 266p2+ | 1+ 2697° +2667°+ 9 %
int 2 4
Ds +35045p° + . .. 34T [(Er)y x SU(2)g SCFT]
O
O 0 3 5 3 [(E8)12 SCFT]
30 D, o 14 329p + 156p2 4+ | 1+ 32972 4 1567°+ ) y
int 2 4
As +O07T3T o 0408 [(Bs),5 x SU(2); SCFT]
O
1+ 54p3 + 1641p+ | 1+ 547 + 164172+
1 mix 1 36198p5 + + 3614473+ 2 [(E6)g SCFT]? + 1(27)
+640688p2 + . .. + 6376147 ..
(@)
0 2
. D,(a,) o 1 4 399p+ 14399724 . [(Br), SOFTP
e Ds +75582p2 + . .. +751807% + ...
(@)
O 0 ) [(E8),2 SCFT]
D, o 1+ 404p+ 14 404724 5 y
18int 2 4
E¢(as) +77039p% + .. + 7663271 + .. (o) SCFT]?
O
o 0 2 [(E6)g SCFT]
% D, o 1+ 172p+ 1417274 ) y
int 2 4
% + 14886p? + ... + 1471274 4. (Fs)yy % SU(3)2, SCFT]
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H#type Fixture Ischur (p) Ty () #Co(0,0) Theory
o
Eg)g SCFT
61 D, g 1+ 165p+ 164p3 + | 1+ 16572 + 16473+ , [( 6)6>< ]
int
D<(a 13451p% + . .. + 132847 + ...
s(() D + o+ [(Es)1g X SU(3),5 x U(1) SCFT]
Eg)g SCFT
. 14+212p+ 112p3 4 | 1421272 411275+ ) I G)GX ]
int 4
22273p + ... +220597% 4 ...
R [(Br) s x U(1) SCFT]

In the twisted Ejg case, we identify 13 product theories among 2078
good fixtures with regular punctures. Only one interacting fixture, namely
fixture #91, was not previously listed in [12] as a product theory. We also
find that three gauge theory fixtures are product theories. One was explicitly
noted as such in §3.6 of [12]. We discuss the other two below. Our results can

be summarized in the following table.

Fegpe Fixture T (P) I, (7) #Co(0.0) Theory
, Eg)g SCFT
. 1+136p 4+ 104p2 + | 1+ 13672 + 104734 ) . G)GX }
int 2 4
+ 889874 + ...
+9036p% + [(F1),5 x SU(2)2 SCFT]
t Eg) g SCFT
0 14 159p + 156p3 + | 1+ 1597 + 15673+ ) . G)GX }
int 2 1206874
+12229p7 + ... + L [(Es)1o x SU(2), SCFT]
1+ 234p+ 1+ 23472+
Pin + 25779p% + + 2554274 + ’ (Eo)e SCFTI
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H#type Fixture Ischur (P) Iy (1) #Co(0,0) Theory
Er)y SCET
1+ 186p+ 1418672+ [(EBr)s }
Iline +16142p% + + 1595474 + 2 *
D e T e
[(F1),0 x U(1) SCFT]
Es),, SCFT
14 1+ 326p+ 1432672+ , [(£8)12 ]
int 2 4 x
+49102p2 + . .. T A8TTATY 4 ...
[(Ee)g SCFT]
o
~ Eg) SCFT
. A, 8 1+ 170p+ 1417072+ , [(F)s }
int X
F + 14601p% + . .. + 1442974 + ...
° [(Eo)1g X (Ga)yo SCFT]
3 2 3
1+ 162p + 312 1416272 + 31273+
At +162p + 312p2+ TR 2 (o), x SU(2), SCET]?
+13365p% + . .. + 1320174 + ...
Eg)s SCET
; 14 159p + 160p3 + | 1+ 15972 + 16073+ ) I G)GX }
e 2 123037%
+12464p° + . .. + N [(E6)15 x SU(2),, SCFT]
L 2
Eg)s SCFT
) Cs(ay) 8 14237p+ 156p3 + | 1+ 23772 + 15675+ 5 [(Eo)s ]
int X
F +27140p% + . .. +269007% + ...
PY Y ()15 x SU(2); SCFT]
2 0
F,(a 1+ 312p+ 14 31272+
Ling (33) (@) P R T 4 4 [(Es)s SCFT)*
F, + 46540p% + . .. + 4622474 + ...
L J
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H#type Fixture Ischur (P) IuL(7) #Co(0,0) Theory
14+133p+52p2+ | 1413372 45215+
1gauge 4 2
+ 8446p2 + . .. + 831174 ...
1+ 156p+ 14 15672+
2gauge 2 4 2
+11830p% + . .. +116727% + ...
X 1+ 326p+ 1+ 32672+ )
ganee +12558p% + ... + 124007 + . ..

2.5 Gauge theory fixtures

The M puncture, in the twisted sector of the Fg theory, is “atyp-
ical” (in the nomenclature of [10]). That is, it carries a “hidden” marginal
deformation. To access the full space of marginal couplings, we should resolve
it to a pair of punctures: Fj (the simple puncture from the twisted sector) and
Es(ay1) (the simple puncture from the untwisted sector). The coincident limit

of those two punctures does not imply any gauge coupling becoming weak,

instead we simply obtain Fj(ay).

A fixture with an Fy(ay) puncture is thus a 4-punctured sphere in dis-

guise, where the gauge theory is at a strong coupling point in the interior of
the conformal manifold. (See Figure for the gauge theory fixture lguyge in

our table.)
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empty gauge theory fixture

Figure 2.2: Resolving the atypical puncture in the gauge theory fixture 1gayge

o
(B, SU(2))\SU(2) [ B,
[ o

12)  [(Be) SCFT] x [(E,),, x SU(2); SCFT |

Figure 2.3: Degeneration A of the 4-punctured sphere relevant to 1gauge

We computed that the theory has two stress tensors, and is thus a
product SCFT. That is indeed the case, as we can see by examining the other
degenerations of the 4-punctured sphere. Degeneration A is given in Figure[2.3]
where one of the SU(2)s of the (F}),, x SU(2)? SCFT is gauged. Degeneration
B is given in Figure[2.4] where a G subgroup of the Es is gauged. In each case,

there is a decoupled Minahan-Nemeschansky (Es), SCFT, as anticipated.

The same remarks apply, mutatis mutandis, to the gauge theory fixture
25auge- (Gauge theory fixtures 25uge and 3gauge Were also discussed in detail

in §8.1 of [12].) In particular, Figures [2.6| and [2.7| show the two degenerations
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(2A2’ (G2)4)
o

Eq(a;)
0]

[(Eﬁ)6 SCFT] X [(Eg)12 SCFT] 1(7)

Figure 2.4: Degeneration B of the 4-punctured sphere relevant to 1gauge

empty gauge theory fixture

Figure 2.5: Resolving the atypical puncture in the gauge theory fixture 24,,gc

where there is a decoupled (£g)s SCFT.

This is a nice check that our formalism works, even when the SCFTs

are not isolated.
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o
(€@, SUD\SUQ) G

12)  [(Be)s SCFT] x [(Eq),, X SU(2), SCFT |

Figure 2.6: Degeneration A of the 4-punctured sphere relevant to 2gayge

[(E6)6 SCFT] X [(ES)IZ SCFT] empty

Figure 2.7: Degeneration B of the 4-punctured sphere relevant to 24
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2.6 The new product SCFT

The following fixture

[(E;)s SCET] x [(F,),, X U(1) SCFT|

is a product SCF'T that hasn’t been identified previouslyﬂ Since it has rank-3,
it must be a product of a rank-1 and a rank-2 theory. The possibilities for
rank-1 N = 2 SCFTs are very limited [43-46]. The only one consistent with
the global symmetries and R-charges of the Coulomb branch parameters is
the Minahan-Nemeschansky (E7); SCFT. The other factor in the product is,
then, a new rank-2 SCFT, with global symmetry (Fy),, x U(1), ng =ns =1
and (nn,n,) = (32,16). So far, we are not aware of an alternative class-S

construction of this theory.

2.7 Moduli space of product SCFTs: a case study

We have identified a list of product SCFTs by counting the N' = 2
stress tensor multiplet 00(070)- However, a product SCFT has more interest-

ing properties than having more than one stress tensor. In particular, the

“Only an (Fy),;g x SU(2),, x U(1) subgroup of the global symmetry is manifest. Of
this, only (a subgroup of the) (Fy),q C (E7)g X (F4),, is gaugeable, which makes the usual
S-duality tricks useless for discerning that this is a product SCFT.
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supersymmetric vacuum moduli space of a product SCFT should better be
factorized into a product of moduli spaces of simple SCFTs. In this subsec-
tion we will explore the moduli space of the simplest product SCFT, namely
the interacting fixture in the Dy theory as shown in Figure[2.1] In the following

we will denote this theory as Tp,.

The Higgs branch of the rank-1 Minahan-Nemeschansky Fg SCFT is
given by the centered moduli space of the one Fg-instanton on R*, or equiva-
lently the minimal nilpotent orbit in eg [47]. Its refined Hilbert series is given
by [48]:

ez (2) = > _[0,k,0,0,0,0]. (2.19)
k=0

Here z is the ¢4 fugacity and [0, k, 0, 0,0, 0], is the character of the irreducible
representation with Dynkin label [0,%,0,0,0,0], where [0,1,0,0,0,0] corre-

sponds to the 78-dimensional adjoint representation of eg.

It was argued in [19] that, for class-S theories whose corresponding
Riemann surfaces have the topology of a sphere, the Higgs branch Hilbert series
coincides with the Hall-Littlewood index. Concretely in those theories, the
contribution from short multiplets of the type Dg( ;,) to the Hall-Littlewood
index is the same as imposing constraints between Higgs branch operators in
the Hilbert series calculation. From this perspective the factorization of the
Higgs branch would be reflected through the refined Hall-Littlewood index for
the theory 7Tp, being a “square” of . We have computed the refined
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Hall-Littlewood index for 7p, up to 7% orderf’}
T, (71, 72) =1+ [(78,1) 4+ (1,78)]., -, 7"
+ (2430, 1) + (1,2430) + (78,78)]., -, 7"

+ [(43758, 1) + (1, 43758) + (78, 2430) + (2430, 78)]1, 2, 7% + . ..
(2.20)

In the above expression for simplicity we have denoted the irreducible repre-

sentations using their dimensions.

We remark here that computing the refined Hall-Littlewood index to
higher order in 7 is very challenging and thus refrains us from making further
checks. Moreover, studying the Higgs branch at the level of Hilbert series
does not involve its structure as a hyperkdhler manifold. For other product
SCF'Ts in our list, if all simple SCF'Ts that appear in the factorization have
an alternative class-S realization, we could then compute the Hall-Littlewood
indices to certain order in 7 and confirm the factorization of the index to that

order.

Now we turn to study the Coulomb branch of the theory 'TDfL For this
purpose we would need the Coulomb branch analysis for the rank-1 Minahan-
Nemeschansky Fg SCEFT. A realization of this theory in class-S is given by a
fixture in the Ay theory with three full punctures, which is often called the T3
theory. T3 has a one-dimensional Coulomb branch, parametrized by u € C.

The Seiberg-Witten geometry of T3 was analyzed in [49]. In particular, the

5This was part of results from a project with Anderson Trimm.
6The study of Coulomb branch of product SCFTs is ongoing work with Jacques Distler,
Behzat Ergun, Qianyu Hao and Andy Neitzke.
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period integrals are proportional to u!/?, which is consistent with the fact that
u has scaling dimension 3. Below we will analyze the Seiberg-Witten geometry
of Tp, and we will see some first evidence that the Coulomb branch of 7p, is

factorized into a product of two copies of the Coulomb branch of the T3 theory

(the rank-1 Minahan-Nemeschansky Eg SCFT).

We use the PSL(2,C) symmetry of CP' to fix the three punctures to
be located at (21, 22,23) = (0,1,00), where punctures 1 and 2 are the ones
labeled by the D-partition [3,3,1,1] and puncture 3 is the full puncture in
the D, theory. The UV curve is C = CP' \ {0,1,00}. The k-differentials in
the D, theory are ¢, @, $©® and the Pfaffian ¢. The pole structures and
constraints (as worked out in [26]) at the three punctures yield that the only
non-vanishing k-differential is ¢®), which has at most fourth-order poles at
212 = 0,1, and at most a fifth-order pole at z3 = co. Moreover, the leading pole
coefficients of ¢© at 212 = 0,1 satisfy constraints of the form c¢; 5 = (a172)2,
where a; » parametrizes the Coulomb branch [9,26]. The Seiberg-Witten curve

3 C T*C is then given by:

AZ(AS — ¢©) =0, (2.21)
where
2 2 2
(6):a1+(a2—a1)2d6 999
¢ 24(2 o 1)4 Z. ( * )

A is the Seiberg-Witten differential, concretely in terms of coordinates (x, z) on
T*C, A = xdz. Two sheets of ¥ are trivial coverings of C', the other six sheets

2
form a branched covering of C' with a branch point at z, := af# Denote this
1 2
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(123456)
(135)(246)

(135)(246,

(123456)

Figure 2.8: Choice of branch cuts for ¥’ and cycles in homology classes v,
(blue) and 7, (green) in H;(X',Z). The four branch points are at z; = 0,
29 = Zp, 23 = 1 and z4 = 0o. The four branch cuts are represented by wavy
lines and they meet at some point on CP'. Each branch cut is labeled with
the corresponding sheet permutation and the direction to do the gluing.

branched covering as ¥’ and fill in the punctures, we obtain a genus 4 curve
>'. 37 is a branched covering of CP' with four branch points at 0, 1, oo, Zp.
Concretely we could obtain 3/ by gluing together six sheets along branch cuts
as shown in Figure [2.8, where the six sheets are labeled by the six possible

choices of 6-th root of ¢,

If the Coulomb branch of 7p, has the desired factorization, then for
any homology class v € Hy(X/,Z), the corresponding period integral would

take the following form:
ij = Au)® + Bu)?, (2.23)
g

where A, B € C and u; » are some functions of a; 5. We would like to confirm
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this property and identify wu; o. First let us look at the cycle in homology class

v as depicted in Figure we have

7€1 A= (eQﬂ'i/3 _ 1) /01 (a2 —226;211/6_(2)—2/?))1/6 (\/7 +\/7> e

Similarly for a cycle in homology class v, as depicted in Figure

7{2A=<em/ﬁ_1) /“’ <a%—z2/3211/6< D ()" e

Moreover one could argue that for any homology class v the period integral

takes the form of (2.23)), with

up =y/ a3 /a3, us =+/a? —\/a3. (2.26)

Concretely, due to the pole/zero order of ¢(® at the branch point, to prove

(2.23)) it is sufficient to check that the integrals between the branch points take

the desired form, which is indeed the case. For example,

(g2 — q2)1/6(5 — 5 \1/6 .
/1 (a2 226;:1)’) (Z Zp) dz ~ ( a1)1/6COS<§arcsin L])

(1= )23 g
A )

(2.27)
where A, B € Qﬂ
Although (2.23)) offers a strong evidence, it is not enough to prove that

the Coulomb branch of 7p, is factorized into two copies of the Coulomb branch

of the rank-1 Minahan-Nemeschansky FEjg theory. The proof would involve a

"Here we have used cos(3a) = 4cosa — 3cosa.
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detailed study of the electromagnetic charge lattice of the infrared theory,

which is still under investigation.

We have seen that even for the simplest example of product SCFTs
the study of its supersymmetric vacuum moduli space is already quite com-
plicated. In future work we would like to have a better picture of how the
moduli space factorizes, preferably also for more complicated product SCFTs.
Another interesting direction that we are pursuing is to understand exactly

why and how these product SCFTs appear in class-S construction.
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Chapter 3

Line defect Schur indices, Verlinde algebras
and U(1), fixed points'

3.1 Introduction

In this chapter we describe a puzzling new feature of the line defect
Schur index in N = 2 theories, introduced in [50] and recently reconsidered

in [51]. In short, there is an unexpectedly close relation between:

e the Schur index in the presence of a supersymmetric (half) line defect L,

e the vevs (L) in U(1),-invariant vacua of the theory compactified on S*.

The precise statements and some discussion appear in §3.1.7-§3.1.9 below; the

intervening sections provide the necessary notation and background.

3.1.1 Schur indices and chiral algebras

In [52] a novel correspondence between 4d N/ = 2 SCFT and 2d chiral

algebras was discovered: given an N/ = 2 SCFT, there is a corresponding

!Previously published as A. Neitzke and F. Yan, “Line defect Schur indices, Verlinde
algebras and U(1), fixed points”, JHEP 11 (2017) 035 [4]. In collaboration with Andrew
Neitzke, I contributed to formulating the commutative diagram relation, testing the relation
in various examples, and writing up the paper.
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chiral algebra A. The operators in the vacuum module of the chiral algebra A
correspond to local operators in the original NV = 2 theory which contribute

to the Schur index Z(q) (and Macdonald index).

The algebras A corresponding to Argyres-Douglas theories have been
intensively studied in e.g. [52,54-60]. In particular, the chiral algebra for the
(A1, Aon) Argyres-Douglas theor was conjectured to be the Virasoro minimal
model with (p, ¢) = (2,2N+3), and the chiral algebra for (A, Dany1) Argyres-
Douglas theories was conjectured to be 5/[(2\) . at level k = —4N/(2N +1). The
Schur indices for certain Argyres-Douglas theories have been computed and
indeed match the vacuum characters of the corresponding 2d chiral algebra

[51155,[56160].

3.1.2 Schur indices with half line defects and Verlinde algebra

In [51] this story was extended to include the non-vacuum characters
of the chiral algebra A, by considering a new Schur index Z; (q), which counts
operators of the N' = 2 SCFT which sit at the endpoint of a supersymmet-
ric “half line defect” L. In various examples, [51] found that Zj(q) can be
expressed as a linear combination of characters associated to modules for the

algebra A:
Tr(q) = Y vrs(@)xs(q) (3.1)
B

2Macdonald index and its relation to chiral algebra was studied in [53].

3Here and below we use the taxonomy of Argyres-Douglas theories from [61], in which
they are labeled by pairs of ADE type Lie algebras. Argyres-Douglas theories were first
discovered in [62}[63].
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where x3(q) are the characters, and vy, g(¢) are some simple Laurent polyno-

mials in ¢, with integer coefficients.

In the expansion , the index § is running over some finite collec-
tion of modules, which moreover are closed under a canonical action of the
modular S matrix. This being so, we can use the Verlinde formula to define
a commutative and associative algebra V), generated by the “primaries” ®g
corresponding to the modules with characters x3(¢), with product laws of the
form

[@5] X [Pa] = 5, [P5]- (3.2)
In (A;, Aoy) Argyres-Douglas theories this commutative product corresponds
to the true fusion operation in the (2,2N + 3) Virasoro minimal model. More
generally though, we do not claim to interpret this product as any kind of
fusion operation: we just use the formal rule provided by the Verlinde formula.

In the following we will often refer to these product laws as modular fusion

mlesﬁ of the Verlinde-like algebra V.

Now, let us return to the expansion (3.1)) and specialize the coefficients

vr5(q) to ¢ =1, defining
VL,B = UL,6<Q = 1) (33)
Then for every line defect L we get an element f(L) € V by

F(L) = Vip[®g]. (3.4)
5

4We thank Christopher Beem for suggesting us to make a distinction from the true fusion
rules.

37



Remarkably, [51] found evidence that this map is actually a homomorphism of

commutative algebras,

f: L=V (3.5)

where £ is the commutative OPE algebra of line defects in the original N' = 2

theory.

f always maps the trivial line defect to the vacuum module, since the
Schur index without any line defect insertions is the vacuum character of A.
Thus the fact that the trivial line defect is the identity in the OPE algebra
gets mapped to the fact that the vacuum module is the identity in the Verlinde
algebra V.

Evidence for the homomorphism property of the line defect Schur index
was observed in [51] in the (A, A2) and (A;, Ay) theories. In §3.5.4 below we
give evidence that the same is true in the (A, Ag) theory. We also extend
to the (A, D3) and (A;, D5) theories, in §3.6.1 and §3.6.2, but this involves a
little twist: see §3.1.8 below.

3.1.3 A simple example

Just to fix ideas, we quickly review here the case of the Argyres-Douglas

theory of type (Aj, Ag). The basic data are:

e There are five distinguished nontrivial line defects L1, ..., Ls in the the-
ory, which generate all the rest by operator products. In fact one only

needs products involving consecutive L;: the most general simple line
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defect can be written [23]
L=, (3.6)

for i € {1,...,5} and m,n > 0 (letting L¢ = L;). We also have the

trivial line defect which we write as 1.

e The chiral algebra A is the (2,5) Virasoro minimal model, with ¢ =
—22/5. The corresponding Verlinde algebra V has two generators [ ],
[@1 5] corresponding to the two primaries. [®;;] is the identity element,

so the only nontrivial product is [®; o] X [Py 5], which is

[D15] X [@12] = [P11] + [P12]- (3.7)

The line defect Schur indices come out to [51]

1

Ti(q) = x11(0),  Zr(9) = ¢ 2 (x1.1(q) — x12(q))- (3.8)

Thus the homomorphism f in this case is

f(1) = [@14], f(Li) = [®11] — [P12]- (3.9)

In particular, f forgets the index 7, so it identifies the 5 generators Liﬁ More-
over, f collapses the infinite-dimensional algebra £, spanned by the operators

(3.6)), down to the two-dimensional algebra V.

®We will give a derivation of this property of f in §3.2.4
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3.1.4 Diagonalizing the Verlinde algebra

To explain the main new results of this paper, we need a brief digression
to recall a structural fact about the Verlinde algebra V: the modular S operator
gives a canonical diagonalization of V [64]. Concretely, if we choose an ordering
of the n primaries, then we can represent the operation of fusion with ®; by
an n X n matrix Ng,, and likewise S by an n x n matrix; then the statement
is that the matrices

Ng = SNgS™! (3.10)
are all diagonal.

For example, in the (2,5) Virasoro minimal model, if we choose the
ordering of the primaries (®; 1, ®12), then we have [65]

10 01 2 —sin%’r sin%7T
Nq’l’l_(o 1)’ N‘I’lvz_(l 1)’ S‘ﬁ(smﬂr sinZx > (3:11)

5 5

. . 15
N‘Pn = (1 O> Ng,, = ( 2 0 ) . (3.12)
' 0 1)’ 1.2 0 %‘?’

The representation of ¥V by the diagonal matrices N shows that V is
naturally isomorphic to a direct sum of copies of C. Moreover these copies
correspond canonically to the primaries themselves, using the ordering of the
primaries we have chosen. Another way of saying this is: V s canonically
isomorphic to the algebra of functions on the set of primaries of A. We will

use the statement in this form, in §3.1.5 below.
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3.1.5 Verlinde algebra and U(1),-fixed points in three dimensions

Now we recall another place where the Verlinde algebra of A has re-

cently appeared.

We consider the compactification of our superconformal N' = 2 theory
to three dimensions on S*. As is well known, beginning with [66], the Coulomb
branch of the compactified theory is a hyperkahler space N/. For example, if
our theory is a theory of class S, say S[g,C], then N is a moduli space of

solutions of Hitchin equations on C with gauge algebra g [1,121].

The U(1), symmetry of the theory acts geometrically on A/. This action
is an important tool in the study of this space. For example, it can be used to
compute the Betti numbers of the Hitchin moduli spaces, as was noted already
in [21]. More recently [67,/68] this U(1), action has been used to define and
compute a new “U(1),-equivariant index” for N, related to a Coulomb branch
index in the A = 2 theory. In both computations the starring role is played
by the fized locus F C N of the U(1), symmetry. The points of F are the

U(1),-invariant vacua of the compactified theory.

For our purposes the key fact about F is the following recent observa-
tion: the points of F' are naturally in 1-1 correspondence with the primaries of

A [61,/69-71]Ff| Combining this correspondence with the picture of V reviewed

6Some early hints of this appeared in [61], and a precise correspondence of this sort in
the case of (A, An) Argyres-Douglas theories with (m + 1,7+ 1) = 1 is developed in [69],
first reported in [70]. This correspondence was used extensively in [71], where the U(1)g
weights at the fixed points were also worked out; that work also substantially broadened
the scope of the correspondence, well beyond the class of (A,,, A,) theories. Despite all
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in §3.1.4, we conclude that there is a canonical isomorphism
h:V— O(F), (3.13)

where O(F) means the algebra of functions on F. Concretely, h maps [®] to
the vector of diagonal entries of No, using the correspondence above to match

up the points of ' with the positions along the diagonal.

3.1.6 Fixed points and vevs

We consider the vacuum expectation values of %—BPS line defects wrapped
around S' in S' x R3. These vevs are functions on the vacuum moduli space

N; the process of taking vevs gives a homomorphism of commutative algebras

L — ON) (3.14)

from the OPE algebra of 1-BPS line defects to the algebra O(N) of holo-
morphic functions on A'[| Now consider the restriction of these vevs to the
U(1),-fixed locus F' C N: this gives another homomorphism of commutative

algebras,

g: L— O(F). (3.15)

In Argyres-Douglas theories, the map ¢ is very far from being an iso-

morphism: it forgets most of the details of a line defect, remembering only

this, as far as we know, nobody has yet provided a first-principles explanation of why the
correspondence between points of F' and primaries of A exists. In this paper we just take
this correspondence as a given.

"In fact, in all examples we know, this is an isomorphism £ ~ O(N), though we do not
need this fact in anything that follows.
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its vevs at the finitely many U(1),-invariant vacua. This is reminiscent of the
fact that the map f, built from line defect Schur indices Z;, likewise forgets
most of the details of the line defects L. In the next section we flesh this out

into a precise sense in which f and g are “the same.”

Before we state our main result, we would like to point out that the
%-BPS line defects that we are talking about in this section are full line defects,
which are by definition different from the half line defects in [3.1.2. However,
away from the endpoints of the half line defects they are “locally” the same
object. In particular the OPE algebra of half line defects is isomorphic to the
OPE algebra of full line defects, both of which we denote as L.

3.1.7 The commutative diagram

So far in this introduction we have described three a priori unrelated

commutative algebras associated to an N/ = 2 SCFT:

e The OPE algebra £ of %—BPS line defects,
e The Verlinde algebra V associated to the chiral algebra A,

e The algebra O(F) of functions on the set of U(1),-invariant vacua of the

theory compactified on S!.
We also described three a priori unrelated maps between these algebras:

e Themap f : L — V obtained by computing Schur indices in the presence

of half line defects and expanding them in terms of characters of A,
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e The isomorphism h : V — O(F'), constructed using the mysterious iden-
tification between U(1),-invariant vacua and chiral primaries, and using

also the modular S matrix,

e The map g : £ — O(F) obtained by compactifying the theory on S*
and evaluating line defect vevs in U(1),-invariant vacua of the reduced

theory.

These ingredients can be naturally assembled into a diagram:

L—1 vy

R

O(F)

This raises the natural question of whether the diagram commutes, i.e. whether

hof=yg. (3.16)

In below, we verify by direct computation that (3.16)) indeed holds, in the
Argyres-Douglas theories of type (A;, As), (A1, Ag), and (Ay, Ag). In we
verify a similar statement in (A4, D3) and (A;, Dj) theories: see §3.1.8 below

for more on this.

The commutativity is the main new result of this paper. In a
sense it is not surprising — once you realize that this diagram exists, it is hard
to imagine that it would not commute — but on the other hand its physical
meaning is not at all transparent, at least to us. It should be interesting to

unravel. We comment a bit further on this question in §3.1.9 below.
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3.1.8 Flavor symmetries

In NV = 2 theories with flavor symmetries the story described above can
be enriched. The Schur index, rather than being a function Z(¢), is promoted
to Zr(q, z) where z stands for the flavor fugacities. The chiral algebra A also
contains currents for the flavor symmetry group, and thus its characters are
promoted to y;(g, z). It is natural to ask whether there are analogues of the

homomorphisms f, g, h in such theories with the extra parameters z includedﬁ

In below we consider this question for the (A;, D3) and (Ay, D)
Argyres-Douglas theories, which have flavor symmetry SU(2). The Cartan
subgroup of SU(2) consists of matrices diag(z,271) for |z| = 1; thus the fu-

gacity in this case is just a single number z. The chiral algebras in these

— —

theories are A = 5[(2)7% and A = sl(2)

8 respectively.

In the compactification of the theory on S!, turning on the fugacity z,
with |z| = 1, corresponds to switching on a “flavor Wilson line” around the
S1. Such a Wilson line leads to a deformation of A" which does not break the
U(1), symmetry. Thus for any fixed z we can consider the fixed locus F, C N,

which turns out to be discrete, just as in the (A, As,) theories we considered

above. Evaluating line defect vevs at F, we get a homomorphism

g.: L — O(F,). (3.17)

8In [51] the case of (A1, D3) was considered, after specializing to 2 — 1 to “forget” the
flavor symmetry. Though this limit is very special in the sense that characters of the two
non-vacuum admissible representations diverge in this limit and only one linear combination
of the two characters is well-defined. This linear combination and the vacuum character
transform into each other under modular transformations [72].
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Now we would like to repeat the story of §3.1.7 here, i.e. to construct
maps f, and h., and to verify . A key question arises: what should
we use as “Verlinde algebra”? There are no conventional two-dimensional
conformal field theories with A as symmetry algebras; the usual candidate
with symmetry 5/[(2\) . would be the WZW model, but that only makes sense for
positive integer k. Thus there is no clear physically-defined notion of Verlinde
algebra. Still, it was realized in [73] that at admissible levels there is a finite set
of admissible representations of A whose characters span a representation of
the modular group SL(2,Z). A Verlinde-like algebra built from the admissible
representations V; was constructed in [74] where the fusion rules were given
by naive application of the Verlinde formula |73]. V; has the odd feature that

some of the structure constants are equal to —1.@

Nevertheless, we could try to construct f, and h,, and verify ,
using this algebra V;. What we find experimentally in below is that this
does not quite work: we need to use a deformed Verlinde-like algebra V,. V,
is obtained from V; by replacing each structure constant —1 by —z2. Once we

make this modification, the whole story goes through as in §3.1.7 above.

9Fusion rules of s[(2), at admissible negative fractional level have been studied intensively
over the years and have been completely solved and understood recently in [75,/76] (see also
references therein). From this point of view, the negative structure constants have to do
with the fact that admissible representations are not closed under fusion. In any case,
in in our context we are simply considering a Verlinde-like algebra V; defined by naive
application of the Verlinde formula, and not worrying too much about whether it has a
fusion interpretation.
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3.1.9 Interpretations and comments

e The main new result of our paper is the commutative diagram in §3.1.7.
What is the physical interpretation of this commutative diagram? One
tempting possibility is that there is a new localization computation of the
Schur index. Indeed, if we think of the Schur index as a kind of partition
function on S® x S, we could imagine computing it by first reducing on
ST and then making some computation in the resulting effective theory
on S3. After this reduction the line defects become local operators, which
are determined by their vevs on N. In a localization computation using
U(1),, they could get further reduced to just their vevs in the U(1),-
invariant vacua. This would match our observation that the object f(L)
— which contains much'’ of the information of the Schur index Z; —
is linearly related to g(L), i.e. to the vevs of L in the U(1),-invariant

vacua.

e Our verification of the commutativity requires us to evaluate ex-
plicitly the vacuum expectation values of %—BPS line defects at the fixed
points of the U(1), action on N. In the language of the Hitchin system,
this amounts to solving an instance of the nonabelian Hodge correspon-
dence: for some specific Higgs bundles, we determine the corresponding
complex flat connections up to equivalence. It would be very interesting

to see how far one can push these ideas: can we compute the vevs in

9Though not quite all, because of the need to take ¢ — 1 in the coefficients v
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every case where the vacua are isolated? Can we extend beyond the fixed
points, say to get some information about their infinitesimal neighbor-

hoods? Can we say anything about non-isolated fixed points?

e It is natural to ask how broadly the commutative diagram of §3.1.7
exists; so far we have checked it only in five theories. We conjecture
that it exists more generally whenever it makes sense, i.e. whenever
the U(1),-invariant vacua of the theory reduced on S* are all isolated.
The U(1),-invariant vacua are isolated in all Argyres-Douglas theories
where the question has been investigated, e.g. the (A, A,,) theories for

ged(m +1,n+ 1) = 1, but more generally they are usually not isolated.

e One of the simplest examples where the U(1),-invariant vacua are not
isolated is N' = 2 super Yang-Mills with G = SU(2) and N; = 4,
compactified on S with generic flavor Wilson lines. In this theory it
appears that there are 4 isolated U(1),-invariant vacua, but also an S?
of U(1),-invariant vacua, as explained e.g. in [77]. In this theory [71]
argued that nevertheless there is a correspondence between connected
components of the space of U(1),-invariant vacua and chiral primaries.
It would be very interesting to understand how the diagram can
be extended to this case. (An obstacle to the most naive extension is
that the line defect vevs are not constant on the S? of invariant vacua.

Perhaps one needs instead to take the average over this S2.)

e In this paper one of the main players is the homomorphism f : £ — V.

48



The observation that there is some relation between algebras of line de-
fects and Verlinde algebras was made already in [61]. Indeed, that paper
described a map f': £ — V in the (A, Aoy) theories, constructed in a
different way, by mapping certain distinguished line defects directly to
minimal model primaries.m To forestall a possible confusion, we empha-

size that f and f’ are not the same. For example, in the (A, As) theory
we have f/(Lz> = [@172], while " Says f(Lz) = [(I)l,l] — [@1’2}.

e Beyond line defects one could also consider surface defects and interfaces
between surface defects. The Schur index in the presence of surface de-
fects, and its relation to 2d chiral algebra, were studied quite recently
in [78,/79] and also featured in the ongoing work [80]. It might be inter-

esting to incorporate surface defects into the story of this paper.

e In this paper we focused on examples of (Ay, Asn) and (Ay, Dony1)
Argyres-Douglas theories, mainly because their chiral algebras have been
relatively well understood and computation of line defect generators is
not too complicated. What about other (A;,g) Argyres-Douglas the-
ories? There is one more example which we expect should be rela-
tively straightforward, namely (A;, Dy), for which the chiral algebra is

—_—

s((3)_), [5556,81,82]. Beyond this:

— The chiral algebra for (A;, Asn_1) Argyres-Douglas theories with

" The distinguished line defects in question actually coincide with the generators
A;, B;, ... which we use in
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N > 2 is conjectured to be the By, algebra, the subregular quan-
tum Hamiltonian reduction of fa/[(F)_NQ/(NH) [57, 72]. As pointed
out in [71], the relevant modules associated with the U(1), fixed
points depend on the parity of N, and for even N, the relevant
modules are suitable representatives of local modules which are
closed under modular transformation [57,/72,/85,86]. For odd N,
S-transformation turns local modules into twisted modules [57}72,
85,86], which makes the matching of U(1), fixed points with rel-
evant modules very subtle [71]. These local and twisted modules

and their modular properties are studied in [72,85,86].

— The situation is similar for (A;, Doy ) Argyres-Douglas theories with
N > 2. Here the chiral algebra has been conjectured to be the Wy
algebra coming from a non-regular quantum Hamiltonian reduction
of 5[@1)7(1\,271)/1\, [57]. For even N, [71] confirmed that the
relevant modules are suitable representatives of local modules listed

in [57], while for odd N the situation becomes subtle again [71] since

S-transformation turns local modules into twisted modules [57].

— Chiral algebras for (A, Eg75) Argyres-Douglas theories were con-
jectured in [56,58], and at least for (A;, Eg) and (Ay, Eg) there is a
natural guess for the relevant class of modules. However, in these

theories the computation of line defect generators and their framed

12Chiral algebra for (A1, Aon_1) and (A1, Dan) Argyres-Douglas theories were reproduced
in [58] along with new results for generalized Argyres-Douglas theories in the sense of [83,84].
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BPS spectra has not been worked out; it would be interesting to

develop it.

3.2 Schur indices and their IR formulas

In this section we review the definition and IR formula for the ordinary

Schur index and the Schur index with half line defects inserted.

3.2.1 The Schur index

The superconformal index of a four-dimensional N = 2 SCFT is defined

as [19,140]

I(p, q,t,a;) = Tr(—1)Fpl2-ir—rgeti-ryfer H aliePo2= (3.18)

7

where

20, ={Qy:, QL. Y = E—2jo — 2R +r. (3.19)

Here p, q,t are three superconformal fugacities, a; are flavor symmetry fugaci-
ties, ' is the scaling dimension, j; and j, are Cartan generators of SU(2); X
SU(2)2, R and r are the Cartan generators of the SU(2)g x U(1), R-symmetry

group. The trace is taken over the Hilbert space on S? in radial quantization.

The Schur index is obtained by taking the ¢ = ¢ limit [19,87],
T(g,00) = T~ [ 320)

Here the contributing states are i—BPS, annihilated by four supercharges: Q! ,
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QZ;, S and S2= . Their quantum numbers satisfy

E_jl_j2_2R:07 jl—jQ‘f‘T:O. (321)

3.2.2 The IR formula for the Schur index

Recently an IR formula for the Schur index was conjectured in [56] |
relating the Schur index to the trace of the “quantum monodromy” operator,

a g-series introduced in [61]:

o0

Z(q) = (2 Tr[M(q)], (9o =[]0 = ™). (3.22)

5=0
In this section we review the mechanics of this formula.

To write down the operator M(q), we need to perturb to a point of
the Coulomb branch of the theory, where the only massless fields are those
of abelian N' = 2 gauge theory. M(q) will be built out of the massive BPS

spectrum of the theory.

Recall that massive BPS states in an A/ = 2 theory lie in representations
of SU(2);x SU(2) g, where SU(2) is the little group. The one-particle Hilbert
space is graded by the IR charge lattice I', consisting of electromagnetic and
flavor charges:@ thus H = @,cr’H,. Factoring out the center-of-mass degrees

of freedom, we have:

1, =[(2,1) @ (1,2)] ® h,. (3.23)

13We follow the convention of [51,56] for fermion number, (—1)F = e2iF,
“The lattice T' strictly speaking is the fiber of a local system, depending on the point
u of the Coulomb branch, so we should really write it as I'y; we will suppress this in the

notation.
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To count BPS particles refined by representations of SU(2); x SU(2)g, one
consider the protected spin character [22]
Ton, [y’ (=) = Y Quln)y™, (3.24)
neZ
with integers Q, () € Z, and packages the ,,(7) into the “Kontsevich-Soibelman

factor”:

K(q; X () = [ Eo((=1)"g"2X,) 0" 00, (3.25)
nel

K is a g-series valued in the algebra of formal variables X.; these variables

themselves are valued in the “quantum torus” algebra, obeying the relations
XXy =q" VX, X, =X (3.26)

where (,) is the Dirac pairing on I'. E,(2) is the quantum dilogarithm defined

E,(z) = H(l + qu“%z)_1 = Z % (3.27)

The quantum monodromy operator M (q) is defined as
M(q) = | ] K(a: X, (7). (3.28)
yell
The ordering in this product is based on the central charges Z.: if arg(Z,,) >
arg(Z.,,) then K(X,,) is to the right of K(X,,). The flavor charges — which
have zero Dirac pairing with other charges — form a sublattice I'y C I'. The
trace operation is defined by a truncation to this sublattice:

0 if y¢Ty,

) (3.29)
X, otherwise.

Tr(X,) = {
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If we denote a basis for I'y by (vy,), then the trace is a function of the X, ,
which are related to the flavor fugacities a; in the UV definition of the Schur

index [51.56].

Tr M(q) is invariant when crossing walls of marginal stability in the
Coulomb branch [1},22,88,89]. Of course this is a necessity for (3.22]) to make
sense, since Z(q) is defined directly in the UV and does not depend on a point

of the Coulomb branch.

As pointed out in [51,56], is only a formal definition: in principle,
in evaluating it, we could meet infinitely many terms contributing to the same
power of ¢q. In practice we may hope that these infinitely many terms will
come with alternating signs so that they leave a well-defined Laurent series in
q, but at least we need to have some definite prescription for how we will order

the terms. In [51] the authors propose a prescription to tackle this problem.

First they rewrite as
Z(q) = (9)%Tr[S(9)S(q)], (3.30)

where S(q) is the “quantum spectrum generator” (so called because it contains
enough information to reconstruct the full BPS spectrum),
S =[] EKa@X:uq), So= ][] KaX;:%0).
arg(Z,)€[0,m) arg(Z~)€[m,2m)
(3.31)
Next, they conjecture that S(g) and S(q) can be expanded as Taylor series in

q, with no negative powers of ¢ appearing. If this is so, then one can try to
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compute the coefficient of ¢* in Tr M (q) by expanding S(q) and S(g) up to some
large finite order ¢"V. The conjecture is that for large enough N the coefficient
of ¢* will stabilize to some limiting value (in the examples investigated in [51]
it is sufficient to take N larger than some theory-dependent linear function
of k.) In the examples we consider in this paper, we find that the necessary

stabilization does indeed occur, and thus we can use the prescription of [51].

3.2.3 The Schur index with half line defects

Supersymmetric line defects in N/ = 2 theories have been studied ex-

tensively: a small sampling of references is [23.51,90-92].

The line defects which have been studied most extensively are full line
defects. These are %—BPS objects extended along a straight line in some fixed
direction n* € R* For example, there are %-BPS line defects that extend
along the time direction and sits at a point in R3, preserving four Poincaré
supercharges, time translation, SU(2); rotation around the defect in R3, and
SU(2)g R-symmetry. The choices of half-BPS subalgebra which can be pre-
served by such a line defect are parameterized by ¢ € C*. When [(| = 1,
so that ¢ = e, the line defect can be interpreted as a heavy external BPS

source particle, whose central charge has phase 6.

In this section, following [51], we will be interested in half line defects
in superconformal N = 2 theories. A half line defect extends along a ray in R*
and terminates at a point, say the origin. The half line defect looks like a full

line defect except near its endpoint; in particular, the indexing set labeling half
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line defects is the same as that for full line defects, and it will sometimes be
convenient to let the symbol L stand simultaneously for a half line defect and
for its corresponding full line defect. The endpoint, however, only preserves
two Poincaré supercharges, and breaks all translation symmetry. Moreover the
endpoint supports a variety of local endpoint operators; these are the operators

which will be counted by the line defect Schur index.

More generally we can consider a junction of multiple half line defects
L;. To preserve some common supersymmetry, these half line defects must
lie in a common spatial plane R? C R3. Each L; ends at the origin and has
orientation

nt = (cosb;,sin6;,0,0), (3.32)

where 6; is the phase of the central charge of L;. After conformal mapping to
S3 x S, each half line defect wraps S! and sits at a point on a common great
circle on S3. This configuration preserves one Poincaré supercharge and one

conformal supercharge,
Q=Q +Qy, S=5+5" (3.33)

Recall from [19] that Q!, Qs Sy and 527 are exactly the four supercharges
that annihilate Schur operators. Thus the definition of Schur index can be

extended to include these half line defect insertions [50,51]:

IL1(91)L2(92)---Ln(9n)(Q) = TrH’ [ezﬂ—quE_R]‘ (334)

Here the trace is over the Hilbert space H’ on S® with half line defects L;
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inserted along the great circle at angles 6;. H' consists of states annihilated
by @ and S in (3.33).

For Lagrangian gauge theories with 't Hooft-Wilson half line defects,
one could use a localization formula to compute the Schur index, as formulated
in [50,/51]. In this paper we consider half line defects in Argyres-Douglas
theories, for which we do not have a Lagrangian description available. Instead,

we will use the IR formula conjectured by [51], which we describe next.

3.2.4 The IR formula for the line defect Schur index

Suppose we fix a full line defect L in R* and go to a point u in the
Coulomb branch. Let Hr, denote the Hilbert space of the theory with line
defect L inserted. In this setting there is a new class of BPS states, called

framed BPS states [23], which saturate the bound
M >Re(Z/¢),  (=¢". (3.35)

Framed BPS states form a subspace H%ZS C Hru. As usual H%is has a

decomposition into sectors labeled by electromagnetic and flavor charges,

HpRs = P HPRS (3.36)

Luyy:
vyel

The degeneracies of framed BPS states are counted by the “framed protected

spin character” defined in [23]:

QL, v, u,q) = Tryees[g” (=¢)"). (3.37)
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In the infrared the line defect L has a description as a sum of IR line defects,
which can be thought of as infinitely heavy dyons with charges v € I'. These
IR line defects are represented by formal quantum torus variables X, with
OPE given by . Then, for each L one can define a generating function
counting the framed BPS states:

F(L(0) =Y _Q(L,7,u,q)X,. (3.38)

~yer

These generating functions are different in different chambers of the Coulomb

branch, undergoing framed wall-crossing at the BPS walls [23].

The IR formula of [51] for the Schur index with insertion of a half line

defect L with phase @ is:

Zr)(q) = ()2 Tx[F(L(0))Se(q) So1x(q)], (3.39)
where
Solg)= ] K@X;%u0). (3.40)

arg(Z)€[0,0+7)

As demonstrated in [51], the right side of is invariant under framed
wall-crossing, as is needed since the left side manifestly does not depend on a
point of the Coulomb branch. When computing half line defect Schur index
we often choose # = 0, in which case Sp(q) and Sp,,(q) reduce to S(gq) and

S(q) respectively.

More generally, for multiple half line defects L;, ¢« = 1, ..., k, with phase

relations #; < 0y < --- < 6, where there are no ordinary BPS particles with
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phases in the interval [0y, i], the IR formula of [51] for the Schur index is
Tryo)-tator) = (@2 TAF(L1(61)) - .. F(Li(04)) S0, (1) Sopin ()] (3.41)

We note that this formula is “compatible with operator products”, in
the following sense. The Schur index with two half line defects inserted,
Tr,(0)12(0+50) With 660 small, only depends on sgn(df). In particular, in the
limit of 66 — 0 this looks like taking the non-commutative OPE of two par-
allel half line defects with phase 6. Therefore computing Zp, 9),0+s9) and
taking the ¢ — 1 limit in the character expansion coefficient does correspond

to the commutative OPE of two parallel half line defects in L.

Given the IR formula for half line defect Schur index we would like
to point out a general property of half line defect index in Argyres-Douglas
theories. Line defect generators in Argyres-Douglas theories can be labeled as
L,; where the index i is related to the underlying discrete symmetry of the
theory. In particular, suppose L,; and L, are two half line defect generators

that are related by a monodromy action, namely
F(Lyj) = M(q)F(Lyi) M~ (q). (3.42)
Then according to the IR formula

Ir,,(q) = (@)% Tx[F(L,;)S(q)S(q)] = (9)20Tx[F(L,;) M(q)]
= ()2 Te[M () F (L) M~ (q) M (q)]

= IL,,i(Q)-
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In particular this proves that Schur index with one half line defect generator
insertion does not depend on the i-index, as first observed in some examples

in [51].

3.3 Fixed points of the U(1), action
3.3.1 The U(1), action

Because the four-dimensional theories we consider are superconformal,
they have a U(1), symmetry in the UV. Note that the U(1), charges need
not be integral (indeed they are not integral in Argyres-Douglas theories),
though they are rational in all examples we will consider. Thus the action
of R; € U(1), is not necessarily trivial when ¢ = 27, but there is some k for

which Ra,y is trivial.

The U(1), symmetry of the four-dimensional superconformal theory
acts in particular on the 1-BPS line defects. Recall from [23] that each 3-
BPS line defect preserves some subalgebra of the NV = 2 algebra, with the
different possible subalgebras parameterized by ¢ € C*. Given a line defect L
preserving the subalgebra with parameter ( € C*, a rotation R; € U(1), maps

L to a new operator L(t) preserving the subalgebra with parameters e'(.

Now suppose we consider the dimensional reduction to three dimensions
on S'. The U(1), symmetry acts on the moduli space N of vacua of the three-
dimensional theory. In what follows we will be particularly interested in the

U(1),-invariant vacua.
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3.3.2 Line defect vevs in U(1),-invariant vacua

Let F;, denote the vev of the line defect L wrapped on S'. Fj is a
function on the moduli space N'. We specialize to a U(1),-invariant vacuum:
after this specialization F7, is just a number. Moreover, since the vacuum is

invariant, Fy, is invariant under U(1), acting on L, i.e. for any t,t’

Frwy = Frw)- (3.43)

This simple statement has surprisingly strong consequences, which put
constraints on the possible U(1),-invariant vacua, as follows. We imagine
making a small perturbation away from the invariant vacuum. After this
perturbation the UV line defect L(t) can be decomposed into IR line defects

IR
LIR (),
L(t) = Y QL. t)L"(t) (3.44)
v
with a corresponding decomposition of the vev Fp) as a sum of monomials
X’Y<t>7
Fri = ZQ(La%t)Xv(t)- (3.45)
v
Here both sides may depend nontrivially on ¢, since our perturbation is not
U(1), invariant. The expansion coefficients Q(L,~,t) € Z appearing in (3.45)

are the framed BPS state counts which we discussed earlier in (3.37)), evaluated

in the perturbed vacuum, and specialized to ¢ = 1.

Now let us take the limit where the perturbation — 0, and optimisti-

cally assume that the Q(L,~,t) and X,(t) remain well defined in this limit. In
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that case we get an interesting equationﬂ
STQ(Ly, )X, (1) = SO QL7 #) X, (1), (3.46)
g v

Requiring to hold for all UV line defects L gives a relation on the
X, (t). For example, if ¢’ is sufficiently close to ¢, so that Q(L,v,t) = Q(L,v,t)
for all L and ~, then says simply that X, (t) = A, (t'). More generally,
though, the Q(L,~,t) will jump as ¢ is varied. Then we get a more general

relation, of the form [22,23]

X, () = (Sur ), (0). (3.47)

Here S,y denotes a birational map (C*)* — (C*)™ which can be written

concretely in the form

Se= ] T, (3.48)

arg(Zy)€(t,t")

where T, : (C*)" — (C*)™ is a transformation of the form [22}/88]"]
T, () - ({1 - ol),)0) (3.49)

and o : ' — {£1} is a quadratic refinement of the mod 2 intersection pairing.

The equation (3.47) is an interesting relation, but so far not useful in

producing a constraint: it just relates the values of X, (¢) for different ¢.

5We emphasize that is supposed to hold only in a U(1),-invariant vacuum. In-
deed, when considered as functions on the whole moduli space N, X, (t) and X, (t') are
holomorphic in different complex structures, so they could hardly obey such a relation.

167, should be thought of as the ¢ — 1 limit of the operation of conjugation by the

operator K appearing in (3.25).

62



Now let us specialize to t' = t+7. In that case we have the key relation

from [1]

X (t+m)=X_,(t) (3.50)

so we conclude that
Siiindy(t) = X (1). (3.51)
This is a closed equation for the numbers X, (¢), with fixed ¢. To make it really
concrete, of course, we need some way of computing the “classical spectrum
generator” S; ;.. We could do so by first computing the BPS spectrum (e.g.
by the mutation method) and then directly using the definition , but
there are also various methods available for computing it directly. In general
theories of class S some of these methods have appeared in [1,93-95]. In the

theories we consider, we will explain a simple method below in §3.3.3.

We believe that is likely to be a useful equation for the study of
U(1),-invariant vacua in general N' = 2 theories, and it would be interesting to
explore it further. For the Argyres-Douglas theories which we consider in this
paper, though, a simpler equation suffices. Namely, instead of taking t’ = t4+x

we take t' =t + 27w. Then we get the relation

X (t+2m) = X, (1), (3.52)
leading to the fixed-point constraint

StirorXy(t) = X, (). (3.53)
The constraint has the advantage that it is purely algebraic, not in-

volving a complex conjugation. (3.51)) implies (3.53)), but not the other way
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around: can have additional “spurious” solutions not associated to ac-
tual U(1),-invariant Vacua In the Argyres-Douglas theories we consider in
this paper, such spurious solutions do not occur, as we will see directly just
by counting the number of solutions. Thus we will use (3.53)) as our criterion

for a U(1),-invariant vacuum.

There is one more point which will be important below: we will need
to keep track of some discrete information attached to the fixed points p € N,
namely the weights of the U(1), action on the tangent space T,N. These
weights are easily computable if we have a Higgs bundle description of the
fixed point as in [69,/71]. On the other hand, suppose that we only know the
fixed point as a solution of the constraint : how then can we compute
the U(1), weights? We will use a trick, as follows. S;;ior acts as exp(2wil)
where V is a holomorphic vector field on the twistor space of N generating
the U(1), action. Thus we have dS; 2, = exp(27iV) acting on T,N. Thus,

by computing dS; 12, at the fixed point, we can get the U(1), weights mod 1.

Fortunately, in the (A1, Asy) cases we treat in knowing the U(1),
weights mod 1 is sufficient to determine which fixed point we are looking

at. For the (Aj, Dony1) cases it is not sufficient, which will cause us some

headaches in

TFor an extreme example, we could consider any superconformal theory in which the
U(1), charges are all integral, such as the SU(2) gauge theory with Ny = 4; in such a theory
St.t42rx is the identity operator, so that reduces to the triviality X, (t) = X, (t), which
of course imposes no constraint at all on the vacuum. In contrast, even in these theories,
is a nontrivial constraint.
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3.3.3 Classical monodromy action in Argyres-Douglas theories

To use (3.53)) in practice we need a way of computing S ¢2., which we
call the classical monodromy map. In this section we describe a convenient

way of doing so in (Aj, A,,) Argyres-Douglas theories.

The starting point is to use the realization of these theories as class &
theories. This implies that the space N is a moduli space of flat connections
— in this case, flat SL(2,C)-connections defined on CP' with an irregular
singularity at z = oco. In [1] the functions X, appearing in @Were described

from this point of view; we now review that description.

Given a point of the Coulomb branch and generic ( € C*, [1] gives a
construction of a triangulation of an (m + 3)-gon, the “WKB triangulation.”
The vertices of this (m+3)-gon are asymptotic angular directions on the “circle
at infinity,”

20+ 27

arg(z) = i3 Jg=1-,m+3, (3.54)

where 6 = arg(. Now, given a vacuum in N and the parameter ( € C*,
there is a corresponding flat connection V on CP!, with irregular singularity
at z = oo. For each of the m+3 asymptotic directions, there is a unique V-flat
section s; whose norm is exponentially small as 2 — oo. Thus altogether we

get m + 3 flat sections

(81,82, Sm+3)- (3.55)

Moreover, this tuple of flat sections is enough information to completely deter-

mine the vacuum; one gets coordinates on N by computing SL(2, C)-invariant
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Figure 3.1: The quadrilateral Qg associated to edge E.

cross-ratios from the sections s;.

From ([3.54) we see that continuously varying 6 — 6 + 27 is equivalent

to making a shift j — j 4 2, i.e. relabeling

(81, c ,Sm+3) — (83, S4y .-y Sm+3, S1, SQ). (356)
This is the classical monodromy action on N.

Now we would like to understand concretely what this monodromy
looks like, relative to the local coordinates X, on /. The first step is to explain
what the A, are. For each internal edge E of the triangulation, there is an
associated coordinate function X'z. E is bounded by two triangles which make
up a quadrilateral QJg, as shown in Figure Each vertex P; is associated
with a small flat section s;. Xg is then defined as:

_ (81 A 82)(83 A 84)
XE B (82 A 83)(84 A 81) ’ (357>

where the s; are evaluated at a common point in QQg. If E is a boundary edge
of the (m + 3)-gon, by convention, we write Xz = 0. Finally to go from the
Xp to the desired X, one uses a dictionary decribed in |1] which maps the set

of internal edges F; to a basis (yg,) of the charge lattice T'.
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Figure 3.2: Action of a flip on the quadrilateral Q.

In practice, to use this description for computing the classical mon-
odromy, we will need one more fact: we need to know how the coordinates
Xg change when we change the triangulation. A flip of the edge E is the
transformation from a triangulation 1" to another triangulation 7", where the
edge £ = Ej3 in T is replaced by E' = FEyy in T”, as in Figure Using the

standard relations between cross-ratios one gets the transformation rules:

/ ]_ /
b = re Xk, = X0+ ),
XL xl
T Eo3“"E T’ T T
XE23 - 1 _ing ) XE34 = XE34(1 + XE)? (358)
T’ — Xg41Xg
Fo 71+ XL

In examples below, we will compute the classical monodromy as a composition

of these flips.

For (A1, Don1) Argyres-Douglas theories the story is very similar: the
only difference is that the Hitchin system is defined on CP' with an irregular
singularity at z = oo plus a regular singularity at z = 0. The construction

of monodromy and coordinates &, is parallel to what we wrote above, except
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that the WKB triangulations have one more “internal” vertex, at the location

of the regular singularity.

3.4 Line defects and their framed BPS states in class
S|Ai]
We use two different methods for describing the algebra of line defects
in Argyres-Douglas theories of type (A4;,g) and computing their framed BPS

spectra:

e In [92] it was proposed that generators of the ring of line defects and
their framed BPS spectra can be computed by methods of quiver quan-
tum mechanics. The calculation of framed BPS spectra is in parallel to
the approach previously used for ordinary BPS spectra. In simple cases
this leads to an algorithm for determining the spectrum, the “mutation
method” as introduced in [23,61,/96,97]. This method is easy to imple-
ment on a computer. We use it in below to compute line defect
generators and their generating functions in (A, Aoy) Argyres-Douglas
theories. However, for the (A;, Dony1) Argyres-Douglas theories which
we consider in §3.5 the framed BPS spectrum in general contains higher

spin states, which defeat the mutation method.

'8In these cases the framed BPS spectra could in principle be obtained by studying the
Hodge diamond of the moduli space of stable framed quiver representations [92]. However,
this is not as automated as the “mutation method,” which prompts us to use an alternative
method introduced below.
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e Alternatively, we can use the class S[A;] realization of the (A;, Aan) or
(A1, Danyq) theories. In this realization, line defect generators are in
1-to-1 correspondence with isotopy classes of simple laminations on the
disc or punctured disc [23]. This leads to an algorithm for computing the
framed BPS indices, as described in [23]. For our purposes in this paper,
this algorithm is not quite sufficient: we also want to know the spin
content of the framed BPS spectra. In [98,99] a method for computing
such BPS spectra in class S theories has been proposed, extending [23].
What we use in this paper is a slight extension of the method in [99] to

treat the case of an irregular singularity.

In §3.4.1-93.4.2 we review the approach via mutations; in §3.4.3-§3.4.5

we review the geometric methods of [23}25,98-100]. These two methods will
be used for the examples in below.

3.4.1 Line defect generators in N = 2 theories of quiver type

4d N = 2 theories of quiver type are N' = 2 theories whose BPS spec-
tra can be computed via a four-supercharge multi-particle quantum mechanics
system encoded in a quiver |96} 101H103]. In particular, Argyres-Douglas the-
ories are examples of theories of quiver type, as discussed e.g. in [61]. For 4d

N = 2 theories of quiver type, there is a nice way of constructing distinguished

19The paper [98] treated the spin content for framed BPS spectra associated to certain in-
terfaces between surface defects; [99] gave the first complete prescription applicable directly
to ordinary line defects.
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line defect generators via quiver mutation, developed in [92], which we review

in this section.

Fix a point of the Coulomb branch, and fix a half-plane inside the plane

of central charges:
he={Z€C|0 <arg(Z)<O+r}, 6€l0,2n). (3.59)

Then the BPS one-particle representations in the theory can be divided into
“particles” and “antiparticles”: particles are those whose central charges lie in
bhe, antiparticles are the rest. For theories of quiver type there is a canonical

positive integral basis {7;} for ', such that the cone

rank(T")
C= { Z ;Y | a; € Rzo} (360)

i=1
contains the charges of all BPS particles. We call such a basis a seed. The
corresponding quiver has one node for each basis charge v;, with the number

of arrows from ~; to ; given by (v, ;).

Correspondingly, in the half-plane by there is a cone Z(C) given by
the central charge function Z. The cone of particles is piecewise constant as
one varies the parameter 6 or the point of the Coulomb branch, but jumps
when one boundary ray Z.,, of Z(C) hits the boundary of by, i.e. when the
central charge of a BPS particle with charge v, exits the particle half-plane.
At this point the quiver description also jumps discontinuously, by a process of
“mutation.” Depending on whether Z,, exits hy on the right or on the left, the

mutation is denoted as right mutation pg; or left mutation ur;. The explicit
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transformation of the basis charges is [92}96]

pri(i) = =0y + (1 — 6i5) (v; — Min[{vi, ), 0]%), (3.61)

pri(hy) = =0 + (1= di5) (v + Max[{vi, ), 0]%). (3.62)

Now let us see how the quiver technology is related to the spectrum
of line defects in the theory. Recall that at low energy a UV line defect L
decomposes into a sum of IR line defects, as in . Among these IR line
defects, the one with the smallest Re(Z,/() corresponds to the ground state
of the UV line defect. The charge of this line defect is called the core charge
of the UV line defect. One could define a RG map which maps the UV line
defect to its core charge 7.. As discussed in [23,92] the RG map is a bijection
in N' = 2 theories of quiver type. This nice property allows one to identify the

set of UV line defects with the IR charge lattice T'.

The RG map is piecewise constant and jumps at the locus where Re(Z, /() =
0 for some v, which is the same locus where quiver mutation happens. In par-

ticular when ~ itself is the charge of some BPS state the jump of . is given

by ([92]):
pri(Ve) = Ye — Min[(v;, %), 01y, pni(ve) = ve + Max[(7;,7¢), 0]y (3.63)

For a given seed {v;} and its associated particle cone C, there exists a

dual cone C defined as:

C:{fyeru@)zR](ﬁ,y)zo vfyec}. (3.64)
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Using the inverse of the RG map we see that the integral points of C correspond
to a distinguished set of UV line defects by the inverse of the RG map. Within
this set, the OPE relations turn out to be extremely simple. Indeed, if 7; the

core charge of a UV line defect L;, and all ~; € C, then we have simply [92]

71.72)

LiLy = ¢ L, (3.65)

where v3 = v1 + 2.

Now pick a point of the Coulomb branch and a particle half-plane by.
This fixes an initial seed s. In addition to the dual cone Cs, there are other dual
cones (f”(ﬁ), corresponding to the seeds ju(s) mutated from s. In these other
dual cones the line defect OPE also has the nice form . To put everything
in the same footing one can trivialize I' using the initial seed s, then mutate
Cvu(ﬁ) back to s using . After so doing, one has a collection of dual cones
meeting along codimension-one faces in Z'**T) @, R. In a general N' = 2
theory, the dual cones obtained in this way cover only some subset of the
charge lattice. For Argyres-Douglas theories, however, there are only finitely
many dual cones, and they fill up the full charge lattice [92]. Thus the full set
of UV line defects is generated by the line defects whose core charges lie at

the boundaries of the dual cones.

Concretely, in the (A;, Asn) Argyres-Douglas theories, although the
boundaries of dual cones are in general codimension-1 hyperplanes, these hy-
perplanes intersect at half-lines, such that line defects with core charges along

those half-lines generate the whole space of UV line defects. In these theories
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we thus obtain a unique and canonical choice of line defect generators, which is
very convenient for computational purposes. (In the (A, Ay) theory we have

already mentioned these generators in §3.1.3.)

In contrast, in the (A, Doyy1) Argyres-Douglas theories, due to the
flavor symmetry, the dual cone picture does not quite give a unique choice of
UV line defect generators. In these theories we will use the class S picture

instead.

3.4.2 Framed BPS states from framed quivers

In N = 2 theories of quiver type, framed BPS spectra associated to
line defects can be computed using framed quivers [92] One extends the
charge lattice I' by an extra direction spanned by a new “infinitely heavy”
flavor charge vp, which has zero pairing with all charges. The line defect with
core charge 7. is then regarded as a particle carrying the charge v. + v, and
framed BPS states supported by the defect are similarly regarded as particles

with charges of the form
rank(T")
Ye +VF +Yn, Where v, = Z a;i, a; € L. (3.66)

i=1
One then defines a new “framed quiver,” obtained by adding to the original

quiver a new framing node representing the bare line defect and corresponding
arrows. The framed BPS states are given by the unframed BPS states of the

framed quiver whose charges are of the form (3.66)).

20 As emphasized in [92], this method does not in general produce the correct framed BPS
spectrum, but it does work for a large class of theories including Argyres-Douglas theories.
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BPS states in quiver quantum mechanics can be conveniently computed
by the “mutation method” as introduced in [23,61,96,97]. Concretely, we first
fix a point in the Coulomb branch and a choice of half-plane by, then rotate
he counterclockwiseEr] until # has increased by 7. In this process the original
seed undergoes a series of right mutations ug;, and for each mutation the node
v; that exits to the right of hy corresponds to a BPS particle. Conversely
each BPS particle will be rightmost at some stage of the rotation, so the
7v; obtained in this way exhaust all BPS particles in this chamber. In [96]
this method was applied to the ordinary BPS quiver to compute the ordinary
(vanilla, unframed) BPS spectrum; here instead we apply it to the framed

quiver constructed above, to get the framed BPS spectrum.

3.4.3 Line defects in class S[A;] theories

In class S[A;] theories there is a natural geometric picture of the -
BPS line defects: they correspond to paths (up to homotopy) on the internal
Riemann surface C' [23,/90,91,/104]. For class S[A;]| theories with irregular
punctures, one has to consider not only closed paths but also certain combina-
tions of open paths, called laminations in [23] (following [105] where the same

combinations of open paths were considered.)

The laminations we consider are drawn on a disc, which we think of
as the complex plane compactified by adding the “circle at infinity.” The

boundary circle is divided into arcs by marked points corresponding to the

2IThe choice of counterclockwise vs. clockwise is just a convention.
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Stokes directions (see [23] for more on this.) Then a lamination is a collection of
paths on the disc, carrying integer weights, subject to some conditions [23./105]:
the sum of weights meeting each boundary arc must be zero, and all paths
with negative weights must be deformable into a small neighborhood of the

boundary.

3.4.4 Framed BPS indices in class S[A4,]| theories, without spin

In [23], a scheme is presented for computing the framed BPS indices
associated to a given line defect in a theory of class S[A;], without spin infor-

mation. In this scheme one needs two pieces of data:

e the lamination representing the line defect,

e the WKB triangulation determined by the chosen point of the Coulomb

branch and phase of the line defect.

It is easiest to illustrate this rule by an example. So, consider the triangulation
of the once-punctured triangle and the lamination shown in Figure . (This
example arises in the (A, D3) theory considered in §3.6.1 below: it corresponds

to the line defect called B, there.)

We fix an orientation of each component of the lamination. Then we

divide each component of the lamination into arcs crossing triangles. To each
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Figure 3.3: An example of a WKB triangulation of the once-punctured triangle
and a lamination, corresponding to the line defect By in the (A;, D3) Argyres-
Douglas theory.

arc we assign the matrix L (R) if the arc turns left (right)[?]

L:G (1’) R:G] D (3.67)

When the lamination crosses an internal edge F; we assign the matrix

Mg = (\/? . /\SX_E) . (3.68)

To the initial and final points of each component we assign the vectors

Ef=(0 1), E*=(1 0), BR:<(1)), BL:((D, (3.69)

choosing L or R according to whether the endpoint is on the left or the right

of the marked point of the boundary edge. Then we multiply these matrices in

22The matrices we present here are the transpose of the matrices in [23], and correspond-
ingly we take the products in the reverse of the order taken in [23]; this corresponds to
the usual order of composition of parallel transports, and makes the construction directly
compatible with |25], which will be useful below.
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order, with the beginning of the path corresponding to the rightmost matrix,
to get a number for each component. If the component has weight k we raise
this number to the k-th power. Finally we multiply the contributions from all

components to get the vev.

In the example of Figure 3.3 above, the contribution from the left long

component with weight +1 is

ERLMp, LMp, RMp, LMp, LB® =

1 1 VX5 VX3 Xo/ Xy
+ +2 +v/ X A5 + + + X/ X1 5.
VXX XXX A RV VA ol
(3.70)

Similarly, the contribution from the right long component with weight +1
is/X3/X;. The short components with weight —1 contribute 1. The total

contribution from this lamination is

11 X, A XXy
L X, 0 X, .
Xt TRty Ty, TR Ty

(3.71)

Thus (3.71) gives the generating function of framed BPS states associated to

this line defect, without spin information.

3.4.5 Framed BPS indices in class S[A;]| theories, with spin

We continue with our example from §3.4.4. Incorporating the spin
information requires us to take each term in (3.71)) and assign it the correct
power of ¢q. The work of [98,99] provides a rule for determining these powers.

The first step is to associate the terms in (3.71]) to arcs on a branched double

7



cover ¥ of the disd?| following the “path lifting” rules of [25], as follows.

The double cover ¥ is presented concretely: in each triangle we fix one
branch point and three branch cuts, as in the left side of Figure the double
cover has sheets labeled 1 and 2, and at each cut sheet 1 is glued to sheet 2
and vice versa. Next, note that each term in comes from products of
two specific chains of matrix elements: e.g. the term X% comes from product of
two contributions. As an example, the first contribution comes from taking the
(2,2) entries of the matrices from the beginning to the second-to-last L, then
taking the (2,1) entry of that L, then the (1,1) entries of all the rest. Each
of these matrix elements corresponds to an arc on the double cover, which we
regard as a “lift” of the corresponding arc of the lamination. In Figure |3.4] we
show three arcs corresponding to the three nonzero matrix elements of each of

L and R; the arc for the (i, j) matrix element begins on sheet j and ends on

sheet 1.

Concatenating these arcs gives a long path P on Y, associated to the
term in (3.71) which we are studying. If P has no self-intersections then
we assign this term the factor ¢°. If there are self-intersections then each
contributes a factor q% or q’%, according to Figure , where the arc which

appears later in the path is drawn higher.

23The double cover ¥ is the Seiberg-Witten curve of the A/ = 2 theory at a point of its
Coulomb branch, or the corresponding spectral curve of the Hitchin system.
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To illustrate how this works, we consider the term
2— (3.72)

in (3.71). The factor 2 here means is a sum of two contributions,
associated to two different lifted paths: we show one of them in Figure
There is one crossing in Figure 3.5 where both strands are lifted to sheet
1.@ Comparing this crossing to Figure , we see that this term should be
weighted by q%. Drawing a similar picture for the other contribution to
we see that it gets weighted by q_%. Thus altogether is replaced by

X

o (3.73)

(q% +q72)

which tells us that the 2 framed BPS states with charge v3 — v, come in a
2-dimensional multiplet of the rotation group SO(3). Carrying out similar
computations for the other terms one finds (as expected) that all of them
come with the factor ¢°, i.e. they are in the trivial representation of SO(3).

Thus altogether the g-deformed version of the generating function (3.71)) turns

out to be
1 1 1 1 A X3 Xo X
— X 2)— Ao X . 3.74
pR s R B v A v (8:74)

This is exactly the generating function for the line defect generator By in §3.6.1

below.

24The projection of the path to the base has two crossings, but at one of these crossings
the two strands are lifted to different sheets, so it is not a crossing for the lifted path.
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212

Figure 3.4: Left: atriangle with branch point and branch cuts marked. Middle:
lifted left-turn paths. Right: lifted right-turn paths.

Figure 3.5: One of the lifted paths contributing to the term (3.72)).

XX

q q

vl
Wl

Figure 3.6: Rules for assigning powers of ¢ to self-crossings of the lifted path.
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T T2

O—0O

Figure 3.7: A BPS quiver for (A, Ay) Argyres-Douglas theory.

3.5 (A, Asn) Argyres-Douglas theories

In this section we present the results of explicit computations verifying
the commutativity (3.16) in the Argyres-Douglas theories of type (A;, As),
(A17 A4) and (Al, A6)

3.5.1 (A;, As) Argyres-Douglas theory

We consider (A, Ag) Argyres-Douglas theory and choose the chambe
represented by the BPS quiver in Figure containing two BPS particles: (in

increasing central charge phase order)

Y15 Ve (3.75)

There are five non-identity line defect generators. Assuming the line defect

phase is smaller than the phases of all BPS particles, the generating functions

25Tn all the examples considered in this paper, to simplify computation, we always work
in a chamber for which the number of number of BPS particles is the minimum possible —
with one exception in the case of (A1, Ag) as noted below.
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are [23,92]:
F(L) =X

v

F(Ls) = X, + Xy, 4905

F(Ls) =X_\, + X 4, + X, (3.76)

F(Ly)=X_y ., + X,
F(L;)=X_,,.

In the geometric picture these generators L; correspond to five laminations

which are rotated into each other under the monodromy action. As a result

their generating functions are related to each other by the action of powers of

the monodromy operator.

The Schur index with L; inserted is computed via [51]:
71.(q) = (@ T[F(L)S(g)S(q)],  S(q) = Eg(X5,) Ey(X,). (3.77)

The corresponding 2d chiral algebra is the (2,5) minimal model [52}54,56],
which has two primaries: the vacuum ®;; and ®,, with weight —1/5. In
general, characters of @, in the (p,p’) minimal model (1 < s <p—-1,1<

r < p' —1) are given by [65]:
_ (rp=sp)2—w=p")% | 1 4 _ 6(»—p")2 , /
XorlQ) =q W +3y (1R >( K% (q) — Kf’ﬁr(q)),

(2pp'ntpr—p’s)?
g q 4pp’ .

q24 OO nez

The line defect Schur index Z;,(q) does not depend on the index ¢ and

admits the following character expansion [51]:
To(q)=q (x1,1(9) = x12(9))- (3.79)
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Similarly, the Schur index with two L; inserted is given by [51]:
T1u1, (@) = (@2 TF(L)F(L,)S()5(0)). (3.50)

Unlike 77,(q), Zr,1,(q) does depend on i and j, though this dependence dis-
appears in the limit ¢ — 1. Expansions of 7,7, (q) in terms of characters are

given as follows:
ILiLi(q) = ILiLi—l(q) = (qil + q72)X1,1<Q) - q72X1,2(Q)7
ILz'Li+1 (q) - ILiLi—z (Q) - (1 + qil)Xl,l (Q) - q_1X1,2(Q), (381)

Zrini2(@) = 2x1,1(0) — x1.2(9)-
The map f is given by

I L (@), Li L (L) = [®14] — [@12]. (3.82)

Moreover,

LiL; 5 [LL] =20, 1] — [Dy,). (3.83)

Recall that the non-trivial fusion rule in (2,5) minimal model is given by

[@12] X [@12] = [P1.1] + [P12]- (3.84)

Combining with (3.82) and (3.83)) we have

[LL] = [L] x [L], (3.85)
as first observed in [51].

Next we consider the fixed points of U(1),. For this purpose we found
it convenient to use the geometric picture as described in §3.3.3. The clas-

sical monodromy action M is directly given by a single flip: see Figure |3.8
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3 4 3 4

Figure 3.8: The classical monodromy action in the (A, Ay) theory, which
rotates the triangulation of the pentagon clockwise by 2 units, is equivalent to
a single flip which replaces the 35 edge by a 14 edge.

According to (3.58) the concrete transformation is given by

1 X, X
X, — — 2
Xfy’ Y2 1+X'y

X, — (3.86)

2

Thus the fixed locus is

1
T

71

X2 —X,—-1=0, X,= (3.87)

This locus consists of two points, which we label I, II. At these points the X,
evaluate to:

L: (X’YN ’Yz) = (1 _2\/57_1—’_2\/5) , Io: (X’YUX’YZ) = (1—;\/37_1 _2\/3> .

(3.88)

To construct the map g : £ — O(F), for any line defect generator L; we evalu-
ate F'(L;) at these two fixed points, using (3.76]). As expected, the dependence

on L; disappears in the process:

(3.89)

1—v5 1 5
wo ) - (52 55),
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Of course we also have the trivial line defect, whose vev is 1 at every fixed
point:

1% (1,1). (3.90)

Finally, we follow the recipe described in §3.1.4, §3.1.5 to construct the

isomorphism h : V — O(F). We need the fusion matrices, which are given

by
10 01
T X R ) s

The modular S-matrix is [65]:

2 [—sinZ sinir
. 5 5
S NG < sin —45” sin —25”) ' (3.92)

Thus the fusion matrices are diagonalized by the S matrix,

Ng,, = SNg 5—1:<1 0) Ng, , = SNy 5-1:<% O).
b . 0 1)’ 1.2 12 0 b

(3.93)

As we explained in §3.1.4-43.1.5, the map h takes each of ®;; and ®;, to
its eigenvalues. So, it takes h(®1 ;) = (1,1) and either h(®12) = (%5, %5)
or h(®y2) = (1—‘;/5, HT/E) To decide which is the right ordering, we need
to know the dictionary between U(1), fixed points and eigenspaces of the
fusion operators. These eigenspaces themselves correspond to primary fields,
so equivalently, we need the dictionary between the fixed points I, II and the

primary fields @, ;, ®; 2. This dictionary is determined by the table below:

260Qur convention is to order the primaries as (®1,1, ®1 2).
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fixed point | weights of M | weights of U(1), | primary field
I e27'.('1(3 5)7 e27r1§2 5) %’ % (1)1’2
II e27r1(6 5)’ e—27r1(1 5) g’ _% CI)I,I

In this table, to determine the weights of M at each fixed point, we computed
directly the linearization of the classical monodromy . On the other side,
the dictionary between primary fields and U(1) weights is taken from [71]. At
any rate, we can now read off that ®,; corresponds to fixed point II and @ 5

corresponds to fixed point I. Combining this with (3.93), & is given by:

1+V5 15
@] 5 (LD, [@12] 5 (5 5. (3.94)
Composing this with f from (3.82)) we have
of (1 —V5 1+V5H
L évf_, *;V/_). (3.95)

Comparing this with (3.89)) we see that the diagram indeed commutes.

3.5.2 An intermission on the homomorphism property

To make sure f is a homomorphism, (3.85) needs to hold not only
for the generators L; but also for arbitrary line defects. This would involve
checking e.g.

[LLL] < [L] x [L] x [L] (3.96)

and similar relations for higher number of line defect generator{’’} As an

example let us consider the case of three line defect generators. The line

2TWe would like to comment that the product of F(L) is associative (due to associativity
of the quantum torus algebra of X.,) and so is the fusion product.
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defect Schur index is given by

Tinn(a) = @ATIFL)F(L)FLOS@S@). (397
There are many relations between 7y, 1, 1,
ILiflLiLi+2 = ILiflLiLiJrl = ILFzLiLiH?
ILiLiLi+2 = ILi—QLiLi+2 = ILi—QLiLi7
IL1+2L¢L1'+1 = ILiLiLH—l = :Z’-Li+2LiLi = ILi—lLiLi = ILiLiLi—Q = ILi—lLiLi—27
IL¢+1L¢L¢ = IL'LLiLi = ‘,Z’-LiLiLifl = q72ILi71LiLi—27

— _ -1
ILi+1LiLi+1 - ILi—lLiLi—l - ILiJrlLiLi—l =dq ILi—lLiLi727

ILi+2LiLi+2 = ILi+1LiLi+2 - ILi+2LiLz'—1 - ILi—QLiLi—l = ILi+1LiLi—2 = ILi—2LiLi—2’
The independent indices admit the following character expansions,

T it = 2 ((1+29)x11(0) — (14 @)x12(q)),

_1
Tr, s =4 2((2+ @)xa1(9) — 2x1,2(q)),

(
(
Tiinines = ¢ 2 ((L+ a7 + a7 )x1a(e) — (14 2xi2(0)),
TrisriLio =4 %(3X1,1(Q) — 2x1.2(9)),

(

_1 _ _
Trsnizis =4 2 (24 a7 )xaa(@) = (L+a7)xaz(q).
We immediately see that

LiL;Ly % [LLL] = 3@, — 2[®10] = [L] x [L] x [L].  (3.98)

In principal, to prove that f is a homomorphism we need to repeat the

above calculation for arbitrary number of line defect generator insertions. We
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are not able to prove it in this paper. Instead we offer some arguments about
why we believe f is indeed a homomorphism. We have seen explicitly that the
images of L;L; and L;L;L; under f does not depend on the index ¢. In other
examples that we consider in this paper we also checked the image of Lpz-Lm@
does not depend on i. Although we don’t have a proof for now, we conjecture
this phenomenon is general, i.e. the image of L, ; Ly, ... L,,:, under f does
not depend on 7y, . . ., 7,. Combining this conjecture with relations between line

defect generating functions one could see that f is indeed a homomorphism.

We revisit the situation of three line defect generators. To compute the
image of L;L;L; under f we could pick any three line defect generators. Let’s

recall the following relation between F'(L;) [23.92]:
F(Li)F(Lisz2) =1+ q2F(Liya), (3.99)

from which follows [L] x [L] = [®1] 4+ [L]] Schur index with insertion of

L;, L;y o, Ly is then given by

Tririiorn, (@) = Ir,(q) + q%ILmLk(q), (3.100)
from which it follows that

[LLL] = [L] +[LL] = [L] x [L] x [L]. (3.101)

Similarly one could consider insertion of more line defect generators. By the

conjecture, to compute the image of L;, ... L; under f, it doesn’t matter what

Z8Here p, i label different types of line defect generators, see §3.5.3L §3.5.4L §3.6.1L §3.6.2
29 As discussed in §3.1.9] in (A;, Aan) theories the line defect generators themselves cor-
respond to a basis which also realizes fusion rules.
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Figure 3.9: A BPS quiver for (A, A;) Argyres-Douglas theory.

i1,...,1, are. Then we could again use (3.99) to reduce the number of line
defect generators. Moreover this process is consistent with the fusion rules
such that

[L...L]=[L] x--x [L]. (3.102)

For other Argyres-Douglas theories that we are considering in this pa-
per, there are always enough relations between F(L,;) such that the same

argument goes through provided our conjecture would hold.

3.5.3 (A, Ay) Argyres-Douglas theory

We consider the (A;, Ay) Argyres-Douglas theory. We choose a chamber
represented by the BPS quiver shown in Figure Moreover our choice is
made such that there are four BPS particles in this chamber. Their charges

are (in increasing central charge phase order):
V15 V35 V25 V4 (3.103)

Line defect generators in (Aj, A4) Argyres-Douglas theory and their
generating functions were computed in [51]. For completeness we reproduce
their results here. Starting from the initial seed, we apply all possible left mu-

tations to generate other seeds. There are in total 42 seeds. Correspondingly
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there are 42 dual cones. Each dual cone is bounded by four half-hyperplanes.
Moreover, every three out of the four half-hyperplanes intersect at a half line.
In total there are four such half-lines for each dual cone and they form edges
of the dual cone. Each edge corresponds to the core charge of one line defect

generator. For example, the dual cone for the initial seed is given by:

4

Conmmnt = {Zam [as <0,a1+as > 0,as+as < 0,a3 > 0}. (3.104)
i=1

Then we get four line defect generators whose core charges are given by

Y, =71+ Y3, = V2 V4, =4 (3.105)

Repeating this procedure for all 42 dual cones we get 14 edges. Thus the
line defects in (A, A4) Argyres-Douglas theory are generated by the identity
operator and 14 nontrivial generators. Recall that the (2,7) minimal model
has two non-vacuum modules; therefore we have an expected multiplicity of
7. In the class S realization of the theory this would correspond to the Z;

symmetry of the 7-gon.

We assume that the line defect phase is smaller than the phases of all
vanilla BPS particles, and calculate the generating function using consecutive
right mutations on the framed quiver. For example, the line defect generator

with core charge 7. = 71 — 73 goes through the following mutation sequence:

'u'74+“/c

pl a
{71, 720 v3 Y4y Ve b == {71, 720 V3 Y4 F Ve, — e} —

R

(3.106)
/J/ c
{71,725 13 F 72+ Yor = V4 — Yoo Yo} —22% {1, Y2, =3 — Y — Ver V35 Yo}
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which implies that its generating function is
F(L> = X’71—73 + X’71—73+74 + X’71+74'

The generating functions for all 14 line defect generators are (as given also

in [51]):

—Y1+73>
= XW2—W4 + X71+’Y2—’Y4’
= X%—%—M + le—%?

= X—"/1—’Y4 + X—’71+’72—’Y4 + X’72—747

= X*71*72+’Y4 =+ X*’Y1+’Y4 + X*’Y1+’73+’y47

X—"/3—’Y4 + X’Y2—73—’Y4 + X71+’Y2—73—74 + X—’Ys + X’yz—’ys + X’n-&-’yz—’ys
+ X’Y2 + X’Yl+’Y2'
The generating functions for A; (B;) are related to each other by the action of

powers of the monodromy operator. The Schur index with line defect A; (B;)
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inserted is computed using [51]
Za,(q) = (L Te[F(A)S(0)S(q)], I, (q) = (@)% Te[F(B;)S(q)S(q)] (3.107)
where in this particular chamber S(q) is given by
5(q) = Eq(Xo,) Eg(Xo,) Eg(X5,) Eg(X,)- (3.108)

As described in [51], the Schur index with one line defect inserted does not
depend on i € {1,...,7}:
Ta(g) = q+q" + 0"+ ¢" +2¢" +2¢° + 3¢° +3¢"" + - -,
1 5 7 9 11 13 15 17 19 (3'109)
IB<q):—q2 —q2 —q2 —q-? —2q2 —3q2 —3q2 —4q2 _5q2 4+
The chiral algebra in this case is the (2,7) Virasoro minimal model
[52,54,56]. There are three primary fields: the vacuum @, ;, ¢ o with weight
—2/7 and @, 3 with weight —3/7. Line defect Schur indices admit the following

expansions in terms of characters:

Zalg) = q " (x1.3(0) — x1.2(0)),

1

Ip(q)=q = (X1,1(Q) — X1,2(Q))‘

The map f between the line defect algebra £ and the Verlinde algebra V is

(3.110)

then given by:

JENTE
A L [A] = [@15] — [@14), (3.111)
B; L [B] = [®1,] — [@12]
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1 1 1
2 7 2 7 2 7
3 6 3 6 3 6
4 5 4 5 4 5

Figure 3.10: The classical monodromy action in the (A;, A) theory is realized
by a sequence of flips of triangulations of the 7-gon. The initial triangulation
differs from the final one by a clockwise rotation by 2 units.

The non-trivial fusion rules in the (2,7) Virasoro minimal model are:
[@12] X [P12] = [P1a] + [P13],
[@13] X [®13] = [®11] + [P12] + [P13], (3.112)

(1] X [®13] = [®12] + [P13]-
As first checked in [51],

[AA] = [A] x [4],
[BB] = [B] x [B], (3.113)
[AB] = [A] x [B],

which gives evidence f is indeed a homomorphism £ — V.

Now we turn to study the fixed points under the classical monodromy
action M. By doing a series of flips (see Figure|3.10], the initial zigzag triangu-

lation corresponds to the BPS quiver in Figure using the dictionary in [1].
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The monodromy action is given as follows:

1+ Xw + X’M + sz X’M + sz ng Xu
X“/z X% ’
X’Yl X’Yz X’Ys

L+ X, + X, ) [1 + Xy + X0, (14 &,)(1L+ &, + X’YSX’M)](;) 114)

X I+ &, +2,X,) 1+ &, + 2,0+, +X,4,)] .
” A A5, s X, ’
X’M - X’YBX’M .
L+ X’M + X’m(l + X‘/l)(l + X’Y4 + X'Y3X’Y4)

X, —

Xw—>(

There are exactly three fixed points, which we label I, II, ITI. On the fixed

points X, evaluate to
X'M . (Oél, Qg, Oég),

X (44 o) — 203, 4+ ag — 205, 4 + a3 — 2a3),

(3.115)
X, (a1 — a3 ay — a3, a3 — a3),
X, (2+ar—al,2+a—a3,2+ a3 —a3),
where «; are the three roots of the cubic equation
o’ —a?—-2a+1=0. (3.116)
Concretely,
1 7 1 7
o= 3 (L= L) 4 a(-1PP), ay = (14 (1) a(~1)'),
3 a 3 a
1 7 7 3 1
as =z (1+-+a), with a= (5) (—1+13/3)%.
a

Evaluating the F'(A;) at the fixed points we find that the values are indepen-

dent of ¢ = 1,...,7, and similarly for F(B;), as expected. Concretely, we
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get

1 1 1
Azi> 9 ; )
1—0&1 1—0[2 1—063
1 1 1
po (1L 1)
a1 Qg (O3

Finally we want to construct h. We have the following Verlinde matrices for

(3.117)

[@172] and [@173]1
010 0 01
Ng,,= |10 1], Ng,=[0 11 (3.118)
011 1 11

As before, we obtain h by simultaneously diagonalizing Ng, , and Ng, , using
S-matrix and then comparing with the correspondence between U(1) fixed
points and primaries of (2,7) Virasoro minimal model. The S-matrix for the

(2,7) minimal models is [65]:

3 s PAT

o [ cost] cosf; sing

- I _ginZ Bl
S—\/7 —COS{; 8127 cosyy | - (3.119)

AT T s

sinf  cosy  cos{j

Ng, , and Ng, , are simultaneously diagonalized by S:

a; 0 0 ﬁl 0O O
SNg,,8'=[0 ay 0], SNg,S'=[0 5 0], (3120
O O (6% 0 0 ﬁ3
where
1
B = §(2 + %(—1)2/3 =b(=1)"), Bh=35(2- £<_1)1/3 +b(—1)%/3)
1 7 3 1

95



According to [69,/71], the corresponding wild Hitchin moduli space has
exactly three U(1),-fixed points, each of which corresponds to a primary field

in the (2,7) minimal model:

fixed point weights of M U(1), weights | primary field
IM(3/7T) 2mi(A)7) o27i(5/7) 2mi(2]7 345 2
: 26'(8(7) )’—62 '((1 7))782 '((10 7))78—2( '(3)7) R e Dus
U ° 2mi(8 7,)e —2m(1 7,)e 27i(5 7)762 i2/7) L e b
I € , € ) € , € [ 2N q)1,2

Using this table and ([3.120]), the isomorphism h between V and O(F) is:

[@14] 2 (1,1,1),

[@1] > (a3, a1, ), (3.121)

(@15 2 (Bs. B, o).
The image of A; and B; under h o f is then:

ho
Ai _—f_> (/83 — a3, 51 - 041762 - OZQ),
(3.122)
B; LN (1—asz,1—a5,1l—a).
Although it is not obvious, one can check that this indeed agrees with (3.117)),

so the diagram commutes, as desired.

3.5.4 (A;, Ag) Argyres-Douglas theory

Here we consider the (Aj, Ag) Argyres-Douglas theory. This theory
has a new feature: at one of the fixed points (fixed point I below), some
of the cluster coordinates &, associated to the canonical chamber blow up.

This being so, computing the fixed points of the classical monodromy in that
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_/ /
T Vs Vs Y6

Figure 3.11: A BPS quiver for (A4;, Ag) Argyres-Douglas theory.

chamber actually misses one fixed point. Thus, with the benefit of hindsight,

we choose a different chamber, whose BPS quiver is shown in Figure [3.11]

There are eight BPS particles in this chamber, with the following

charges (in increasing central charge phase order):
Va5 V65 Y4+ V5, V5, V35 Y1+ 3,72, M- (3.123)

Quiver mutation starting from this chamber generates in total 429
seeds. After mutating back to the original seed the 429 dual cones span the
whole charge lattice. Each dual cone is bounded by six half-hyperplanes. Ev-
ery five of the six half-hyperplanes intersect at a half line which forms an edge
of the dual cone and there are six edges for each dual cone. For example, the

six edges of the dual cone for the initial seed Cy, 45 45414546} ar€ spanned by:

Yo+ Ya+ 5+ Y, =1+ Va+ Y5+ V6, Va5 + V6
(3.124)

—M T2 TV TN T2 BT Y, T Y2 — V3 Vs
Repeating this for all 429 dual cones we get in total 27 edges. Correspondingly
there are 27 nontrivial line defect generators in the (A;, Ag) theory. The (2,9)

minimal model has three non-vacuum modules, so there is a multiplicity of 9,
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corresponding to the Zg symmetry of the 9-gon. Assuming that the line defect
phase is smaller than central charge phases of all vanilla BPS particles, their

generating functions are:

F(A) = Xyt T Xntmtistrs—e T Xonttrsts
F(AQ) = X—w—m—%—% + Xw—vz—m—%—ve + Xw —Y4—Y5—"6 1

F<A3) - X—’Yl—’YQ—"IB—”/m

(A4) 72 +ya+v5+76>

(A5) —Y2—Y3+76>

(Aﬁ) 'y1+’yz+'y3+'ys + X’yl+'yz+'y3+'ys+’ys + X’y1+72+'ys+'y4+75+767

<A7) 71 =56 T le-wz—m—vs—% + X’71+72+73—’Y4—’75—’Y6 + X71+’YZ+’Y3_’YS—’YG

+ Xoitm s =6
F(As) = X y—vovs—m—15-6 T X-mn-r-va-v-6 + X516,
F(Ag) = X tyi454960
F(By) = X ys-q6 + Xse,

F(BQ) - le + X71+727

(B3) + X’75+’)/67
(B4) = Ayt X*Vz?
(B5) 4+’767

F(BG) = X_’Yl—’YS + X_'Yl’
F(Br) = X p—ys—ya—ys T Xpymqumys + Xqymys + Xy,

F(B8> = X*M*% + X*’M + X'Ys*’mf’ye‘ + X’Ys*’m + X’Ys + XWI+’Y3*’Y4*’YG + X’71+73*'Y4 + X’71+'Y37
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F(B9) = X’YQ + X’72+’Y3 + X’72+’73+’Y4 + X’72+’ys+’y4+’y57
F(C1) = X5 o,

F(CQ) - X’Y4+’YS+’YG7

F(O3) = X71+’Y2+’Y3 + X71+72+’Y3+’Y4 + X’71+’72+73+74+75a
F(C1) = Xpvs—qu—s—6 T Xrs—mu—vs—6 T X—ru=r5—16>
F(C5) - X’Yl—’m—’YG + X’Yl—’74 + X'}'1+72—74—%‘ + XWH—%—M + X’71+’Y2+'73_'74—"/6

+ X71+72+73—74 + X%-&-vz-ws?
F(Oﬁ) = X—m—%—% + X’YS_'Y4_’YS_’YG + X'ys—'ys—'ye + Xvs—'ye + X'Yl+73_74_'75_'76

+ X'YIJF’YB*’YE)*'YG + X’Yl+'¥3*'¥67
F(C7) - X_'Vl_’YZ—’YB—'M—’YS + X_'Yl_'72_'74_"/5 + X—71_72_’Y5 + X—"/Q—’M—’YS + X_’Y2_'757
F(CS) - X72+75 + sz+vs+% + X72+73+75 + sz—l—%-&-%-&-ve + X’Y2+73+’Y4+75+’Y6"

F(C9) = X*’Yl*’Yer'YG + X*’71+’76 + X*'y1+’y4+76-

In this chosen chamber the spectrum generator S(q) is given by

S(Q) = Eq(X’Y4)EQ(X’YG)EQ(X’Y4+’Y5)EQ(X’Y5)EQ(X’Ys)EQ(X71+73)EQ(X’YQ>E¢Z(X’71)

> —1 Z?:lli %
_ (—D==g> o
N Z (7)) yi+Heva+(Is+lr)v3+(latls)va+(Is+Hs)vs+leve
n o (D (@i

where
8

A=Y L=l —lo+) +Hs(lo+lu+ls—l7) = la(ls 15— Lo — Ir) +s(lr—15) +lsls.
i=1
(3.125)
For sufficiently large enough N the truncated Sy(q) stabilizes to
6

1
SN(q) =1~ ZX%-QQ + <X271 + X2vz + X273 + X"/1+72+73 + X274 + Xv1+74

=1
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T Xptya T Xoys T Xgiys T Xptys T Xostys  Xogg T Xoiys T Xotye

+ X’Y3+'76 + XW4+’Y5+’76>Q +..

The Schur index with line defect L (L = A;, B;, C;) inserted is given by
Tr(q) = ()5 Tx[F(L)S(9)S(q))- (3.126)
In particular the line defect Schur index forgets the 7 index as expected:
Talg) = —*(1+ ¢ +¢* + ¢ +2¢° + 24" + 3¢+ ),
Tp(q) = —>(1+ ¢ + ¢° + 24" + 2¢° + 3¢° +4¢" + 6¢° +---), (3.127)
Ze(@) = q(1+ @+ ¢* +¢* +2¢° +3¢° + 3¢" + 5¢° + - -).
The chiral algebra in this case is conjectured to be the (2,9) Virasoro
minimal model [52,/54,56]. There are four primary fields: ®;; which is the
vacuum, ®; 5 with weight —1/3, ®; 3 with weight —5/9, and ®; 4 with weight

—2/3. The line defect Schur indices have the following expansions in terms of

the characters:

Za(9) = ¢ 2 (x13(q) — x1.4(0)),
Tn(g) = 4% (x1.1(0) — x12(a)). (3.128)

Ze(q) = ¢ ' (— xa2(9) + x13(0)).
Thus the map f between the line defect OPE algebra £ and the Verlinde

algebra V of the (2,9) minimal model is:

JEN)
A L [A] = [®14) - [®14],
(3.129)
B L [B] = [@1,] - [®12],
G L [C] = —[@12] + [@14].
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Figure 3.12: Monodromy action via a sequence of flips of triangulations of the
9-gon.

Non-trivial fusion rules in the (2,9) minimal model are given by:

[@12] X [®12] = [P1a] + [P15],

[D10] X [P13] = [Pr2] 4 [Pr4],

[D10] X [Pra] = [Pr3] + [Pr4];

(3.130)

[D15] X [P13] = [Pra] + [Pr5] + [Pra],

[©1,8] X [P14] = [Pr2] + [P1] + [P14],

[D14] X [Pr4] = [Pra] + [Pr2] + [P15] + [Pr4].
Using these fusion rules one can check that [AA] = [A] x [A], [AB] = [A] x [B],
and [BB| = [B] x [B].
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Now we study the fixed points under the classical monodromy action.
By considering the sequence of flips shown in Figure we compute that the

classical monodromy is:
X. — X’YB X’Y4 X’Y5
’m ]' + X'Y3 + X’Y3 X’M ’

X’Yl - ‘X’Y2(1 + X’Y3 + X73X74)7
X

71

X, — ,
e 1+‘)€73(1+X’Y4)(1+X’71>

3.131
X, — (1+X’Ys +X’Y3X’Y4)(1+X’YS +X’Y3X'Yl) ( )
" X’YsX’Y4X’Yl ’
v, o Bll B A X)AH X)) X, |
T+ X, (14 2,)(T+ &)

L4+ &, + &, &
There are exactly four fixed points which we label I, I, III, IV. At the fixed

points X, evaluate to:

X

(Lo, ag,03), Xy, (—1,1—a0,1 —as, 1 — o),

Xyt (1l ag,a3,00q), Xy, (—1,1—a3,1—a;,1—a),

(—1,041,(1427043), X’ye : (—1,1—042,1—0(3,1—041),

X

75

where

F(A) = F(4;), F(Bi)=F(By), F(G)=F(C)). (3.132)

Explicitly, the evaluation map is:
A'L’ i> (17 —ag, —0q, —062),
B % (0,14 a1+ as, 1+ az), (3.133)

Cig(—l,l—Oég,l—Oél,l—Ojg).
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The fusion matrices for [®; 5], [Py 3] and [Py 4] are:

01 00 0010 0
1 010 0101 0
New=1o 10 1| Mws=|1 01 1] Now 0
0011 01 11 1
The S-matrix for (2,9) minimal model is given by [65]:
s 2T s s T ST
—SIHE CO?I_SW —S?Hg S.11'12§7r
g 2 CO?T& —S%ng —sing Slpg
3 —Sln% —sm% 0 sm%
sin% sin%’r Siﬂ% cosl’r—8
The fusion matrices are simultaneously diagonalized by S
—az 0 0 O 1+
0 —-a; 0 O 0
1 1 1
SNg,,5 " = 0 0o 1 0 , SNy, , S = 0
0 0 0 —oy 0
1— a3 0 0 0
0 1l -« 0 0
-1 1
Med =1 0 -1 0
0 0 0 1—ay

According to [69,71], the correspondence between U(1),-fixed points in

N and the primaries of the (2,9) Virasoro minimal model is:

’ fixed point ‘ U(1) weights ‘ primary field ‘
T5 7210 1
I 9:8:919: 97 @ D1
T2 10 1 4 1
I 9 9 92 "9 313 Q1
3138 72
HI 3319191975 P14
T 10 1T 14 5
v 5 "3 9 9 90 0 L3N
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0 01
011
1 11
1 11
1

0 0
1—’-@2 0
0 0

0 0
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Y

b

Figure 3.13: A BPS quiver for the (A;, D3) Argyres-Douglas theory.

Based on this table and (3.136)), the isomorphism h : V — O(F) is:
(@1 1] LN (1, 1,1, 1)7
[CI)LQ] i> (17 —Qq, —Qg, _053)7
b (3.137)
[@15] = (0, 1+as,14+a3,1+ 041),

[@174] i) (—1,1—041,1—042,1—063).

Combining (3.129)), (3.133) and (3.137) confirms that ho f = g in the (A;, Ag)

Argyres-Douglas theory.

3.6 (Ay,Dsni1) Argyres-Douglas theories

In this section we present the results of explicit computations verifying
the commutativity (3.16) in the Argyres-Douglas theories of type (Aj, D3)
and (Ai, Ds), with the appropriate modifications to take care of the flavor

symmetry in these theories.

3.6.1 (A;, D3) Argyres-Douglas theory

We consider (A, D3) Argyres-Douglas theory. This is equivalently the

(A1, A3) Argyres-Douglas theory. Line defect generators and their generating
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functions in this description were studied in [23,51]. Line defect Schur indices
and the relation to the Verlinde algebra were studied in [51]. Here we use the

(A1, D3) description instead.

We choose a chamber where the BPS quiver is as in Figure con-

taining BPS particles with charges (in increasing phase order):

Y1572, 73-

Note that 1 4+ 3 has zero Dirac pairing with any charge, and thus is a pure

flavor charge.

The corresponding Hitchin system is defined on CP!, with one irregular
singularity at z = oo and one regular singularity at z = 0. There are three
Stokes rays emerging from the irregular singularity. Correspondingly there are
three marked points on the S' bounding the cut-out disc around z = oo, as
in Figure The WKB triangulation for the chosen chamber is shown in
Figure Here &, corresponds to edge 14, X, corresponds to edge 13,

and &, corresponds to edge 34.

Now we use the method reviewed in §3.4.3 to describe a generating set
of line defects. There are seven generators, including a pure flavor line defect
C whose corresponding lamination is a loop around the regular singularity.
The other six generators come in two types, A and B, corresponding to two
different kinds of laminations: see Figure [3.15] We denote the six generators
as A;, B; (i = 1,2,3), where A; and B correspond to the laminations shown in

Figure[3.15] The lamination for A, 1 (Bj;1) is given by rotating the lamination
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(a)

Figure 3.14: (a): CP'\ Dy, where D, is a disk around z = oo bounded by S*
with three marked points colored in blue. The regular singularity at z = 0 is
colored in black. (b): A triangulation in the (A1, D3) Argyres-Douglas theory.
There are three boundary edges. The blue marks correspond to the positions
of three Stokes rays.

for A; (B;) counterclockwise by 27/3. The flavor charge is normalized to be

(71 +73)/2, and the corresponding X, is equal to the SU(2) flavor fugacity z:

Z = XW1+73 . (3138)
2

Moreover we define
Xy = le;wg. (3.139)
We computed generating functions of line defect generators using the method

reviewed in §3.4.3. They are listed below (these differ slightly from the anal-

ogous formulas in [51] because we are computing in a different chamber):

F(Al) = 271X,72 + X,,y/ —+ X,

v =25

F(AQ) = X,,y/ -+ X*’Y/+’YQ + ZX’Y

2
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(a) Type A (b) Type B

(c) Type C

Figure 3.15: Three types of laminations in (A;, D3) Argyres-Douglas theory.
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The pure flavor line defect C' is a Wilson line in the fundamental representation

of the SU(2) flavor symmetry.

The Schur index with one line defect L inserted is computed as

T1(¢,2) = (@2 TF(L)S(@)S(@)],  with  S(q) = By(Xa) Ey(X,) Ey(Xoy).
(3.140)

As usual the Schur indices with defects A; and B; inserted do not depend on

the index i; concretely (these do match [51], as they should since they are

chamber-independent):

1
Ta(g,2) = —q2(x2 + Xaq + X204967° + X26204920608]" + X2@3@4®3@6®3@8@10q4

5
+ X2oiga96p68108%3p100120 + ¢ ),

1
T5(q,2) = —q2 (1 + X34° + X1030° + X10305¢" + X1039205¢" + X1920393059207¢° + * - -

where framed BPS states organize themselves into representations of SU (2)

The associated chiral algebra is 5/[(?)7% [52,54-56.59]. There are three

30We label irreducible SU(2) representations by their dimensions.
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admissible representations [65,73] with highest weights:

4 2 2 4
dy=1|—-=,0 P =|—=,—= Py, = |0, —= 3.141
0 |: 37 :| ) 1 [ 37 3:| ’ 2 |: ) 3:| ( )

where @ is the highest weight for the vacuum module. Their characters were

computed using the Kazhdan-Lusztig formula in [51,65]. In particular the line

defect Schur indices could be written as:

IA(Q7 Z) = qiézil( - Xl(qa Z) + XZ(Q7 Z))a
1 (3.142)
IB(Q7 Z) = qu (X0<Q7 Z) - XI(Q7 ’Z) + 272X2(Q7 2))

The expansions of Zy, A;» IB;B; and Ty, B; in terms of characters are:

Taia(@:2) = Taar,(0:2) = (L+ a7 )x0(g, 2) — ¢ "xala, 2) + 427 2x2(g, 2),
Taia1(¢,2) = 2x0(¢, 2) — xa(q, 2) + 27%xa(g, 2),
Tp,5,(0:2) = I,y (0,2) = M+ + 0 )x0(g2) = [¢7 (1 +27%) + ¢ %xalg, 2)
+lg (1427 + 727 xalg 2),
Ieip 1 (4,2) = 2+ a)xo(q,2) — 2+ 27%)xa(g, 2) + (1 +2272)xa(q, 2),
Tas(4,2) =q (2 + 2" x0(g:2) = (¢ + 47927 (g, 2) — xa(g, 2)),

L4;Biss (¢,2) =Zap, 1 (q,2) = (¢ + zil)XO(q? z)—(1+ qil)zil (Xl(Qa z) — x2(q, Z))

In [51] the authors take the limit ¢ — 1,z — 1 and relate the line defect

—

algebra to the Verlinde-like algebra of s((2)

1. Here we keep z general while
3
taking ¢ — 1. In this limit the expansion coefficients do not depend on the

i index anymore, just as in the (A;, Asy) case. We introduce a z-deformed
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Verlinde-like algebra V, with the z-deformed modular fusion rules:
[©1] X [@1] = [P2],
[@1] X [®o] = —2%[D¢], (3.143)
(@] X [@y] = —2°[®4].

—

If we take z = 1, this reduces to the naive modular fusion rules of s((2)_

ol

[51,)65]. The homomorphism f : £ — V), is given by:
N
AL A] = 271 (1@y) — [@4]), (3.144)
B; L [B] = [@g] — [®1] + 2 2[®).
f is believed to be a homomorphism since
[AA] = 2[®] — [@1] + 27%[®2] = [A] x [A],
[BB] = 3[®] — (2+ 27 2)[®1] + (1 +2272)[®2] = [B] x [B],  (3.145)
[AB] = (2 + 27")[®] — 227" ([@4] — [@2]) = [4] x [B].
We emphasize that this holds if and only if the z-deformed modular fusion
rules are as given in ([3.143).

The fusion matrices for [®] and [®5] are:

0 1 0 0 0 1
Noy=| 0 01|, Ney=[—2> 0 0]. (3.146)
—22.0 0 0 —22 0

These two matrices are simultaneously diagonalizable for z # 0, with eigen-

values:

eigenvector Ao, A,

(1’_22 3 A 3) — .23 A3
(1’ (_1)1 3,2 37 (_1)2 324/3) (_1)1/322 3 (_1)2 3,473
(1, _(_1)2 3,273 _(_1>1 3.1 3) _(_1)2 3,2/3 _(_1>1 3,473

110



2 3 2 3 2

Figure 3.16: Classical monodromy action via two flips in (A, D3) Argyres-
Douglas theory.

Now we turn to study fixed loci of the classical monodromy in this
chamber. Through a composition of two flips (see Figure|3.16) the monodromy

action is:
1 + X’Y?» + X"/2 X'Y?’
ng 7
X, — !
b X’Ys + X’Yz X’YS ’
X71 X72 X73
1 + X’YB + ‘X’Y2X’Y3 '

X, —

(3.147)

X,y —

The fixed locus is determined by the equations
Xop(1+ X)X, =1, Xy = X,2+ X, + &, + X, 4,). (3.148)

To make connection with the flavor fugacity, we rewrite these equations in

terms of X,

z and z := &X; this gives
X222 =1, r=2X,1+2X,) (3.149)

One can check that this is exactly the same locus where F'(4;) = F'(4;) and
F(B;) = F(B;). In particular, this implies the evaluation map g forgets the i

index as expected.
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Now recall that the value of z corresponds to the SU(2) flavor holonomy

that could be turned on when compactifying the 4d theory on S*. With this

in mind we first fix z and then look for the U(1),-fixed points. For each

value of z # 0, there are three U(1),-fixed points, which matches the number

of admissible representations of sl(2)

given by:
1% (1,1,1),

)

(21/3 + 271/3’

—

_(_1)1/321/3 + (_1)2/3271/3’

_4.
3

A S
By % (1423 4 2728 14 (1) — (1)1 7203,

1+ (_1)2/3272/3 . (_1)1/322/3).

The evaluation map g is concretely

_(_1>1/3271/3 + (_1)2/32,1/3)’

(3.150)

Now, in contrast to the cases we studied in §3.5] in this case the weights

of the classical monodromy action are not sufficient to distinguish the three

U(1),-fixed points, as we see from the following table (U(1), weights and

correspondence between fixed points and primary fields taken from results

of [69,71]):
fixed point | weights of M | weights of U(1), | primary field
I — 14/ 12 o
3 S .
1T — i ~503 ®o
123 14
111 — —3:3 P,

Thus we cannot determine a priori which U(1),-fixed point should cor-

respond to which eigenspace of the fusion matrices. This gives an S3 ambiguity

in constructing the map h. Still, we can just try all of the 6 possible mappings

112



Vs

i Vs

/YZ\
O—0O

Ys

Figure 3.17: A BPS quiver for the (A;, D5) Argyres-Douglas theory.

and see if one of them works. Indeed, suppose we take:

(@] LN (_ z2/3,—(—1)2/3z2/3, (_1>1/322/3)7
(3.151)
[‘I)z} i> (24/37 _(_1)1/324/3’ (_1)2/3’24/3)'

Combining this with (3.144]) and (3.150), we find that indeed h o f = g for
every z # 0.

3.6.2 (A;, Ds) Argyres-Douglas theory

We choose the canonical chamber represented by the BPS quiver given
in Figure m with five BPS particles (in increasing central charge phase

order):

Y1, Y4573, 72, Vs5-

The corresponding Hitchin system is defined on CP! with one regular
singularity at z = 0 and one irregular singularity at z = oo with five stokes rays
emerging from it, i.e. there are five marked points on the S which bounds Dy,
the disk around z = oo that’s cut out from CP'. The situation is depicted in
Figure [3.18] The corresponding WKB triangulation for this chamber is given

in Figure where &, corresponds to edge 13, X, corresponds to edge 35,

113



Figure 3.18: CP'\ D, where D, is a disk around z = oo bounded by S* with
five marked points colored in blue. The regular singularity at z = 0 is colored
in black.

3 I 4
Figure 3.19: A triangulation in the (A, Ds) Argyres-Douglas theory. There

are five boundary edges. The blue marks correspond to positions of five Stokes
rays.

X

5 corresponds to edge 45, X

-, corresponds to edge 56 and X corresponds

to edge 46.

The line defect generators correspond to laminations that can not be
expressed as sum of other laminations. In this case there are 21 such lami-
nations. The lamination (E) which is a loop around the regular singularity
corresponds to the pure flavor line defect. The other 20 laminations come in

four types A, B,C and D. We label their corresponding generators as A;, B;,
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C; and D; (i =1,...,5) and list laminations corresponding to the generators
Ay, B1,C1, Dy and E in Figure Laminations corresponding to e.g. gen-
erators A;,; are obtained by rotating laminations for A; clockwise by 47/5.

We define the flavor charge v, and 7 as follows:

s = 7442-757 o = 74;75. (3.152)
The SU(2) flavor fugacity is z := Tr(X,,;). The generating functions are
computed using the method as reviewed in §3.4.3. In particular, the line

defect generator D, has framed BPS states with charge 27, in a 3-dimensional

multiplet of SO(3):

F(A1) = Xy + Xq s

F(A2) = Xf'n + sz + X*71+72 + X'yz+73 + X*’Yl+’72+’73 + ZX’72+'Y3+'Y' + ZX*71+72+73+7’7

F(A?)) = X’Yz + X’Y1+’Y2 + X—’y:& + X'yz—’m + X’Y1+’y2—73 + z_lX—’Ys+’Y’ + Z_lX’Yz—’Ys-i-’y/

-1
+z X71+72—“/3+7’7

F(A4) - X’Yl’

F(As) = (2 + Zﬁl)Xﬂ’ + Z71X77377’ + ZﬁlX*’Y?*'YS*'Y/ + 2 Xy + <q1/2 + q71/2)X727/

T X2y + Xyyay + Xy sy + Xy 2y,
F(B1) = X_q—y + Xy qp—y + X g sy + 2X 4y,
F(Bs) = X_g iy 4 Xpyr + X qpys
F(Bs) = Xopy + Xy typtrs
F(By) = Z_IX’Yl—’YB + Xo -y + Xy sy

F(B5> = X*’YZ*’Y'?
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a) Type A b) Type B

(c) Type C

(e) Type E

Figure 3.20: Five types of laminations in (A, D5) Argyres-Douglas theory.
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F(Cy)

F(Cy) =

= X,,y/ + X

ya—y' T 2 Xy,

(q"? + q71/2>(X*’71*’Y' + Xgoy + Xgyigay T Xy gy + 271X )

T Xy + Xy + Xy pgsy T Xpgg—y + Xt rs—y + Xty

+ Xty T (2 27T X+ (227X, + (24 27 )X, + 27 X

-1 -1 -1
+z X*’yr’m*vs +z Xw v3 T2 X*’Y1+72*73 + ZX72+73 + ZX,71+72+%,

F(Cy) = X

F(Cy) =

F(Cs)

(D)) =

F(D,) =

F(Ds)

F(Dy)

(a2 +q¢71?) (Xoamy + Xopma o) + X+ Xy + Xy gy + Xy oy
+ Xoptrsmy + Xoptgtgmy + 27 Xy + 27 Xy + 27 Xy + 27 Xy

-1
+ 27 Xy + 2 Xy, + 22X 10 + 2 X040 + 22X a1

= X+ Xy Xggmey + 27 Xy + 27 Xy,

Xy T 2X sty

@2+ a7 )X+ (@)X s + (L 1 g+ 07 )Xoy,
+ (@ 4+ 07X o + (@ P+ V)X, + X + (@ )X,
+ (@ P+ )X s + (@ 0 Xy + X i s T X297

+ (ql + q71/2>X272+’YB + X ot T Xyit29pys + (2 + Zﬁl)szJrv’

+(z+ 27 )vaw'yw'y +(z+ 271)((11/2 + qil/z)X%szr“/ + (2 + Zil)X771+272+7’

+ (2 + 27X oy + 2T X gy T (q1/2 + qil/Z)Zlewrverv/

+ (¢ Y2 4 q 1/2> 71X771+72 —sty T (q1/2 +4q 1/2) 71X2V2773+7’ + Z71X771+2727'Y3+7’

~1 12 | —1/2
+z X71+2’Y2*’73+’Y’ + (q +4q )ZX2W2+73+’Y/ + ZX*'71+272+73+’Y' + ZX’71+2’72+73+7/7

_ -1
= Xyims 27 Xy sy

= (ql/z + q71/2>X71727/ X g2y Xy oy 27 X 2T X
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T2 X+ 2 X5 sy

F(Ds) = (ql/z + q_l/z)(XﬂrW T X a2y T Xy oy sy Z_lX*’Yl*’YZ*’YS*’Y/)
+ Xy mygm2y + Xogymamm g2y + Xoqyigeay + (2427 Xy
(24 2T X ey F 2T X gy F 2T Xy + 2 X gy

F(E)=z+z"

The line defect Schur index is
Z1(q,2) = (@) TX[F(L)S(q)S(q)], with

S(Q) = Eq<X'Y1 )Eq(X'M)Eq(Xvs)Eq(sz)Eq(X%)-

(3.153)

After inserting generating functions the calculation boils down to computing

the following:

(CZ)ioTr [Xa71+b’Y2+C’Ys+d’y’S(Q)E(Q)]
0o (_1)a+b+c+qu/22l4+l5—k4—k’5

=% > @

1; ki=0 Iy - - (q)l5 (Q)kl S (Q)k5

Ok 11 +a0ks 1o-+50ks Is+cOky la—ls+hs+ds ~ With

1
A:§<a+b+ab+c+bc—cd+d(1+26—|—2l3)+2(l1+l2+al2+cl2+l1l2+l3

—I— lglg + k‘5(1 —I— C+ lg) + l4 —|— l3[4)>

Within the same class line defect Schur indices are the same. The coefficients

in ¢ are again characters of certain SU(2) representations:

NI

Za(q,2) = —q2(1 + X3¢ + X103850" + X103920507¢° + ),

Z5(q, 2) = q(X2 + Xaq + X2e4e60” + X202040206080° + ),
(3.154)
1 ) 5
Zc(q,2) = —q2 (X2 + Xaq + X20204060” + X222049306087 + ),

In(g,2) = q(1+ x3¢° + x103¢° + ).
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The chiral algebra corresponding to the (A;, Ds) Argyres-Douglas theory is
5/[(2\)_ s 152,54,56,59], which has five admissible representations with the fol-
5

lowing highest weights:

8 6 2 4 4
0 |: 570:| ) 1 |: 57 5:| ) 2 [ 57 5:| y

2 6 8
3 |: 57 5:| ) 4 |: ) 5:| 3

where @ is the highest weight for the vacuum module. The characters of

(3.155)

these representations can be worked out using the Kac-Wakimoto formula 73],
which is a special case of the Kazhdan-Lusztig formula [106] (see also [65] for

expressions in terms of generalized theta functions):

YO (qymaimtloan Gniy)  SmG

2
m=0 z—2z—1

X Qa Z) = %)
o [Lo (=) = 22¢")(1 - 272¢")
L+ (=)m(z"?"g o= + ZquW)
<1_272) Hn 1(1_q”)(1—z2 )(1_272qn) )
o0 m/{ .—2m m(5m—1) " m(sm+1)
alg2) = LE L GO 2T £ 2T E ) (g q5)
) (1_272)1_[” 1(1_qn)(1_22 )(1_2 q)
oo m m m(5m—1) —om m(5mt1)
XS(Q Z) e 1+ Zm:l(_ ) (22 q + z 2 q 5 )
T IS ) - (- )
m m(,2m, MO g mEmES)
X4(q Z) = 1+ Zm:l(_l) (22 q 2 +z 2 q )
) (1 - Z_2> H;L.Ozl(l _ qn>(1 - 22 )(1 _ z_2q )

The S matrix for these five admissible representations, in the order (3.155]),

xX1(q,2) =

is [65]:
1 —1 1 -1 1
T Bt A A S N v
S=—1|1 (=DY (=15 (=15 (=1)*> |. (3.157)
\/S -1 ( 1)4/5 ( 1)3/5 (_1)2/5 (_1)1/5
L (=1 (DY ()Y (1
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Working out the conjugation matrix C = S? it’s clear that ®; and ®, are

conjugate to each other, ®, and ®3 are conjugate to each other. Using the

—

Verlinde formula [64] the modular fusion rules for s[(2)_s are given by:

o

[©1] X [®1] = [@],  [P1] X [Do] = [P5],  [P1] x [P5] = [D4],

(1] X [B4] = —[Dg], [Po] X [@g] = [@y], [Pa] x [P3] = —[Dy],

(3.158)
[Bo] X [By] = —[Py], [®3] X [@3] = —[D1], [P3] x [Pg] = —[Do],
(4] X [®y] = —[Ds].

As we will see shortly, multiplications in the deformed Verlinde-like algebra are
again given by multiplying the —1 coefficients in the original modular fusion

rules by a factor of 22.

The line defect Schur indices for defect generators of type A, B, C and

D admit the following character expansions:
IA(Qa Z) = qil/Q (XO(Q7 Z) - XI(Q7 Z) + 272X4<q7 "7’))7
In(q,2) = ¢ "2 (xa(a, 2) — x3(q,2)),
(3.159)
To(q,2) = ¢ V227 (= xa(a,2) + x2(q, 2) — xs(a. 2) + xa(g, 2)),

ID(Q7 z) = XO(Q7 z) - qil (Xl(Q7 Z) - XZ(CL Z) + 272X3(Qa Z) - 272)(4((], Z))

Now we again take the ¢ — 1 limit while keeping 2z general, giving the map
14 (@),
A D [A] =[] — [@4] + 27%[@4],
B; 4 [B] = 27([@,] - [@3)), (3.160)
Ci L [0 = 27 (=[] + [a] — [@3] + [@4]),

D; L [D] = [®0] — [®1] + [] — 272[@5] + 2 2[4].
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This map is believed to be a homomorphism f : £ — V,, when we define the
deformed Verlinde-like algebra V, by the following z-deformed modular fusion
rules:

[@1] X [01] = [Ds], [P X [D2] = [@3],  [P1] X [P3] = [Pu],

[@1] % [@a] = —2%[@o], [P2] X [@o] = [Ra], [P2] X [®3] = —2%[®y],

(3.161)

[@o] X [@4] = —2°[®1],  [@s] x [@3] = —2°[®1],  [@5] x [4] = —2°[@o],

[@4] X [@4] = —2°[@s].
To check the homomorphism property we consider Schur indices with insertion
of two half line defects, which can also be expanded in terms of characters of
admissible representations. After setting ¢ — 1 the expansion coefficients do

not depend on the i-index anymore:

A Ay L 3[®g] — 2[®1] + [Bo] — 272[D3) + 2272y,

A;B; L 2 (= [04] + 2[y) — 2[03) + [@4)),

ACy D (24 27)[@0) — 2271 ([@1] — [@4]) + 3271 (@] — [@3]),

A;D; L 3[®g] — 3[@1] + (2 + 272)[ @] — (14 2272)[@s] + 327 2[4,

B;B; L 2[00 — [@1] + 2 2[4,

B,C; s 2[®g) — 2[®1] + [®s] — 27 2[5] + 2272[D,),

BiD; L (24 27 ) [®o] + 227 (= [®1] + [Do] — [®3] + [D4]),

CiC; L 4[] — 3[®1] + (2+ 272)[®o] — (1 + 2272)[®s] + 3272[®y],

CiD; L 2(z 4 27 ) [ @] — (2 4 3271 [@4] + 427 ([Bo] — [B5]) + (327 + 279) 4],

D:D; L5 5[®o] — (4+ 272)[@1] + (3 + 2272)[Bs] — (2 + 3272)[ @] + (1 + 4272)[Dy).
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f is a homomorphism if and only if the z-deformed fusion rules are as defined
in (160).

The fusion matrices for non-vacuum modules are given as follows:

0 1000 0 0 100
0 0100 0 0 010
Ne,=| 0 001 0], Ne,=| 0 0 00 1],
0 000 1 —22 0 00 0
—22.00 0 0 0 —22 000
3.162)
0O 0 0 10 o 0 0 0 1
0O 0 0 01 22 0 0 0 0
Ne,=|-22 0 0 00|, Noy=| 0 =22 0 0 0
0 —22 0 00 0 0 —z22 0 0
0 0 —2200 0 0 0 —220

For generic 2z these four matrices are simultaneously diagonalizable with the

following eigenvalues:

’ eigenspace \ Ao, \ A, \ Ady \ Ao, ‘
1 _,2/5 5475 —,6/5 875
2 (_1)1/522 5 (_1)2 524 5 (_1)3/526 5 (_1)4 528 5
3 —(—1)¥5.25 (—2)77° (=157 | —(—1)3/5.575
4 (=132 | (=) /55 | —(—1)V5:575 | (—1)2/5:5/°
5 —(— )52 | —(=1)355 | —(=1)2/5:5T _(_1)1/5Z8 5

The classical monodromy action in this chamber can be worked out as a com-

position of flips, as in Figure

X _>1+X75+X'YSX’Y5+C
h X, Xy Xy,

Ay, X5, Xy X,
(14 X (14 X + X, 2,)) (14 X + X, X, + (14 X,,)C)
v o (T+ 1+ X)X, (14 X,)) 1+ Xy + Xy Xy + O)
B XVI X’Y2X’YS(1 + X'YS)X'MX'YS ,

X, —
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L+ &, + XX + (14 X,)C
X73 7

X, - XX, X, ’
14+ &, + X4 + (1 4+ &,,)C

X, —

where

C= X, (1+ X)) (14 Xy (1 4+ X, + X, X)),

For generic fixed z # 0, there are exactly five fixed points, matching the

number of admissible representations of s[(2)_ 5 Concretely, at the fixed locus

X, satisfies the following quintic equation:
26X753 — 5242\?733 — 1OZ4X33 — 5, — (" +22+1) =0, (3.163)

and X, , X,,, X, are all determined by &, and z (by complicated algebraic
expressions which we will not present here.) As in previous examples, the

values of line defect vevs at the fixed points do not depend on the index .

The Galois group of the quintic is solvable according to sage,
so in principle one can give a solution in radicals; we have not carried this
out, however. Thus, here we cannot give a closed form for the values of the
A&, at the fixed points. Moreover, we also have the same problem as in @
above: we do not know a priori how to match the five fixed points and the
five primaries. Nevertheless we numerically sampled various values of z and
confirmed that, for each z, there does exist a matching between fixed points

and primaries, such that the corresponding h makes the diagram commute.
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=

2 4 !5
2V 2y

Figure 3.21: Monodromy action as a sequence of flips in the (A;, D5) Argyres-
Douglas theory.
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3.7 Verlinde algebra from Fixed Points Analysis

Given the relations that we have discussed between the three algebras,
one might ask whether we could say something about the Verlinde algebra
through values of generating functions at the fixed point’] The answer is
that we can not determine Verlinde algebra from fixed points analysis alone,
but we do obtain useful information about Verlinde algebral’f] and expansion

of line defect Schur index in terms of characters.

First we would like to stress that, in principal one could obtain the
(deformed) Verlinde algebra through computing Schur index with one half line
and two half lines inserted and studying their images under the homomorphism
f. In fact this is practically how we found the deformed Verlinde algebra in the
D3 and Ds cases. However, in practice (at least for us) character expansions of
line defect Schur index (especially Schur index with more than one line defect
inserted) are not very easy to obtain. It would be nice if there is some way to

simplify this procedure.

To begin with, suppose that we already know the image of [®,] under
the isomorphism h, then the modular fusion rules among them are very easy
to obtain since the corresponding multiplication in O(F) is given directly by

pointwise multiplication. Concretely, suppose that

[@a] & o i= (AL, ..., AP,

31'We thank Shu-Heng Shao for mentioning this interesting perspective.
32More precisely we mean Verlinde-like algebra of the set of highest weight modules that
correspond to the U(1), fixed points, from direct application of the Verlinde formula.
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then by expanding e.g.
Pap = Z Clﬁqﬁ%

v

the modular fusion coefficients are given by czy Now how do we determine
¢o! Since we know the values of Fy_, at the U(1), fixed points, if in addition
we also know the image of L,; under f, then ¢, is given by taking the inverse
of the linear relations. So we still need to work out the character expansions
for single line defect Schur index. But this already saves the effort of working

out the character expansions of two line defect Schur index.

Now suppose that the only data given are generating functions of line
defect generators and their values at the U(1), fixed points, what “constraints”
could we possibly put on the (deformed) Verlinde algebra? We illustrate this
by looking at two simplest examples Ay and D3 Argyres-Douglas theories. Of
course the Verlinde algebra in these cases were already known for a long time
(see [65] and references therein), the hope is that this might shed light on

unknown Verlinde algebras of certain 2d chiral algebras.

In A, case there are two fixed points, the values of F}, don’t depend

on ¢ at the fixed points so we denote them as F. Over the fixed points
F? =1+ Fy. (3.164)

This equation is understood in the context of values of line defects at fixed

points. This could be obtained either by direct computation or through the

33Here to get the fusion coefficients we don’t need to “order” the fixed points. We don’t
need to know the exact correspondence between U(1), fixed points and primaries.
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relation

LiLiys =1+ q2 L. (3.165)

As discussed in @ in (A;, Aan) theories the vev of line defect generators
themselves realize fusion rules over U(1), fixed points. In particular (3.164)
is the non-trivial fusion rule of the (2,5) minimal model. However this is a
special phenomenon only in (A;, Ayy) theories. We would like to rediscover

fusion rules in the basis of [®,] instead for the purpose of generalization.
We make the following ansatz for the image of L; under f:

Li 5 (L) = a[®o] + b[@], (3.166)
where @, is the vacuum. We also make an ansatz for the fusion rule:

[©1] > [®1] = ¢[Po] + d[P1].
(3.164) would imply

[LL] = [L] x [L] = (a + 1)[®o] + b[P4], (3.167)

by comparing coefficients we get the following equations for a, b, ¢, d:

a>+bc=a+1, 2ab+b*d=0. (3.168)

Now, a and b have to be integers. This was the observation made in [51]. We
do not have an explanation but it is true in all the examples that we considered

in this paper so we use this as an assumption. The fusion coefficients ¢ and d
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have to be 0 or 1?7 Moreover given each candidate fusion rule one could check
whether the solution is consistent with eigenvalues of the Verlinde matrix.
These constraints pin down the only possible fusion rule to be the desired one
in (2,5) minimal model namely ¢ = 1 and d = 1. There are two solutions for
a and b:

(a,b) =(1,—-1) or (a,b)=(0,1). (3.169)

The wrong answer could be easily ruled out by computing the single line defect
Schur index. In more complicated cases the finite number of solutions of (a, b)

also offers ansatz for the character expansion of single line defect Schur index.

In the D5 case we have more constraints due to the z-deformed Verlinde
algebra. We take an assumption that the z-deformed Verlinde algebra always
replaces the —1 coefficient by _22‘@ In that case by taking z = i all the fusion
coefficients are either 0 or 1. So this reduces to a similar case as in A,. When

[AB] = 2[A], [AA] = [®o] + [B], [BB]=2[®]+[B). (3.170)

Again this was obtained either by directly looking at values of F'(L) at fixed
points or through relations between generating functions. Similarly by making

ansatz and comparing coefficients one could obtain the consistent fusion rules.

34We will discuss how this works for modular fusion rules with apparent —1 coefficients
momentarily.

35We conjecture this is true at least for (A, Dayy1) Argyres-Douglas theories. For other
theories one could first work out simple examples to find out patterns of deformed modular
fusion rules.
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Note that in this case there is one more constraint coming into play, namely
the fusion matrices Ng, and Ng, have to be simultaneously diagonalizable.

The only fusion rules passing these constraints are

(1] % [@1] = [Po],
[@1] X [®o] = [Py, (3.171)
(Do) X [Pg] = [P4].

Note that here we can not physically distinguish [®;] and [®5], e.g. we can not
compute their conformal weights etc in our setup. They only appear in our
ansatz (for z = i) for [A] and [B]. This is the reason why we can’t actually pin
down the fusion rules. Now in the deformed fusion rules each +1 coefficient
in could be either +1 or —z2. We again make ansatz for [A] and [B],
only now the coefficients are monomials in z with integer coefficients. Again
this is an assumption that we make through observations of known examples.

For general z the following holds:
[AB] = (2 + 271)[®o] + 2[4],
AA] = (@] + [B], (3.172)
[BB] = 2[®) + (2 + 2~ ")[A] + [B].

Imposing constraints and comparing coefficients gives us two possibilities. One

of them, which is also the correct one, is

[®1] X [®4] = [®y],
[B1] x [@g] = —22[Dy],

(@] X [®o] = —27[®4],
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with the following images of A; and B; under f:

4] =~ ([#s]  [2),

[B] = [Po] — [@1] + 27%[®.].

The other solution is simply given by swapping [®,] with [®s]. Note that this
is reasonable since we can not physically distinguish [®;] and [®2]. So this
is the best we could do with the available ansatz. In reality given access to
characters of admissible representations it would be easy to rule out the wrong

answer.
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