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1 Introduction

Given a four dimensional A/ = 2 superconformal field theory (SCFT) with marginal defor-
mations, it is interesting to write down its weakly coupled gauge theory descriptions. In
such descriptions, gauge couplings take the role of the coordinate on the conformal mani-
fold and the gauge theory is interpreted as conformal gauging of various strongly coupled
isolated SCFTs [1]. It is quite common to find more than one weakly coupled descriptions,
and they are S-dual to each other as the gauge couplings are often related by e.g., 7 —%.
Finding all weakly coupled gauge theory descriptions is often very difficult for a generic
strongly coupled N' = 2 SCFT.

The above questions are solved for class § theory where the Coulomb branch spectrum
has integral scaling dimensions: one represents our theory by a Riemann surface ¥ with
regular singularity so that S-duality is interpreted as different degeneration limits of ¥ into
three punctured sphere [2]; once a degeneration is given, the remaining task is to identify
the theory corresponding to a three punctured sphere, as well as the gauge group associated
to the cylinder connecting those three punctured spheres. In class § theory framework, 3
appears naturally as the manifold on which we compactify 6d (2,0) theory. Certain N' = 2
SCFTs and their S-duality can be studied via geometric engineering, see [3].

There is a different type of /=2 SCFT called Argyres-Douglas (AD) theories [4, 5].
The Coulomb branch spectrum of these theories has fractional scaling dimension and they
also admit marginal deformations. Again, one can engineer such AD theories by using (2, 0)
theory on Riemann spheres Y,—o with irregular singularity.! Since we can not interpret
the exact marginal deformations as the geometric moduli of ¥, there is no clue how weakly
coupled gauge theory descriptions can be written down in general, besides some simple
cases where one can analyze the Seiberg-Witten curve directly [6].

It came as quite a surprise that one can still interpret S-duality of Ax_1-type AD theory
in terms of an auxiliary punctured Riemann surface [7]. The main idea of [7] is giving a
map from ¥ with irregular singularities to a punctured Riemann sphere X', and then find
weakly coupled gauge theory as the degeneration limit of ¥’ into three punctured sphere.

The main purpose of this paper is to generalize the idea of [7] to AD theories engineered
using general 6d (2,0) theory of type g. The major results of this paper are

e We revisit the classification of irregular singularity of class (k,b) in [5, 8]:

Tk T
okt > o (1.1)

_b<i<k 2P

b ~

and find new irregular singularity which gives SCFT in four dimensions. Briefly, they
are the configuration for which

(i) Ty is regular-semisimple, whose classification was studied in [8].

(ii) The new cases are that T} is semisimple.

"We will henceforth drop the subscript g = 0 in what follows to denote the Riemann sphere.



(iii) Fix a pair (k,b) and type T, we can consider the degeneration of T} and the
crucial constraint is that the corresponding Levi subalgebra has to be the same
for T, I > —b.

e We successfully represent our theory by an auxiliary punctured sphere from the data
defining our theory from 6d (2,0) SCFT framework, and we then find weakly coupled
gauge theory descriptions by studying degeneration limit of new punctured sphere.

For instance, we find that for g = Dy, b = 1 and large k and all coefficient matrices
regular semisimple, one typical duality frame looks like

SO(4) SO(6) e SO(2N — 2)

T~ — ~—
A S Tivos T,

9,1% (k+1) [1i+1. .
where 7; is given by D,y theory (IIIEfZ} it H’O], [1%+2]). The notation we use to
label the AD theories is

(1115}, Q). (1.2)

where I11 means type-III singularity in the sense of [5], and {l;} are Levi subalgebra for
each coefficient matrix T; and @ is the label for regular puncture. Each notation will be
explained in the main text.

The same theory has a second duality frame, given by

SU(2) su@3) e SU(N)
— ~—

Y ~ . - T~ —~ T 4,
T 2 3 N-1 N
~ - 11%x( )1t . ~
where T;, 1 < ¢ < N — 1 is given by (III,[;’ll] o H],[l”l]), and Ty is given by
.01 X (k+1) .
(III][CA?O} o ’[12N’0}, Q). An unexpected corollary is that the quiver with SO(2n) gauge

groups are dual to quivers with SU(n) gauge groups, and each intermediate matter content
does not have to be engineered from the same g-type in 6d. Similar feature appears when
g = Eg,78, as will be demonstrated in this work.

The paper is organized as follows. In section 2 we briefly review regular punctures and
their associated local data, and then proceed to classify (untwisted) irregular punctures for
g = Dy and g = Eg 78 theories. We give relevant Coulomb branch spectrum. The map
from ¥ to Y is described in section 3. Section 4 is devoted to study the duality frames for
Dy theories. We consider both untwisted and twisted theories. Finally, we study S-duality
frame for Fg 7 g theories in section 5. We conclude in section 6.

2 SCFTs from M5 branes

M5 brane compactifications on Riemann surface ¥ provide a large class of N' = 2 super-
conformal theories in four dimensions. To characterize the theory, one needs to specify a
Lie algebra g of ADE type, the genus g of the Riemann surface, and the punctures on .
Regular punctures are the loci where the Higgs field ® has at most simple poles; while irreg-
ular punctures are those with ® having higher order poles. The class S theories developed



in [2] are SCFTs with 3 of arbitrary genus and arbitrary number of regular punctures,
but no irregular puncture. Later, it was realized that one may construct much larger class
of theories by utilizing irregular punctures [5, 9, 10]. However, in this case the Riemann
surface is highly constrained. One may use either

e A Riemann sphere with only one irregular puncture at the north pole;

e A Riemann sphere with one irregular puncture at the north pole and one regular
puncture at the south pole.

where the genus g = 0 condition is to ensure the C* action on the Hitchin system, which
guarantees U(1), R-symmetry and superconformality. This reduces classification of theories
into classification of punctures. In this section we revisit the classification and find new
irregular singularity which will produce new SCFTs.

2.1 Classification of punctures

2.1.1 Regular punctures

Near the regular puncture, the Higgs field takes the form
A
O~ —+ M, (2.1)
z
and classification of regular puncture is essentially classification of nilpotent orbits. The

puncture itself is associated with the Nahm label, while A is given by the Hitchin label.
They are related by the Spaltenstein map. We now briefly review the classification.

Lie algebra g = Apn—_i. The nilpotent orbit is classified by the partition Y =
[n?l, . ,nf}T], where n; are column heights, and the flavor symmetry is [2, 11]

Ghiavor = S (H U(hi)> . (2.2)

=1

The spectral curve is

N
det(z — @(2)) =0 = 2V + ) ¢i(2)2" " =0. (2.3)
1=2

Each ¢; is the meromorphic differentials on the Riemann surface, living in the space
HO(3, K®%). The order of pole p; of the regular puncture at ¢; determines the local dimen-
sion of Coulomb branch spectrum with scaling dimension A = i. It is given by p; = i — s;
where s; is the height of ¢-th box of the Young tableaux Y'; here the labeling is row by row
starting from bottom left corner.



Lie algebra g = Dxn. We now review classification of regular punctures of Dy algebra.
For a more elaborated study, the readers may consult [12, 13].

A regular puncture of type g = Dy is labelled by a partition of 2N, but not every
partition is valid. It is a requirement that the even integers appear even times, which we
will call a D-partition. Moreover, if all the entries of the partition are even, we call it very
even D-partition. The very even partition corresponds to two nilpotent orbit, which we
will label as (9{ ] and (9{ }I . We again use a Young tableau with decreasing column heights
to represent such a partition, and we call it a Nahm partition. Given a Nahm partition,
the residual flavor symmetry is given by

Gavor = H Spin(nh) X H Sp (nh) (2.4)
h odd h even
We are interested in the contribution to the Coulomb branch dimension from each
puncture. When g = Ay_1 case we simply take transpose and obtain a Hitchin parti-
tion [11]. However, for g = Dy the transpose does not guarantee a valid Young tableaux.
Instead it must be followed by what is called D-collapse, denoted as (-) p, which is described
as follows:

(i) Given a partition of 2N, take the longest even entry n, which occurs with odd mul-
tiplicity (if the multiplicity is greater than 1, take the last entry of that value), then
picking the largest integer m which is smaller than n — 1 and then change the two
entries to be (n,m) — (n —1,m+1).

(ii) Repeat the process for the next longest even integer with odd multiplicity.

The Spaltenstein map & of a given partition d is given by (d")p and we obtain the resulting
Hitchin partition or Hitchin diagram.?

The Spaltenstein map is neither one-to-one nor onto; it is not an involution as the
ordinary transpose either. The set of Young diagram where & is an involution is called
special. More generally, we have &3 = &.

Given a regular puncture data, one wishes to calculate its local contribution to the
Coulomb branch. We begin with the special diagram.

Using the convention in [13], we can construct the local singularity of Higgs field in the
Hitchin system as (2.1) where A is an s0(2N) nilpotent matrix associated to the Hitchin
diagram and M is a generic s0(2N) matrix. Then, the spectral curve is identified as the
SW curve of the theory, which takes the form

N-1
det(z — ®(2)) = 22N + Z 22N D goi(2) + (2)2. (2.5)
i=1

We call ¢ the Pfaffian. This also determines the order of poles for each coefficient ¢9; and
¢. We will use pg; to label the order of poles for the former, and p® to label the order of
poles for the latter. The superscript « denotes the a-th puncture.

2Unlike [13], here we define the Hitchin diagram to be the one after transpose. So that when reading
Young diagram one always reads column heights.



The coefficient for the leading order singularity for those ¢’s and (]E are not independent,
but satisfy complicated relations [13, 14]. Note that, the Coulomb branch dimensions of
Dy class S theory are not just the degrees for the differentials; in fact the Coulomb branch
is the subvariety of

N-1 N-1
Vo=@ H'E K)o P Wy o H(S, KV) (2.6)
k=1 k=3

where W}’s are vector spaces of degree k. If we take cl(k) to be the coefficients for the I-th
order pole of ¢y, then the relation will be either polynomial relations in cl(k) or involving
both cl(k) and a®), where a(® is a basis for W},. For most of the punctures, the constraints
are of the form

M= (2.7)

9

while for certain very even punctures, as ¢ and ¢ may share the same order of poles, the
constraints would become

N 2= (2.8)
For examples of these constraints, see [13].

When the Nahm partition d is non-special, one needs to be more careful. The pole
structure of such a puncture is precisely the same as taking d, = &2(d), but some of the
constraints imposed on dg should be relaxed. In order to distinguish two Nahm partitions
with the same Hitchin partition, one associates with the latter a discrete group, and the map

dNahm — (G(dNahm)7C(dNahm)) (29)

makes the Spaltenstein dual one-to-one. This is studied by Sommers and Achar [15-17]
and introduced in the physical context in [12].

Now we proceed to compute the number of dimension k& operators on the Coulomb
branch, denoted as dj. We have

dog = (1= 4k)(1 = g) + > _ (PS5, — 555 + 15), (2.10)

where g is the genus of Riemann surface, s is the number of constraints of homogeneous

(4k)

degree 2k, and t3 is the number of a2k) parameters that give the constraints =

(a(%))z. For dgg41, since there are no odd degree differentials, the numbers are
doi1 = Ztgk+17 (2.11)
(03

which is independent of genus. Finally, we take special care for dy. When N is even, it
receives contributions from both ¢x and the Pfaffian ¢. We have

dy =2(1=2N)(1—g) + > _(pf — s%) + >_ ™ (2.12)

When N is odd, it only receives contribution from the Pfaffian:

dy = (1-2N)(1—g)+ > p" (2.13)



Lie algebra g = Fg,78. Unlike classical algebras, Young tableau are no longer suitable
for labelling those elements in exceptional algebras. So we need to introduce some more
mathematical notions. Let [ be a Levi subalgebra, and O! is the distinguished nilpotent
orbit in [. We have

Theorem ([18]). There is one-to-one correspondence between nilpotent orbits of g and
conjugacy classes of pairs (I,0') under adjoint action of G.

The theorem provides a way to label nilpotent orbits. For a given pair ([,0"), let Xy
denote the Cartan type of semi-simple part of [. O in [ gives a weighted Dynkin diagram,
in which there are ¢ zero labels. Then the nilpotent orbit is labelled as Xy (a;). In case
there are two orbits with same Xy and i, we will denote one as Xy (a;) and the other as
Xn(b;). Furthermore if g has two root lengths and one simple component of [ involves
short roots, then we put a tilde over it. An exception of above is E7, where it has one root
length, but it turns out to have three pairs of nonconjugate isomorphic Levi-subalgebras.
We will use a prime for one in a given pair, but a double prime for the other one. Such
labels are Bala-Carter labels.

The complete list of nilpotent orbits for Eg and E7 theory are given in [19, 20]. We
will examine them in more details later in this section and in section 5.

2.2 Irregular puncture
2.2.1 Grading of the Lie algebra

We now classify irregular punctures of type g. We adopt the Lie-algebraic techniques
reviewed in the following. Recall that for an irregular puncture at z ~ 0, the asymptotic
solution for the Higgs field ® looks like [5, 8-10]

Ty 1

+ Y S (2.14)
—b<i<k 7 °

where all T;’s are semisimple elements in Lie algebra g, and we also require that (k,b)
are coprime. The Higgs field shall be singled valued when z circles around complex

2mi - which means the resulting scalar multiplication of 7} comes from

plane, z — ze
gauge transformation:

T =W Ti=0Tjo (2.15)

for 0 a G-gauge transformation. This condition can be satisfied provided that there is a
finite order automorphism (torsion automorphism) that gives grading to the Lie algebra:

i=Po (2.16)

JEZLy

All such torsion automorphisms are classified in [21-23], and they admit a convenient
graphical representation called Kac diagrams. A Kac diagram D for g is an extended Dynkin
diagram of g with labels (s, s1,...s,) on each nodes, called Kac coordinates, where r is
the rank of g. Here s¢ is always set to be 2. Let (aq,...,a;) be simple roots, together



with the highest root —ap = Y a;a; where (ay,...,a,) are the mark. We also define
the zeroth mark ag to be 1. Then the torsion automorphism associated with ID has order
m = Z,’szo a;s; and acts on an element associated with simple root «; as

0 Ba; = €00, 1=1,2,...m (2.17)

and extend to the whole algebra g via multiplication. Here € is the mth primitive root of
unity. It is a mathematical theorem [24] that all s; can only be 0,1 or 2. We call D even
if all its Kac coordinates are even, otherwise DD is called odd. For even diagrams, we may
divide the coordinate and the order m by 2 since the odd grading never shows up in (2.16).
We will adopt this convention in what follows implicitly.?

There are two quantities in the grading of special physical importance. The rank
of the G module g/, denoted as rank(G'|g’), is defined as the dimension of a maximal
abelian subspace of g/, consisting of semisimple elements [25]. We are interested in the
case where g! has positive rank: r = rank(G°|g!) > 0. Another quantity is the intersection
of centralizer of semi-simple part of g' with g°, and this will give the maximal possible
flavor symmetry.

As we get matrix T out of g/, we are interested in the case where g’/ generically
contains regular semisimple element. We call such grading regular semisimple. A natural
way to generate regular semisimple grading is to use nilpotent orbits. For g = Ax_1 it is
given in [7]. We give the details of Dy and Eg7g in appendix B. Note when coefficient
matrices are all regular semisimple, the AD theory with only irregular singularity can be
mapped to type IIB string probing three-fold compound Du Val (¢cDV) singularities [26],
which we review in appendix A. We list the final results in table 1. This is a refinement
and generalization of the classification done in [7, 8]. We emphasize here that the grading
when g’ generically contain semisimple elements are also crucial for obtaining SCFTs; here
b may be more arbitrary. Such grading will be called semisimple.

In classical Lie algebra, semisimple element T; can be represented by the matrices.
In order for the spectral curve det(z — ®(z)) to have integral power for monomials, the
matrices for leading coefficient T} is highly constrained. In particular, when g = Ayx_1,
we have

T = . (2.18)

O(N—rb)

2

Here = is a b x b diagonal matrix with entries {1, w,w?,... ,wb_l} for w a b-th root of unity

exp (2mi/b). For g = Dy, things are more subtle and T' depends on whether b is even or
odd. A representative of Cartan subalgebra is

(g _02T>, (2.19)

3This convention would not cause any confusion because if even diagrams are encountered, the label so

would be reduced to 1; for odd diagrams this label remains to be 2, so no confusion would arise.



g Singularity b
AN 2§ + a3 +af + MNP =0 bV
v adral e NP0 | g 1)
Dy | a4+ 271 4 woad + 2FON-2/b =0 | p|(2N - 2)
a? + z) "+ woad 4 2MV/ g = 0 bIN
Es o} +ad +af+ 212/ =0 bj12
o} + 2§ + 2§ + 220z = 0 b|9
x? + a3+ + 28%/bzy = 0 b8
FE; 23 + 23 + 29wl + 2188/ =0 b|18
23 + 23 + woad + 21/ 0py = 0 b14
Eg i +af +af + 220 =0 |30
x? + a3 + 2l + 22 /bgg =0 b|24
a:% + x% + :zg + 220k/b3y = 0 b|20

Table 1. Classification of irregular singularities with regular semisimple coefficient matrices and
the 3-fold singularities corresponding to them. In the table, b|N means that b is a divisor of N.

where Z € Matyxn(C). When b is odd, we have

ON—br
alE
Z= _ . (2.20)
ar=
When b is even, we define & = {1,w? w?,...,w? 2}, then & = Z' U (-Z'). Then the
coefficient matrix take the form
On—rb/2
a1z’
Z = _ . (2.21)
ap='

Counting of physical parameters in two cases are different, as we will see in section 2.2.2 mo-
mentarily. In particular, the allowed mass parameters are different for these two situations.

2.2.2 From irregular puncture to parameters in SCFT

We have classified the allowed order of poles for Higgs field in (2.14), and write down in
classical algebras the coefficient matrix 7;. The free parameters in T; encode exact marginal
deformations and number of mass parameters.



order of singularity b | mass parameter | exact marginal deformations
b|N N/b—1 N/b—1
b[(N —1) (N-1)/b (N-1)/b—1

Table 2. Summary of mass parameters and number of exact marginal deformations in A _;.

order of singularity b | mass parameter | exact marginal deformations
odd, b|N N/b N/b—1
even, b|N 0 2N/b—1
odd, b|(2N — 2) (N-1)/b+1 (N-1)/b—1
even, b|(2N — 2) lLor0 (2N —-2)/b—1

Table 3. Summary of mass parameters and number of exact marginal deformations in Dy. Note
when b is even divisor of 2N — 2 but not a divisor of N — 1, the number of mass parameter is zero,
otherwise it is one.

order of singularity b | mass parameter | exact marginal deformations
12 0 0
9 0 0
8 1 0
6 0 1
4 2 1
3 0 2
2 2 3

Table 4. Summary of mass parameters and number of exact marginal deformations in Fj.

order of singularity b | mass parameter | exact marginal deformations
18 0 0
14 0
9 1 0
7 1 0
6 0 2
3 1 2
2 0 6

Table 5. Summary of mass parameters and number of exact marginal deformations in Fr.

Based on the discussion above and the coefficient matrix, we conclude that the number
of mass parameters is equal to rank(g®) and the number of exact marginal deformation is
given by rank(G°|g*) — 1 if the leading matrix is in g¥. we may list the maximal number
of exact marginal deformations and number of mass parameters in tables 2—6. We focus

here only in the case when T’s are regular semisimple, while for semisimple situation the
counting is similar.

~10 -



order of singularity b | mass parameter | exact marginal deformations
30 0 0
24 0 0
20 0 0
15 0 0
12 0 1
10 0 1
8 0 1
6 0 3
) 0 1
4 0 3
3 0 3
2 0 7

Table 6. Summary of mass parameters and number of exact marginal deformations in Fj.

Argyres-Douglas matter. We call the AD theory without any marginal deformations
the Argyres-Douglas maitter. They are isolated SCFTs and thus are the fundamental build-
ing blocks in S-duality. In the weakly coupled description, we should be able to decompose
the theory into Argyres-Douglas matter connected by gauge groups.

2.2.3 Degeneration and graded Coulomb branch dimension

Our previous discussion focused on the case where we choose generic regular semisimple
element for a given positive rank grading. More generally, we may consider T} semisimple.
We first examine the singularity where b = 1:

Ty Ty T
(I)N?+Z£7f1+...+;’ (2.22)

with Tp C -+ C Ty C Ty [27]. For this type of singularity, the local contribution to the
dimension of Coulomb branch is

l
1
dimf, Coulomb = - > dim(Og,). (2.23)
=1

This formula indicates that the Coulomb branch dimensions are summation of each
semisimple orbit in the irregular singularity. It is reminiscent of the regular puncture case
reviewed in section 2.1.1, where the local contribution to Coulomb branch of each puncture
is given by half-dimension of the nilpotent orbits, dimf Coulomb = $ dim &(0,) [12].

To label the degenerate irregular puncture, one may specify the centralizer for each 7.
Given a semisimple element x € g, the centralizer g* is called a Levi subalgebra, denoted
as . In general, it may be expressed by

[=5® > ga, (2.24)

A'CA

- 11 -



where b is a Cartan subalgebra and A’ is a subset of the simple root A of g. We care about
its semisimple part, which is the commutator [[, ].
The classification of the Levi subalgebra is known. For g of ADE type, we have

e g=An_1: [:AZI@AZQ@AZk,Wlth (11+1)++(74€+1):N

e g=Dn: [=A4;, @A, ®... Ay, ®Dj, with (4 +1)+---+ (i +1)+j = N.

g = FEs: | = Eg, D5, As, Ay + Ay, 245 + Ay, Dy, Ay, A3 + Ay, 245, Ag +
2A17 A37 A2+A1a 3A17 A27 2A17 A17 0.

9= FE;: E7, Es, Ds, Ds + A1, As, As + A1, As+ Az, A3+ As + Ay, Ds, Dy +
Ay, As, Ay, Ag+ Ay, Az + Ay, Az 4241, 245 + Ay, As +3A1, Dy, Ay, (A3 +
A1), (A3+A1)", 24,9, Ag+2A1, 4A;, As, As+ A1, (3A1), (3A1)", Ag, 24;, Ay, 0.

e g = FEg: Eg, By, Eg+ A1, D7, Ds + A, A7, Ag + A1, Ay + A3, Ay + Az +
Ay, Eg, Dg, D5+ A1, Dy+ Ao, Ag, A5+ Ay, Ay+ Ag, As+2A;1, 2A3, A3+ Ax+
A1, 2A9 +2A1, D5, Dy+ A1, As, As+ Aq, A3—|—A2, A3+2A1, 2A2—|—A1, Ay +
A1, Dy, Ay, A3+ A1, 249, Ag+2Aq, 4Aq1, Az, Ao+ Ay, 341, Ao, 2A41, Ay, O.

Fixing the Levi subalgebra for T;, the corresponding dimension for the semisimple orbit
is given by
dim(Or,) = dim G — dim L;. (2.25)

We emphasize here that Levi subalgebra itself completely specify the irregular puncture.
However, they may share the semisimple part [[,[]. The SCFTs defined by them can be
very different. Motivated by the similarity between (2.23) and that of regular punctures,
we wish to use nilpotent orbit to label the semisimple orbit Or,, so that one can calculate
the graded Coulomb branch spectrum.

The correspondence lies in the theorem we introduced in section 2.1.1: there is a one-
to-one correspondence between the nilpotent orbit (’)g and the pair (I, (9([5) Moreover, we
only consider those nilpotent orbit with principal Oé. For ¢ = Anx_1, principal orbit is
labelled by partition [N], while for Dy, it is the partition [2N — 1, 1]. Then, given a Nahm
label whose O! is principal, we take the Levi subalgebra piece [ out of the pair (I,0'); we
use the Nahm label p as the tag such T;. We conjecture that this fully characterize the
coefficients T;.

To check the validity, we recall orbit induction [28, 29]. Let O. be an arbitrary nilpotent
orbit in [. Take a generic element m in the center 3 of [. We define

Ind{O}, := lim Opte, (2.26)
which is a nilpotent orbit in g. It is a theorem that the induction preserves codimension:
dim G — dim¢ Ind{ O} = dim L — dim¢ O}, (2.27)
In particular, when O is zero orbit in I, from (2.27) we immediately conclude that

dim Or = dim G — dim L = dim¢ Ind{ Oy, (2.28)

- 12 —



for T the semisimple orbit fixed by L. The Bala-Carter theory is related to orbit induction
via [18]
dim &(0,) = dim¢ Ind!&(O! ) = dim¢ Ind{Of) = dim Or. (2.29)

principal
Therefore, treating each semisimple orbit Op as a nilpotent orbit O, their local contribu-
tion to Coulomb branch is exactly the same.

In the Ay_1 case, Levi subalgebra contains only A; pieces; the distinguished nilpotent
orbit in it is unique, which is [ + 1]. Therefore, we have a one-to-one correspondence
between Nahm partitions and Levi subalgebra. More specifically, a semisimple element of
the form

r = diag(ai,...,a1,a2,...,a2,...,Gk, ..., a), (2.30)

where a; appears 7; times, has Levi subgroup
L= S[U(T‘l) X U(T’Q) X - X U(Tk)] (2.31)

whose Nahm label is precisely [r1,r2,..., 7]
For Dy case, if the semisimple element we take looks like

x=diag(ai, ..., 1, ... Qyvey Gy —Q1y ooy —A1y vy —Qfy ..., —ak, 0,...,0), (2.32)

where a; appears r; times and 0 appears 7 times with > 2r; + 7 = 0, the Levi subgroup is
given by
L=TJU(r) x SO). (2.33)
i

We call L of type [rq, ..., rg; 7|. Here we see clearly the ambiguity in labelling the coefficient
T; using Levi subalgebra. For instance, when g = Dy, we have [1;6] and [4;0] having
the same Levi subalgebra, but clearly they are different type of matrices and the SCFT
associated with them have distinct symmetries and spectrum. We will examine them in
more detail in section 4.

With Nahm labels for each T;, we are now able to compute the graded Coulomb branch
spectrum. For each Nahm label, we have a collection of the pole structure {p?l, . ,pf;}
for iy, the degrees of differentials. There are also constraints that reduce or modifies the
moduli. Then we conjecture that, at differential of degree k the number of graded moduli
is given by

dp =Y (P — st +17) — 2k + 1. (2.34)
[e%
They come from the term w; in (up + w1z + ... + udk,lzdkfl)xhv*k, with AY the dual
Coxeter number.

However, it might happen that there are constraints of the form cZk) = (a(k))2 in
which k is not a degree for the differentials. In this case, ¢ should be added to the some
k' > k such that dio®®! < k' — 1.

When a regular puncture with some Nahm label is added to the south pole, one may
use the same procedure to determine the contributions of each differential to the Coulomb
branch moduli. We denote them as {d,(feg)}. Then, we simply extend the power of zﬁxQ(N —k)
to —d\"® < B < dy.

~13 -



Ezample. Let us consider an Fj irregular puncture of class (k,1) where k is very large.
Take Ty = - - - = T with Levi subalgebra D5, and T7 with Levi subalgebra 0. We associate
to T; with ¢ > 2 Nahm label D5. As a regular puncture, it has pole structure {1,2,3,4,4,6}
with complicated relations [19]:

6 9 8 4)\ 2

49 = 3P, & = 3(a’,

NONENONO C<12):§(a<4>>3 (2.35)
4 4 2 6 2 2 ’

12) 3

§2 =34

After subtracting it we have pole structure {1,2,2,3,3,4}. There is one new moduli a®,
and we add it to ¢5. The Nahm label 0 has pole structure {1,4,5,7,8,11}. Then we have
the Coulomb branch spectrum from such irregular puncture as

bo - 2k k+2 b5 - 5k 2k + 3
2'k—|—1"”’k‘—|—1’ 5‘7164—1"”’]{4—1’
6k 4k + 5 8k 5k + 6
: — . 2.36
¢6 k+17 7k+17 ¢8 kj+17 7k+17 ( )
do - 9k 6k + 7 bz 12k 8k +9
9.]{;_1’_17."’ k_l,_l’ 12.k+17...’ k_l’_l.

One can carry out similar analysis for general irregular singularity of class (k,b). The
idea is to define a cover coordinate w and reduce the problem to integral order of pole.
k
Consider an irregular singularity defined by the following data ® = T/2%75 .. .; we define
a cover coordinate z = w® and the Higgs field is reduced to
T/

Here T is another semisimple element deduced from 7', see examples in section 4.2. Once we
go to this cover coordinate, we can use above study of degeneration of irregular singularity
with integral order of pole. We emphasize here that not all degeneration are allowed due
to the specific form of T.

2.2.4 Constraint from conformal invariance

As we mentioned, not all choices of semisimple coefficient T; define SCFTs. Consider
the case b = 1, and the irregular singularity is captured by a sequence of Levi subgroup
lp, D l_1 D ... D li. The necessary condition is that the number of parameters in the
leading order matrix T} should be no less than the number of exact marginal deformations.
As will be shown later, it turns out that this condition imposes the constraint that

=l q...=lh =1, (2.38)

with [; arbitrary. Then we have following simple counting rule of our SCFT:
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e The maximal number of exact marginal deformation is equal to » — rf — 1, where r
the rank of g and r( the rank of semi-simple part of [. The extra minus one comes
from scaling of coordinates.

e The maximal flavor symmetry is Gy x U(1)"~", here G| is the semi-simple part of [.

Similarly, for b # 1, the conformal invariance implies that all the coefficients except
T should have the same Levi subalgebra. This is automatic when the grading is regular
semisimple, but it is an extra restriction on general semi-simple grading. For example,
consider Ax_1 type (2,0) theory with following irregular singularity whose leading order
matrix takes the form:

T = . (2.39)

O(N—rb)

When the subleading term in (2.14) has integral order, the corresponding matrix can take
the following general form:

aily
a;Hb
Kv-rb)
Here I is the identify matrix with size b, and Ky _,y is a generic diagonal matrix. However,

due to the constraints, only for Ky_,, = «In_p, T’ has the same Levi-subalgebra as T.
This situation is missed in previous studies [7].

2.3 SW curve and Newton polygon

Recall that the SW curve is identified as the spectral curve det(z — ®(z)) in the Hitchin
system. For regular semisimple coefficient T; without regular puncture, we may map the
curve to the mini-versal deformation of three fold singularity in type IIB construction. For
given Lie algebra g, we have the deformed singularity:

An_1: 22+ 25+ 28 + ¢2(Z)mév 24+ on_1(2)x3 + on(2) =0,
Dy o} +2) 7+ maw] + d2(2)2) 2+ L+ dan—a(2)m2 + dan—2(2) + dn(2)a3 = 0,

Eg: 22 4 23 + 25 + ¢o(2)x0x3 + ¢5(2)z0z3 + d6(2)x2
+ ¢s(2)22 + @o(2)x3 + d12(2) = 0,

Er: a3 4 a3 4+ 2923 + ¢o(2)x323 + d6(2) 22 + ds(2) 2023 + P10(2)23
+ ¢12(2) w2 + P14(2)x3 + P18(2) = 0,

Eg: a3 4 23 + 23 + ¢o(2)m2xs + ds(2)x023 + ¢12(2) 25
+ pra(2)zoxs + d18(2)23 + d20(2) w2 + d24(2) w3 + P30(2) = 0, (2.41)

and ¢; is the degree ¢ differential on Riemann surface.
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# (a, b)

Figure 1. An example of Newton polygon for As theory with semisimple grading. Each black
dot represents a monomial in SW curve. The white dots mean that the monomials are omitted.
The letters have scaling dimension [z] = 3/5, [2] = 2/5. In general, if the vertex at the top has
coordinate (a,b), then we have the relation (N — a)[z] = b[z] and [z] + [2] = 1.

A useful diagrammatic approach to represent SW curve is to use Newton polygon.
When irregular singularity degenerates, the spectrum is a subset of that in regular semisim-
ple T;’s, so understanding Newton polygon in regular semisimple case is enough.

The rules for drawing and reading off scaling dimensions for Coulomb branch spectrum
is explained in [5, 8]. In particular, the curve at the conformal point determines the
scaling dimension for  and z, by requiring that the SW differential A = xdz has scaling
dimension 1.

e g = Ay_1. The Newton polygon for regular semisimple coefficient matrices is al-
ready given in [5] and we do not repeat here. Here we draw the polygon when T is
semisimple for some semisimple grading, in the form (2.18). We give one example
See figure 1.

e g = Dy. There are two types of Newton polygon, associated with Higgs field

T T
e (2.42)

D~ —,
2t 2w
We denote two types and their SW curves at conformal point as

Dg\J,V) k] : 2?22 =0,
(2.43)
DﬁNﬁZ) k] 2N 2%k =o.
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Figure 2. A collection of Newton polygon for examples of SCFT with g = Dy. Each black dot
represents a monomial in SW curve in the form of z*2?; except that for the z° axis, each term
represents the Pfaffian ¢~), so we shall read it as vz#. The white dots mean that the monomials
are omitted. The upper left diagram gives Df;l) [3] theory, while the upper right diagram gives
Df) [6]. The two lower diagrams represent the same irregular puncture, but with an additional
regular puncture (e.g. maximal) at south pole. We denote them as (fol) [3], F) and (fo) [5], F)
theory, respectively.

The full curve away from conformal point, and with various couplings turned on, is
given by (2.5). In figure 2, we list examples of such Newton polygon.

e g = Fgrg. We can consider Newton polygon from the 3-fold singularities. In this
way we may draw the independent differentials unambiguously. We give the case for
Eg with b = 8,9,12 in figure 3. The other two exceptional algebras are similar.

3 Mapping to a punctured Riemann surface

As we mentioned in section 1, to generate S-duality we construct an auxiliary Riemann
sphere ¥’ from the initial Riemann sphere Y with irregular punctures. We now describe the
rules. The motivation for such construction comes from 3d mirror in class S theory [30—-
32]. To recapitulate the idea, from 3d mirror perspective we may interpret the Gaiotto
duality as splitting out the quiver theories with three quiver legs. Each quiver leg carries a
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Figure 3. A collection of Newton polygons for examples of SCFT with g = Fg. Each black dot
represents a monomial in SW curve in the three fold form. The white dots mean that the monomials
are omitted. The upper left diagram gives b = 12, k = 6 theory, while the upper middle diagram
gives b =9, k = 6 theory and the upper right gives b = 8, k = 6 theory. The three lower diagrams
represent the same irregular puncture, but with an additional regular puncture (e.g. maximal) at
south pole.

corresponding flavor symmetry on the Coulomb branch and can be gauged. The 3d mirror
of An_1 type Argyres-Douglas theories are know and they are also constructed out of
quiver legs. We then regard each quiver leg as a “marked points” on the Riemann sphere
Y. Unlike the class S counterpart, now there will be more types of marked points with
different rank.

Recall our setup is that the initial Riemann sphere ¥ is given by one irregular singu-
larity of class (k,b), with coefficient satisfying

Ty=Ty 1 =---=1T5="1T5, Ty arbitrary, {=k+b+1, (3.1)

Vs
possibly with a regular puncture ). We denote it as (I 11 ,?Z')}’:l, Q), where [; is the Levi
subalgebra for the semisimple element 7;. We now describe the construction of Y.

Lie algebra g = An_1. A generic matrix looks like

Ti:diag(alEb,...,alEb,...,asEb,...,asEb, 0,...,0 5 QSZSE, (32)
P —— —_—— T ——
2 Ts N—(r;)b
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The theory is represented by a sphere with one red marked point (denoted as a cross x)
representing regular singularity; one blue marked point (denoted as a square ) representing
0’s in Tj, which is further associated with a Young tableaux with size N — (> r;)b to specify
its partition in 77. There are s black marked points (denoted as black dots e) with size
rj, j = 1,...,s and each marked point carrying a Young tableaux of size r;. Notice that
there are s — 1 exact marginal deformations which is the same as the dimension of complex
structure moduli of punctured sphere.

There are two exceptions: if b = 1, the blue marked point is just the same as the black
marked point. If K = 1,b = 1, the red marked point is the same as the black marked point
as well [7].

Lie algebra ¢ = Dpx. We have the representative of Cartan subalgebra as (2.19) and
when b is odd,

Z = diag(alEb, V 5 alEb, ce ,asEb, ceey CLSEb, 0, ceey 0 ), (3.3)
T1 Ts N—(Z’I‘j)b

while when b is even,

Z = diag(a1Z] /o, - Q125 0y - oo s Qs oy o vy A= 0, 0,...,0 ).
glar b/2 1=p/2 $5b/2 9 s5p/2 ) (3.4)
1 Ts N—(3"r;)b/2

The theory is represented by a Riemann sphere with one red cross representing regu-
lar singularity, one blue puncture representing 0’s in 7;; we also have a D-partition of
2[N — (>_r;)b] to specify further partition in 77. Moreover, there are s black marked point
with size rj, j = 1,...,s and each marked point carrying a Young tableaux of size r; (no
requirement on the parity of entries).

Lie algebra g = FEg 78. Let us start with the case b = 1, and the irregular puncture is

labelled by Levi-subalgebra L; = ... = Lo = [ and a trivial Levi-subalgebra L;. We note

that there is at most one non-A type Lie algebra for [: [ = A4; + ...+ A;, + b; let’s define
a = rank(g) — rank(h) — Z?Zl(z’j + 1), we have the following situations:

e a > 0: we have k black punctures with flavor symmetry U(i; +1), j =1,...,k, and

a more black marked point with U(1) flavor symmetry; we have a blue puncture with

H favor symmetry (h = Lie(H)), and finally a red puncture representing the regular

singularity.

e a < 0: when there is a 247 factor in [, we regard it as Do group and use a blue
puncture for it; when the rank of [ is rank(g) — 1, we put all A-type factor of [ in a
single black marked point.

The b # 1 case can be worked out similarly.

3.1 AD matter and S-duality

We now discuss in more detail about the AD matter for b = 1. Recall that the number of
exact marginal deformations is equal to r — ry — 1, where r = rank(g), and r = rank(l).
The AD matter is then given by the Levi subalgebra with rank » — 1. We can list all the
possible Levi subalgebra for AD matters in table 7.
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Lie algebra g Levi subalgebra associated to AD matter
AN-1 A+ Ay, (n+1)+(m+1)=N
Dy Ay, + Dy, n+14+m=N
Es Ds, As, Ays+ Ay, 245+ Ay
E7 Es, D¢, D5+ A1, Ag, As+ A1, Ay + As, Az + Ax+ Ay
Exg E7, Eg+ A1, D7, D5+ Ag, A7, As+ A1, Ay + Az, Ay+ A+ Ay

Table 7. Possible Levi subalgebra for T, that corresponds to AD matter without exact marginal
deformations.

Figure 4. An example of Argyres-Douglas matter of type g. The theory has no exact marginal
deformations, and in the meantime the punctured Riemann sphere ¥’ has no complex structure
moduli.

S-duality frames. With the auxiliary Riemann sphere ¥/, we conjecture that the S-
duality frame is given by different degeneration limit of ¥'; the quiver theory is given by
gauge groups connecting Argyres-Douglas matter without exact marginal deformations.
For AD theories of type g, the AD matter is given by three punctured sphere ¥': one red
cross, one blue square and one black dot. The rank of black dot plus the rank of blue
square should equal to the rank of the red cross. See figure 4 for an illustration. Each
marked points carry a flavor symmetry. Their flavor central charge is given by [7, 33]

re b black /blue b
kGd:hV—m, kg =0+ (3.5)

where h" is the dual Coxeter number of G. This constraints the configuration such that one
can only connect black dot and red cross, or blue square with red cross to cancel one-loop
beta function.

3.2 Central charges

The central charges a and ¢ can be computed as follows [33, 34]:

1 1
2a —c = ZZ(Z[UZ] -1, a—-c= ~21 dimy Higgs, (3.6)

This formula is valid for the theory admits a Lagrangian 3d mirror. We know how to
compute the Coulomb branch spectrum, and so the only remaining piece is to the dimension
of Higgs branch which can be read from the mirror.
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For theories with b = 1, the local contribution to the Higgs branch dimension with
flavor symmetry G for red marked point is

1
dimf5? Higgs = §(dimG — rank(G)), (3.7)
while for blue and black marked point, we have
ue ac . 1 .
dimp /" Higgs = 5 (dim G + rank(G)). (3.8)

The total contribution to the Higgs branch is the summation of them, except that for
Apn_1, we need to subtract one.

4 S-duality for Dy theory

4.1 Class (k,1)
In this section we first consider g = Dy, and the irregular singularity we take will be

Ty Ty T
o = Z§+7Z£—i _|_...+71_|_Treg, (4.1)

where T is the regular terms. This amounts to take k£ = ¢ — 2, b = 1.4 We settle the
questions raised in previous sections: (i) we show which choices of T;’s give legitimate
deformation for SCFT; (ii) we illustrate how to count graded Coulomb branch spectrum
and (iii) how to obtain its S-dual theory. In dealing with these questions, we first utilize
the case D3 ~ A3, where we already know the results [7].

4.1.1 Coulomb branch spectrum

Recall that in section 2.2.3, one maps each semisimple orbit Or, to a nilpotent orbit with
the same dimension. We may use the recipe of section 2.1.1 to calculate the Coulomb
branch spectrum. Let us see how this works.

Ezample 1: non-degenerating Dy theory of class (1,1). As we have ¢ = 3, there are three
regular punctures whose labels are [18] For such a maximal puncture, the pole structure
for the differential is {p2, p4, ps; P} = {1, 3,5;3} and there are no relations. Then, the total
contributions to the moduli are {da,dy,ds;ds} = {0,2,4;2}. This is consistent with the
Newton polygon of DZ(EL) [4].

Ezample 2: degenerating Dy theory of class (1,1). In this example we take T3 and T3 to be
labelled by Levi subalgebra of type [1,1,1;2], while T} is still of type [1,1,1,1;0]. For the
former, we see that it is the same as the Levi subalgebra [1,1,1,1;0]. Then we are back to
the ;zgzvious example. This is indeed the same spectrum as indicated by Newton polygon
of D, [6].

“Careful readers may wonder whether n1 = 1 comes from DJ(\,N) [£] or Dg\?l\]ﬁ)[k']7 as their relevant
matrices in section 2.2.2 are different. However, in the case n1 = 1, leaving two diagonal entries to be zero
has the same Levi subgroup (SO(2)) as that of leaving it to be diag(a, —a), which is U(1). So two cases
actually coincide.
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Ezample 3: degenerating Ds theory of class (1,1). We take T5 and T5 to have Levi sub-
algebra of type [2,1;0], giving a regular puncture labelled by Nahm partition [2,2,1,1].
In terms of Nahm partition for As, they are equivalent to [2,1,1]. We also take 17 to be
maximal. From As, the algorithm in [5] determines the set of Coulomb branch operators to
be {3/2}. In the language of D3, the partition [2,2,1, 1] gives the pole structure {1,2;2},
while the maximal puncture has pole structure {1, 3;2}; both of them have no constraints.
Then, {dy,ds;d3} = {0,0;1}, giving a Coulomb branch moduli with dimension 3/2. So we
see two approaches agree.

4.1.2 Constraints on coefficient matrices

As we mentioned before, not every choice of {1y, Ty_1,...,T1} is allowed for the SCFT to
exist. Those which are allowed must have T, = --- = T5, and T} is a further partition of
them. In this section we show why this is so.

The idea of our approach is that, the total number of exact marginal deformations
shall not exceed the maximum determined by the leading matrix Ty. We examine it on a
case by case basis.

D3. In this case we may directly use the results of [7]. Our claim holds.

Dy4. First of all we list the correspondence between Nahm label of the regular puncture
and the Levi subalgebra in table 8. The regular puncture data are taken from [13]. There
are several remarks. For very even partitions, we have two matrix representation for two
nilpotent orbits; they cannot be related by Weyl group actions.” Moreover, we also see
that there are multiple coefficient matrices sharing the same Levi subalgebra; e.g. [4;0]
and [1;6]. Therefore, we do need regular puncture and Nahm label to distinguish them.
Finally, we need to exclude orbit which is itself distinguished in Dy, as their Levi subalgebra
is maximal, meaning we have zero matrix.

Now consider ¢ = 3, and T3 has the Levi subalgebra [1,1; 4], with one exact marginal
deformation. One can further partition it into the orbit with Levi subalgebra [2,1,1;0] and
[1,1,1,1;0]. If we pick T3 to be [2,1, 1;0], then no matter what we choose for T}, there will
be two dimension 2 operators, this is a contradiction. So T> must be equal to T3.

The second example has ¢ = 3, but T3 now is associated with [3,3, 1, 1]. This puncture
has a relation 6516) = (a®)2, so we remove one moduli from ¢, and add one moduli to
#4. The possible subpartitions are [22,14], [18]. If Ty # T3 then there will be two exact
marginal deformations from ¢4 and ¢. This is a contradiction, so we must have Th = T5.

As a third example, we may take £ = 4 and T} corresponding to the regular punctures
[24], whose pole structure is {1,3,4;3}, with one constraints c:(;l) 4+ 2¢3 = 0. Then each of
the local contribution to Coulomb moduli is {ds, d4, dg;d3} = {1,2,4;3}. From the matrix
representation we know there is one exact marginal coupling. If we pick T3 to be [22,14],
then by simple calculation we see that there are two dimension 2 operators. So we have to
pick T3 = Ty. Similarly, we have to pick To = T3 = T4. Therefore, we again conclude that
we must have Ty = T3 = 15, while 77 can be arbitrary.

5The Weyl group acts on entries of Z = diag(a1, az,...,an) by permuting them or simultaneously flip
signs of even number of elements.
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Levi subalgebra matrix Z regular puncture | pole structure constraints flavor symmetry
a
b
[1,1,1,1;0] [1%] {1,3,5;3} - -
c
d
a
2,1,1;0] “ . [22,1] (1,3,4;3) - SU(2)
c
0
0 5
[1,1;4] ) [3,1%] {1,3,4;2} — SO(4)
c
a
[2,2;0] “ , [24]"" {1,3,4;3} V28 =0 SU(2) x SU(2)
+b
a
a (6) 2
3,150 3.3,1,1] {1,2.4;2) ¥ = (a3) SU(3)
a
b
a
[2:4] ‘ 3221 | {1242 - 8U(2) x SO(4)
0
0
0
0
a
a
(4) 5 2)y2
ey’ £28 = (c 4,
[4;0] ¢ 4,4 {1232 | 7 7 ' 2) / SU(4)
a C_g ) — :FEQC(I )
+a

Table 8. Association of a nilpotent orbit to a Levi subalgebra for D4. Here Z follows the convention
in (2.19). The partition [3,2,2,1] is non-special, and we use the * to mark it. In the last column
we list the semisimple part of maximal possible flavor symmetry. The partition [5, 3] and [7, 1] are
excluded; the first one is non-principal in s6(8) while the second gives trivial zero matrix.
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Levi subalgebra matrix Z regular puncture | pole structure constraints flavor symmetry
[1,1,1,1,1;0] | diag(a,b,c,d,e) [119] {1,3,5,7;4} - —
[2,1,1,1;0] diag(a, a, b, ¢,d) [22, 16} {1,3,5,6;4} - SU(2)
[1,1,1;4] diag(0,0,a,b,c) [3,17] {1,3,5,6;3} - SO(4)
[2,2,1;0] diag(a, a, b, b, ) [24,1%] {1,3,4,6;4} - SU(2) x SU(2)
3,1,1;0] diag(a, a, a, b, c) 32, 14] {1,3,4,6;3) ¥ = (a®)? SU(3)
[2,1;4] diag(a, a,b,0,0) [3,22,1%]" {1,3,4,6;3} - SU(2) x SO(4)
)
[3,2; 0] diag(a, a, a, b, b) 3,3,2,2] {1,3,4,6;3} ® = (cg4>) /4 SU(3) x SU(2)
[3;4] diag(0,0, a,a,a) [3,3,3,1] {1,2,4,5;3} - SU(3) x SO(4)
[1,1;6] diag(0, 0,0, a, b) [5,1°] {1,3,4,4;2} - SO(6)
C(G) — (a(B))Q7
[4,1;0] diag(a, a,a,a,b) [4,4,1,1] {1,2,4,5;3} ®) . SU(4)
cy = 2(1(5)63
[2; 6] diag(0,0,0,a,a) [5,2,2,1]* {1,2,4,4;2} - SU(2) x SO(6)
) =) — ()24,
5. i 55 ) 6) _ (2) s(4) -
[0,0] dldg(l% a,a,a, ll) [‘)7 0] {17273747 2} €3 C1°Co /27 SU(O)
8 1))\ 2
051) _ (Clé ))
[1;8] diag(0,0,0,0,a) [7.1,1,1] {1,2,2,2:1} - SO(8)

Table 9. Association of a nilpotent orbit to a Levi subalgebra for Ds. Z is the convention taken
in (2.19). the Nahm partition [5,3,1, 1], [7,3] and [9, 1] are excluded.

Ds5. We now check the constraints for the Lie algebra Ds. To begin with, we list the
type of Levi-subgroup and its associated regular puncture in table 9. Now we examine the
constraints on coefficient matrices. We first take £ = 3, and pick T3 to be of the type [3,2; 0]
whose associated regular puncture is [3, 3,2, 2]. There is a constraint cés) = (cé4))2 /4, so the
local contribution to Coulomb branch is {da, d4, dg, ds; ds} = {1,3,4,5;3}. If we take T» to
be e.g., [24,12], then the moduli from ¢ contribute one more exact marginal deformations
other than ¢4, which is a contradiction. Therefore, we again conclude that we must have
T3 =T, with arbitrary subpartition 77.

Based on the above examples and analogous test for other examples, we are now
ready to make a conjecture about the classification of SCFT for degenerating irregular
singularities:

Conjecture. In order for the maximal irregular singularity (4.1) of type D to define a
viable SCFT in four dimensions, we must have Ty =Ty = --- =Ty (¢ > 3), while Ty can
be arbitrary subpartition of Tj.

We emphasize at last that when £ = 2, the scaling for = in SW curve is zero. Therefore,
we may have arbitrary partition 75 and 77, so that Op, C Or,.
4.1.3 Generating S-duality frame

With the above ingredients in hand, we are now ready to present an algorithm that gener-
ates S-duality for various Argyres-Douglas theories of D type. This may subject to various
consistency checks. For example, the collection of Coulomb branch spectrum should match
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on both sides; the conformal anomaly coefficients (central charges) (a,c) should be identi-
cal. The latter may be computed from (3.6).

Duality at large k. For such theories with £ = k + 2, if we take the Levi subalgebra of
T, = --- = T, to be of type [r1,...7y; 7|, then there are n — 1 exact marginal couplings.
For each r;, 1 <17 < n as well as 7 there is further partition of it in 77:

[ri;0] = [m@,.._,mgﬂ, S md =
"~ (4.2)
[O;ﬂ—)[fﬁl,...,ﬁls;?j}, 227%]._}_;4:77'
j=1

The Argyres-Douglas matter is given by Z in (2.19) of the leading coefficient matrix T;:

a

A

I
—~
=
w
~—

0

They are given by a three-punctured sphere with one black dot of type [r1,...,r,;,] with
> r; = n for n being the number of a’s, one blue square which is degeneration of [0; 2N —2n)
and one red cross. However, we note the exception when N = 2: in this case, since the
theory is in fact given by two copies of SU(2) group, so the Argyres-Douglas matter is
represented differently. We will see this momentarily.

Example 1: D3 ~ As. This case can be analyzed from either Lie algebra perspective. Let
us take Ty to be regular semisimple. We also add a regular puncture labelled by a red
cross. One duality frame is given in the first line of figure 5.
We can perform various checks for this duality. First of all, (Aj, Dogyo) theory has
Coulomb branch spectrum
A(O,-):Q—%H, i=1,2,...k (4.4)

For the middle theory, for simplicity we focus on the case where the regular puncture
is maximal, but replacing it with any regular puncture does not affect the result. The
Coulomb branch spectrum for this theory is

C2k+3 2k+4  4k+4

A(O)_k—i-l’ k+1"""" k+1"
2k+3’ 2k:+4,m’3k+3, (4.5)
k+1" k+1 kE+1
k+2 k+3 2k + 2
E+1 k+17""7 k+1°
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Figure 5. Comparison of S duality from A3 (upper half) and D3 (lower half) perspective. From the
As point of view, each black dot is given by [1], and the new red marked point after degeneration is
given by SU(2) puncture [1, 1]. The two theories on the left and right sides are (A1, Dag42) theory,

which is given by irregular puncture whose Tiyo,...,71 = [1,1], and one regular puncture. The
(k+1)
theory in the middle is (111 ,[CQiQ]X ’[1’1’1’1], F) theory. Here F' denotes maximal puncture. From

the D3 point of view, two (A1, Daj42) theories combine together and form a Do type theory. The

41X (k+1) .
theory on the right is (IIIE’;H - ’[13’01, F).

We see that along with two SU(2) gauge groups, the combined Coulomb branch spectrum
nicely reproduces all the operators of the initial theory. Secondly, we may calculate the
central charge. We know the central charges for (A;, Dog2) theory are

ko1 E o1
My = =4z, 4.6
‘T3 “T27% (46)
The central charges for the initial theory are, with the help of (3.6) and three dimen-
sional mirror,

55 58
a=5k+—, c¢=5k+—. (4.7)
8 8
The central charges for the middle theory are obtained similarly:
131 142
=4k + — =4k + —. 4.8
=T T (4.8)
We find that
_ o,V
ULy a5, F) = 2050(2) T 20(A1, Dagep) YR Y e gy (4.9)
CIy a5, F) = 2¢8u(2) + 261D +c X (k+1) . .
4,4k SU(2) (A1,Dap42) (IIIE,IQ] ’[1’1’1’1],F)

Here " and ¢" denote the contribution from vector multiplet. Finally, we may check the
flavor central charge and beta functions for the gauge group. The flavor central charge for
SU(2) symmetry of (Aq, Dag+2) theory is (2k +1)/(k 4+ 1). The middle theory has flavor
symmetry SU(2)2? x SU(4). Each SU(2) factor has flavor central charge 2 + 1/(k + 1), so
we have a total of 4, which exactly cancels with the beta function of the gauge group.
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Now we use D3 perspective to analyze the S-duality. See the second line of figure 5
for illustration. It is not hard to figure out the correct puncture after degeneration of the
Riemann sphere. To compare the Coulomb branch spectrum, we assume maximal regular
puncture. For the theory on the left hand side, using Newton polygon we have

k2 ki3 ok + 1
A(@) =" T2 kES
(©) E+1 k+1’ k41’
k2 k43 % + 1 (4.10)
Pl kel Eal

We see it is nothing but the two copy of (A1, Dag42) theories. For the theory on the right

. . [2,2]%(k+1) [1,1,1,1]
hand side, the spectrum is exactly the same as the Az theory (111, , F). We
thus conjecture that:
131 142
a(IH,[:ffl]X<k+1>’[13;0],F) =4k + SR C(]ngl’f]X<k+1>’[13;0],F) =4k + o1 (4.11)

This is the same as computed by the recipe in section 3.2.

There is another duality frame described in figure 6. From Ds perspective, we get
another type of Argyres-Douglas matter and the flavor symmetry is now carried by a
black dot, which is in fact SU(3). It connects to the left to an Ay theory with all T;’s
regular semisimple. This theory can further degenerate according to the rules of Ax_;
theories, and we do not picture it. We conjecture that the central charges for the theory

[3‘0}X<k+1) [1 1 10}

(11175 BHERF) are

_ g 17 _ g 19
a(IH[a;o]X(kH),[1,1,1;0] F) - + 4 C(HIE:;IO]X““H)‘[l’l’l;o],F) - + 4 (4.12)

k,1 )

Ezxample 2: Dy. Now we consider a more complicated example. Let us take a generic large
¢ > 3 and all the coefficient matrices to be regular semisimple, 7, = --- = Ty = [1%;0].
There are several ways to get weakly coupled duality frame, which is described in figure 7.
The regular puncture can be arbitrary. We have checked their Coulomb branch spectrum
matches with the initial theory, as well as the fact that all gauge couplings are conformal.

For (a) in figure 7, we can compute the central charges for the theory
[1;6]% R +1), [140]

(I 11 kol ,Q) when @ is a trivial regular puncture. Recall the initial theory may
be mapped to hypersurface singularity in type IIB construction:
84k? — 5k — 5 42k* — 2k — 2
a w(k =—— ¢ o1 = —0 T
(111,3‘11'*0] (k+2),s) 6(k+1) (HJ,L{T’O] (k+2),s) 3(k+1) (4.13)

><(k:+1)’ 13;0
[ ]’ F)

while we already know the central charges for (A1, Dog12) and (I 11 1[61;14] theory

in (4.11). Therefore we have
_ 54k* — 95k — 65 108k* — 185k — 125

a = C
(III,[C{;IG]X(k+1)’[14;O],S) 6(k+1) (111,5?16]““1)’“4?0],s) 12(k +1)

(4.14)
This is the same as computed from (3.6).
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SU2)

SU3)

Figure 6. Another S-duality frame. The upper one is from Az perspective. Here in the weakly
coupled description, the rightmost theory is still (A, Dag42), the middle theory is given by
[2,1]**FD 11,1,1] L 13,1]* D 11,1,1,1]
(IIIk 1 ,F), and the leftmost theory is given by (IIIk‘1 ,F). The lower
one is from the D3 perspective. The left theory without blue marked points should be understood
01X (b +1) .
as A, theory. The right hand theory is given by (III,[j’lo] ’ ’[1’1’1’0], F) All the computation can

be done similarly by replacing full puncture F' to be other arbitrary regular puncture Q.

Notice that in (a) of figure 7, the leftmost and middle theory may combine together,
3. }x(k+2)

which is nothing but the theory (I 11 ,E‘l’l’o
by using an SU(3) gauge group. See (b) of figure 7.

, F) We can obtain another duality frame

We can try to split another kind of Argyres-Douglas matter, and use the black dot to
carry flavor symmetry. The duality frames are depicted in (¢) and (d) in figure 7. Again,
we can compute the central charges for the Argyres-Douglas matter (I 11 ,E/,ﬁo}”kﬂ)’[ﬁ;o], S ):

108k? — 145k — 85 27k? — 35k — 20
a([[[,gﬁo]x(k+l)’[l4?°],s) B 12(k+1) ' C(IIIE;O]XUCH)’[lAL;O],S) T 3k+1)
(4.15)

same as computed from (3.6).

By comparing the duality frames, we see a surprising fact in four dimensional quiver
gauge theory. In particular, (a) in figure 7 has SO(2n) gauge groups while (¢) in figure 7 has
SU(n) gauge groups. The Argyres-Douglas matter they couple to are completely different,
and our prescription says they are the same theory!

General Dy. Based on the above two examples, we may conjecture the S-duality for

Dy theories of class (k, 1) for large. The weakly coupled description can be obtained re-

cursively, by splitting Argyres-Douglas matter one by one. See figure 8 for illustration

of two examples of such splitting. In the first way we get the Argyres-Douglas mat-
[1;2N—2]% (k+1) [1N0] . .. [1NV-1,0) % (k+2)

ter (I.Uk1 ,Q)7 with remaining theory (III,Cl ,F). The gauge

group in between is SO(2N — 2). In the second way, we get the Argyres-Douglas mat-
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Figure 7. The weakly coupled duality frame for D4 theory of class (k,1). For (a), the leftmost

. . . . [1;4]> (D 113;0]
theory is two copies of (A1, Dag12), the middle theory is given by (IIIk’1 7F), and the

Q1 X (k+1) 114.
rightmost theory is given by (111, ,[61,’16} Q0L Q) where Q is any Dy regular puncture. For (b), the

X (k+1)

leftmost theory is (A1, Dagy2), followed by the theory (III,E’II] o ’[13], F) This is then followed
X (k1) [14. G X (k1) (14,

by (III,[C?:’ll] o ’[14’0],F), and the rightmost theory is still (III,[Cl”f] o ’[14’0], Q). For (c) and (d),

XD 11%50]

the rightmost theory is given by (11 I,[:f;lo] ,Q). Then there are two different ways the

4]><(k+2)

theory (111 ,[cll ,F) can be further degenerated. Finally for (e), the leftmost theory is again

. . . [2;4] ¢ B+D) 114
two copies of (A1, Dajyo) theory. The middle theory is D, theory (III,ﬁ1 ,F), and the

rightmost theory is given by (A1, Dagy2)-
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Figure 8. The weakly coupled duality frame for Dy theory of class (k, 1). One starts with maximal
irregular puncture and a regular puncture, and recursively degenerate a sequence of Argyres-Douglas

N o)X (k+1) [N,
matter. The first line gives Argyres-Douglas matter (I 11 ,[ﬁl,’fN 2y [0 , Q) and the second line

. [N,O]X(k'+1) [1N_0} . 3 .
gives (I I 7 R ,Q). We get in general a quiver with SU and SO gauge groups.

x(k+1)7[1N; [1N]><(k+1)

ter (IIII[:?O} 0}, Q), with remaining theory (I[Ik 1 ,F). The gauge group is
SU(N). The central charges (a,c) for special cases of regular puncture can be computed

similarly.

Duality at small k. We see previously that when k is large enough, new punctures
appearing in the degeneration limit are all full punctures. We argue here that when k& is
small, this does not have to be so. In this section, we focus on Dy theory, with coefficient
matrices 7y = --- = 71 = [1,...,1;0] and one trivial regular puncture. The auxiliary
Riemann sphere is given by five black dots of type [1], one trivial blue square and one
trivial red cross. We will focus on the linear quiver only.

D5y theory. The linear quivers we consider are depicted in figure 9.
After some lengthy calculations, we find that, for the first quiver (where red crosses
are all connected with blue squares), when k = 1, the quiver theory is

SO(4) SO(5) SO(3)
— ~ — ~ —

(e ) (o) (e s 09) (o o, 1)),

In particular, we have checked the central charge and confirm that the middle gauge group

is indeed SO(5). Moreover, its left regular puncture is superficially [1%] but only SO(5)

symmetry remains, similar for the right blue marked points [; 6].

We could imagine a similar situation of three hypermultiplets with SO(6) symmetry for six half-
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Figure 9. The linear quiver that we will examine for k small, when g = Ds.

For k = 2, we have the quiver

SO(4) SO(6) SO(5)
— ~ — ~ — ~

(o ) (e ) (s (b )

For k = 3, we have the quiver

SO(4) SO(6) SO(8)
— ~ — ~ — ~

(e ) (o o) (rre 0 ) (110 o, 1),

Finally, for £ > 3 we reduce to the case in previous section. It is curious to see that some
of the gauge group becomes smaller and smaller when k decreases, d121e ;co appearance of
1;8]%%,[1%;6

1[71 Il }, 9, 1])) whose

Coulomb branch spectrum is empty. When this happens, the theory is in fact a collection

next-to-maximal puncture. Moreover, there are theories (i.e. (111

of free hypermultiplets.
The same situation happens for the second type of D5 quiver. When k starts decreas-
ing, the sizes of some gauge groups for the quiver theory decrease. When k = 1 we get:

SU(2) SU(3) SU(4) SU(2)
e ~ —~ ~ — ~ —~ ~

(™) (e ) (T ) (T 2 (R g ).

When k = 2, we have the quiver

SU(2) SU(3) SU(4) SU(5)
- N ~ N ~ ~ — ~

(o™ p2) () (B ) (g o) (T o, ).

Finally when k& > 2, all the gauge groups do not change anymore and stay as those in

previous section.

hypermultiplets. We then only gauge five of them with SO(5) gauge group. In this way, one mass parameter
is frozen, so we get a total of two mass parameters.
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We can carry out similar analysis for all Dy theory when k is small. This indicates
that as we vary the external data, the new punctures appearing in the degeneration limit
vary as well.

4.2 Class (k,b)

For general b > 1 and (k,b) coprime, we need to classify which irregular punctures engi-
neer superconformal theories, and study its duality as before. One subtlety that appears
here is that, unlike b = 1 case in previous section, here we need to carefully distinguish
between whether b is an odd/even divisor of N /2N — 2, as their numbers of exact marginal
deformations are different. See section 2.2.2 for details.

4.2.1 Coulomb branch spectrum and degenerating coefficient matrices

We have mentioned in section 2.2.3 how to count graded Coulomb branch dimension for
general b > 1. We elaborate the procedure here.

(i) b is an odd divisor of N. We may label the degenerating matrices similar to labelling
the Levi subgroup: [ri,...,7rn;7|, where > 2br; + 7 = 2N, and there are n — 1
exact marginal deformations. To calculate the Coulomb branch spectrum, we first
introduce a covering coordinate z = w®, such that the pole structure becomes:

Ty T,
N 4.16
L2+ whk+b+1° ( )
and T is given by Levi subgroup of type [ri,...,71,...,7n,...Tn; 7], where 7; is

repeated b times. Then we are back to the case b = 1 and we can repeat the procedure
in section 2.2.3. This would give the maximal degree do; in the monomial w®: 2N —2
that gives Coulomb branch moduli. The monomial corresponds to the degree 23
differential ¢9;, and after converting back to coordinate z, we have the degree of z in
dy, 2N—=2i .
z as: p 20(b— 1)
0 — 2i(b —
< o200 arn

2
b

and similar for the Pfaffian ¢.

(i1) b is an even divisor of N. We can label the matrix Ty as [r1,r2,...,r,;7] such that
S br; + 7 = 2N. Then, we take the change of variables z = w’, and T} is given by
repeating each r; (b/2) times, while 7 is the same. This reduces to the class (k, 1)
theories.

(iii) b is an odd divisor of 2N — 2. We use [r1,...,r,;7] to label the Levi subgroup,
which satisfies 20 " r; +7 = 2N — 2. To get the Coulomb branch spectrum, we again
change the coordinates z = w®, and the new coefficient matrix T, is now given by
Levi subgroup of type [ri,...,71,..., n,..., n;7], where each r; appears b times.
This again reduces to the class (k, 1) theories.

(iv) b is an even divisor of 2N — 2. This case is similar once we know the procedure in
cases (ii) and (iii). We omit the details.
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The above prescription also indicates the constraints on coefficient matrices in order
for the resulting 4d theory is a SCFT. We conclude that T; should satisfy Ty = --- = Tb,
Ty is arbitrary.

To see our prescription is the right one, we can check the case D4. As an example, we
can consider the Higgs field

b ~

+..., (=6, (4.18)

and all T; to be [1,1;0]. Using the above procedure, we know that at ¢g there is a non-
trivial moduli whose scaling dimension is 6/5. This is exactly the same as that given by
hypersurface singularity in type IIB construction. Similarly, we may take Ds theory:

@N

+..., (=6, (4.19)

and all T;’s given by [1,1;2]. After changing variables we have T given by [1,1,1,1;2],
which is the same as [15;0]. Then we have two Coulomb branch moduli with scaling
dimension {6/5,8/5}, same as predicted by type IIB construction.

4.2.2 Duality frames

Now we study the S-duality for these theories. As one example, we may consider Dy
theory of class (k,b) = (3,2), and Ty is given by [1,1,1,1;0]. We put an extra trivial
regular puncture at the south pole. This theory has Coulomb branch spectrum

A(O) = { (g) X4, (i) X37 (2)°3, (152> Xg, L54, ?, 158} _ (4.20)

In the degeneration limit, we get three theories, described in figure 10. The middle theory
11 1554]“,[1,1,1;0}’ 3,1,1, 1]) gets further twisted in the sense mentioned in next subsec-

tion 4.3, and has Coulomb branch spectrum {6/5,8/5,12/5,12/5,14/5,16/5,18/5}. Be-
sides it, the far left theory is two copies of (A1, Ds) theory with Coulomb branch spectrum
{8/5,6/5} each. The far right theory is an untwisted theory, given by <III§£6}X5’[171%4] , S),
giving spectrum {12/5,6/5}. Along with the SO(4) and SU(2) gauge group, we see that
the Coulomb branch spectrum nicely matches together. We conjecture that this is the
weakly coupled description for the initial Argyres-Douglas theory.

In this example, each gauge coupling is exactly conformal as well.

As a second example, we consider D3 theory of class (3,2). The coefficient matrices
are given by Tg = --- = To, = T} = [1,1;2]. We put a trivial regular puncture at the south
pole. This theory has Coulomb branch spectrum

667809 12} (421)

and is represented by an auxiliary Riemann sphere with two black dots of type [1], one
blue square of size 2 and one trivial red cross. See figure 11. After degeneration, we

— 33 —



s0(4)

Figure 10. S-duality for D, theory of class (3,2). Here we pick the coefficient matrices to be of
type [1,1,1,1;0], with a trivial regular puncture (this setup can be relaxed to general D, regular
punctures). In the degeneration limit, we get SO(4) x SU(2) gauge group plus three Argyes-Douglas
matter. The leftmost theory is in fact two copies of (A1, D5) theory, while the middle theory is given

by twisted D3 theory, given by twisting the theory (III;;l]XS’[l’l’l;O], [3,1,1,1]). The rightmost
theory is (III;éﬁ]XS’DJA],S) theory.

(k, b)=(3,2)

Figure 11. S-duality for D3 theory of class (3,2). Here we pick the coefficient matrices to be
of type [1,1;2], with a trivial regular puncture (this setup can be relaxed to general D3 regular
punctures).

get two theories. We compute that the first theory is a twisting of (III[1?2}X5’[1’1?0], [14]),
having spectrum {6/5,7/5,8/5,9/5}. The second theory (III:E;‘}XS’“’LLO], S) has spectrum
{12/5,6/5}. The middle gauge group is SO(3), although the two sides superficially have

SO(4) symmetry.

4.3 Zo-twisted theory

If the Lie algebra g has a nontrivial automorphism group Out(g), then one may consider
twisted punctures. This means as one goes around the puncture, the Higgs field undergoes
an action of nontrivial element o € Out(g):

®(e*™2) = hlo(®(2))]h 1, (4.22)

where h € g/j¥ with jV the invariant subalgebra under Out(g). Let us denote j the Lang-
lands dual of jV.

In this section we solely consider Dy theory with automorphism group Zs. It has
invariant subalgebra j¥ = By_; whose Langlands dual is j = Cy_;. For more details
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of other Lie algebra g, see [12, 35-39]. We review some background for twisted regular
punctures as in [36], and then proceed to understand twisted irregular punctures and their
S-duality. For previous study of S-duality for twisted theory, see [40, 41].

4.3.1 Twisted regular punctures

Following [36], a regular twisted Dy punctures are labelled by nilpotent orbit of C_1, or
a C-partition d of 2N — 2, where all odd parts appear with even multiplicity. To fix the
local Higgs field, note that Zs automorphism group split the Lie algebra g as g =j1 ®j_1,
with eigenvalue +1 respectively. Apparently, j; = By_1. The Higgs field behaves as

<I>~é+?—/+M, (4.23)
z 212

where A’ is a generic element of j_; and M is a generic element of j;. A is an element
residing in the nilpotent orbit of By_1, which is given by a B-partition of 2N — 1, where
all even parts appear with even multiplicity. It is again related to the C-partition d via the
Spaltenstein map &. To be more specific, we have &(d) = (d+T)B

e First, “+” means one add an entry 1 to the C-partition d;
e Then, perform transpose of d™, corresponding to the superscript T;

e Finally, (-)p denotes the B-collapse. The procedure is the same as D-collapse in
section 2.1.1.

For later use we will also introduce the action & on a B-partition d’. This should give a
C-partition. Concretely, we have &(d') = (d'7 )¢

e First, “T” means one take transpose of d’;
e Then, perform reduction of d’ T, corresponding to subtract the last entry of d’ T by 1;

e Finally, (-)¢ denotes the C-collapse. The procedure is the same as B- and D-collapse
except that it now operates on the odd part which appears even multiplicity.

Given a regular puncture with a C-partition, we may read off its residual flavor sym-

metry as
Ghaver = | SO(™) x ] Sp(nh)- (4.24)
h even h odd

We may also calculate the pole structure of each differential ¢o; and the Pfaffian ¢ in the
Seiberg-Witten curve (2.5). We denote them as {pa, p4,...,pan—2;D}; in the twisted case,
the pole order of the Pfaffian ¢ is always half-integer.

As in the untwisted case, the coefficient for the leading singularity of each differential
may not be independent from each other. There are constraints for cl(%), which we adopt
the same notation as in section 2.1.1. The constraints of the form

2
o2 _ (al(f;) (4.25)
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effectively remove one Coulomb branch moduli at degree 2k and increase one Coulomb
branch moduli at degree k; while the constraints of the form

Cl(%) — (4.26)
only removes one moduli at degree 2k. For the algorithm of counting constraints for each
differentials and complete list for the pole structures, see reference [36]. After knowing all
the pole structures and constraints on their coefficients, we can now compute the graded
Coulomb branch dimensions exactly as those done in section 2.1.1. We can also express
the local contribution to the Coulomb branch moduli as

1
dimf. Coulomb = 5 [dime 6(0,) + dimg/j"], (4.27)
here O, is a nilpotent orbit in Cy_; and &(0,) is a nilpotent orbit in By_;.

4.3.2 Twisted irregular puncture

Now we turn to twisted irregular puncture. We only consider the “maximal twisted irreg-
ular singularities”. The form of the Higgs field is, in our Zs twisting,

Ty U, To—r Uiy T

i v o i - SRR ol REPE (4.28)

Here all the T;’s are in the invariant subalgebra so(2N —1) and all U;’s are in its complement
j—1. To get the Coulomb branch dimension, note that the nontrivial element o € Out(g)
acts on the differentials in the SW curve as
0: oy — o for 1<i< N —1,

~ ~ (4.29)

ON — —ON.
Then, the Coulomb branch dimension coming from the twisted irregular singularities can
be written as [8]:

y4 l
1
dimf, Coulomb = - > dimTi+ ) (dimg/iY — 1) +dimg/i’|. (4.30)
=1 =2

In the above formula, the —1 term in the middle summand comes from treating U;,2 <1 < £
as parameter instead of moduli of the theory. It corresponds to the Pfaffian ¢ which
switches sign under o € Out(g).

As in the untwisted case, we are also interested in the degeneration of T; and the
graded Coulomb branch dimension. First of all, we know that as an so(2N — 1) matrix, T;
can be written down as

0 uw w
—v' Z1 Zy |, (4.31)
*UT Zg *Zl

with Z123 (N — 1) x (N — 1) matrices, and Zy 3 are skew symmetric; while u, v are row
vectors of size N — 1. After appropriate diagonalization, only Z; is nonvanishing. So a

— 36 —



Levi subalgebra can be labelled by [ri,...,r,;7 + 1], with 7 + 1 always an odd number.
The associated Levi subgroup is

L:IIU&QXSO@+1) (4.32)

Now we state our proposal for whether a given twisted irregular puncture defines a
SCFT in four dimensions. Similar to untwisted case, we require that Ty =Ty_1 = --- =15
and T can be further arbitrary partition of T;>2. When all the 7;’s are regular semisimple,
we can draw Newton polygon for these theories. They are the same as untwisted case,
except that the monomials living in the Pfaffian ¢y get shift down one half unit [8].

Ezxample: Dy maximal twisted irregular puncture with £ = 3. We consider all T; to be
regular semisimple s0(7) element [1,1,1;1], plus a trivial twisted regular puncture. From
Newton polygon, we know the spectrum for this theory is {2,3/2,3,5/2,2,3/2,7/4,5/4}.

4.3.3 S-duality for twisted Dy theory of class (k, 1)

Having all the necessary techniques at hand, we are now ready to apply the algorithm
previously developed and generate S-duality frame. We state our rules as follows for theory
of class (k,1) with k = ¢ — 2.

e Given coefficient matrices Ty = --- = Ty = [r1,...,m;7 + 1], and T} being further
partition of T;, we represent the theory on an auxiliary Riemann sphere with n black
dots with size r;,1 < i < n, a blue square with size 7, and a red cross representing
the regular puncture, labelled by a C-partition of 2N — 2.

e Different S-duality frames are given by different degeneration limit of the auxiliary
Riemann sphere.

e Finally, one needs to figure out the newly appeared punctures. The gauge group can
only connect a red cross and a blue square (Sp gauge group). This is different from
untwisted case we considered before.

Let us proceed to examine examples. We first give a comprehensive discussion of
D, theory.

Duality at large k£ . We have initially three black dots of type [1], a trivial blue square
and an arbitrary red cross representing a regular puncture. This theory has a part of
Coulomb branch spectrum coming from irregular puncture:

k+2 2k
AO)=—2 . 2
O =i 5r1
k42 ak
T k1 U k+ 1
k+2 6k (4.33)

k1 E+
Ck+3/2 4k —1/2
T k1T k41

The S-duality frame for this theory is given in figure 12.
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SpQ2)

Figure 12. S-duality for twisted D4 theory of class (k,1) with large k. Each Argyres-Douglas
matter is connected with Sp gauge group. Assembling the black dot and the blue square we can
read off the data for the irregular puncture and thus identify the theory.

The duality frame in figure 12 tells us the Coulomb branch spectrum of each piece.

The leftmost theory (III,EHHX(HQ),F) has the spectrum
AL(O) = :+2,...,2k+1,
+1 kE+1 (4.34)
_k+3/2 2k +3/2
k41777 k41
The rieh .. [1;5)%(A+1) [1.1,1;1]
e rightmost theory is given by (I I ,Q) whose spectrum comes from the
irregular part is k’ ) o
+
Ag((?)-m,...,m,
_ 2k+3 4k
E+1"7 " Tk+1
4k+5 6k (4:35)
k17 R+
_3k+7/2 4k —1/2
k41077 k41

Finally, the middle theory is (I 11 ,L1;13]X(k+1)’[1’1;1},F ) It contributes to the Coulomb branch

spectrum coming from the irregular puncture
_k+2 2k +1

A e
3(0) k+1 7 k+1’
2%k + 3 4k +3
— . 4.36
k—f—l’ 7k+17 ( )
2k +5/2 3k +5/2
T k1l 0 R+l
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These three pieces nicely assemble together and form the total spectrum of original theory.
We thus have Sp(2) x Sp(4) gauge groups.

Duality at small k. Similar to the untwisted case, we expect that some of the gauge
group would be smaller. We now focus on a trivial twisted regular puncture in figure 12.
Analysis for other twisted regular punctures are analogous.

We find that for £k =1,

Sp(2) Sp(2)
_— ~__ _— ~__

(1 ) (rrP Y 2, 1,0) P )

When k > 2, the second Sp(2) gauge group becomes Sp(4) and we reduce to the large k
calculations.

S-duality of Dpn theory. When £k is large, the intermediate gauge group in the degen-
eration limit does not depend on which twisted regular puncture one puts, and they are all
full punctures. To obtain the duality frames, we can again follow the recursive procedure
by splitting the Argyres-Douglas matter one by one. See the example of such splitting in
figure 13. Again, due to twisting things become more constraining, and all matter should
have a blue square on its auxiliary Riemann sphere.

When £ is small, some of the intermediate puncture would be smaller. One needs to
figure out those punctures carefully. We leave the details to interested readers.

5 Comments on S-duality for E-type theories

Finally, we turn to the duality frames for g = ¢6,758. We focus on the Lie algebra e while
state our conjecture for e¢7 and eg case.

A complete list of all the relevant data for regular punctures can be found in [19, 20, 38].
We will use some of their results here for studying irregular puncture.

5.1 Irregular puncture and S-duality for Eg theory

We focus on the irregular singularity (4.1). The first task is to characterize the degeneration
of coefficient matrices. Those matrices T;, 1 < i < £ shall be represented by a Levi
subalgebra [. See section 2.2.3 for the list of conjugacy classes. For each Levi subalgebra [,
we associate a nilpotent orbit with Nahm label. Since we are already using Bala-Carter’s
notation, we can directly read of [. See table 10. Here we exclude Bala-Carter label of the
form Eg(-), as it gives maximal Levi subalgebra so the irregular puncture is trivial.

We are now ready to count the Coulomb branch spectrum for a given FEj irregular
puncture of class (k,1), were £ = k + 2. We use the SW curve from type IIB construction,
whose isolated singularity has the form”

a3+ a5 4 a5 4+ 212 =0, (5.1)

"As we consider (k, 1) theory, there is no distinction between whether it comes from b = 8,9 or 12. We
can simply pick anyone of them.
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Sp(2)

Sp2N-4)

Figure 13. S-duality for twisted Dy theory of class (k,1) with large k. Here we present the
duality frame recursively by splitting the Argyres-Douglas matter. In the first line we split a

11X (k+2)
theory (I11}}"

. __ 91X (k+1) N-—-1,
(III,[cl”lzN 3] [ ’ll,Q) with original regular puncture Q.

,F ) with F a full Dy twisted puncture; in the second line we split a theory

whose deformation looks like
x% + x% + :L‘§ + <Z>2(z)x2x§ + ¢5(2)xoxs + ¢6(z)x§ + ¢s(2)x2 + do(2)x3 + P12(2) = 0, (5.2)

where at the singularity ¢12 = z'%*. The Coulomb branch spectrum is encoded in these
Casimirs. For example, when k = 1 and regular semisimple coefficients, we know the scaling
dimensions for each letter are

3 1
[21] =3, [22] =2, [z3]= > [2] = 5. (5.3)
By enumerating the quotient algebra generator of this hypersurface singularity we know
that the number of moduli for each differential is {d2, ds, dg, ds, dg, d12} = {0,3,4,6,7,10}.
This is consistent with adding pole structures and subtract global contribution of three

maximal Fjg regular punctures.

5.1.1 S-duality for Eg theory

We now study the S-duality for Eg theory of class (k, 1), with coefficient all regular semisim-
ple. From the Dy S-duality, we know that the Levi subalgebra directly relates to the flavor
symmetry. If we take the coefficient matrix to be regular semisimple, then our initial theory
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Levi subalgebra [

Nahm Bala-Carter label

0
Aq
244
344
Aa
Ay + Ay
A3
2A2 + A
Ay + 244
Az + Aq
Dy
Ay
Ay + Ay
As
Ds

0
Ay
244
(341)"
Ay
As + Ay
As
(2A2 + Al)*
A2 + 2A1
(Az+ Ap)*
Dy
Ay
As+ A
(As5)"
Ds

Table 10. The correspondence between Nahm label and the Levi subalgebra. The Levi subalgebra
Fg is omitted as it does not give any irregular puncture. We use * to denote the non-special
nilpotent orbit. The pole structure and constraints can be found in [19]. Again, we exclude those
with non-principal orbit in the Levi subalgebra.

is given by a sphere with six black dots, one trivial blue square and one red cross (which
is an arbitrary FEg regular puncture.

We only consider large k situation. In type IIB construction (5.2), the scaling dimen-
sions for each letter are

6k 4k 3k 1
- - _ = = . 5.4
[.171] k‘l—l’ [1172] k+17 [.’1}'3] k+17 [Z] k+1 ( )
So we have the spectrum of initial theory coming from irregular puncture as:
bo 2k k+2 b5 - 5k k+2
2.k+1,...,k+1, 5.7k+17...,7k+17
6k k+2 8k k+2
: e, —— 5.5
¢6 ]{—i-l’ 7]{—1—1’ d)g k—i-l’ 7k+17 ( )
do : 9k k+2 br 12k k+2
9.k+1,...,k+1, 12'71{2—%17”"7/{3%-1'

There are several ways to split Argyres-Douglas matter. For example, we may pop out two
black dots and one trivial blue square. We get the duality frame

SO(4)

— ~
A )% (k+1) 1,0 %k+2
(120 ) (T ),
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and here the right hand side theory is two copies of (A1, Dog+2) theory. This duality frame
persists to k = 1. We have checked that the central charge matches.

The second way is to pop out a trivial black dot and the Eg regular puncture. This
results in Dy gauge group:

$0(10)
— ~

() (i),

[15;0]><(k+2) 10 .
where the theory (I I ,[1 ]) can be further degenerate according to Dy type
rules. The spectrum counting is explained in the example in section 2.2.3. We see it
correctly reproduces SO(10) flavor symmetry. We have also checked that the central charge
matches.
Another way is to give SU(6) gauge group in the degeneration limit, by poping out a
trivial blue puncture and red cross.
SU(6)
— ~
(11" 1) (rro)

5) X (k:+1)70

7QE(,>7

We find that the central charges match as well.

5.2 FEy and Eg theory
Finally, we turn to E7 and Eg Argyres-Douglas theories. Tinkertoys for F7 theories have

been worked out in [20]. Similar ideas go through and we will outline the steps here. The
key ingredient is to use type IIB construction to count the moduli. For E; theory, the
deformed singularity has the form
o] + @5 + 2w} + Po(2) w53 + P6(2)a3 + Ps(2)waws 56
5.6
+ $10(2)73 + 12(2)z2 + Pra(2) 73 + d18(2) = 0,
where {¢2, 96, Ps, P10, P12, d14, P18} are independent differentials. For Eg theory, the de-
formed hypersurface singularity has the form:
23+ 25+ 25 4 do(2)moxd + ¢(2)z0n: + P1o(2) 67
5.7
+ $1a(2) 23 + d18(2)23 + d20(2)2 + P2a(2)x3 + P30(2) = 0,

where {02, ¢s, P12, d14, P18, P20, P24, P30} are independent differentials.

The regular puncture for these two exceptional algebras are again given the Bala-Carter
label. One can read off the Levi subalgebra similar as before. This then provides the way of
counting Coulomb branch spectrum. The duality frame can then be inferred by comparing
the spectrum in the degeneration limit, and checked with central charge computation (3.6).

For example, we have in e¢7 theory one duality frame which looks like

/E6 \

(Inlg?l)xww),F%) (nge)x<k+1>,o’Q>7
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where F,, is the full Eg regular puncture. Another duality frame is
SU(7)

/ \
171X (k+2) Ag)X(k+1) o
(2™ 0m) ("0 Q).

For eg theory, we have the duality frames

Er

(k+2) / \ (k+1)
(111 Ry (1150, ),
and
SU(8)
/ \
X (k+2) X (k+1)
(i 1) (r17"0,Q),

We have checked that the central charges and the Coulomb branch spectrum matches.
The left hand theory of each duality frames can be further degenerated according to known
rules for lower rank ADE Lie algebras, and we do not picture them anymore. Here we see
the interesting duality appears again: the quivers with Ey type gauge group is dual to
quivers with Ay_1 type quivers.

6 Conclusion and discussion

In this paper, we classified the Argyres-Douglas theory of Dy and Fg7g type based on
classification of irregular punctures in the Hitchin system. We developed a systematic
way of counting graded dimension. Generalizing the construction in [7], we also obtained
duality frames for these AD theories, and find a novel duality between quivers with SO/En
gauge groups and quivers with SU gauge groups.

An interesting question to ask is whether one can understand the duality from geom-
etry. In other words, whether one can engineer these quiver theories in string theory, and
the duality is interpreted as operations on the geometry side. A related question would be
whether such exotic duality exist in three dimensions. In Ax_1-type AD theories, we can
perform dimensional reduction and mirror symmetry to get a Lagrangian theory, which is
in general a quiver with SU gauge groups [42]. One expects that such mirror theory also
exists for Dy and E-counterpart. Then, the three dimensional mirror of the above duality
would be a natural construction.

S-duality in four dimensional superconformal theories sometimes facilitate the calcu-
lation of partition functions [43]. It will be interesting to see the duality frames obtained
for AD theories can give partition function of some of them. Partition functions of certain
An_1 type AD theories were recently computed in [44-47]. In particular, the Schur index
encodes two dimensional chiral algebra [48, 49] while Coulomb branch index gives geomet-
ric quantization of Hitchin moduli space [50-52] and new four manifold invariants [53]. As
we mentioned in section 2.1.1, there are more fundamental invariants arise for Dy Hitchin
system, so one may wonder its Hitchin fibration structure, as well as its fixed point under
U(1) action.
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In our construction, we have obtained many AD theories whose coefficient matrices
in the Higgs field degenerate. Then one can try to study their chiral algebra, characters
and representations. A useful approach is taken in [54]. Study of the associated chiral
algebra would have further implication on the dynamics of the theory, for instance chiral
ring structure, symmetries and the presence of a decoupled free sector. Furthermore, one
may explore if there are corresponding N = 1 Lagrangian theories that flows to Dy type
AD theory, following the construction in [55-58]; see also [59-61].

Our study of S-duality may have many implication for the general investigation of
conformal manifold for four dimensional N = 2 superconformal theories. In particular,
with those duality frames, one can ask if they exhaust all the possible frames, what is the
group action on the conformal manifold and how the cusps look like. There are progress
in computing S-duality group from homological algebra point of view [62, 63]. We hope to
better understand these structures in future publications.
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A Type IIB construction for AD theories

Consider type IIB string theory on isolated hypersurface singularity in C*:
W(z1,x2,x3,24) =0, W (Aix;) = AW (z5), (A1)

where the condition of isolation at x; = 0 means dW = 0 if and only if ; = 0. The quasi-
homogeneity in above formula plus the constraint ) ¢; > 1 guarantees that the theory has
U(1), symmetry, i.e it is superconformal.

The Coulomb branch of resulting four dimensional N' = 2 SCFT is encoded in the
mini-versal deformation of the singularity:

m
F(l‘ia >\a) = W($2) + Z Aa®Pas (AQ)

a=1

where {¢,} are a monomial basis of the quotient algebra

ow ow ow ow
.AW = C[$1,I2,CE3,CL‘4]/<6:E1, a$2, 8x3’ 8.174> . (A3)

The dimension u of the algebra as a vector space is the Minor number, given by

u:g<;—1>. (A.4)

The mini-versal deformation can be identified with the SW curve of the theory.

— 44 —



BPS particles in the SCFT can be thought of as D3 brane wrapping special Lagrangian
cycles in the deformed geometry. The integration of the holomorphic three form,

. dx1 ANdxo A dxg A dxy

Q
dF

(A.5)

on the three cycles give the BPS mass of the theory. Thus, we require that 2 should have
mass dimension 1. This determines the scaling dimension of the parameter A,:

p‘a} - a(l - [¢aD7 (AG)

where a =1/(> ¢ — 1).
The central charges of the theory is given by [34]:

R(A) R(B) b5r h RB) r h
50 h _ roh AT
1 6 Torta ‘T3 Tt (A7)

Here R(A) is given by summation of Coulomb branch spectrum:

R(A) = > ([w] - 1), (A.8)

[ui]>1

and r, h are number of free vector multiplets and hypermultiplets of the theory at generic
point of the Coulomb branch. In our cases, r equals the rank of Coulomb branch and A is
zero. Finally, we have [64]

R(B) =2 (A.9)

B Grading of Lie algebra from nilpotent orbit

A natural way of generating torsion automorphism is to use nilpotent orbit in g. Let e be
a nilpotent element, which may be included in an sly triple {e, h, f} such that [e, f] = h,
[h,e] = 2e, [h, f] = —2f. With respect to the adjoint action adh, g decompose into
eigenspaces:

d
s= P (B.1)
i=—d
where d is called the depth. Proper re-assembling of g; gives (2.16), hence fixes a torsion
automorphism o of order m. We call the nilpotent element e even (odd) if the correspond-
ing Kac diagram D, is even (odd). In fact D, is identical to the weighted Dynkin diagram
D, [18]. Moreover, we have the relation m = d 4+ 2 and g% = go + g_q.

A cyclic element of the semisimple Lie algebra g associated with nilpotent element e
is the one of the form e 4+ F, for F' € g_,;. We say e is of nilpotent (resp. semisimple
or regular semisimple) type if any cyclic element associated with e is nilpotent (resp. any
generic cyclic element associated with e is semisimple or regular semisimple). Otherwise,
e is called mixed type [25]. A theorem of [25] is that e is of nilpotent type if and only if the
depth d is odd. We see that T» precisely corresponds to the cyclic element. In order to get
regular semisimple coefficient matrices, it is clear that one needs e of regular semisimple
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type. In fact, except for g = Ax_1 case, all nilpotent elements of regular semi-simple type
generate even Kac diagram ID,.5

However, nilpotents e of regular semisimple type do not exhaust all the torsion auto-
morphism we are interested in. To complete the list, we examine the problem from another
point of view. When a cyclic element e + F is regular semisimple, its centralizer b’ is a
Cartan subalgebra. o, leaves b’ invariant, thus induces a regular element w, in the Weyl
group. When e gives even D, w, and o, have the same order, called the regular number of
we. Regular element and its regular number are classified in [65], and nilpotents of regular
semisimple type do not cover all of them.

The remaining regular numbers, fortunately, are all divisors of those of o.. Hence,
we can obtain the Kac diagrams from taking appropriate power of some o.. Their Kac
coordinates are determined from the following algorithm [22, 23]. Suppose we start with
automorphism o, of order m and Kac coordinates (s, s1,. .., ;) and we wish to construct
automorphism of order n < m by taking ¢™/™. We first replace the label so by

N
So — 1N — Z a;S;. (B.2)
i=1

Now s will be necessarily negative. After that, we pick one negative label s; at each time
for j =0,1,..., N, and change the label into (s, s},...,s..) such that

S{L‘:Si_<ai7a}/>sj7 1=0,1,...,m, <B3)

where oV is the coroot. One repeats the procedure until finally all (so, ..., s,) are positive.
This gives the Kac diagram that corresponds to the automorphism with order n. The Kac
diagram obtained is unambiguous, independent of which element e we start with.

We now use nilpotent elements to obtain the grading. For g = Ay_1, this is done
in [7]. We mainly examine the classification when g = Dy and Eg 7 3.

The Lie algebra g = Dy. Nilpotent element e is of semi-simple type if and only if
(i) The embedding is [n1,...,n1,1,...,1] where n; has even multiplicity;
(i) [2m+1,2m —1,1,...,1] with m > 1;
(iii) [n1,1,...,1] for ny > 5.

In particular, e is of regular semi-simple type if and only if in (i) ny is odd and 1 occurs
at most twice; in (ii) p < 4; in (iii) p < 2. In each case we can compute b = d + 2 where d
is the depth. They are (i) d = 2ny — 2; (ii) d = 2n; — 4 = 4m — 2; (iii) d = 2n; — 4 [25].
As is known, these nilpotent elements are all even. Next we examine each case of regular
semi-simple type in more detail.

8By this we mean that the nilpotents with partition [n,n,...,n,1] for g = An_1, though of regular
semisimple type, are not even.
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Nilpotent embedding of case (i). When the partition is [n1,n1,...,n1], we see n; must be
a divisor of N. Therefore we have the Higgs field

T
T (B.4)
with (k,m1) = 1. Note that when N is even, the partition [N, N] is not allowed. This case
will be recovered in case (ii).

When the partition is [n1,...,n1, 1], then we know ny divides 2N — 1. But n; must
have even multiplicity, so this case is excluded.

When the partition is [nq,...,n1,1,1], then n;, being an odd number, must divide
N — 1. Then we get (B.4) as well (but the matrix T is different).

Nilpotent embedding of case (ii). There can only be no 1 or two 1’s in the Young tableaux.
For the former, we have 4m = 2N. So this case exists only when N is even number. The

Higgs field is
T
o E (B.5)
Z“TN
with (k, N) = 1. For the latter, we have 4m = 2N — 2 (which means N — 1 must be even),

and the Higgs field is
T

k
22+N—1

D ~

(B.6)

for (k,N —1) = 1.

Nilpotent embedding of case (iii). When p = 1, we have the partition [2/N]. This violates
the rule for D-partition.
When p = 2 we have n; = 2N — 1, so the order of € is 4N — 4. We get the Higgs field
T
b~ — (B.7)

k
22tan

In summary, with classification of nilpotent orbit of regular semi-simple type, for N
odd, we have recovered b = N and all its divisors b = n; (no even divisors). For N even,
we can recover b = N as well and all its odd divisor. But we could not recover its even
divisors using the above technique. Similarly, we have recovered b = 2N —2 and b= N —1
as well as all odd divisors of N — 1, but we missed all the even divisors of 2N — 2 except
N — 1 itself.

The recovery of the missing cases can be achieved with the prescription introduced
around (B.2) and (B.3). We give some examples in appendix C. Here we only mention
that such procedure is unambiguous, i.e. the resulting Kac diagram is the same regardless

of which parent torsion automorphism we use.’

9More specifically, they should descend from the same “parent”. For instance, fix Dy, if n1 and ng are
both divisors of N and ni|ns2, then the torsion automorphism of o1 of order n; is the same whether we
start with o[am1,2m—1) by taking N/ni-th power, or with o2 of order ny by taking na/ni-th power. See
appendix C for more detail.
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nilpotent orbit | depth | order | Higgs field
Dy(a1) 6 4 | @ ~T/T
Eg(as) 10 6 | ®~T/220

Ds 14 8 | &~T/22FE
Eg(ar) 16 9 | &~T/22F0
Eg 22 12 | @ ~T/22Hs

Table 11. Summary of nilpotent elements of regular semi-simple type in Fjg.

nilpotent orbit | depth | order | Higgs field
Fx(as) 10 6 | ®~7T/220

Asg 12 7| ®~T T
Fs(ay) 16 9 | & ~T/2S
Er(ay) 2% | 14 |®~T/2 1
Er 34 18 | &~ T/221s

Table 12. Summary of nilpotent elements of regular semi-simple type in E7.

nilpotent orbit | depth | order | Higgs field

Es(ar) 10 6 | ®~T/220
Es(ag) 18 10 | ®~T/z2 10
Es(as) 22 12 | &~ T/t
Es(as) 28 15 | & ~T/22 1
Es(as) 38 | 20 | ®~T/2%
Es(a1) 46 | 24 | D~ T/t

Es 58 | 30 | ®~T/2%

Table 13. Summary of nilpotent elements of regular semi-simple type in Ej.

The Lie algebra g = FEg7s. As in the previous case, we would like to first find all
nilpotent elements of regular semi-simple type. They are listed in table 11 - table 13, along
with their order and the singular Higgs field behavior. One can also use the pole data to
read off the 3-fold singularity.

Again, the above classification does not exhaust the possibility of the order of poles.
We expect that we should be able to get all divisors for the denominator. We still can use
the same algorithm to generate them; and they are unambiguous. We recover the missing

Kac diagram in appendix C.

C Recover missing Kac diagrams

Here we shall give examples of how to generate those Kac diagrams of torsion automor-
phisms that are missing from considering nilpotent embedding, as in appendix B. To begin
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with, we first explain in g = Dy case how to write down the weighted Dynkin diagrams
for automorphisms of the form o.. For a thorough mathematical treatment, the readers
may consult [18].

Assume that e is represented by a Young tableau Y = [n1,na,...,ny), and ny +--- +
n, = 2N. Moreover we assume Y is not very even,'? which is what we concern. For each
n; we get a sequence {n; — 1,n; —3,...,—n; + 3,—n; + 1}. Combining the sequences for
all 4, we may arrange them in a decreasing order and the first N elements are apparently
non-negative, and we denote them as {hy, ha,...,hny}. Now the Kac coordinate on the
Dynkin diagram of Dy is given as follows:

hn—1—hn

ov:  O———0O-o- O O O
hl —hQ hQ—hg hN_Q—hN_l thl‘FhN

Then, we add the highest root ag and make it an extended Dynkin diagram, and put the
label so = 2 for it. If in addition the Kac diagram is even, by our convention we divide
each label by 2.

Now we present examples showing the unambiguity of generating Kac diagrams. We
take N = 12. The order 12 torsion automorphism is obtained by the nilpotent element

1
Lo
0 1

where we used dashed line to indicate the affine root. We may use the algorithm from (B.2)

with partition [13,11], so its affine weighted Dynkin diagram is

cOQ--0O~=

o3, ¢ O O—O—"CO—"—C0O—~0C—C0—-720
1 1 0 1 0 1 o0 1

and (B.3) to generate an order 6 torsion automorphism. It is given by:

—~0O--0Oe

0
o6 O OOOOOOOEO
0 0 0 0 1 0 0 0 1 0
Since this diagram does not come from any nilpotent element e, we just use a subscript
{6} to indicate its order. With this diagram, we can further generate an order 3 nilpotent
element by taking a twice power of o). The same algorithm gives a Kac diagram:

1

O3} O

0
O—=0O i O
0 0 0

1 0

>0O--0O

I W N e W
O— o U— U0
0 0 0 0 0

0For weighted Dynkin diagrams of very even element, see [18].

49 —



This Kac diagram is precisely the same as the affine weighted Dynkin diagram of the
nilpotent element [38]. So we see there is no ambiguity.

As a second example, we take N = 9. The same argument as above shows that the Kac
diagram for order 8 torsion automorphism constructed from nilpotent element of partition
[9,7,1,1], is exactly identical to the one obtained by square of the torsion automorphism
from the element [17,1].

For g = Eg 73 case, the Kac diagrams for nilpotent elements of regular semisimple
type are given in [25]. With the same procedure, we can recover missing Kac diagrams

as follows.
For ¢ = FEg, we missed order 2 and order 3 element, their Kac diagrams are,
respectively:
Q 0 Q 0
1 0
Es . Es .
0{2} : ’ 0{3} .
O—O—CO—C—-=0 O—O—CO—C—-=0
0 0 0 0 0 0 0 1 0 0

For g = E7 we also missed the order 2 and order 3 torsion automorphisms. There Kac
diagram can also be obtained:

1
E7 .
0{27}. f
O--O0—0O——CO——C0O—C0O——=0
0 0 0 0 0 0 0
0
Er .
0{37}. i
O --O0—0O—C0O——C0O—C0O——=0
0 0 0 0 1 0 0

Finally, for g = FEg, we have missed the torsion automorphisms of order 2,3,4,5,8.
They can be recovered by weighted Dynkin diagrams of nilpotent elements of regular semi-
simple type. We list them as follows:

0
Es .
;
O--0—0O—C0O—C0O—C0O—C0O——0
0 0 0 0 0 0 0 1
1
Es .
;
O--0—0O—C0O—C0O—C0O—C0O——0
0 0 0 0 0 0 0 0



0
Es .
i
O--0—0O—C0O—C0O—C0O—C0O——0
0 0 0 1 0 0 0 0
0
Es .
i
O--0—0O—C0O—C0O—C0O—C0O——0
0 0 0 0 1 0 0 0
0
Es .
i
O --0—0O—"0O—"0O—"0O—C0O——0
0 1 0 0 0 1 0 0
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