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ABSTRACT: Five- and four-dimensional superconformal field theories with eight super-
charges arise from canonical threefold singularities in M-theory and Type IIB string the-
ory, respectively. We study their Coulomb and Higgs branches using crepant resolutions
and deformations of the singularities. We propose a relation between the resulting moduli
spaces, by compactifying the theories to 3d, followed by 3d N = 4 mirror symmetry and
an S-type gauging of an abelian flavor symmetry. In particular, we use this correspon-
dence to determine the Higgs branch of some 5d SCFTs and their magnetic quivers from
the geometry. As an application of the general framework, we observe that singularities
that engineer Argyres-Douglas theories in Type IIB also give rise to rank-0 5d SCFTs in
M-theory. We also compute the higher-form symmetries of the 4d and 5d SCFTs, including
the one-form symmetries of generalized Argyres-Douglas theories of type (G,G").
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1 Introduction

Many supersymmetric quantum field theories (SQFT) can be realized within string theory,
which provides us with powerful tools to study them in a strongly coupled regime, often
in terms of geometry [1-8]. In this paper, we take yet another look at the ‘geometric
engineering’ of superconformal field theories (SCFT) in space-time dimension d = 4 and
d = 5. Our leitmotiv will be that one can refine our understanding of these systems, in
both 4d and 5d, by considering their relations to each other via toroidal compactification
to 3d [9]. A more detailed description of our geometric approach, together with many
examples, will appear in a forthcoming paper [10].

These theories are partly characterized by their moduli space of vacua, which generally
includes both a Coulomb and a Higgs branch, together with mixed branches. In the case of
5d SCF'Ts, their moduli spaces can be studied from their geometric realization in M-theory
on a canonical singularity: the crepant (i.e. retaining the Calabi-Yau condition) resolutions
model the Coulomb branch, whereas the Higgs branch corresponds to the deformations of
the singularity. The former has recently been utilized in exploring the classification of
5d SCFTs in [11-28]. On the Higgs branch side, the approach using brane-webs [29] has
been particularly successful [30-38]. In the latter approach, one constructs the so-called
magnetic quiver from a IIB brane web, a 3d N' = 4 gauge theory whose Coulomb branch
is conjectured to be the identical to the 5d Higgs branch.

So far, the analysis of the 5d Higgs branch directly from the canonical-singularity point
of view has been lagging behind. This is partly because the low-energy physics arising
from M-theory on the deformed singularity is subject to M2-brane instanton corrections.
In this paper and in [10], we explore the deformation theory of the hypersurface canonical
singularities classified in [39]! and we discuss the general structure of the Higgs branch for
isolated hypersurface singularities. We concurrently explore the Coulomb branch, which
arises from the crepant resolutions of such singularities. We also determine the higher-form
symmetries of these 5d theories, which provide further information about their spectrum
of defect operators. The exploration of this vast class of models give us a wonderful
playground to test current ideas about 5d SCFTs.

In this paper, we focus on a few interesting points, which deserve particular attention.
First, we will argue that the magnetic quiver of the 5d SCFT is closely related to the 4d
SCF'T that arises by geometric engineering in Type IIB string theory on the same singular-
ity. (The 4d geometric engineering in IIB has also studied in a lot detail over the years, see
e.g. [8, 42-47].) This gives us a complementary understanding of magnetic quivers, and of

!See also [40]. For more mathematical background, see [41].



their generalizations, directly in the geometric-engineering picture. The relation between
the 5d and 4d SCFT goes through dimensional reduction to 3d, thanks to 3d N' = 4 mirror
symmetry [48], as first studied in [9]. In the IIB picture, M2-brane instantons become D3-
brane instantons wrapping a 3-cycle times a circle; these correspond to monopole operators
in the 3d A/ = 4 magnetic-quiver theory, which can be more efficiently resummed [49-52].

Conversely, our analysis of the geometry of canonical hypersurface singularities allows
us to also make statements about 4d SCF'Ts. For instance, we can study the Higgs branch
of 4d SCFTs by studying the crepant resolutions of canonical singularities, and identify
the additional low-energy degrees of freedom on the 4d Higgs branch (such as free vector
multiplets and irreducibles SCFTs) from the resolution. Similarly, the Coulomb branch of
the 4d SCFT is closely related to the 5d Higgs branch.

There has been a lot of recent progress in studying the 4d A/ = 2 Coulomb branch —
for a limited list of references see [53-56] — as well as the Higgs branch — see e.g. [57-67]
and much of the SCFT /Vertex operator algebra literature [68], as in e.g. [69-71]. It would
be greatly desirable to better understand how much of these beautiful structures can be
recovered from the geometric-engineering framework.

Let us now outline the logical structure of the paper, and highlight some of the results.

1.1 Setup and summary

Consider a canonical threefold singularity X. An important class of examples consists of the
isolated hypersurface singularities (IHS). An THS is defined by a single quasi-homogeneous
polynomial F(z) in C*:

X {(x1,$2,x3,x4) € C4 ’ F(xl,x27I3,$4) = O}, (1.1)

We require this space to be singular, i.e. 0,,F = F = 0 at an isolated point, with an
additional condition so that X is canonical, as studied in M-theory e.g. in [72]. This will
provide our main class of examples in this paper.? The canonical singularity X in M-theory
defines a 5d SCFT, which we denote by 7%

T — M-theory on RM* x X . (1.2)
while the same singularity in Type IIB string theory defines a 4d A = 2 SCFT, Z¢%:
T — Type 1B on R x X (1.3)

These two superconformal field theories, in space-times of different dimensions, are of course
distinct systems, but they are closely related. Consider compactifying the theory Téd on a
circle. We obtain a KK-theory in 4d with 4d A/ = 2 supersymmetry, denoted by Dg1 7.
By the M-theory/Type ITA duality, this theory is engineered by Type ITA string theory
on RY3 x X [1, 73]. If we further consider this theory on an arbitrary space-time manifold
My, we have

Dgi1 T4 on My — Type ITA on My x X. (1.4)

2 Another important class of examples, which we will also consider, consists of C'Y3 toric singularities.



In particular, we may consider My = R12x Sé, corresponding to a toroidal compactification
of T)?d on a circle of radius 3. This SQFT has 3d N' = 4 supersymmetry. Similarly, we
may compactify the 4d SCFT ﬂj‘éd on a circle, to obtain another 3d KK-theory with N' = 4
supersymmetry. These two three-dimensional systems are related by T-duality

D2 T4 — M-theory on RY? x T2 x X
— Type ITA on RY? x Sé x X (1.5)
— Type IIB on R"2 x §1 x X — Do T4
E]

This implies the equivalence of two distinct-looking 3d N' = 4 KK-theories. In particular,
the equivalence must hold in the extreme infrared (IR) limit (that is, decoupling all the
KK-modes, by focussing on the low-energy limit at fixed ), which must give us a 3d V' =4
superconformal field theory. This IR SCFT will often have some useful description as the
IR fixed point of an intrinsically 3d N' = 4 QFT, for instance as a 3d N' = 4 gauge theory.
Such 3d QFT descriptions may be derivable in the string theory engineering (1.5), or it
may be more subtle (for instance requiring further string dualities) — in general, it may
be a ‘non-Lagrangian’ theory, meaning that no useful UV Lagrangian in known in 3d. We
will call these 3d N/ = 4 SQFTs the ‘electric quiverine’ (EQ) theories of the 5d and 4d
SCF'T, respectively, which we denote by

3d 3d
EQ®[X] 2 Dy T34, EQW[X] = Dg:1 754, (1.6)

Here, the equivalence relation ‘3251’ means that the two theories are equivalent as 3d N = 4
QFTs below the scale set by the lightest KK-modes. In many interesting cases, the quiverine
has a description as a 3d N' = 4 gauge-theory quiver, while in general it might not be a
quiver, or not have any known Lagrangian description at all.

The T-duality (1.5) realizes 3d N/ = 4 mirror symmetry [9, 48], although not without
an interesting subtlety. In general, the theories T4 and Z¢d have a U(1)/ symmetry
acting on their Higgs branch (which is generally a subgroup of the full flavor symmetry
G?L? and G%}i, respectively). The M-theory and IIB realizations provide background gauge
fields for this U(1)f in the Coulomb-branch phase, coming from the reduction of the 3-
form gauge field C5 on 2-cycles in M-theory, and from the RR field Cy on 3-cycles in 1IB,
respectively. Upon toroidal compactification, these background abelian gauge fields may
be effectively gauged in the 3d N' = 4 description, depending on whether we are looking at
the far IR limit of D2 T)E(’d or Dg1 ﬂ)éd. Recall also that in 3d one may gauge and ‘ungauge’
any U(1) current at minimal cost, and in a reversible manner — this is known as the ‘S
operation’ [74, 75], — because each gauged U(1) gives rise to a new topological current.
Let us then define the following ‘magnetic quiverine’ (MQ) theories:

MQWIX] = EQW[X]/u(1), MQWIX] = EQPX]/U(1)!. (1.7)

where the quotient denotes the S-type gauging of the U(1)/ flavor symmetry. We then
propose that the electric and magnetic quiverines of ’T)Ed and Z¢d, respectively, are 3d



Singularity X SCFT T4 SCFT Z¢4 | Dimension

Divisor class number p(X) < rank(G%) | < rank(G4) f

Exceptional divisors CB reduced HB r
Kéhler cone extended CB HB r+f= dy

Strictly normalizable deformations | reduced HB CB T
Normalizable deformations HB extended CB | 7+ f =dg

Table 1. 5d and 4d SCFTs from a canonical singularity X, at a glance. See section 2 for details.

mirror of each other?
MQ® e pQG) MQW  famer poM) (1.8)

When it is an ordinary gauge-theory quiver, MQ(5) coincides with the magnetic quiver for
the 5d SCFT 7! as studied e.g. in [27, 31, 33, 76-78]. Similarly, the magnetic quiverine
MQ®™ of Zd is usually known as the ‘3d mirror’ of Z¢d [43].

The most important aspect of 3d mirror symmetry is that is exchanges the Higgs
branch (HB) and the 3d Coulomb branch (CB). Recall that, while the 5d Coulomb branch
of 7324 is a real cone and the 4d Coulomb branch of Z¢? is a complex (special Kihler)
cone, the CB of a 3d N = 4 SCFT is itself a hyper-Kéhler cone. On the other hand, the
Higgs branch is not affected by toroidal compactification, and we then expect:

Mp[TRY] = HBEQY] = CBMQ"),

Myl = HBEQW] = CBMQW]. (1.9)

Therefore, the quantum Higgs branches of T3¢ and Z¢? can be studied as quantum
Coulomb branches of their magnetic quiverines. This may seem to exchange one hard
problem with another, but it turns out that, by now, 3d N' = 4 Coulomb branches are
rather well understood (see e.g. [49-52]). This type of magnetic-quiver construction was
first advocated in [76], and explored in numerous papers in recent years [27, 30-38].

We summarize some of the quantities of interest in table 1, which we will further
explain in the next section. In particular, we denote by r and 7 the rank of 74 and
T4, respectively, and by dy and d, 7 the quaternionic dimension of their respective Higgs
branches. We also have f the rank of the U(1)f flavor symmetry preserved on the CB,
which is generally a subgroup of the flavor symmetry G%d or G%‘ acting on the 5d or 4d
SCFT Higgs branch. We have the key relations:

dy =7+ f, r+ f=dy, (1.10)

whenever X is an isolated hypersurface singularity. (We will also briefly discuss the case
of isolated toric singularities.)

Our analysis also clarifies subtle issues in the engineering of 5d SCFTs from isolated
singularities. For instance, we will discuss the rank-N FEg 5d theory in detail, resolving

3Here and in the following, we often keep the dependence on the singularity X implicit, to avoid clutter.



some interesting puzzle at N > 2. Another interesting piece of information that one can
extract from the geometry is the set of higher-form symmetries of T4 or F54, following
the approach of [79-81]. In particular, we will compute the one-form symmetry of many
generalized Argyres-Douglas theories Fx¢d directly from the singularity data.*

1.2 Comments on rank-0 theories from singularities

The perspective we just sketched immediately leads to the following observations. First, the
M-theory engineering predicts the existence of an infinite class of rank-zero theories in 5d
— which may or may not be interacting SCFTs. They correspond to terminal singularities
— canonical singularities that do not admit crepant resolutions with exceptional divisors
(so that » = 0). For many of these 5d rank-zero SCFTs 7!, the singularity X engineers
a (generalized) Argyres-Douglas (AD) theory Z¢d in IIB [42, 83-86]. Embedding the
same terminal singularity in an elliptic Calabi-Yau threefold, one can also construct the 6d
uplift of these 5d rank-zero SCF'Ts. Their contributions to the 6d gravitational anomaly
in a compact model was studied in [87, 88]. However, it is unclear whether they give rise
to non-trivial rank-0 theories in 6d either.

Similarly, the IIB engineering predicts the existence of infinite families of rank-zero 4d
N = 2 theories, which may or may not be interacting, and correspond to singularities X
whose complex-structure deformation X does not give rise to any dynamical U(1) vector
multiplet in 4d (so that 7 = 0). This happens, in particular, for all isolated toric singular-
ities; this point was first noted by [46] for toric orbifolds. The same singularities engineer
well-studied (and conventional, higher rank) 5d SCFTs in M-theory.

To determine the properties of these rank-0 theories in 5d and 4d, in particular to
clarify whether these should be viewed as genuine interacting SCF'Ts, or simply as discrete
gaugings of free hypermultiplets, remains an interesting question. Discrete gauging in
4d was studied e.g. in [89-92]; for discrete gauging in 3d and 6d, see [93-95]. We will
study these theories, mostly in 5d, by determining their magnetic quivers (or quiverines)
according to (1.7), and thereby their Higgs branch. In all rank-zero cases we studied, we
find that the 5d Higgs branch is of the type H"/I', which hints at an interpretation in
terms of discrete gauging. Either way, these theories provide an interesting new toolkit for
constructions of 5d SCFTs in M-theory.

Another point of view is provided by the brane-webs and associated magnetic quivers
and Hasse diagrams for the 5d Higgs branches. It was observed in [33, 36, 37] that some
Hasse diagrams contain rank-0 slices, corresponding to e.g. O(1) theories with N flavors.
Since such theories clearly appear as sub-structures in the Higgs branch of 5d SCFTs, an
understanding of their geometric origin is very well motivated.

An additional tantalizing piece of evidence for the existence of these rank-zero theories
in 5d comes about by looking at higher-rank theories 7R%. For instance, we find a large
number of rank-1 theories 724, from canonical singularities with ~ = 1, that can be viewed
as an ‘ordinary’ rank-1 ‘coupled’ to a rank-0 SCFT. These new theories differ in their Higgs

4These one-form symmetries were also studied in [82], which appeared on the arXiv at the same time as
the first version of this paper.



branches and in their global symmetries, in particular in their higher-form symmetries, from
the ‘underlying’ rank-1 and rank-0 theories. We will give one specific example of this in
this paper; many more examples, of essentially any rank, will be discussed in [10].

Our evidence in 4d is somewhat more limited, but points towards the same conclusion,
that these rank-0 4d N = 2 theories, engineered at toric singularities [46], can be free
hypermultiplets or discrete gauging thereof.

This paper is organised as follow. In section 2, we set the stage by reviewing some
basic features of the geometric engineering of 5d and 4d SCFTs from canonical singularities,
and we explore the relation between the two constructions via T-duality. In section 3, we
explore this 5d/4d correspondence in a few examples where both sides are well understood.
In sections 4, we study the 5d theories that correspond to Argyres-Douglas in 4d, and are
generally rank-0 5d theories. Finally, in section 5, we discuss some 4d theories engineered
at toric singularities.

2 5d/4d correspondence via 3d mirror symmetry

In this section, we first review some aspects of the geometric engineering of the 5d SCFT
T34 and of the 4d SCFT 3¢ from an isolated canonical singularity X. We then discuss
how they are related by 3d mirror symmetry. Finally, we shall briefly explain how to read
off various higher-form symmetries from the geometry. The formalism reviewed here will
be explained in more depth in [10].

2.1 5d SCFTs from M-theory

By now, there is a large amount of evidence for the proposition that the low-energy limit of
M-theory on a singularity X defines for us a five-dimensional SCFT in the transverse direc-
tions, as in (1.2). While the 5d superconformal fixed point is necessarily a strongly-coupled
system [96, 97], it is an otherwise ordinary local unitary QFT.5 A standard approach, util-
ising its M-theory definition, is to deform and/or (crepantly) resolve the singularity X to
obtain a smooth local (that is, non-compact) Calabi-Yau (CY) threefold. Then, standard
methods (chiefly, the supergravity approximation and the study of BPS branes) become
available. The parameter spaces of resolutions and of deformations are identified with the
extended Coulomb branch and with the Higgs branch of the 5d SCFT, respectively

ECB(7%Y) < resolutions (extended Kéhler cone): X (2.1)
HB(7T%) > deformations (complex structure parameters): X '

The geometric approach to 7 has mostly focussed on its Coulomb branch (CB), whose
low-energy dynamics is well-approximated by 11d supergravity [98]. Any smooth point

®One may think of this system, at least heuristically, as the result of decoupling 5d gravity, in a com-
pactification of M-theory on some Calabi-Yau threefold, by taking some large volume limit. Here, our point
of view is to consider the canonical singularity X irrespective of any embedding in a compact CY 3, which
may or may not exist.



of the (extended) CB is described by a complete crepant resolution 7 : X — X, which
contains an exceptional locus:

7 10) = | Sa, (2.2)

consisting of r exceptional divisors intersecting along curves, assuming r > 0.6 The integer
r, which is independent of the choice of crepant resolution, is called the rank of the 5d SCFT.
The effective field theory on the CB consists of r massless photons (and their superpartners
in 5d N'=1 vector multiplets) with an action fully determined by the classical geometry
X [7]. The low-energy BPS excitations are the M2-branes (electrically charged particles)
and M5-branes (magnetically charged strings) wrapping 2- and 4-cycles, respectively, within
the exceptional locus (2.2). We should also note that some of the Kéhler parameters
correspond to effective curves which are dual to non-compact divisors. These correspond to
non-dynamical vector multiplets, or, equivalently, to mass terms for flavor symmetries. We
denote by f the rank of the flavor symmetry group from these curves, which is a subgroup
of the actual flavor symmetry group, G%, of T3¢ (see section 2.4 for more details). The
resolved singularity may also contain 3-cycles, but on the other hand it is always simply
connected [99, 100]. We then have:

dim H; (X,R) =0, dim H3(X,R) = b3,

~ ~ 2.3
dim Ho(X,R) =7+ f, dim Hy(X,R) = 7. (23)

The exceptional divisors and curves can be collapsed to zero volume by varying the Kahler
parameters, thus recovering the UV SCFT 7. At that point, the origin of the 5d CB,
mutually non-local particles and strings become massless, which is a strong indicator of
the existence of a gapless phase [83]. The 3-cycles in the crepant resolution X also provide
free hypermultiplets on the five-dimensional CB. This can correspond to rather interesting
physics, as we will see in some examples below, and in [10].

The SCFT 7%¢ may also have a Higgs branch (HB), parameterized by the VEVs of
scalar operators charged under the SU(2)p superconformal R-symmetry. A generic point
on the HB also spontaneously breaks the flavor symmetry group, Gi}i. The HB of any
SQFT is a hyper-Kéahler manifold. In any SCFT, it should also be a hyper-Kéhler cone.
We denote by My [TR24] (or M3) the HB of 74, and by dy its quaternionic dimension

1
dim My [TRY] = 5 dime My[T) = dg . (2.4)
Upon deforming the singularity X to a smooth local CY threefold )A(, we obtain a num-

ber of 3-cycles, S?, I = 1,---,u, which are topologically three-spheres. The low-energy
hypermultiplets consist of the complex-structure moduli:

- / Qs (2.5)
Sp

5The case r = 0 instead corresponds to ‘small resolutions’, i.e. resolutions whose exceptional loci consist

of curves only. In that case, we have real mass terms but no dynamical CB fields in 5d.



very schematically, paired with the 5d axions arising from the reduction of the M-theory
3-form gauge field. Not all such hypermultiplets are dynamical, however [72]. The Higgs
branch dimension dy is generally smaller than . For X an THS, one finds that:

dH:?—I-f, (2.6)

where 7 is the dimension of the mixed Hodge structure (MHS) group H2(X) on the
vanishing cohomology of X. Indeed, for this class of singularities, we have [41, 43]:

=2+ f, f=dim H**(X), 7=dim HY*(X) = dim H>Y(X).  (2.7)

The complex structure parameters in H 1’2(5() corresponds to ‘strictly normalizable’ de-
formations” of X, while the ‘normalizable deformations’ also include the parameters from
H22(X).# Importantly, the integer f defined as in (2.7) coincide with the integer f ap-
pearing in (2.3), as we explain further below.

Unlike the situation for the CB, 11d supergravity is not enough to compute the metric
on the Higgs branch of T)‘Z’d, due to the presence of M2-brane instantons wrapping the
vanishing 3-cycles [101]. Instead, one must rely on other approaches, using various string-
theory dualities. A particularly fruitful approach, in recent years, has been the study of
(p, q)-brane webs engineering T)ﬁd [29], and the related concept of a “magnetic quiver”
whose 3d Coulomb branch is identical to the hyper-Kéhler cone of the HB, M H[T)?d], that
we would like to understand [27, 30, 31, 33, 34, 38, 102]. One interesting outcome of the
present work is that it provides a derivation from the geometry of magnetic quivers for the
SCFT Tx! defined as in (1.2), at least in a number of cases [10]. We will see some examples
of this in section 3 below.

2.2 4d SCFTs from Type IIB

The low-energy limit of Type IIB string theory on a canonical singularity X defines a 4d
N =2 SCFT Z¢4, (1.3), in the transverse directions [8, 42-45, 103-105]. In this context,
the complex structure deformations correspond to the (extended) Coulomb branch of the
SCFT, while the Kéhler cone of X underlies the Higgs branch of the theory:

ECB(2%Y) < deformations (complex structure parameters): X (2.8)
HB(.74) “— resolutions (K&hler parameters): X '

Here, the beautiful structure of the 4d N/ = 2 Coulomb branch, which must be a special
Ké&hler cone, is encoded in the classical geometry of the deformed singularity X. By
contrast, the 4d Higgs branch metric receives quantum corrections from D1- and D3-brane
instantons wrapping the exceptional locus of X.

"By which we mean, such that A > 1, with the scaling dimension A defined in (2.13) below; normalizable
deformations have A > 1.

8Tt may be worth pointing out that the H?2? MHS group does not correspond to 4-forms (it is not a
Dolbeault cohomology group). For a pedagogical review of MHS in our context, we refer to [10].



For concreteness, let us focus on the case of quasi-homogeneous isolated hypersurface
singularities (1.1), as first studied in [8]. The 4d SCFT Z¢¢ must have a superconformal R-
symmetry U(1), which is spontaneously broken on the Coulomb branch. This corresponds
to the condition that the defining polynomial F'(x) be quasi-homogeneous

F()\ql:):l, )\qziL'Q, )\q3x3, )\q4l‘4> = A F(l‘l, T, X3, 1‘4) s (2.9)

for some scaling weights ¢; € Qs¢. The requirement that the singularity be canonical
translates to the condition Zle g¢; > 1. The deformed singularity, corresponding to the
CB, takes the form:

I
X = {F(az) =F(z)+ ) ta™ = 0} , (2.10)
=1
where ™ denote the monomials generating the Milnor ring
M(F) :C[xl,xg,x3,334]/(dF), (2.11)

and p is the Milnor number of the singularity, where one has the relation

4
p=1lG"-1). (2.12)
i=1
At generic values of the complex-structure parameters t;, the deformed singularity is smooth
and has the homotopy type of a ‘bouquet’ of i three-spheres. Let us order the deformations
t; according to their weights Q[t] under (2.9). They have conformal dimensions

Q[t]

Al = — et
?:1 g —1

(2.13)
One then identifies the deformation parameters with dimensions A > 1 as the CB ‘u-
parameters’ — the VEVs u; = (O;) of the CB operators O — while the parameters with
A < 1 are supersymmetric deformations of the SCFT (that is, deformations of the 4d
theory by the F-terms [ d*00O;). We denote by 7 the number of CB operators — that is,
the rank of the SCFT, whose CB is freely generated. Each independent CB operator is
paired with a corresponding F-term deformation, with

Al + Alty—ia] =2,  1=1,---7. (2.14)

The deformations with A = 1, on the other hand, are unpaired, and correspond to complex
mass terms, which are VEVs for background vector multiplets for the maximal torus of
the flavor symmetry group, G4, of f)‘éd. Let us also mention that, by using the Shapere-
Tachikawa relations [106], the conformal central charges a and ¢ can be easily computed
from the spectrum (2.13) [43]. See also [54] for some more recent developments.

The Seiberg-Witten geometry [107] of 73¢9 is entirely captured by the local Calabi-Yau
X fibered over the extended Coulomb branch (ECB), corresponding to the ‘normalizable
parameters’ t; such that A[¢;] > 1. The low-energy physics is therefore determined by an
SL(u, Z) bundle over the ECB, with the SW periods computed classically as

ap = Q3a aD7l:/Q3a l:17"',?7 ma:/937 Oé:]_,"',f, (215)
Ay By L



in some appropriate basis of H3()A(,Z); the holomorphic 3-form Q3 of the non-compact
CY threefold X generalizes the SW differential Agw [103]. The non-trivial structure of
the SW fibration can be studied using Picard-Lefschetz theory. In particular, one can
straightforwardly compute the monodromy group of the 4d ECB from the singularity data.
Let us also recall that the Coulomb-branch BPS particles are realized as D3-branes wrapped
over the vanishing 3-cycles [8], and that the Milnor number y = 27 + f is the dimension of
the electro-magnetic charge lattice, extended with the flavor charges.

2.3 Crepant resolution and anomaly matching on the Higgs branch of 5)21‘1

The Higgs branch of yild is engineered in IIB as a torus fibration over the complexified
Kéhler cone of the singularity — see e.g. [108-110]. While the HB metric is strongly
affected by the D-brane instantons, we can nonetheless understand the basic features of
the Higgs phase by studying the topology of a generic crepant resolution, X. The number of
hypermultiplets, JH, at a generic point on the HB, is given by the number of 2-cycles (2.3),
a?H = r + f — that is, the number of Kdhler parameters. The number of massless vector
multiplets at such a Higgs-branch point, on the other hand, is given by %bg, half the number
of 3-cycles in the crepant resolution (they come in pairs [99]). Finally, there might remain
some terminal singularities X1 on the exceptional locus of the resolution 5(, which cannot
be resolved further. Such singularities are interpreted as ‘irreducible’ SCF'Ts, which live at
every point on the Higgs branch. (This general structure of the Higgs branch was discussed
from the VOA perspective in [70].) To summarize, we have the following Higgs-branch low-
energy effective theory:

Tius[ %49 2 (dy hypers) @ (;bg vectors) @ ﬁféfR < (2-cycles) @ (3-cycles) ® Xig ,
(2.16)
with the indicated geometric correspondence. The IR SCF'T is a tensor product of distinct
SCFTs whenever there are several distinct residual terminal singularities. We can provide
a strong check of this picture by matching the 't Hooft anomaly Tr(U(1),), since U(1), is
preserved on the Higgs branch. For the SCFT in the UV, the anomaly is simply related to
the conformal anomalies [106]:

A [FRY = 24(c — a) = np, — ny (2.17)

where np, = —16a + 20c and n, = 8a — 4c are the ‘effective’ number of hypermultiplet and
vector multiplets, respectively, at the fixed point. Upon going on the Higgs branch, we
have to match with the anomaly of the IR theory (2.16):

~ 1
Ar[Tip] = dn — 5bs + A4, (2.18)

IR

Thus, we must have:
~ 1
24(c—a) =dp — 3bs + 24 (™ — o™y | (2.19)

where a'®, ¢! are the central charges of the IR SCFT t%‘é?R. (See [111, 112] for related
discussions.) This anomaly matching condition provides a strong check on the geometric
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engineering picture, since it looks quite miraculous in terms of the geometry, relating the
deformation data (which encodes a — ¢) to the crepant resolution data. We checked this
relation explicitly in many examples. It would be very interesting to prove it directly from
the geometry. For future reference, let us also define the quantity

~ 1
AA, =24(c—a) —dy = —bs + 24(cM — M) | (2.20)
which vanishes if the Higgs branch consists of free hypermultiplets only.”

2.4 Flavor symmetries, conifold transitions and boundary five-manifold

For X a hypersurface singularity, we have seen that the integer denoted by f appears in
two distinct ways:
o= p(X)

- 2.21
= dim H**(X). (2.21)

On the first line, p(X) is the divisor class number — that is, the number of non-compact
divisors, or, equivalently, the number of compact 2-cycles Cy, a = 1,--- , f, to which they
are dual, in any crepant resolution X. They give rise to background vector multiplets
in the Coulomb phase of the 5d SCFT 79, in the M-theory construction. Since every
conserved current in 'T)?;d gives rise to an SU(2)g-preserving massive deformation of the 5d
fixed point [96], we would naively think that all such mass terms should be visible as Kéhler
parameters of the resolved singularity. This is however not the case, which is related to the
possible presence of by € 2Z 3-cycles in the resolved geometry. We claim that the flavor
rank of 74 is given by:

|
rank(GHl) = f +neh, s < 503 (2.22)

Here, the interpretation of the 3-cycles in X is that some operators in T)‘Z’d have been
given a VEV, landing us in a ‘partial Higgs phase,” which spontaneously breaks a subgroup
U(1)"ss C GEI’{d of the flavor symmetry of 7}2‘1. The number ngy}, must be computed in a
case-by-case basis, as it depends on the details of the resolution (we will see examples of
this in the next section) — it corresponds to the number of Kéhler parameters that can be
gained by geometric transitions on these 3-cycles, which preserve the 5d Coulomb phase.

On the second line of (2.21), f is defined as the number of ‘unpaired’ three-cycles
in any generic deformation of the singularity. These are the compact 3-cycles S3 C )A(,
a=1,---,f, dual to non-compact 3-cycles, which give rise to background vector multiplets
in the Coulomb phase of the 4d SCFT ﬁ)éd, in the IIB construction, and f is then identified
as the rank of the flavor symmetry of fyé‘d. Since there cannot be any 2- and 4-cycles in
the deformation X of an IHS [113], we do not have any mixed Higgs phase on the CB of
T;C’d, and therefore we expect that

rank(G1) = f. (2.23)

9The converse is not true, of course, since we can have the coincidence that AA, = 0 because b =
48(c™ — a™). On the other hand, AA, # 0 implies that the HB theory includes additional degrees of
freedom besides the hypermultiplets, and A4, non-integer implies that there is some irreducible IR SCFT.
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Note that, even when b3 = 0 and G?}i and G‘}} have the same rank, the flavor groups
G%‘,ﬂ and G‘}f themselves, which act as SU(2) g-preserving isometries on the quantum Higgs
branches My [T24] and M [ F5%9], will in general not be the same.

Geometrically, there are two related ways to understand the ‘coincidence’ (2.21). The
first one is that there exists a geometric transition that shrinks the curve C, C X to zero
size, before turning on the complex structure deformation that gives rise to the 3-cycle S3,
or vice versa, generalizing the well-studied conifold transition [9, 114]:

C,, — S3 .

«

(2.24)

Such a transition, in general, has to go through the singularity X at the common origin
the Kéhler and complex structure parameter spaces. Physically, in either the 5d or 4d
interpretation, this transition (C, — S2 in M-theory, or S3 — C, in IIB) corresponds to
sending a mass to zero, upon which some field charged under the flavor symmetry U(1),
becomes massless, and can be then given a VEV that spontaneously breaks the symmetry.

The second, related explanation is that both the 2-cycles C, and the 3-cycles S2 sit in
the image of the embedding map for the boundary into the threefold, namely

Co € im [Ha(0X,Z) = Hy(X,Z)| , S5 €im [Hy(0X,Z) —» Hy(X,Z)| . (2.25)

For an isolated singularity, the act of resolving or deforming the singularity does not affect

the boundary at infinity, and we have
0X = 9X = L5(X). (2.26)

Here, L5(X) is the link of the singularity X.!9 For quasi-homogeneous isolated hypersurface
singularities, L5(X) is simply-connected [113], so that its homology takes the general form:

Ho(Ls,Z) =17, Hi(Ls,Z) =0, Hy(Ls, Z) = 7 @ s,

(2.27)
Hs(Ls,Z) =77, Hy(Ls,Z) =0, Hs(Ls,Z) =7,

Both f and the finite abelian group hs can be computed directly from the weights ¢; [116,
117]. (See [10] for a review of the relevant combinatorial formulas.) We will discuss the
physical meaning of Tor Ho(Ls,Z) = b in subsection 2.7.

2.5 Circle reductions and the electric quiverines

In both the M-theory engineering of 74 and the Type IIB engineering of Z¢¢, the extended
Coulomb branch geometry arises semi-classically in string theory. On the one hand, the
ECB of ng is identified with the extended Ké&hler cone of the singularity, of real dimension
r+ f, parameterizing the crepant resolutions of X (see e.g. [15] for a more detailed review).
On the other hand, the ECB of ﬂéd is identified with the versal family of complex structure

101f the singularity admits a Ricci-flat metric, the five-dimensional link admits a Sasaki-Einstein metric (by
definition). Here, we will not assume this, as there are generally obstructions to the existence of a SE metric
— see [115] for a nice review. The non-existence of SEs metrics, for many singularities of physical interest for
geometric engineering, raises quite interesting questions, which however go beyond the scope of this paper.

- 12 —



deformations, with the special-Kéhler conical structure arising naturally from the vanishing
3-cycles.

By contrast, the Higgs branch in either case is much harder to study, since it receives
M2- or D-brane instanton corrections. From the assumed superconformal invariance, we
know that it must be a hyper-Kéhler cone, and, from the geometric engineering, we know
its quaternionic dimension:

dim My (TR = du =7+ f, dim My [ =du =7+ f, (2.28)

in 5d and 4d, respectively. Note that, in this paper, we are always talking about the
‘quantum Higgs branch’ of the SCFT [57], which generally does not have any Lagrangian
description — in particular, the Higgs branch may not be realizable as a hyper-Kéahler
quotient. Of course, one could also consider mixed branches, which correspond to partially
resolving then deforming the singularity, or vice versa.

It is clear, from the discussion so far, that the Higgs branch data and the Coulomb
branch data of the 5d and 4d SCFTs are related to each other. In particular, we see
from (2.28) that the quaternionic Higgs branch dimension in 5d, dg, is equal to the complex
dimension of the extended Coulomb branch of Z¢4. In this subsection and the next, we
spell out this relation in more detail.

Let us first consider compactifying the theory ﬂ)éd on a finite-size circle. This gives
rise to a three-dimensional N' = 4 supersymmetric field theory, whose Coulomb branch is
now hyper-Kéhler — each 4d N' = 2 abelian vector multiplet gives us a 3d N = 4 vector
multiplet, which contains three real scalars plus a (dual) photon, and the hyper-Kéhler
structure is dictated by 3d N = 4 supersymmetry. Note that this happens as soon as we
compactify the theory on S!, at any radius [118, 119]. The 3d N = 4 CB receives quan-
tum corrections which dramatically correct its metric — say, compared to a semi-classical
description for a 4d Lagrangian theory on R3 x S'. In string theory, these corrections
arise from D3-branes instantons wrapping the circle times any vanishing 3-cycle in X. Let
Dg1 744 denote the KK 3d N/ = 4 theory obtained by circle compactification. In the far
IR (compared to the KK scale), we obtain a new 3d N' =4 SCFT, which we denote by:

3d
EQW[X] & D¢ F51. (2.29)

More precisely, we should think of EQ® [X] (also written as EQW, with the dependence
on the choice of singularity X implicit) as a three-dimensional SQFT which coincides with
Dag1 ﬂ)éd below the KK scale — for ,%‘éd given by a superconformal Lagrangian, it would
simply be the dimensionally-reduced Lagrangian theory; for non-Lagrangian theories (the
generic case), we need to work harder. The 3d N' = 4 SQFT EQ(4) is called the ‘electric
quiver(ine)’ of the 4d SCFT 4. Its IR fixed point is the 3d V' = 4 SCFT we are inter-
ested in. It has a scale-invariant Coulomb branch, which must be a hyper-Kéhler cone of
quaternionic dimension

dim CB[EQW[X]] =7, (2.30)

while its Higgs branch, of dimension JH, coincides with the Higgs branch of 9)‘(1‘1. Note
that the SU(2)¢ R-symmetry acting on CB[EQ(4)] arises as an accidental IR symmetry, af-
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ter non-trivial mixing between the U(1), symmetry of ﬂ)éd and 3d topological symmetries
that are present along the RG flow [120].

Similarly, we may consider the 5d SCFT 7 on a finite-size torus, which defines for
us a KK field theory denoted by DTZT)E()d. This gives us another 3d N' = 4 SCFT in the
deep IR, and we denote the intermediate 3d N'= 4 SQFT by

3d
EQ®[X] ¥ DT, (2.31)

Since T)“E’d is never given by a superconformal Lagrangian, the ‘electric quiver’ EQ® is not
something we can read off easily. (Note, in particular, that this is not the dimensional
reduction of some 5d IR gauge-theory description which may arise on the ECB of the 5d
SCFT.) By definition, the electric quiver of 734 has a Coulomb branch of dimension

dim CBEQ® [X]] = r, (2.32)

while its Higgs branch, of dimension dy, coincides with the Higgs branch of 72¢.
As anticipated in the introduction, the T)E(’d on a torus and 3{%‘1 are related by T-duality
in Type II string theory, as suggested by our construction

DT < MAonR*xSixX <« IIBonR®x 51% xX < DaJxt, (2.33)

and it is known that T-duality realizes 3d N’ = 4 mirror symmetry as a perturbative string-
theory symmetry [9] (we can keep g5 very small in this whole discussion, by taking the M-
theory circle to be small). Thus, we expect the two 3d N = 4 effective descriptions (2.29)
and (2.31) to be related by mirror symmetry. This, however, cannot be exactly true in our
setup, since the dimension of the CB of EQ(4), (2.30), does not match the dimension of the
HB of EQ(5) (dg =7+ f) unless f = 0, and vice versa. The discrepancy comes from the
f U(1) vectors in either description (4d in IIB, or 5d in M-theory), which we discussed in
subsection 2.4.

In the following, we give a natural prescription to explicitly relate the SQFT descrip-
tions of the 4d and 5d SCFTs compactified to 3d. A more detailed explanation of our
approach will be given in [10].

2.6 Higgs branches, magnetic quiverines and 3d mirrors

Let us first define the magnetic quiverine of the 4d SCFT Z¢¢ as the 3d N' = 4 mirror

dual to its electric quiver:'!

MQW  aier  pQ@) (2.34)

This magnetic quiverine — by the definition, the 3d mirror description of the 3d SCFT
obtained by compactifying the 4d SCFT on a circle — is more often called the 3d mirror of
9)‘(1‘1. In recent years, 3d mirror theories have been obtained for many strongly-coupled the-
ories, in particular for many Argyres-Douglas theories [86, 121-123]. The interesting point
is that MQ(4) may have an explicit Lagrangian description in 3d, even if EQ(4) does not.

HRecall that we use the term ‘quiverine’ for the 3d theories in general, which may not have a description
as a standard quiver gauge theory.
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Similarly, we define the magnetic quiverine of the 5d SCFT 7" as the 3d mirror
MQ® e pQo). (2.35)

In the recent literature, the magnetic quiver (MQ) of any SQFT with eight Poincaré su-
percharges, 7, has been defined as a useful ‘auxiliary’ construction (generally constructed
from a brane-web diagram), from which the Higgs branch of 7 can be computed as a 3d
N = 4 Coulomb branch

My [T] = CBMQ). (2.36)
The geometric-engineering approach gives us a fully geometric realization of this perspec-
tive [31], at least abstractly. Indeed, we really ought to define the magnetic quiver(ine)s
directly from the string ‘compactification’; as follows.

Let us first consider the 5d SCFT 7R¢ on T2 = S}, x Sé, as in (2.31). It is well
appreciated that abelian flavor symmetries in 3d can be gauged and ‘ungauged’ at min-
imal cost [74, 75]. The theory EQ® has a U(1)/ flavor symmetry,'? which acts on its
Higgs branch as an isometry commuting with the SU(2)r action. We may then gauge this
symmetry, to obtain a new theory, denoted by:

MQW = EQ® /U(1)/ . (2.37)

This gauging operation takes a theory that depends on background multiplets V() for
U(1)7 and gives us another theory with a new topological symmetry U(l)g (one topological
current for each gauged U(1)) coupled to background vector multiplets V(. Schematically,
we have:

)
S Vi)l = —log / [DVip] exp (—SMQ(5) Vi) - o / Ary N dAgpy + - ) . (2.38)

where A denotes the gauge fields in vector multiplets, and the ellipsis denotes the super-
symmetric completion (including Fayet-Iliopoulos terms). In particular, this so-called ‘S
operation’ sends an SCFT to another SCFT [75]. The operation is reversible; if we now
gauge the new topological symmetries of MQ(4), we obtain the original theory:!3

EQ® =MQW /U(1)f.. (2.39)

Note also that the gauging operation (2.37) acts on the Higgs branch of the theory as a
hyper-Kéhler quotient!'*

HBIMQW] = Mu[TX4] /// UD), (2.40)

while it increases the dimension of the Coulomb branch by f (roughly speaking, the ECB
becomes the CB). In particular, we have:

dimHBMQW] =dy — f =7, dimCBMQW]=r+ f=dy. (2.41)

This is perfectly consistent with the 3d mirror symmetry (2.34).

12%Which may enhance to a larger, non-abelian flavor symmetry, in which case we are only considering
the maximal torus.

13More precisely, we obtain the original electric quiver theory coupled to vector multiplets of opposite sign.

This is what we called ‘reduced HB’ in table 1.
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By the same token, we may define the magnetic quiver of the 74 as the gauging of
the electric quiver for Zd:
MQ® = EQW /u(1)/. (2.42)

Here, the U(1)/ flavor symmetry acts as an isometry of the Higgs branch My [72], and
we have:

dimHBMQ®] =r,  dim CB]MQ®)] = dy, (2.43)

in agreement with (2.35). These relations are simple tools to study the Higgs branch of
either T)gd or e%éd. They also relate many previously-known results to each other. In the
following sections, we will demonstrate this in a few concrete examples.

2.7 Higher-form symmetries of SCFTs

The higher-form symmetries [124] of the SCFT TR or Z5¢4, defined from the singularity X,
can be studied as in [79-81]. Here, we briefly discuss the case of X an isolated hypersurface
singularity, and refer to [10] for a more detailed discussion.

The data of any QFT generally involves a choice of ‘global structure’ — for instance,
for gauge theories, we need to choose a gauge group G, as opposed to only choosing a Lie
algebra Lie(G); this choice translates into distinct spectra of Wilson lines and of (d—3)-
dimensional 't Hooft operators [125]. In the geometric-engineering picture of the SCFT,
the choice of global structure is related to a choice of consistent boundary conditions for
the torsion fluxes in the non-compact threefold [79, 126].

A time-honored general strategy to study the SCFTs is through the analysis of its
moduli space of vacua, which corresponds to resolving and/or deforming the singularity
X. For instance, one can see the ‘enhanced’ flavor symmetry Gp of the fixed point as the
hyper-Kéhler isometries of the conical Higgs branch. Similarly, one-form symmetries, or
their magnetic (d—3)-form version for an SCFTy, can be studied on the Coulomb branch,
where they are spontaneously broken [124]. We can also have (d—2)-form symmetries and
their ‘electro-magnetic’ dual O-form symmetries, which can be spontaneously broken on
the Higgs branch.

In practice, one analyses the ¢g-form symmetries by looking for g-dimensional charged
operators that can obtain VEVs, in either the Higgs phase or the Coulomb phase. These
operators are realized in string-theory as branes wrapping a relative 3-cycle of X which
ends on a torsion 2-cycle of the boundary, 9X. We can then compute the higher-form
symmetry [79-81] of the SCFT from the following relative homology group

Tor |im : Hy(X,0X,Z) — Hy(X,Z)| = Tor Hy(Ls(X),Z) = by (2.44)

A choice of global structure corresponds to choosing a consistent half-dimensional sub-
lattice of mutually-commuting fluxes. Note that, here, we always have:

b2 =7, (2.45)

and that we will choose the simplest sub-lattices (f,0) C b2 or (0,f) C ba, for simplicity,
leaving a systematic analysis of the space of global structures for future work. We then
have the following (non-exhaustive) list of possibilities, also summarized in table 2:
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SCFT[X] | ‘electric’ sym. / charged object | ‘magnetic’ sym. / charged object

T)gd FE,,O) / M2-brane Fg) / Mb-brane
f)‘éd Fgl) / D3-brane Fi}) / D3-brane

Table 2. The group § C Hy(L5(X),Z), interpreted as a g-form symmetry group I'(9),

Three-form/zero-form symmetries of 74. For the 5d SCFT TR¢, the defect
group (2.44) corresponds to either M5-branes or M2-branes wrapping non-compact 3-cycles
ending on a 2-cycle in ho. If we only allow for M5-branes in the spectrum, we have a 5d the-
ory with a 3-form symmetry, while if we only allow M2-branes, we have a 0-form symmetry.
Thus we have:

T4 e =y or 0 =y, (2.46)

for the ‘magnetic’ or ‘electric’ symmetry, respectively. These defect operators could be
constructed in various ways in the field theory — similar codimension-2 defects in 5d
theories were constructed in [127]. We leave their analysis for future work.

Note that the SCFT T)?d arising from an hypersurface singularity does not have any
one-form (or 2-form) symmetry [80, 81|, since the boundary Ls(X) is simply-connected.
This is contrast with the case of toric singularities, which we will briefly discuss in section 5.

One-form symmetries of 9)‘(1‘1. Similarly, in type-I1IB string theory, we can wrap D3-
branes on non-compact 3-cycles in X. They correspond to line operators probing the
Coulomb phase. We then have the one-form symmetry:

T () — 5 or () =5, (2.47)
If yféd is given by a superconformal Lagrangian, the global structure should simply corre-
spond to the choice of gauge group G — in particular, we will have a one-form symmetry if
a discrete subgroup of the center, f C Z(G), acts trivially on the matter fields. We will see
examples of this below. For non-Lagrangian theories, on the other hand, such as generalized
Argyres-Douglas (AD) theories, the analysis of the one-form symmetries will necessarily
be more subtle. In fact, the string-theory engineering makes very specific predictions for
the one-form symmetries of some AD theories, as we will discuss in section 4.4 below.

3 5d SCFTs with Lagrangian 4d SCFT counterparts

In this section, we illustrate the general discussion of the previous section with examples,
where both sides of the 5d/4d correspondence have a Lagrangian description. We start by
discussing the Eg rank-one 5d SCFT [5], and its rank-N generalizations [7], which already
brings about interesting subtleties. We furthermore discuss a 5d SCFT, which has an IR
description in terms of a quiver theory, as well as the SCFT associated to G + 5F'. Each
example illustrates different aspects.
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dy P dy AA, bs f

F r | f
e+l +af+afN | N|6|12N-1|12N -7 | N+6 | -N+1|2N -2 | Zy

7

8

?+ry+af+aN | N I8N -1 |18N -8 | N+7|-N+1|2N -2 | Zy
e?+ a3+ af+a8N | N 30N —-1|30N—-9 | N+8 | -N+1|2N-2|Zy

Table 3. Isolated hypersurface singularities engineering the rank-N FE,, theories, for n = 6,7, 8.

3.1 The rank-N Eg theory

The famous rank-one E,, SCFT [5], for n < 8, can be engineered in M-theory on a canonical
singularity, Xg,, whose crepant resolution is the canonical line bundle over the del Pezzo
surface dP,, = Bl,,_1P!xP! [6]. This resolution probes the extended Coulomb branch of the
SCFT Tf("én, whose low-energy description is equivalent to the extended Coulomb branch
of the 5d ' =1 SU(2) gauge theory with Ny = n — 1 fundamental hypermultipets. These
5d fixed points admit an interesting rank-N generalization, with a gauge-theory phase:

Sp(N) + (n—1)F + AS. (3.1)

For N =1, this reduces to the Sp(1) = SU(2)+(n — 1)F gauge theory. The Higgs branch
of the UV fixed point is expected to be the moduli space of N E,, instantons in C2. For
n > 6, these 5d SCFTs can be engineered in M-theory on the following isolated hypersurface
singularities:
XEgg - x?—i—x%’—l—m%—i—xi]v =0,

Xp, : 22+ as+zi+aV =0, (3.2)
Xpg - x%—i—x%—l—aﬁg—i-xﬁ]v =0,
up to some interesting subtleties for N > 1, which we will discuss below. For N = 1, in
particular, each of these singularities admits a crepant resolution obtained by blowing up
the origin of C*, 1 = 2o = 3 = x4 = 0, by projective spaces with weights (1,1,1,1),
(2,1,1,1) or (3,2,1,1), respectively. The exceptional divisor is then dP, viewed as a
hypersurface in (weighted) projective space.

Some of the basic properties of the singularities (3.2) are summarized in table 3, note
that b3 and Ha(Ls,Z) were also computed in [128]. In this section, we focus on the Eg the-
ories, for definiteness. The Eg and F7; families can be treated in exactly the same manner.

3.1.1 Singularity spectrum and 4d superconformal quiver

Consider the singularity X g,

111 1
F(m) = x% +.%'% +$g +x2N = 07 (CILQQ;%,(M) = (27 57 67 6]V) ) (33)

with the scaling weights ¢; as indicated. The Milnor ring, M(F'), of the corresponding
isolated singularity, X = {F = 0}, is easily determined. One finds a non-trivial mixed
Hodge structure on the level set of the singularity, with the dimensions (2.7) given by:

f=dim H**(X) =8, 7= dim H"?(X) = 30N — 9, (3.4)
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while the Milnor number is given by u = 27 + f = 60N — 10. In particular, H2’2()A() is
generated by the 8 deformations of X corresponding to the monomial in 2™ € M(F) with
scaling dimension @ =1 — GLN, namely:

5N—1 2 4N-1 3,..3N—1 4 _2N—-1
33‘3.1)4 3 1‘31‘4 5 $3l‘4 5 1‘31‘4 3 (3 5)
AN -1 3N-1 2 2N-1 3,.N—1 '
T, ,  Tax3Ty ,  T2T3xy ,  Tax3xTy .
n (] construction €y COrrespon O Imass terms — operators o wi
In the IIB truction, they pond t t CB operat f 744 with

scaling dimension A = 1. On general ground, as discussed in the previous section, f is
also the number of ‘unpaired’ 2-cycles in the resolution X of the singularity, so that we
also have f = 8 5d N'=1 real mass deformations (sitting in background vector multiplets)
apparent on the ECB of 7')2‘1. For N > 1, there is an apparent mismatch with the number
of real masses expected from the gauge-theory description (3.1)

Sp(N) + 7F + AS, (3.6)

from which one would expect 9 mass deformations (7 from the fundamentals, 1 from the
antisymmetric, and 1 gauge coupling). Correspondingly, the 5d global symmetry at the
UV fixed point of (3.6) is expected to be Eg for N = 1, and Eg x SU(2) for N > 1. We
will explain the reason for this discrepancy (when N > 1) in subsection 3.1.2 below.

Let us first consider the 4d SCFT Z¢¢ engineered from the singularity (3.3) in IIB.
In this case, as first shown in [103], the 4d SCFT has a Lagrangian description as a
superconformal gauge theory with gauge group:

G = 11 SU(d,N), (3.7)

dy,=Dynkin label of Eg

where dj, are the Dynkin labels of the affine Eg algebra. This gauge group is coupled to
hypermultiplets in bifundamental representations, giving us the Es gauge-theory quiver
shown in figure 1. This result can be derived from the integer-valued singularity spectrum
{A}, as in [45]. For instance, for N = 1, we have the following scaling dimensions of CB
operators (A > 1):

Al1]2(3 141|516
#|8|8|6|4|2]|1

(3.8)

with their multiplicities indicated on the second line. Since an SU(K) gauge group con-
tributes CB operators of dimension A = {2,3,---, K}, this spectrum is compatible with:

G = SU(6) x SU(5) x SU(4)? x SU(3)? x SU(2)?, for N = 1. (3.9)

This reasoning generalizes to N > 1, giving us (3.7). There is then a unique way to
couple all these gauge groups together with hypermultiplets to obtain an SCFT [129]. As
a consistency check, we can compute the conformal anomalies of ﬂ)‘éd directly from the
singularity spectrum, to obtain:

nyp = —16a + 20c = 120N? ny = 8a — 4c = 120N? — 9. (3.10)
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Figure 1. 4d SU-type N = 2 gauge-theory quiver for the rank-N Ejg theory. The same quiver
graph describes the ‘electric quiver’ EQ(4), seen as a 3d A = 4 theory.

This exactly matches the number of hypermultiplets and vector multiplets, respectively, in
the 4d N' = 2 gauge-theory quiver of figure 1.

Since ﬂ)‘(ld is a Lagrangian theory, its Higgs branch is computed semi-classically, as a
hyper-Kéahler quotient

M= CON )G (3.11)

For N > 1, however, there is an interesting subtlety: a subgroup U(1)N~! C G survives as
free vector multiplets at low-energy.'® The Higgs branch quaternionic dimension is then:

dy=np—ny+N—-1=8+N. (3.12)
The U(1), 't Hooft anomaly of course match:
24(c—a) =dyg — (N —1). (3.13)

According to the general discussion in section 2.3, we should expect 2(N — 1) 3-cycles in
the resolved geometry X. This is indeed the case, as we will see momentarily. The 4d
N = 2 theory of figure 1 also has Zy one-form symmetry, in agreement with the prediction
from the geometry.

3.1.2 Resolutions: 5d Coulomb branch and 4d Higgs branch

From the singular equation (3.3) for X, we can explicitly construct the crepant resolution
7w : X — X. Using the notation of [21, 131], the resolution is obtained as a sequence of
weighted blow-ups (taking the proper transform) in the ambient space:

(xg:a) 7 $gz) ’ xi())l) : 1:511); 51), (3.14)
(m§3),x§2),x§1),6§1); 0i+1) , fori=1,--- ,N—1. ‘

This is rather familiar in a different context: this E\s 4d N = 2 quiver also arises as the SCFT at
low-energy on the worldvolume of N D3-branes probing the (resolved) orbifold of C? by the ‘Eg’ finite
subgroup of SU(2), Y = C?/T'g, [130]. In that language, the Higgs branch of the ' = 2 quiver corresponds
to the 8 resolution parameters of the orbifold singularity (the so-called baryonic operators), = : Y — Y, and
to the N positions of the D3-branes on Y (the so-called mesonic operators). The low-energy U(1) vector
multiplets are the degrees of the freedom of the N separated probe D3-branes (modulo the center-of-mass
U(1), which is decoupled).
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The superscripts denote the weights of the blowup, and J; are the sections associated to
the exceptional divisors of the blowup. The fully resolved singularity is completely smooth
can be summarized by the equation:

N

X : x%%—x%—kxg—ka:gNHéiGN_ﬁi:O. (3.15)
i=1

If N = 1, the single exceptional divisor, S1 = {4; = 0}, is a smooth degree-6 hypersurface in

the weighted projective space P31 which exactly has the topology of dPs. This confirms

that the 5d SCFT 7R¢ is the rank-one Ej theory, with the IR gauge-theory description

SU(2)+7F [6].

For N > 2, the triple intersection numbers among the N exceptional divisors S; are:

S3=83=...=5% =0, Sy =1,

3.16
S2.8 4 =1, S2..8=1, (i=2,...,N), (3.16)

with all other intersection numbers vanishing. From the Riemann-Roch theorem and the
adjunction formula:
S% -S89+ 57 - S% = 29(51 . SQ) -2, (3.17)

one finds that the intersection curves S; - Sit1 (¢ = 1,...,N — 1) all have genus
g(S; - Si+1) = 1. In fact, the surfaces S;, i < N, are ruled surface over a genus-1 curve,
P! — S, — T2, while Sy is a dPs surface. These intersection numbers are exactly the
ones obtained for the gauge theory (3.6) engineered in [7].' The Hodge diamond of the
surface Sy, for k < N, reads:

110
ISy =1121|, k=1, ,N-1. (3.18)
011

In particular, we find a pair of 3-cycles on each of these surface. Therefore, in total, there
are 2(N — 1) 3-cycles among all the Si. This agrees with the number of 3-cycles in the
smooth local threefold X, which can be computed using the methods of [100]:

by = H3(X,Z) = 2N — 2. (3.19)

Note that, on the other hand, the space X is simply connected.

When N > 2, interestingly, one can go through a geometric transition that flops the
genus-1 ruled surfaces S; (i < N) into Hirzebruch surfaces, and blows up the surface
Sy (which becomes BlgF3). (For the case of N = 2, this flop was explicitly constructed
in [16, 21].) After this transition, the (/N —1)-intersection curves S;-S;+; all become genus-
zero curves. As a consequence, all the 3-cycles disappear and there is one additional 2-
cycle in the flopped geometry, Xﬂopped. Alternatively, this geometric transition can also be
understood from the (p, ¢)-web for the 5d Sp(INV) gauge theory, as we discuss in appendix C.

16See equations (8.13)-(8.14) of [7], plugging in ¢ =0, ¢’ = 1 and ng = 7.
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Interpretation in T)?d: the ‘AS hypermultiplet phase transition.’ The resolved
geometry (3.15) should correspond to a generic point on the extended Coulomb branch of
the 56d SCFT T5d As already mentioned, from the gauge theory perspective (3.6), one
expects the ECB to be of real dimension N + 9, instead of:

dgp=r+f=N+8, (3.20)

as dictated by the geometry. Recall that a hypermultiplet in a representation R of the 5d
gauge group (54 contributes to the prepotential as [7]:

Z o(p) +mal” (3.21)
pGER

where the sum is over all the weights p of the representation, ¢ denotes the CB VEVs of
G5q and mgy is a real ‘flavor’ mass. For the antisymmetric of Sp(IN), we have:
N — 1

Fas=— mas|® — Z () +mas|” . (3.22)
12 p;ﬁO

The key point is that the AS of Sp(NN), of dimension (2N +1)(N —1), has N — 1 vanishing
weights, p = (0,---,0). Therefore, at a generic point on the Sp(N) Coulomb branch, we
have N — 1 neutral hypermultiplets of mass mag. In the limit mygg — 0, these neutral
hypermultiplets can be given a VEV.

This phase transition resolves our puzzle. In M-theory, we interpret the resolved
geometry (3.15) as the Coulomb branch of the SCFT in a ‘partial Higgs phase,” which can
be described as the Sp(NN) gauge theory on its CB with m s = 0 and non-zero VEVs for
the N — 1 neutral hypermultiplets, as we just discussed. In this phase, the 5d SCFT flavor
symmetry will be:

G = Fg, (3.23)

for any N, as we will see. The geometric transition mentioned above corresponds to turning
off these VEVs and turning on the mass for the antisymmetric, mag # 0, which corresponds
to the new Kéhler parameter for the additional curve in Sy C )Niﬁopped after the flop. One
could then, in principle, go to the origin of the Kahler cone of this flopped geometry, where
we would expect an SCFT with flavor symmetry Eg x SU(2). For N = 2, this flavor sym-
metry is manifest in the model derived from a non-isolated singularity [21]; however, to our
knowledge the geometry that makes the SU(2) manifest for N > 2 is unknown. It would be
interesting to find such explicit geometries, including as isolated singularities if they exist.

In summary, our puzzle in the counting of the mass parameters of T)‘Z’d arose as an
order-of-limit issue. If we consider T)‘Z’d as defined by the canonical singularity (3.3), there
is no issue except that the 5d gauge-theory interpretation (3.1) is partially lost.'” If we

1"Note that is not in contradiction with [7], where the prepotential of the Sp(N)+7F+AS gauge theory
was matched to the prepotential computed from the intersection numbers (3.16), because that computation
was not keeping track of the mass parameters. Instead, one should redo these computations while keeping
track of all the non-compact divisors, as done recently in [15, 132] for toric singularities, and in [21] for
elliptic models.
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insist on interpreting this SCFT as a ‘strong-coupling limit’ (i.e. a UV completion) of the
5d N/ = 1 gauge theory, the correct interpretation is that one needs to first send m4g to
zero, go to the ‘partial Higgs phase’ for the chargeless hypermultiplets, then take a scaling
limit wherein all the remaining N + 8 ECB parameters are sent to zero.

3.1.3 Magnetic quivers and the 5d Higgs branch

The 4d N = 2 quiver of figure 1 can be directly reduced to 3d, since it is a Lagrangian
SCFT. Thus, we see that the ‘electric quiver’ MQ(4) of y)éd is just the Eq quiver with
SU(N) gauge group, now viewed as a 3d V' = 4 gauge theory. This theory (like ¢ itself)
has a flavor symmetry U(1)8, which are simply the symmetries rotating the 8 bifundamental
hypermultiplets. Gauging this symmetry according to our general prescription, we obtain
the magnetic quiver of the 5d SCFT

3N
MQ(5) [XES] = " o o—o I o—o
N 2N 3N 4N 5N 6N 4N 2N (324)

with the gauge group []; U(dxN) modulo the diagonal U(1). The CB of this MQ® can be
studied by standard methods. We see, in particular, that its has the expected dimension:

dg = dim M} =7+ f =30N — 1. (3.25)

Moreover, this MQ®) implies that 7% has the enhanced flavor symmetry Fg; the Cartan
of this Fg is the topological symmetry U(1)® of the unitary quiver. For N > 1, the
MQ(5) (3.24) is distinct from the one expected from the strong-coupling limit of the 5d
Sp(N) theory, for the reasons explained above. The latter quiver would be:

3N
1 N 2N 3N 4N 5N 6N 4N 2N (3.26)

whose CB gives the (centered) moduli space of N instantons — see e.g. [133]. Note that
the additional U(1) node, which renders the node adjacent to it ‘unbalanced,” could not
come from some Lagrangian matter in a 4d SCFT, since that would break four-dimensional
conformal invariance.

Finally, let us highlight the fact that we have derived the magnetic quiver (3.24) directly
from the singularity X g,, without using (p, ¢)-webs. The same MQ(5) can be obtained from
a standard web construction for the Sp(/NV) theory in its ‘partial Higgs phase’, as explained
in appendix C.

3.2 Rank-two 5d SCFT with a gauge-theory phase SU(2)o—SU(2)—5F

As another interesting example, consider the canonical singularity:

111 3
Ja — 2 5 10 3 _ — < - = > ) 9
(I‘) Iy +$2 +$3 +.ZE31‘4 O’ (QI7Q27Q37(]4) 9’ 5> 10’ 10 (3 7)

~ 93 -



F r| fldg | 7 | dg | AA-| b3 | f
e? + oy + 2l fasad 21846 (3810 0 [ 0] O
24+ +ad+a [2]0]32(32] 2| -6 |12|7Z§

Table 4. The isolated singularities studied in subsections 3.2 and 3.3, respectively.

Its basic properties are summarized on the first line of table 4. As we will show, this
singularity engineers an SCFT T)‘zd which admits a gauge-theory phase:

SU(2)o — SU(2) — 5F . (3.28)

The enhanced symmetry at the UV fixed point is known to be G = Fg, through other
methods [21, 134, 135]. Let us analyse this model in the language of this paper.

3.2.1 Singularity spectrum and 4d superconformal quiver

The Milnor ring of the singularity (3.27) has u = 84 generators. Amongst these, there are
exactly eight generators corresponding to 4d N’ = 2 CB operators with scaling dimension
A =1 (that is, scaling weight @ = %):

6 9 4 7 2,2 2.5 3 3,.3
T3T4, T3, TaT3T4, T2Ly, ToT3T4, TolTs, THT4, THT3 . (3.29)

We thus find f = 8, which matches the rank of the flavor symmetry (including the topo-
logical symmetries) of the 5d gauge theory (3.28). In addition, there are 7 = 38 generators
with A > 1, corresponding to the CB operators of ﬂéd, whose ECB spectrum reads:

Al11(2(3|4151(6(7|819 10
(3.30)
#(8[18|7|7|54]3]2]|1|1
This spectrum is compatible with a 4d gauge group:
G = SU(10) x SU(8) x SU(7) x SU(6) x SU(5) x SU(4)? x SU(2). (3.31)

We can also compute the conformal anomalies of ﬂféd or, equivalently, the effective number
of hypermultiplets and vector multiplets:

np =312,  n,=302. (3.32)

It is then easy to see that the 4d SCFT is the N' = 2 superconformal Lagrangian quiver
shown in figure 2, with gauge group (3.31). The 4d Higgs branch then determined semi-
classically. In particular, the four-dimensional HB dimension is:

dy =np —ny =10 (3.33)

The 4d N = 2 quiver directly reduces to the electric quiver EQ(4), described by the same
gauge theory with 3d N = 4 vector multiplets. By gauging the U(1)® flavor symmetry
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Figure 2. The N = 2 SCFT Z¢¢ for the singularity 2 + 25 + 1% + 2323 = 0, where each node is
an SU(K) gauge group, with K as indicated.

e7

€8

Figure 3. Hasse diagram for 724 defined by 2% + 23 +21° + 2323 = 0, with magnetic quiver (3.34).

rotating the bifundamental hypermultiplets in EQ(4), we obtain the magnetic quiver of the
five-dimensional SCFT, 724, as a unitary quiver given by

5
MQ®) =
2 4 6 8 10 T 4 1 (3.34)

From this magnetic quiver, we can see that the flavor symmetry of T)Ed enhances to Fg at the
fixed point. This is apparent in the quiver itself, which has balanced nodes in the shape of an
Eg Dynkin diagram, and it can also be seen by using the quiver subtraction technique [30]
to obtain the Hasse diagram of the Higgs branch H B[7%], shown in figure 3. In fact, the
magnetic quiver (3.34) exactly corresponds to the next-to-minimal nilpotent orbit of FEjg,
as studied in [136]. The 5d HB dimension (computed as the dimension of CB[MQ®)]) also
matches the counting of generators in the Milnor ring, dg =7+ f = 46, by construction.

3.2.2 Resolved geometry and 5d Coulomb branch

Given the 4d Higgs branch dimension (3.33), 729 should have rank r = dgy — f = 2. This
can be seen explicitly, by resolving the singularity (3.27). The resolution sequence is:

(xf) ; :Egl)a :Ez(’,l)7 xz(ll), 61) 3

(3.35)
(x§3) ) 335?), xél)7 6§1); 62) )
which gives us a smooth threefold:
X : 2?4 236, + 23068 + 2323 = 0. (3.36)
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The exceptional divisors, S; = {01 = 0} and Sy = {02 = 0}, are irreducible, thus the
CB dimension of T;?d is indeed given by r = 2. We can also compute the following triple
intersection numbers:

S3=1, S3=1, S?.8,=1, S -57=-1. (3.37)
The exceptional divisor S is a singular surface, however:
61=0: x% + 325 =0. (3.38)

It can be viewed as ruled over a singular cubic curve 243 = 0, with a cusp at 71 = 24 = 0.
In this case, we can perform a flop by blowing up this singular cubic at the double point
on Sy — see [16, 21] for more details and examples. After the flop, we have the following
intersection numbers:

SP=9, S2=0, S2-S,=-3, S .-S2=1. (3.39)

Here, S has the topology of P? and S} is a Hirzebruch surface F3 blown up at eight points.
After another flop (blowing up S; and blowing down S5), the intersection numbers match
the ones for the rank-two gauge theory (3.28) [16, 21].

Note that there is no 3-cycle in the resolved geometry 5(, because the genus-1 curve S -
Sy is a nodal curve and the 1-cycle has collapsed. Hence we have bs = 0. (The same result
is obtained with the methods of [100].) This model has no higher-form symmetry, either.

3.3 Rank-two 5d SCFT with a gauge-theory phase Gs+5F

As our third example, consider the isolated singularity:
1111
F(ﬂf):$%+$g+$§+ﬂfi:07 (Q17QQ7C]3aQ4): <27575)5> . (340)
whose properties are summarized on the last line of table 4. It turns out that it engineers
an SCFT with IR gauge theory descriptions

SU(S)% +5F, Sp(2)+3F+2AS, G2+ 5F. (3.41)

The enhanced flavor symmetry at the UV fixed point is G3 = Sp(6) [21]. Similarly to
the SU(2) flavor symmetry factor for the rank-N FEg theory of subsection 3.1, this flavor
symmetry turns out to be rather subtle from the point of view of the isolated singularity.
We make some preliminary comments on this issue below, and defer a complete discussion
to future work.

3.3.1 Singularity spectrum and 4d superconformal quiver

There are p = 64 generators in the Milnor ring of the singularity (3.40). The 4d ECB
spectrum, corresponding to monomials with dimension A > 1, is as follows:

Al2 |4 16 |8 |10
#(12|10(6 3| 1

(3.42)
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Note that there is mass term (corresponding to A = 1), in this case, and that all the scaling
dimension are even. This gives us:

F=0, dy=r=32. (3.43)
The spectrum (3.42) and the conformal anomalies:
np =232, n, =236, (3.44)

can be matched by a Lagrangian 4d NV = 2 SCFT, which takes the form the orthosymplectic
quiver shown in figure 4.'® From the resolution 5(, to be discussed below, we find r = 2
and therefore:
dg =np —ny +6=2. (3.45)

In particular, there should be 6 massless vector at low energy on the Higgs branch of the
orthosymplectic quiver of figure 4. Note that this identification is not unique, and as will
be discussed in [137], this particular CB spectrum has an alternative quiver realization.

Relatedly, this 4d A/ = 2 quiver has a Z§ one-form symmetry, arising from the fact
that the fundamental of Spin(K) preserves the Zy center; this matches perfectly with the
geometry of the link, since Hy(L5(X),Z) = Z32.

Since f = 0, the orthosymplectic quiver reduced to 3d directly gives us the magnetic
quiver of 724, namely:

MQ©®) =
Spin(5) Spin(11) Spin(9) Spin(7) Spin(5)  Spin(3) (346)
Of course, its Coulomb branch dimension matches dp = 7 = 32, by construction. It

would be very interesting to study the Coulomb branch of (3.46) further, for instance by
computing its Hilbert series.

3.3.2 Resolved geometry and 5d Coulomb branch

Given the singular equation (3.40), we apply the following resolution sequence:

(3}52) ) x(21)7 x:gl)a mz(ll)a 51) )
(z1,61;02), (3.47)
(61,025 03) -
The resulting space is smooth
X : 2369 4 (25 + 23 + 23)6; = 0. (3.48)

8This particular quiver also appeared in [129]. In fact, the general discussion of that paper is very
useful in order to identify the possible N' = 2 superconformal Lagrangian (if any) associated to a given
CB spectrum. Note that the rank-K gauge groups Sp(K) and SO(2K + 1) both have CB dimensions
A={2,4,--- 2K}.
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Spin(1)
Sp(2)
Sp(3) Sp(4) Sp(3) Sp(2) Sp(1)

@ L ® @ @ @ L @ L L
Spin(5) Spin(11) Spin(9) Spin(7) Spin(5) Spin(3)

Figure 4. The 4d N = 2 superconformal quiver for the singularity 2 + x5 + 23 + x5 = 0. Here,
the links are hypermultiplets in the ‘bifundamental’ (m, k) of Sp(m) x Spin(k).

As one can check, the set {d; = 0} is empty. There are thus only two exceptional divisors
S1 = {62 = 0} and Sy = {43 = 0}, which are both irreducible. Therefore, the 5d SCFT
T)‘Z’d has rank r = 2. The triple intersection numbers are:

S =40, S3=9, S7.5, =25, S7.5 =-15. (3.49)

Using (3.17), we can see that Sy - Sy is a genus-6 curve. In fact, S; is ruled over the genus-6
curve Si - So. As So has the topology of a P2, the S; - Sy is also exactly the degree-5
curve on P? with genus ¢ = 6. This makes sense because the curve S; - Sy has equation
89 = 03 = x5 +x3+2] = 0, which has degree five. The Hodge diamond of S; takes the form:

160
(S =16 2 6. (3.50)
061

Thus, there are 12 3-cycles on S1, which also correspond to 12 3-cycles in the resolved
threefold [100]. These 3-cycles give rise 6 vector multiplets on the Higgs branch of 9)§d,
as in (3.45).

Note that, in the M-theory engineering, these 3-cycles must also corresponds to 6
neutral hypermultiplets obtaining a VEV on the Coulomb branch of 7¢. Unlike for the
case of the higher-rank Ejg theory of section 3.1, it is not immediately clear whether this
‘partial Higgs phase’ can be understood directly from the gauge-theory description (3.41).

To connect this resolved geometry to the 5d gauge theory, we have to go through a
geometric transition: we pinch off six points on the genus-6 curve S; - Sy, and blow up
these six double points on So. After these flops, the triple intersection numbers of the new
surfaces S7, Sy will be

SP=8, SP=3, S2.-9=1, S -9 =-3. (3.51)

Hence S is a F3 and S} is a dPs. These triple intersection numbers exactly give rise to the
5d SCFT with the IR gauge-theory description (3.41). Before the flop, our resolved geome-
try has f = 0, in agreement with the singularity spectrum. However, after the six blow-ups
of double points, there are six new 2-cycles in the flopped geometry, while all the 3-cycles
have disappeared. These six new Kéhler parameters then match the rank of the expected
UV fixed point of the gauge theories (3.41), which has flavor symmetry Gr = Sp(6).
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Clearly, a better understanding of this apparent phase transition on the Coulomb
branch of the 5d SCFT 7! is desirable, both in terms of the gauge theory description and
in terms of the local Calabi-Yau.

4 Argyres-Douglas theories and their 5d SCFT counterparts

In the Type IIB setup, the most studied 4d fixed points are the (generalized) Argyres-
Douglas (AD) theories [84] engineered at the hypersurface singularities [8, 42]

F(x1, 29,23, 24) = gg(x1,22) + gor (23, 24) = 0, (4.1)

where the two-variable polynomial gg(z,y) defines the ADE singularity

ga,(a,y) = a® + T gpy (2,y) = 2" ay? (42)
grs(a,y) = a® +y*, g, (,y) = a® + 2y’ gps(,y) = 2 + 4. '
We will denote these so-called (G, G") theories [42] by
AD[G,G' = 7L . (4.3)

(G,G7]

Of course, one can study many other SCFTs in a similar manner, such as, for instance, the
4d SCFTs that arise at exceptional unimodal singularities [138] which are not of the [G, G']
type [139]. Here, we focus on the class (4.1) for definiteness; see [10] for more examples.

We display a few examples, with their basic properties, in table 5. Note that many
of these canonical singularities do not admit crepant blow ups, so that » = 0. From our
general discussion, they must therefore correspond to ‘rank-zero’ 5d SCFTs T)?d. We will
see that this is indeed the case, although it is not yet clear whether the rank-zero T)Ed is a
‘trivial’ theory — in the sense that it could consists of free bd hypermultiplets ‘in disguise’.

We will also discuss an interesting example with » = 1, corresponding to a singularity
that engineers a non-trivial, higher-rank SCFT both in 4d and 5d.

4.1 4d fixed-points with » = 0 and 3d mirrors

Let us first review some well-known fact about some of these AD theories with » = 0, in
this IIB engineering perspective [8, 42, 43].

The theory AD[A;, A2n_1]. This series includes the free hypermultiplet for N = 1,
since X[4,,4,] is the conifold singularity. We have:

f=1, F=N-1, dy =1. (4.4)

The 3d mirror (that is, MQ(4)) is known to be 3d N' =4 SQED[N; = NJ; equivalently, it
is a U(1) x U(1) quiver with N bifundamentals, modulo the decoupled diagonal U(1) [86]

1 N 1
*———0

1

MQH (4.5)

19The singularities (4.1) have r = 0 for (G, G’) = (Ax, G"), for any k and any G of type A, D or E.
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G, G F rlfldg |7ldy| a | ¢ |AA | u | by
[A, Ar] | a3 +ad+ad+27 |01 1 |0 1|5 || O 10
(A1, Ao] | 23+ ad+ad+a23 |0]0] 1 |1] 0 % % % 210
(A1, As] | a3 +ad+ad+2f |O]1 ) 2 1] 1 | &3] 0 [3]0
[A1,Aq) | 23+ 23 +23+2; [0/0] 2 |2] 0 % iz % 410
[A,Ds) |2} +ad+af+ag2d |01 3 |21 | 2|1 L |50
[A,Dg) |23+ a3 +aS+ax32d 0|2 4 |2 2 | B | 2| 0 |60
[A1, D7) |2} +a3+aS+ag2d [0 1] 4 |31 | & |3 2 |70
[A1,Ds] | 23 +a3+af+as2i (02| 5 (32 | B |2 0 |8]0
[Ag, Ao] | a3 +a3+a3+ad |0[2] 3 |1] 2 | & % 0 410
[Ag, As] | a?+af+af+af [0[3] 6 3] 3 |2 ]|2] 0 |90
(A4, Ag) | 2 +al+ad+a2] |0[4]10 (6] 4 | 2 8] 0 [16]0
[Ag, Dy | 224+ a3+ 23 +2322 |00 4 (4 0 | 2 | 2| 0 | 8]0

Table 5. 5d and 4d data for some singularities giving rise to 9 = AD[G,G']. Here, a and c are
the conformal anomalies of Z¢9. Note also that [Ag, Ag] = [A1, Dy].

The Higgs branch is
M= c?/zy = cB [MQW) . (4.6)

Of course, for N = 1, we recover the elementary 3d mirror symmetry between a hypermul-
tiplet and SQED[Ny = 1]. The Higgs branch (4.6) corresponds to the small resolution of
the singularity:

i+l N =0, (4.7)

which leaves us with a smooth local CY threefold with a single Ké&hler parameter (for
N =1, this is the resolved conifold).

The theory AD[A;1, A2n]. In this case, one has:
f=o0, F=N, dy =0. (4.8)

Therefore the Higgs branch is trivial. The CB spectrum is A = {%}j\le It has been

proposed that the 3d mirror consist of N free hypermultiplets [140, 141]:
MQ®W = (hyper)®V . (4.9)
From the IIB construction, we see that the HB is empty because the terminal singularity:
a3t as+ad+ a2Vt =0 (4.10)

does not admit any (small or otherwise) crepant resolution. This is also reflected in the
Tr(U(1),) anomaly, 24(c — a) = 2]\],\%, which is not integer.
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The theory AD[A1, Dan+2]. In this case, one finds:

The 3d mirror is given by the following quiver (modulo the diagonal U(1), so the gauge
group is U(1)?):

1 N 1
1 (4.12)

The Higgs branch M4 = CB [MQ(ZL)} has quaternionic dimension 2. The flavor symmetry
G4 is SU(3) for N = 1 and SU(2) x U(1) for N > 1.

The theory AD[A1, Dan+1]. In this case, one finds:
f=1, 7#=N, dy=1. (4.13)

This Higgs branch is C?/Zs for any N. In addition, the low-energy theory on the Higgs
branch also contains the irreducible SCFT AD[A;, Aoy 2], which itself has no Higgs branch.
The 3d mirror is expected to consists of a tensor product of SQED[Ny = 2] (whose CB
realizes the C2/Zy Higgs branch) with (N — 1) free hypermultiplets:

MQW = (hyper)® VY @ SQED[N; = 2], (4.14)
as argued recently in [141]. The canonical singularity:
o3+ o3 4+ 22N st = 0 (4.15)

admits a small resolution which leaves us with the residual terminal singularity that gives
the IR theory AD[A1, Aon_2].

The theory AD[Ag, Ag]. This family of theories is particularly interesting. We have:

k(k — 1)

a dyg = k. (4.16)

f=k, 7=

The 3d mirror is the complete graph with k& + 1 nodes [86, 142]:

1 1
A 1 1 "
MQW[X4y a)l= &——0 +  MQW[X(4, 4,] = ;
1
1 1 (4.17)
MQ@W [X(45,45] = , etc.,
1 1
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modulo the diagonal U(1). Note that AD[As, A3] = AD[A;, D4]. From the magnetic
quivers, we also learn that the flavor group G%}i for AD[A, Dy] is SU(3), while the flavor

symmetry for k > 2 is U(1)".

These singularities admit a smooth resolution, with the
exceptional locus consisting of k rational curves, therefore we have a smooth Higgs branch
phase. This family also generalizes to AD[Ay, Axn+n—1], whose 3d mirrors are the same
complete graphs (4.17) but with all links of multiplicity N.

Interestingly, we can also access the ‘electric quiverine’ directly in certain cases, as fol-
lows. The AD[Ay, Ag] theory has k — 2 marginal couplings, which can be tuned to reach an
S-duality cusp [143], from which we can read off some useful ‘quasi-Lagrangian’ description.
Such descriptions consist of SU(n) gauge groups coupled together with strongly-coupled
‘matter’ [144, 145], which can be reduced to 3d ‘sequentially’ at weak coupling. As a simple

example, consider AD[Ag3, A3], which has an S-dual description [146]:

AD[As, As] =

Dy — SU(2) — D, (418)
Here, an SU(2) subgroup of the Dy theory (that is, [A1, D4]) is gauged in conformal manner;
indeed, the CB spectrum of [As, As] is A = {%, %, 2}, and Dy is rank-1 with A = % Since
Dy itself flows to the SQED[Ny=3] fixed point in 3d, by weakly gauging the SU(2), one
finds the 3d description:

EQW[X (4,4 = 1 |

Fiall = 0 1 sy —e—m
(4.19)

This must be a mirror description of the bottom quiver in (4.17), as recently discussed

in [145).

4.2 5d rank-zero fixed points and their magnetic quivers

We would like to understand better the 5d SCFTs T)‘Z’d arising from these same singularities.
These theories have » = 0 and f mass deformations, corresponding to f small-resolution
Ké&hler parameters. These mass deformations trigger an RG flow, which ends on the trivial
theory (with f background gauge fields, from M-theory on the 2-cycles of )~() if the small
resolution X is smooth. However, we might be left with a terminal singularity, such as, for
instance, in (4.10), which would signal that we flowed to a simpler ‘irreducible’ SCFT 734
without massive deformations. This is the interpretation of the partial resolution of (4.15)
in M-theory, in particular.

The singularity X[A;, Aan_1]. For N =1, the conifold, we know that T)éd is the free
5d hypermultiplet, while 9{%‘1 is the free 4d hypermultiplet; we have f = 1. The electric
theory for both the 5d and the 4d theory is the free hyper in 3d, while the magnetic quivers
are SQED with one electron:

EQ®) = EQ®W = hyper,  MQ® =MQW = SQED[N; =1]. (4.20)
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Of course, the electric and magnetic theories are related by mirror symmetry, and at the
same time the gauging of the U(1) flavor of the electric theory gives the correct result, as
in (2.37) and (2.42).
Next, consider the case N = 2. The magnetic quiver MQ® (4.5) is self-mirror in this
case, so that:
EQ®[X (4, 4,] = SQED[N; = 2], (4.21)

with the flavor symmetry U(1) C SU(2)r acting on the two hypermultiplets with charge
+1. Using the gauging prescription (2.42), we get the magnetic quiver of 74 described by
a U(1) x U(1) gauge theory coupled to two hypermultiplets with charges:

Hy H»
MQ®[X (4, aq] : Ul | 1 1 (4.22)
U | 1 —1

This 3d theory obviously has a Higgs branch of dimension zero, while its Coulomb is of
quaternionic dimension 2, which by construction gives us the Higgs branch of T;?d. To gain
a better understanding of the structure of the 3d quantum CB, we may compute its Hilbert
series using the monopole formula [49]. One finds:

1+ 6t2 4t
HSCB[MQ(5>](t) = (1 — t2)4 . (423)

This is consistent with My [724] being a hyper-Kihler cone of dimension dyy = 2. From the
plethystic logarithm PL[HS] = 10t2 — 20t* + - - - | we see that the 5d HB is a non-complete
intersection in C'°, and from the small-t expansion HS = 1 + 10t 4 ---, we find that
the theory has 10 conserved currents [147, 148]. Indeed, this Higgs branch is the minimal
nilpotent orbit of Sp(2), and appears as a Zy gauging of two hypermultiplets [133]. Thus
we have the flavor group G?fl = Sp(2). We provide some more details on the Hilbert series
computations in appendix A.

The careful reader?? will have noticed that this larger symmetry group seems in contra-
diction with our general discussion of the global symmetry as seen from the (resolved) ge-
ometry in M-theory. In fact, such unexpected ‘enhanced symmetries’, where even the rank
of G‘:}Id is larger than expected, can often happen when 'T)?d contains a free-hypermultiplet
sector (modulo discrete gauging), which is the case here. We will discuss this interesting
state of affairs in more detail elsewhere.

The singularity X[A1, A2n]. Given the 3d mirror MQ® and the fact that f = 0, we
would conclude that the rank-zero 5d SCFT T)EC’?A
fication on a torus.

flows to N hypers upon compacti-
1-42N]

The singularity X[A1, D4] = X[A2, A2]. This should give an r = 0, dgy = 3 5d
theory. The 3d mirror of the MQ (4.12) with N =1 is simply:

EQYW[X{(4, 4, = SQED[N; = 3]. (4.24)

20 And a thorough anonymous JHEP referee.
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We now gauge the U(1)? maximal torus of the SU(3) flavor symmetry to obtain the ‘mag-
netic quiver’ theory:

H, H, Hjs
U1y |1 11
Ul | 1 =1 0
Ul)s| 0 -1 1

MQ®) [X (4, 4,]] (4.25)

with gauge group U(1)3, three hypermultiplets and a zero-dimensional Higgs branch. We
have dg = 3, with the Hilbert Series:

1-3t+12t2 =113 +12t° = 3t + 1

=1+924+303+---. (4.26
(1—1)6(1+1t+412)° (4.26)

HSCB[MQ(5)](t) =

The singularity X[Ag, Ax]. The corresponding 5d SCFTs have:

k(k+1
r=0,  f=k, dg="0rD (4.27)
We studied the case k = 2 above, and the cases k > 2 could be studied similarly; this is
left for future work. Here, let us simply mention that, for [As, As], we can also directly

obtain a magnetic quiver for 734 by gauging the obvious U(1)? flavor symmetry in (4.19):

1
(

1 | 1 1

MO Kppyag) = 1 1 SU(2) —e—e

(4.28)

This quiver indeed has a trivial Higgs branch, and a Coulomb branch of dimension dg = 6.

An interesting feature of this particular family of singularities is that we also know its
5d BPS quiver — the D-brane quiver for Dgi1 7" in ITA [149]. It consists of a loop of k+ 1
nodes connected by pairs of bifundamental arrows in both directions with a quartic super-
potential, generalizing the Klebanov-Witten quiver [150] (k = 1) to k > 1 [151]. It would
be very interesting to study the BPS spectrum of Dg1 T)éd for k > 1 along the lines of [149].

4.3 Further examples: higher-rank 5d theories

Let us also mention a couple of other examples with interesting features. The first example
involves a non-trivial choice of global structure, while the second example has non-zero
rank, r > 0, in 5d.

4.3.1 The X|4, p,] theory

This singularity has r =0, f = 0 and dg = 4. The singularity can be equivalently written
as:

i+ as 4+ ai =0. (4.29)
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The 4d SCFT has 7 = 4 with the spectrum A = {2, %, %, %} — thus, one marginal coupling
— and dg = 0. We then propose that this theory can be described as the conformal

gauging of three AD[A;, A3] theories:
A3 AS

AD[AQ, D4] = | or |
As — SU(2) — A3 A3 —SO(3).— As

(4.30)
From the geometry, we can compute Ha(L5(X(4,,p,),Z) = 73, so that the theory ¢ has
either an electric or a magnetic Zo one-form symmetry; we propose that the charged line
operators are precisely the Wilson or 't Hooft lines in the gauge-theory description (4.30).
(Note that we can also have SO(3)_, with the discrete #-angle turned on [125], by choosing
the diagonal lattice in (2.45).2%)

Changing the gauge coupling in (4.30) corresponds to deforming the singularity (4.29)
by the monomial zoz3xy. It is tempting to take a singular limit to the singularity l’% +
wox374 = 0, which is the toric singularity C3/(Zax Zs), also known as the 5d T» model [121].
From the fact that Az reduces to SQED[N; = 2] in 3d, we infer:

1

or 1 T 1

1
EQW =MQ® = 1 T 1
U(2) —e o— SO(3) —e

*—>5 (4.31)
which must also be equal to MQ® since f = 0. This agrees with a direct application of
the rules of [78] for computing MQ® for the toric singularity. Thus, we propose that the
SCFT T3¢ related to the [Ag, Dy] Argyres-Douglas theory in IIB is precisely the 5d T.
Thus, the mirror of (4.31) should be given by 4 hypermultiplets. In fact, the quiver (4.31)
is essentially ‘ugly’ in the technical sense [147], which implies the presence of free fields
in the IR, up to discrete gauging. By computing the CB Hilbert series for (4.31) (see
appendix A.1), we find the HS of M?} for either choice of the global structure:

1 + 28t% + 70t* + 28t6 + ¢8 1
HSSU(?) = (1 — t2)8 ) HSSO(3) = mv (432)

where we indicated the choice of gauge group in (4.31). We see that 72¢ has a Higgs branch
C?® in the SO(3) gauging case. In the SU(2) gauging case, we obtain the HS of the minimal
nilpotent orbit of Sp(4) [152], consistent with a Zs gauging of four hypermultiplets.

4.3.2 Example of a rank-one 5d SCFT coupled to a rank-zero theory

Our geometric setup also leads to many more examples of 5d SCFTs with r > 0, which
are, in some sense, obtained by ‘coupling’ the rank-zero theories to higher-rank theories.
While a detailed study of such a ‘coupling’ is beyond the scope of this paper, we present
one such example here. (See [10] for many more examples.)

21This corresponds to lines realized by M2/Mb5-brane dyonic bound states.
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o~

F r| fldag | 7 |dy | AA. | b3 | |
i+ ad+ad+a} (101616 1 | -1 |2 |2Zs

Table 6. The SCFT data associated to the singularity =3 + =3 + 23 + 25 = 0.

This example is a rank-1 5d SCFT coupled to the X4, p,) theory mentioned in the
last section. The resulting theory is an apparently new rank-1 SCFT, not part of the E,
series discovered by Seiberg [5, 6], and it also provides evidence that the 5d rank-0 SCFT
T;?d[ Ao, D] is non-trivial as a ‘matter component’. This rank-one SCFT is defined as the
low-energy limit of M-theory at the isolated hypersurface singularity X given by:

F(:v):x:f+x§+m§+$§l:0. (4.33)

The resolution is a weighted blow up with trivial weight (1,1, 1,1), which is exactly the
same as for the rank-1 Fg theory:

(21,22, 3,245 61) - (4.34)

The resolved equation:
X: a3+ +ad+a362=0, (4.35)

has a terminal singularity of type X4, p,) at 01 = z1 = 22 = 23 = 0:
42t rad+ad=0. (4.36)

Thus the 5d SCFT 7'5201 on X can be interpreted as a non-trivial ‘coupling’ of a rank-1 Fg
theory with the X4, p,) theory. Note that, if we interpret the same resolved geometry as
the Higgs branch of the 4d SCFT Z¢4, the interpretation is rather mundane: we have a
residual 4d SCFT AD[Aqg, D4] at every point on the one-dimensional Higgs branch of the
larger theory, which happens to be AD[Dy, Eg]. On the other hand, the most straightfor-
ward interpretation in M-theory is rather more provocative: we have a rank-1 5d SCFT
with an enhanced Coulomb branch (in the sense of [153]) — that is, there are additional
light degrees of freedom at every point on the CB.

From the deformation and resolution of X, we can compute the relevant data of T)‘Z’d
and x4, as shown in table 6. As one can see, the flavor rank of 7R¢ is bounded by
rank(G3) < f + %b3 = 1, and the HB dimension is dgy = 16. More interestingly, there
exists a non-trivial 3-form symmetry Fﬁ;? = Zs (or a 0-form symmetry Zs). These features
are distinct from any known rank-1 E,, theory, including the Eg theory (which has dg = 11).
Hence, we conjecture that the T)‘E’d associated to the singularity (4.33) is a new rank-1 SCFT.

4.4 One-form symmetries of the 4d SCFTs AD[G, G']

In this subsection, we further illustrate our discussion of higher-form symmetries from
section 2.7, by computing the one-form symmetry § (electric or magnetic) of numerous 4d
SCFTs of type AD[G, G']. We simply need to compute the torsion subgroup hs = f @ § C
HQ(LB(X)v Z)'
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For instance, for AD[Ay, 4;], we find that this group is always trivial. On the other
hand, for [Ag, D,,], we can have non-trivial torsion:

') =§|Dy D5 Dg D7 Dg Dg D1g D1y D1z D13 Diy Dis
A, OO0 00O O 0O 0 0 0 0
Ay |Zy 0 0 Zy 0 0 Zy O 0 Zg 0 O
A3 |0 Zy 0 0 0 Zy O 0 0 Zy 0 O
[Ag, D] - Ay [0 0Z20 0 0 0 Z2 0 0 0 0 (4.37)
As |00 0Z30 0 0O 0 0 ZZ 0 O
As |0 0 0 0230 0 0 0 0 0 2z
A7 /00O O O O0Z 0 0 0 0 0 O
As |Za 0 0 Zy 0 0 Z3 0 0 Zy 0 O

This includes the case [Ag, Dy4] studied above, which has §f = Zy. Similarly, for [Dg, Dy,],
we find:

'V =§|Dy Ds Dg D7 Dg Dy Dyg D1y D12 D13 D1 Dis
Dy |0 0 0Z, 0 0 0 0 0 Zy 0 O
Ds |0 0 0 Zy 0 Z3 0 Zog 0 0 0 Zo
Dy D, - D¢ |0 0O O OO O Z2 0 0 0 0 (4.38)
D7 |Zy Zoy 0O 0 Zo Zg 0 0 Z3 0 0
Dg [0 0 0 0 0 0O 0 0 0 0 Z3
Dy |0 Z3 0 Zs 0 0 0 Zo 0O Z3 0 Zo
Dy |0 0 0Z, 00 0 0 0 Zy 0 0

As a last set of examples, consider the series:

T =§lA; Ay A3 Ay As Ag A7 Ag Ag Ay Ay At A1z Ay Ags
E 0 0 Z3 0 Zy 0 Z3 0O 0O 0O O O O 0 7
[Ey, All ’ ’ ? ’ s S| (4.39)
E~ 0 00 0Z0 0250 0 Z3 0 0 0 O

Es |0 00 0Zs 0 0 022 0 Zs 0 0 Z3 0

These one-forms symmetries deserve further study. As a preliminary comment, we note
that they always seem related to the existence of S-duality frames in which we have a
weakly coupled gauge group. For instance, we have:

55333 99
[A37E6] . f_Zdu A_{474)2)25252547473}5
553337 99 5 11 7 15 9
[A57E7] . f_ZB7 A_{4>47272a2547272747472>4a3a37274)2}7
7443355 13 7755 19 10 10 25
[A57E8] : f:Z57 A_{777a77727777a7377774775}7
6332233 6 3322 6 3 3 6
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These Coulomb-branch spectra are compatible with the existence of ‘partially weakly-
coupled description’ with gauge group SU(3), SU(3)xSU(3) and SU(5), respectively. This
would explain the one-form symmetries if we could understand how strongly-coupled sys-
tems are coupled to these gauge groups, and why they preserve the center symmetry.

5 Rank-zero 4d SCFTs from isolated toric singularities

In the previous section, we discussed some isolated singularities that had » = 0, and
therefore correspond to rank-zero 5d SCFTs TR. Conversely, a rank-zero 4d SCFT 74
would arise from an isolated singularity such that 7 = 0, as computed from the geometry.
If we restrict ourselves to isolated hypersurface singularities, there is a unique canonical
singularity that fits the bill

e+ ai a4t =0, (5.1)

the conifold singularity, which engineers the free hypermultiplet in Type IIB string theory.
To obtain potentially more interesting rank-zero 4d SCFTs, we need to consider more
general canonical singularities. In that case, we would also need to properly define what
we mean by the quantities f and 7 geometrically, for the deformed singularity. A natural
conjecture is that there always exists a mixed Hodge structure on the deformation space
of any X, in some appropriate sense, such that:

f = dim H**(X), 7 = dim H"*(X) = dim H>(X), (5.2)

generalizing the hypersurface case. This is bound to be somewhat more subtle because, in
general, the space of deformations can have several distinct branches, which can intersect in
a non-trivial manner. In any case, 7 = 0 would correspond to a threefold whose deformation
parameters all have a scaling dimension A = 1, once we identify the correct U(1), scaling
action on the coordinate ring of the singularity. In the following, we make some preliminary
comments on the case, when X is a toric singularity.

5.1 Toric singularities and deformations

An isolated toric Calabi-Yau threefold singularity X corresponds to a strictly convex toric
diagram.?? The basic data of any of its crepant resolutions, )NC, is read off from the toric
diagram as:

f=ngp—3, r=mny, (5.3)

where ng and n; denote the number of external and internal points, respectively, in the
toric diagram of X. Here, f again denotes the number of compact 2-cycles in X dual
to non-compact divisors, and it therefore counts the number of flavor background vector
multiplet on the Coulomb branch of T)gd. On the other hand, dy =1+ f, the dimension
of the Kihler cone, must still be the dimension of the Higgs branch of Z¢.

The 5d SCFT 73 from an isolated toric singularity has a 1-form (or a magnetic 2-form)
symmetry [80, 81], which arise from the geometry of the boundary five-manifold L5(X),

22For recent work in the 5d context and a summary of toric geometry see e.g. [15, 27].

— 38 —



which does not need to be simply-connected (unlike in the hypersurface case). This then
implies that the putative 4d SCFT from IIB on X has a 0-form or 2-form symmetry given
by the same discrete group at the one-form symmetry in 5d, namely Tor Hy(L5(X),Z).
This torsion group is readily computed from the toric data [80, 81].

The versal space of deformations of any isolated toric singularity has dimension [154]:
dir = #(versal deformations) < f . (5.4)

More precisely, there are always exactly f first-order deformations, but obstructions gen-
erally arise at higher order.?® There also exists an explicit algorithm to construct the
deformed coordinate ring, for any deformation [154].

Let us assume that JH = f for simplicity. Then, the versal deformation space has
a single branch, which is the case most similar to the hypersurface singularities that we
studied so far. A generic versal deformation of X then leads to a deformed singularity
X with f 3-cycles. All these 3-cycles can undergo geometric transitions to the N ‘flavor’
2-cycles in the (partially) resolved geometry. Thus, even without a detailed analysis of the
U(1), action on the singularity, we see that all these deformations must correspond to mass
term in the putative 4d SCFT ﬂ)‘éd engineered in IIB. Therefore, the 5d/4d correspondence
studied in this paper directly suggests that toric singularities geometrically engineer rank-
zero 4d SCFTs in Type IIB. This was first proposed in [46] for toric orbifolds. Here, we
will present one interesting class of example with dy = f =1, and present evidence that
such theories 9;51 can be non-trivial, in a limited sense that their Higgs branch can be a
non-trivial hyper-Kéahler cone. A more detailed analysis is left for future work.

5.2 The YN0 geometry, 5d SU(N)o and rank-zero 4d SCFTs

Consider the toric diagram, which is a lattice polygon with four vertices at position (0, 0),
(1,0), (1, N) and (2, N)

“d (55)

Note that we have f =1 and r = N — 1. This toric singularity is known as the cone over
YN0 [155]. It engineers a rank N—1 5d SCFT with a single deformation, which triggers
a flow to the 5d gauge theory SU(N ). In the limiting case N = 1, we have the conifold
singularity (which can also be viewed as an ‘SU(1)’ theory in 5d [15]), and for N = 2 we
have the complex cone over [y, engineering the rank-one E; SCFT. The space of versal
deformations (5.5) is one dimensional, giving us a smooth local Calabi-Yau threefold X.
For instance, the E; singularity is a non-complete intersection in C?, which admits single

ZHypersurfaces are ‘too simple’ in that particular regard, since there is no obstruction in that case.
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a consistent deformation to [154]:

zwy = (w9—e)®,  waws =13, z5x7 = (T9—€)T9, XT3 = (T9—E)T9 ,

T5T8 = T1Tg, x5r6 = T2(T9—E), TeTT = X3T9, xrry = x4(T9—E), (5.6)
z126 = 5(T9—€), T2Tg = T5Tg, ToZ7 = T6TY z35 = w6(T9—€),

x3rs = r7(r9—E), T4x6 = XT7TY, r1x7 = w8(r9—E), TYx5 = X8TY,

with the isolated singularity at € = 0.

The Higgs branch of T)?d can be studied using the tropical-geometric methods devel-
oped in [78], which are easily specialized to the case of an isolated toric geometry. We
summarize the relevant algorithm in appendix B. For the toric singularity (5.5), one finds
the following magnetic quiver for T3¢

1y 1
MQ®) = e—e (5.7)
modulo the overall U(1). Equivalently, MQ®) = SQED[N; = N]. Its Coulomb branch
gives the 5bd Higgs branch, which is the Ay_; Kleinian singularity:

M = CBIMQ®)] = C2%/Zy . (5.8)
The 3d mirror theory is the ay_1 affine quiver:

1

R = A

11 1...1 1 1 (5.9)
This quiver has a gauge group U(1)Y/U(1) and a single flavor symmetry, the ‘baryonic
symmetry’ U(1)p, which assigns the same charge, B = by, to all the hypermultiplets in the
loop. According to our general prescription, to obtain the magnetic quiver of the 4d SCFT
T%4 we should gauge this symmetry:

MQ®W = EQ®) /U(1)5. (5.10)

There are two natural choices for the normalization of U(1)g. The CB of (5.7) is described
as TTT~ = &V, where ® is the vector multiplet scalar of SQED[N f=N],and T + are its
monopole operators [156] of topological charge B = +1. The topological symmetry is iden-
tified with the baryonic symmetry in the mirror (5.9), whose Higgs branch is described as
BtB~ = MV, with BT = H; --- Hy schematically, where H;, i = 1,--- , N are the hyper-
multiplets of the circular quiver (5.9). Thus, we have the two possible charge assignments:

. i A O®) )
(1) B[T*] =41 in MQ “ B[H;] N EQY, (5.11)
1

(i7) B[T*]=+N inMQ® «  B[H]= in EQ® .
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The magnetic quiver of the putative 4d SCFT is then given by a U(1)" gauge theory with

N hypermultiplets and the charges:

Hy Hy--- Hy_» Hy_1 Hy
u@), | 1 0 0 0 -1
U(1l -1 0
MQ® (. )2 (5.12)
Ul)y-1| O 0 -1 1 0
U(l)B bQ bo b() bO bO

Here, by = B[H,] in either normalization in (5.11). The mirror of (5.12), which is the
electric quiverine of 74, is obtained by gauging the topological symmetry of MQ(5). Using
the results of [75], it is easy to see that, depending on the normalization (5.11), we obtain:

(7) EQ® = (N hypermultiplets)

5.13
(i) EQW = (N hypermultiplets)/Zy . (5.13)

In the first case, we have N free hypermultiplets, while in the second case we have a Zy
gauge theory of N hypermultiplets. This discrete gauging leads to a non-trivial Higgs
branch chiral ring, as can be ascertained by computing the HB Hilbert series. This is
most easily done by computing the Hilbert series of the CB of MQ®W, as discussed in
appendix A.2. Of course, in the first case, we have the Hilbert series of C?V, while for the
Zyn gauge theory we find:

Hgv=2) _ 1+ 6¢% + ¢4

Myt T (=2t
N=3) 1 —3t+12¢2 — 113 + 12¢* — 3¢5 + 16
HSS\A4d3) = 6 2\3 ) (514)
B (1—t)5(1+t+¢2)
HgV=1 _ 1+ 12¢% + 108t* + 212¢° + 358t% + 21210 4 108¢'2 4 124 4 ¢1°
Mg (1—¢2)3(1 +¢2) ’

etc. For N = 2, this corresponds to the minimal nilpotent orbit of Sp(2), while for N > 2
we have a Higgs branch with a U(/N) flavor group. From the mirror description (5.13),
we know that these Higgs branches are Zy quotients of C2V preserving the hyper-Kéhler
structure — that is, quotients preserving 3d N' = 4 supersymmetry. In the N = 2 case,
we also know from the analysis of [111] that the central charges a and ¢ are the same as
for two free hypermultiplets, yet the 4d theory has a non-trivial Higgs-branch chiral ring.

Let us also note that the 5d SCFT 79 has a Zy 1-form symmetry or a 2-form symme-
try, corresponding to having a gauge theory SU(N)g or PSU(N)g in the IR description [80].
This choice parallels the choice of global structure of L%éd apparent in (5.11), in which case
9)‘(1‘1 should have a 0-form symmetry or a 2-form symmetry, respectively. Finally, it would
be tempting to trivially ‘uplift’ the 3d N = 4 theory (5.13) to ‘conclude’ that the 4d N' = 2
SCFT 9{{1 consists of N free hypermultiplets, or a discrete gauging thereof (which then
has a two-form symmetry). Of course, this is not guaranteed, since the flow from 4d to 3d
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could wash out some interesting information. It would certainly be interesting to explore
these subtle issues further.

Acknowledgments

We thank Fabio Apruzzi, Marieke van Beest, Lakshya Bhardwaj, Antoine Bourget, Stefano
Cremonesi, Michele del Zotto, Julius Eckhard, Simone Giacomelli, Amihay Hanany, Zohar
Komargodski, Horia Magureanu, Mario Martone, James Sparks, Yuji Tachikawa and Yi-
fan Wang for very interesting discussions and comments on the draft. CC also gratefully
acknowledges Yvette Siegert for her terminological contribution. CC is a Royal Society
University Research Fellow and a Research Fellow at St John’s College, Oxford. The work
of SSN and YW is supported by the ERC Consolidator Grant number 682608 “Higgs bun-
dles: Supersymmetric Gauge Theories and Geometry (HIGGSBNDL)”. SSN acknowledges
support also from the Simons Foundation.

A Higgs-branch Hilbert series from magnetic quivers

In this appendix, we present some relevant details on some of the Hilbert series computa-
tions mentioned in the main text. For completeness, let us first review some well-known
technology. We would like to consider the Higgs branch in an SCFT with eight super-
charges:

Mpy = SpecRy . (A.1)

Here, Ry denote the HB chiral ring, which is graded by the SU(2)g charge R € %Z, and
the moduli space must be a hyper-Kéhler singularity. The Hilbert series of My is the
formal series over the chiral ring operators weighted by their R-charges:

HSp, (8) = > 27O (A.2)
OeRy

Given the Hilbert series, we have some simple ‘diagnostic tests’ of the structure of the
Higgs branch (see [157] for a nice review):

e The quaternionic dimension of My corresponds to the pole at ¢t = 1:

1

HSMH ~ (1 _ t)2dim(MH) ’

(A.3)

e Expanding around t = 0, the order-t term gives the number ngee of free hypermulti-
plets (C? factors in My) while the order-t? term gives the number ne. of conserved
currents:

HS Ay, (8) = 14 2ngeet + et + -+ - (A.4)

Each free hypermultiplet corresponds to HSc2 = (1 —¢)~2, which factorizes from the
full Hilbert series.
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o By taking the plethystic logarithm?* PL(HS4,, (t)), we can find the number of gen-
erators ny of Ry (with their R-charges), and the number of relations amongst them.
The PL terminates if and only if My is a complete intersection in C™#. In particular,
PL = 2t for a free hypermultiplet.

One can refine this analysis by including fugacities for various flavor symmetries; in this
paper, we only considered the ‘unrefined’ HS, for simplicity.

For 3d N = 4 theories, we can also compute the HS of the Coulomb branch, which
is itself hyper-Kéhler, with the CB operators weighted by the SU(2)c R-charge. Indeed,
we would like to understand the 3d N' = 4 Coulomb branches of the ‘magnetic quivers’ of
4d or 5d SCFTs. Assuming the magnetic quiver is given by an explicit gauge-theory UV
description in 3d, with gauge group G, its CB Hilbert series is easily computed thanks to
the monopole formula [49]:

rank(G) 1

HScp(t) = Y. #F™pg(tm), Po(t;im) =[] 1= (0@ ° (A.5)
mel'/Wg k=1

where the sum is over the GNO-quantized magnetic fluxes of G (modulo the Weyl group),
and Pg(t;m) denotes the Coulomb-branch index of the gauge group Gy, that commutes
with the flux m — that is, d(Gy) are the dimension of the Casimir invariants of Gp,. (For
instance, we have Py(ny(t;0) = [T, (1 = #*)=1)) Finally, R(m) is the quantum dimension
of the monopole operator for this magnetic flux [147]:

= > la(m)]+ 3 le (A.6)

aceATt peiﬁ

where AT is the set of positive roots of g = Lie(G), and the second sum runs over all the
weights of the (generally reducible) representation R of g under which the hypermultiplets
transform. Note that the monopole formulas ‘knows’ about the global structure of G
through the sum over the magnetic flux lattices.?

Let us also note that, for abelian theories with gauge group G' = [[;_; U(1)x, the

monopole formula (A.5) simplifies to:

HScp(t) = = t2 Z tQR(m) R(m) = Z i ‘quk‘ , (A.7)

mezr i k=1

where the sum ), runs over all the hypermultiplets H;, with electric charges qf .

2Recall the definition of the plethystic exponentional (giving us the ‘multi-particle states’ from the
‘single-particle states’ [158]), and its inverse, the plethystic logarithm (PL). For a single variable ¢, we have:

PE[f(#)] = exp (Z ;f(tp)> » PL[g(t)] = exp (Z “gf) log g(t ) :

assuming f(0) = 0 and g(0) = 1; here, p(k) is the Mobius function.
ZInterestingly, the HS can also be viewed a supersymmetric partition function — under some assump-
tions, it is both a twisted partition function on S? x S* [159] and a limit of the 3d superconformal index [160].
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A.1 The CB of EQ® for AD[A,, Dy]

Consider the CB of the 3d quiver of eq. (4.31), with either SU(2) or SO(3) as the central
node. In the SU(2) case, the HS takes the form:

1 $2R(m,0) {2R(mn)
HS, 5 (t) = ( + )
MQ® X (4, ., més T-ep\1-¢ "T&T1- ¢

(A.8)

with m = (my, mg, mg) for the three U(1) factors, and n € Z~( the SU(2) fluxes, and:

3

1
R(m,n):—]2n|+52(ln—|—mi!—|—|—n+mi\) , (A.9)
i=1
we can write this as:
h(t;0) & t4h(t;n)3
Hs V@) f) = 0 i A.10
MQ®) [X (4, ] ) 1—¢ T ; 1—¢t2 ( )

corresponding to the SU(2) gauging of three copies of SQED[N;=2], whose CB Hilbert
series, with background flux n for the SU(2) flavor group, can be easily computed:

200 (142 + 2n|(1 — %))

h(t;n) = HScpsqepiv, =2y (tin) = 1= 2) - (A.11)
This gives:
(SU@) 14282 4 70t* 4+ 28° + 8
HSMQ‘“”)[X[AQ,D4]] t) = =) ) (A.12)

Similarly, the SO(3) gauging corresponds to summing over n € %Z>0 in (A.8), and one
finds: 1
HS 5O = —0. A13
MQ<°>[X[A2,D4]1< ) (1—1¢)8 (A.13)
A.2 Gauging the affine any_1 quiver

Consider the CB Hilbert series of the MQ® (5.12). The monopole formula gives:

HS:(l_lt)N SN 3 Rmem (A.14)

mpeEZmiE€Z my_1€Z

with 2R(mp,m) = SN |m; — myy1 + bomp|. For by = +, we can perform a SL(N,Z)
transformation on the electric charges, so that we have N copies of SQED[Ny = 1], mirror
to N free hypers. In general, we can change basis so that:

1

HS = DI LI SN ST CR (A.15)
(1 - t) mp€EZ (1 o t) ! W EZ NNEZL
with:
N—-1 N—-1
2R(mp,n) = [loNmp — > w|+ > |ng]. (A.16)
=1 =1
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We can first fix mp and do the sum over n; in (A.15), which gives the HS of the CB of
the ay_1 quiver, corresponding to the minimal nilpotent orbit of ay_1, in the presence of
background magnetic flux mp. For instance:

2005 (1 + 2 — 2bgmp(1 — %))
(—1+1¢2)2 ’
t3homs (93m% (1 — 12)% — 9bomp (1 — t4) 4 2(1 + 4% + 1))

N=3: HS(mg)= 20— ,

N=2: HS(mp)= (A.17)

etc. Then, summing over mp, with either choice of by, we obtain the result shown in (5.14).
Note that we can view this CB (for this MQ*)) as a C2 fibration over the minimal nilpotent
orbit of a1 (the CB of the ‘ungauged’ theory, EQ(5)), as this computation makes rather
explicit.

B Magnetic quivers MQ® for isolated toric singularities

In this appendix we summarize the construction of the magnetic quiver starting with the
toric diagram [78]. Here we will limit ourselves to the strictly convex toric geometries, as
these are relevant in the context of the 4d SCFTs.

Consider then a strictly convex lattice polygons P in Z? C R?, with vertices v;, i =
1.--.

)

,n. The flavor rank is f = n — 3 and the strict convexity requires that there are no
lattice points along the edges connecting two of the vertices. The proposal in [78] is that
the magnetic quiver is obtained from a Minkowski sum decomposition of the polygon into
convex polygons P;

P=Pit - tP., (8.1

where A+ B = {a+0b; a € A,b € B} is the Minkowski sum of two convex polygons of
dimension 1 or 2 (i.e. edge segments or 2d polygons). This induces an edge coloring, by
coloring each edge, that arises from P; into one color. An example is the toric polygon for
the 5d Ej theory, which has an IR description in 5d as SU(2)g

. @ ~ S \. (B.2)

The magnetic quiver for these isolated toric models is computed as follows:

1. Determine all distinct Minkowski sum decompositions of P, and associated edge
colorings.

2. Each edge coloring can be extended by adding internal edges, such that the polygon
is covered by polygons that have a single edge color, or by parallelograms, which are
at most bi-colored, with opposite edges of the same color.

3. Each color gets associated a node in the magnetic quiver of multiplicity 1.
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4. The number of edges k., ., between nodes associated to ¢; and cy are determined by
the mixed volume, i.e.

ke, e, = Area(Ge, ¢,) = area of the ¢, ¢y bicolored paralellogram . (B.3)

For the Ej there is one Minkowski sum decomposition, shown already above, from
which the magnetic quiver follows to be two vertices and one double-line between them

1 1

MQ(E;) = e—o (B.4)

We will now focus on examples where the deformation theory is unobstructed, and therefore
the Higgs branch dimension agrees with the flavor rank f. The E3-theory (in 5d the rank
1 theory with SU(2) + 2F IR description) is of this type:

S 7R IV

This implies the magnetic quiver, which has two components

1

MQ(E3) = 1 1 1 1

An infinite class of theories is the set of toric singularities with vertices
{(0,0),(1,0), (1, N),(2,N)}, (B.7)

i.e.

.o B3)

This toric diagram gives rise to the SCFT with IR description SU(V)g in M-theory. Here
we will consider it in Type IIB. As the coloring indicates, there is precisely one magnetic
quiver, which has two multiiplicity 1 nodes connected by N edges, i.e. the Ay_1 Kleinian
singularity

1y 1

AN-1= o—e (B.9)
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C Rank-N E; magnetic quivers from the (p, q)-webs

In this appendix, we discuss the brane-web construction of the magnetic quiver MQ(S) for
the rank N FE-strings, focusing on the AS matter representation. The brane-webs for the
rank N E,-strings were determined in [14, 121] and a derivation for their entire decoupling
tree will appear in [161]. Here, our interest is in the AS hypermultiplet phase transition,
that we discussed in section 3.1. To illustrate this point, we simply consider the case with
no fundamental flavor, i.e. the theory with an IR description:

Sp(N) +1AS. (C.1)

Its UV fixed point is the rank-N E; theory. We present the generalized toric diagram for
both the theory with the massless and massive anti-symmetric. Consider for instance the
N =2 Ey-theory, which has generalized toric diagram [78]

RN
NN
A (©2)

In the dual brane-web the white dots indicate that the associated 5-branes dual to the
edge segments adjacent to it end on the same 7-brane — for a review, we refer the reader

to [121]. The magnetic quiver of this theory is readily computed using the methods in [78].
For general N, one finds:

: (C.3)

This is N times the affine a; Dynkin diagram, with an additional multiplicity-1 node.

We can mimick the transition described in section 3.1 at the level of the brane web.
This is realized by the model where the 5-branes, which realize the AS, end on one 7-brane,
which effectively corresponds to decoupling of N — 1 5-brane segments in the transverse
direction. For N = 2, for instance, we then obtain:

RSEN
WA ()

Here and for general N, the MQ® is then simply N times the affine a; Dynkin diagram, in

agreement with our discussion in section 3.1: ending N 5-branes on the same 7-brane, and
displacing N — 1 5-brane segments transversely, corresponds to the ‘partial Higgs phase’
on the CB of the 5d gauge theory.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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