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Gauge Theories, Toric Varieties and Machine Learning
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We discuss some recent study on quiver gauge theories in the setting of toric geometry. After men-
tioning some basic geometric and topological properties, we consider some mathematical concepts,
namely the Mahler measure and the dessins d’enfants, in this context. We then focus on the quiver
BPS algebras and their connections to different aspects in physics. We also have a discussion on
the stability of chiral rings for more general geometry. Besides, we make some comments on the
applications of machine learning to relevant topics. This thesis is based on the works [1-16].
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Chapter 1

Introduction

After the great success of relativity, quantum mechanics and then quantum field theories, quantizing
gravity becomes the core of high energy theory. There are quite a few candidates for quantum
gravity, but string theory seems to be the most promising one. Although we cannot find more
evidences from current experiments, string theory already explains many things as postdictions,
which are also important as tests for our theories. Moreover, string theory is mathematically
consistent and has led to many profound discoveries in mathematics. See [17] and the references
therein for summaries on the current status of string theory, ranging from physical mathematics to
possible future experimental evidences.

Superstring theories demand our spacetime dimension to be 10, which means we should reduce
them to an effectively 4-dimensional theory. The standard solution of string compactification, as a
generalization of Kaluza-Klein compactification, renders the extra six dimensions Calabi-Yau (CY).
Thus, the study of Calabi-Yau and algebraic geometry has entered the field of theoretical physics.

For Type II string theory on toric CY threefolds, the 4d N' = 1 gauge theories arised therefrom
can be beautifully described by quivers [18, 19]. With various techniques developed in the past
few decades, including brane tilings [20-24], Hilbert series and plethystics [25-40], and crystal
melting [41-45], many salient features of our physical theories have been extensively investigated
and understood. They have also shown deep connections to a vast range of areas in mathematics
such as algebraic geometry and enumerative geometry.

In this thesis, we shall explore some recent progress in these directions. There have been vigorous
interactions with not only geometry but also number theory, quantum algebras and representation
theory. Of course, toric CYs are non-compact. Nevertheless, in principle, we can turn on the
Q-background so that the theory would be localized at the fixed point under the isometry of CY
threefolds and effectively get compactified. More importantly, there is still little known for the
compact cases, and we hope that our study would shed light on our investigations in the compact
geometry. Broadly speaking, further study on mathematical physics and physical mathematics
should lead us to a more comprehensive picture of the nature of spacetime and more insights of
unification.

1.1 Organization of the Thesis

The thesis is organized as follows. In Chapter 2, we will start with some rudiments of quiver gauge
theories, brane tilings and toric geometry. As an illustration, we shall then consider the cases
associated to convex lattice polygons with two interior points. They serve as the toric diagrams
of certain toric CY3 cones, as well as those of compact base surfaces. In particular, the volume
functions of the Sasaki-Einstein base manifolds can be computed so as to get the R-charges of the
fields via volume minimization. As we will see, there are differences between the non-reflexive cases
and the reflexive cases (with one single interior point) regarding certain geometric and topological
properties.



Chapter 1. Introduction 2

More specifically, we shall analyze the minimized volumes in terms of the topological quantities of
the compact toric varieties constructed from the polygons. To obtain the compact varieties, we
need the fans over the polytope followed by complete resolutions. However, unlike reflexive cases,
we have two choices of origins here, which we call zeroth-grade and first-grade points. It turns out
for most of the cases, the Chern numbers and even the Chern classes coincide for the two compact
varieties. For those with first-grade points, they do not have such property, but if we further resolve
the smooth surface with an extra ray added to the fan, we find that the Chern numbers and classes
are again the same for the two varieties. As we will see, whether the two varieties are the same
surface can completely determined by the symmetries of the polygon, namely whether it is axial
symmetric or centrosymmetric.

Similar to the reflexive cases studied in [46], all the relevant topological invariants, including Chern
numbers, Betti numbers and Hodge numbers, are dependent to each other. Hence, all the non-
trivial quantities can be expressed with Euler numbers. Thus, we only need to consider the relation
between Vi, and x. It turns out that the volume bounds relation from the reflexive cases does
not hold for the non-reflexive ones, and we will raise a generalized conjecture.

In Chapter 3, we will introduce the concept of Mahler measure [47] which originates from number
theory. We will see that Mahler measure enjoys many nice properties in the context of toric quiver
gauge theories. We find that maximizing the Mahler measure at the so-called isoradial point leads
to the correct R-symmetry in the infrared. In other words, maximization of the Mahler measure is
equivalent to the a-maximization.

We will also discuss how the Mahler measure, its logarithmic derivative, and the Ronkin function
behave under Seiberg/toric duality and specular duality. We conjecture that they are all invariant
under Seiberg duality. As a byproduct, this provides ways to treat the non-isoradial brane tilings
and the isoradial ones on an equal footing. It is worth noting that the logarithmic derivative of the
Mahler measure can be viewed as the generating function of the master space in terms of perfect
matchings/gauged linear sigma model fields. As a result, we will see that the Mahler measure have
remarkable features for toric and specular duals.

In Chapter 4, we will discuss the relations of the Mahler measure and the dessins d’enfants [48].
Dessins are essentially collections of black and white nodes connected by edges. However, such
simple graphs actually encode information of rational maps and quadratic differentials due to
Belyi’s theorem [49]. For reflexive polygons, as their Newton polynomials define elliptic curves, we
can consider the so-called modular Mahler measure [50]. We will see that with certain choices of
the coeffcients in the Newton polynomials, there can be a one-to-one correspondence between the
Mahler measure and the dessins. In fact, such choices are different from the ones that are used in
determining the R-charges. Nevertheless, both of them reflect certain aspects of the brane tilings
and the gauge theories. We also hope that the discussions therein would elucidate the study on the
consistency of brane tilings.

As we shall discuss, different complex structures of the torus arised from different contexts are
actually extrapolated by the Mahler flow. In other words, by varying the parameter in the Mahler
measure, we can reach different points for these complex structures. As some further applications,
we will mention how the brane monodromies can be related to the monodromies for dessins in the
context of F-theory. In particular, the 7-branes correspond to not only the faces of the dessins
but also some of the black nodes. On the other hand, we will see that certain expansions in the
Mahler measure can recover the Gromov-Witten (GW) invariants of local vanishing surfaces in the
CY spaces. From enumerative geometry, we learn that they reveal the BPS states from F-theory
compactified on the toric threefolds. We will give a dictionary between the GW and the Mahler
sides.

In Chapter 5, we will focus on the BPS algebras in the Type ITA setting. Studying the BPS spectrum
[51,52] of particles has been an important topic in quantum field theory and string theory. As
aforementioned, although there is little known for the case of compact CY manifolds, the techniques
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have been greatly developed in the context of non-compact, or local, CYs, especially when they
afford a toric description. As the lattice polygons nicely encode combinatorial information from
the toric CY threefolds, crystal melting and quivers have become extremely useful tools in BPS
counting.

Mathematically, BPS counting has a close relation with Donaldson-Thomas (DT) invariants', and
are hence also connected to Gromov-Witten and many other geometric invariants. Going one step
further, we would also like to understand more about the Hilbert space of the BPS states, which
can be recast as the cohomology of chain complexes. This then leads to the categorification of BPS
indices and wall crossings [53-56]. Although we will not discuss such categorification in this paper,
they should be intimately related to the algebraic structure of BPS states.

For Type IIA string theory compactified on a general toric CY threefold, the BPS states are the
bound states formed by Dp-branes wrapping holomorphic p-cycles therein. Here, we shall focus
on the following setting: (i) a single D6 wrapping the whole CY3; (ii) DO-branes supported on
points which are trivially compact in the CY; (iii) D2-/D4-branes wrapping either compact or
non-compact 2-/4-cycles. The compact D-branes are then light BPS particles that are dynamical.
In contrast, non-compact D-branes are heavy line operators which become non-dynamical in our
compactified theory.

Recently, the quiver Yangians are introduced as realizations of the BPS algebras in this setup [57].
We will give a definition of these algebras and their trigonometic and elliptic counterparts. We
will discuss various properties for them, including the coproducts, their transformaions under toric
duality etc. Moreover, we shall consider its connections to integrability as well as vertex operator
algebras (VOAs).

Similar to the ordinary Yangian algebras, we can consider the R-matrix formalisms for the quiver
BPS algebras. We will discuss the actions of quiver Yangians on the crystal representations as well
as their coproduct structures. In fact, there are still many interesting directions for future study. For
instance, there are obstructions for the Bethe/gauge correspondence for chiral quivers [58]. Also,
the precise connections to the Maulik-Okounkov (MO) Yangians are still not clear [59]. Moreover,
recent progress on 4d Chern-Simons theory [60—63] could provide more insights as well.

On the other hand, the W-algebras [64-70] should play a crucial role in the tensionless limit of
string theory in AdSs [71-74]. In particular, the rectangular W-algebra can be realized as the
symmetry algebra of the coset CFT whose holographic dual gives higher spin gravity [75]. Such
vertex algebras have been well-studied in mathematics literature such as [76-78].

Therefore, we shall discuss the BPS/CFT (aka AGT, 2d/4d) correspondence [79,80] here as well.
The BPS algebras and the VOAs are expected to be contained in a broader picture under the
BPS/CFT correspondence. In the finite cases, the relations between Yangians and W-algebras
have been explored in [81-83]. For gA[l whose associated CY is the simplest C3, it was shown
in [84,85] that the affine/quiver Yangian is isomorphic to the universal enveloping algebra of the
Wi t+oo-algebra. Moreover, in such case, the AGT conjecture was proven in [86] with a surjective
homomorphism from the quiver Yangian for C3 to the universal enveloping algebra of the principal
W-algebra. Physically, the Nekrasov partition function of the 4d supersymmetric gauge theories can
be identified with the conformal blocks of the corresponding VOAs. From a geometric perspective,
the Verma module of the VOA results from its action on the equivariant intersection cohomology
of the instanton moduli space [87].

Similar to the W -algebra case whose truncation gives the algebra at the corner [88], the matrix-
extened W-algebra (called Wy nxoo in [69]) for any generalized conifold is expected to truncate
to VOAs describing certain interface of a 4d supersymmetric gauge theory. We will see that the

In the usual canonical crystal melting setting, we are working in the non-commutative Donaldson-Thomas
chamber.
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universal enveloping algebras of the VOAs are indeed the truncations of the BPS algebras, and the
quiver Yangians can in this sense be viewed as some realization of U(Wjs|nxo)-

In Chapter 6, we will switch gears and consider general varieties including non-toric cases. Whether
a chiral ring describes any CFT was related to the concept of K-stability in [89]. We shall apply
the tools of Hilbert series, plethystics and Grobner basis to study this. We will illustrate this with
a few examples. In particular, we will see that K-stability does not always imply that the chiral
ring is a ring of some CFT. Nevertheless, it is still natural to conjecture that K-stability gives a
necessary condition.

In Chapter 7, we will mention some recent applications of machine learning in mathematics and
physics. We will consider two examples where the analysis on the machine learning results could
help us find analytic results. In the first example, we will use the Ehrhart polynomials to get the
volumes of the associated lattice polytopes. In the second example, we shall analyze the data for
amoebae in tropical geometry to find the conditions on their genus. Although these examples are
rather simple and the analytic results are already known before, it could be possible that future
developments would be used in numerical analysis and even conjecture formulations. Thus, whether
Al can be a “witness” of our study in physics and mathematics and how we should apply machine
learning properly have become interesting questions in our future research.

In the appendices, we give some supplementary materials as well as more discussions that are not
covered in the main context. In Appendix A, we list all the lattice polygons with two interior points,
along with their volume functions. In Appendix B, we give an explicit example on computing the
Mahler measure and some plots of the amoebae. We discuss some more aspects of the dessins in
Appendix C. In particular, we consider their relations with Seiberg-Witten curves and conformal
blocks. We will give some criteria to determine how dessins could correspond to conformal blocks in
minimal models. In Appendix D, as a comparison with the dessins and Mahler measure in the main
context, more choices on the coefficients in the Newton polynomials are mentioned. In Appendix
E, we review how to construct the quivers associated to the generalized conifolds. In Appendix F,
we discuss possible connections of the BPS partition functions to the Kac polynomials. We give
some more examples on the R-matrices acting on the crystal configurations in Appendix G. A quick
review on rectangular W-algebras can be found in Appendix H. Some comments on the modes of
quiver BPS algebras are mentioned in Appendix I. In Appendix J, we have a recap on the Grébner
basis. In Appendix K, we derive the conditions on the genus for some (lopsided) amoebae.

1.2 Summary

Although we have mentioned some results of the thesis in the previous section, for clarity, let us
make a brief list of the summary here. More concrete details of the results can be found at the
beginning of each chapter.

Chapter 2 is mainly a review part. Nevertheless, we analyze the relation between the minimized vol-
umes and the topological quantities associated to the toric CYs, extending the previous conjecture
for reflexive polygons to non-reflexive ones.

In Chapter 3,

e We define different “limits” known as the isoradial and tropical limits, and discuss the be-
haviour of the Mahler measure and amoebae in these limits.

e We report the theorem stating that for isoradial dimers, the maximization of the Mahler
measure is equivalent to the a-maximization, and we conjecture this to hold for non-isoradial
dimers as well.

e We study the properties of Mahler measure under Seiberg duality and specular duality. In
particular, it is expected to be invariant under Seiberg duality. A crucial quantity (ug) is
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shown to encode the master space, and hence lead to how Mahler measure transform under
specular duality.

In Chapter 4,

e We connect the Mahler measure to dessins under modularity. On the Mahler measure/Newton
polynomial side, we find the Hauptmoduln of some congruence subgroup arised from the
parameter thereof. The congruence group of the corresponding dessin is conjectured to be
the subgroup of the one on the Mahler side.

e We argue that the Mahler measure is a period in the sense of Kontsevich and Zagier when
the j-invariant is algebraic. We also write the differential equation of the Mahler measure
with respect to the j-invariant ((4.2.17)).

o We illustrate how the 7-branes can be “placed” on the dessins in the context of F-theory.
e We give the dictionary between the Mahler measure and certain Gromov-Witten invariants.
In Chapter 5,

e We propose the crystal models for different chambers under wall crossing in the study of the
BPS spectra.

e We discuss how one can obtain the Bethe ansatz equations from the BPS algebras via the
‘R-matrix construction.

e For generalized conifolds, we give the coproduct of the BPS algebras. We also argue that
Seiberg dual theories have isomorphic BPS algebras. Moreover, these BPS algebras can be
truncated to rectangular W/-algebras.

e We also report some results for toroidal and elliptic versions of the BPS algebras.
In Chapter 6,

e We discuss how one can determine the K-stabiliity of a chiral ring with illustrations of various
examples.

e We find a counterexample of the conjecture which states that a chiral ring describing a ring
of a CF'T is equivalent to it being K-stable.

In Chapter 7, we give some examples of the application of machine learning, including
e how the machine predicts the volumes of lattice polytopes from the Ehrhart series;
e how the machine determines the genus of the (lopsided) amoebae.

Some of the appendices include the supplementary materials and/or some lists of the calculation
results. We also put some results that slightly digress from the discussions in the main context
in the appendices. In Appendix C, we discuss how one can bridge the dessins and conformal
blocks (for minimal models) via their connections to Seiberg-Witten curves. In Appendix D, we
consider a different choice of coefficients of the Newton polynomials and study the relation of the
corresponding Mahler measure and (possible) dessins. In Appendix F, we discuss the relations
of BPS partition functions and Kac polynomials. In Appendix G, we give examples on how to
compute the R-matrix actions on the crystal representations at higher levels.



Chapter 2

Quivers and Toric Varieties

Let us start with a quick review on toric varieties and their associated quivers. Then we shall
discuss some topological and geometric properties following [2, 8]. In particular, we analyze the
relation between the geometric quantity (minimized volumes) and the topological quantities (Chern
classes and Euler numbers) for (the geometry associated to) the Newton polygons with 2 interior
points. We conjecture that the minimized volume for the Sasaki-Einstein base manifold of any toric
CY satisfies 1/x < Vipin < my, f c?il for some number m,,, where x and c; are the Euler number
and the first Chern class respectively.

2.1 Preliminaries

The worldvolume theory of a stack of D3-branes probing a toric CY cone-type singularity is a 4d
N =1 supersymmetric gauge theory. Such gauge theories can be represented by quivers in which
the matter contents and the superpotentials are encoded! [90]. Each toric CY3 corresponds to a
toric diagram which is a 2-dimensional lattice polytope, viz, a lattice polygon. The geometry of
the CYj3 can thus be studied via their toric diagrams.

Hence, it is natural to expect that there are some connections between the quivers and toric
diagrams. From one diagram, we can find the other following the approaches in [91,92]. Given a
quiver diagram, the process of finding the toric diagram is called the forward algorithm. Conversely,
obtaining quivers from a toric diagram is known as the inverse algorithm. Generally speaking, the
correspondence between the two kinds of diagrams is often one-to-many. A toric diagram may give
rise to more than one quivers while many quivers can have the same toric diagram. As a matter of
fact, these quiver theories are related by toric duality, which can be understood as Seiberg duality
in the toric phases [90,93].

If we consider the back reaction to the geometry from D3s, then we get an AdS near-horizon
geometry. As a result, the gauge/gravity duality [94] gives another point of view to the above
problem. The 4d N' =4 SYM theory is related to the string theory in AdSxS°. If we replace the
5-sphere with a Sasaki-Einstein manifold Y of real dimension 5, then the SUSY is broken down to
N =1 1[95,96].

In fact, we can use Type IIB brane configurations to study this. Consider D5-branes suspended
between an NS5-brane wrapping a holomorphic surface ¥ as tabulated in Table 2.1.1. Then the
Newton polynomial of the toric diagram defines this holomorphic surface. The system is compact-
ified along directions 5 and 7 on a torus T2. After performing a T-duality on each of these two
directions, the D5s would be mapped back to D3s probing the CY 3-fold.

We can draw a 5-brane web diagram on T?. The dual graph of the web diagram is then a bipartite
periodic graph on the torus. Such dual graphs are known as dimers/brane tilings [20-24]. With
the help of brane tilings, we are able to bridge the toric diagrams and the quivers.

!Saying this, we should bear in mind that the superpotential is generally additional data for defining a theory,
unless we are considering periodic quivers for toric theories.
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O 1 2 3 4 5 6 7 8 9
DS | x x %X x X X
NS5 | x x x x — ¥ —
TABLE 2.1.1

2.1.1 Lattice Polytopes

A lattice polytope A is a convex hull of a finite number of points in Z", and its vertices form the
set ANZ". A polytope is said to be reflexive if its dual polyotpe

A={veZ" :u-v>-1YVueA} (2.1.1)

is also a lattice polytope in Z™. For n = 2, it is not hard to show that A is reflexive iff there is only
one interior point?. Hence, we can always choose this unique interior point as the origin.

However, in this chapter, we will contemplate 2d polytopes with two interior points. Hence, they
are not reflexive, and we have two choices of origins. This would lead to a different discussion on
the compact toric surface X (A) in §2.3. Here, we will first focus on the rational polyhedral cone
generated by the vertices of the polytope/toric diagram A in 3d.

The affine toric CY 3-fold We take the origin (0,0,0)€ Z® =: M, and let the vertices in the
polygon be u; =(u;,1)e Z3. Then these vectors generate a cone ¢ with the origin as the apex to
the vertices of A:

o= {inu;:xi 20} C M ®zR =: M. (2.1.2)
i
The dual cone lives in the dual lattice Ng where N := Hom(M, Z):
oV ={weNg:w-u>0,Yuco}. (2.1.3)

Then we have the algebra CloV N N| spanned over C by the points in o N M. We can therefore
define an affine toric variety & to be the spectrum of this ring:

X = SpecClo” N NJ. (2.1.4)

Since the endpoints of o live on the same (hyper)plane, X’ is a Gorenstein singularity, and hence
can be resolved to a CY 3-fold, although being co-hyperplanar makes it non-compact [46,97,98].

The Higgs-Kibble mechanism The Higgs-Kibble mechanism [99-101] has a natural interpre-
tation in the toric diagrams. As studied in [102], higgsing of a theory corresponds to blowing down
a compact 2-cycle to a point in the toric geometry while unhiggsing blows up a point to a compact
2-cycle. All the 45 toric diagrams with 2 interior points (and their corresponding quiver gauge
theories) can be obtained by higgsing the same parent theory as given in Appendix A.

2.1.2 Brane Tilings

As mentioned above, the junction of N D5-branes and one NS5-brane can be plotted on the torus.
Given a toric diagram, we can draw the outer normal vector to each segment separated by the
perimeter points of the polytope. Then we put these vectors on the torus, which will divide the
torus into different regions. Each region is a bound state of 5-branes, including (IV,0) and (NNV,%1)
5-branes. Every time when we move from one region to another, we will cross a vector. If we cross

2This statement (namely the “if” part, in other words, the “<” direction) is not generally true when n # 2.
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the vector from left (right) to right (left), then the NS5 charge is increased (decreased) by 1. For
instance, the NS5 cycles of C3/Z5 (1,2,2) is (figure taken from [103, Figure 29]):

©,1)

1,0

C2.-2 (2.1.5)

Then we can obtain a bipartite graph by taking the (N,41) regions to be white/black nodes. The
(N,0) regions give faces in the tiling. The intersection points of the branes, for which we have
massless open strings, correspond to edges in the tiling. As the open strings are oriented, every
loop surrounding the white/black node is clockwise/counterclockwise, which gives a sign in the
corresponding superpotential term. For instance, the above example leads to the brane tiling in
(2.2.2). Since the bipartite graph is periodic, the fundamental region is in a red box. From fivebrane
diagrams/brane tilings, we can read off the quivers. This is summarized in Table 2.1.2. Readers
are referred to [1,103] for a detailed discussion.

’ Fivebrane diagram | Brane Tiling Quiver ‘
(N,1) brane white node | superpotential term (+)
(N,—1) brane black node | superpotential term (—)
(N,0) brane face gauge node/group
open string edge bifundamental
TABLE 2.1.2

Quivers In our context, the quivers only have two objects: round nodes and arrows. Each round
node corresponds to a gauge group, which is always unitary here. For toric quivers, viz, quivers
in the toric phases, the ranks of nodes in one quiver are always the same. Each arrow connects
two gauge nodes. These arrows correspond to the matter fields transform under fundamental and
anti-fundamental representations under the two gauge groups. We can write a G X E matrix, where
G is the number of gauge nodes® and E is the number of edges/bifundamentals, called incidence
matrix d to encode the quiver data. If the arrow leaves the node a, viz, the bifundamental X,
then the corresponding entry is assigned 1. Likewise, if the arrow comes into the node a, viz, the
bifundamental Xj,, then the entry is —1. Otherwise, the entry is 0.

Perfect matchings and charges It is always to possible to find a set p, of bifundamentals that
connect all the nodes in the brane tiling precisely once. This set p, is known as a perfect matching.
A new basis of fields in the language of gauged linear sigma model (GLSM) [104] can be naturally
defined from the bifundamental fields [91]. The number of GLSM fields is the number of perfect
matchings c. Then we can write the Pg«. perfect matching matrix P which encodes the relation
between the two sets of matter fields as X, = [[ pa for all p, containing X .

As the F-terms come from OW/0X,, = 0, one can show that the charges of GLSM fields under the
F-term constraints are given by the F-term charge matrix of size (¢ — G —2) x ¢

Qr = ker(P). (2.1.6)

3Notice that the number of nodes G is always equal to the number of unit simplices under full triangulation of
the toric diagram. This in turn equals the normalized area of the toric diagram.
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From [104], we know that the D-terms in terms of the bifundamentals X are

Di = —62(2 diA’XIP — Cl), (2.1.7)
A

where e is the gauge coupling® and d is the incidence matrix. The (; are Fayet-Iliopoulos (FI) pa-
rameters. In fact, as shown in [90,91], the FI parameters encode the resolutions of toric singularities.
In the matrix form, this reads

§-|1Xi* =¢, (2.1.8)

where 6 is the reduced quiver matrix of size (G —1) x E. This can be related to the perfect matching
matrix via [91, 105]
6 =QpPT, (2.1.9)

where Qp is a (G — 1) x ¢ matrix. As @Qp encodes the GLSM charges under D-term constraints,
this is known as the D-term matrix.

In light of GLSM, the F- and D-terms can be treated on an equal footing. Hence, the two charge
matrices can be concatenated to a (¢ — 3) x ¢ matrix, known as the total charge matrix [91]:

Qi = ( gg > : (2.1.10)

As the F-terms must vanish while the D-terms are adjusted by the FI parameters, the last column
is always in the form (0,¢)". Hence, we will always omit the last column. Then taking the kernel
yields

Gt = ker(Qt). (2111)

This matrix G exactly encodes the information of the toric diagrams. Each column is the coordinate
of a lattice point in the polytope (thus, the last row of Gy is (1,...,1)). Therefore, every point is
assigned to some GLSM field(s). Each corner (aka extremal) point/vertex always correspond to
one GLSM field with non-zero R-charge. On the other hand, non-extremal points correspond to
multiple GLSM fields all with zero R-charges.

Toric/Seiberg duality The toric/Seiberg duality [93,106,107] is a duality among theories that
have the same IR fixed point under RG flow. As we are always staying in the toric phases in this
chapter, there will be no fractional branes, and hence our theories keep superconformal and the
quivers have nodes of the same rank as aforementioned. The dual quiver gauge theories all have
the same moduli space/Higgs branch, which is exactly the toric CY cone corresponding to the toric
diagram.

Therefore, we can use toric duality to obtain different quivers of the same toric diagram with the
following steps:

1. As Seiberg duality takes SU(N,) gauge group with Ny fundamentals and Ny bifundamentals
to SU(Ny — N.) gauge group, in the toric phase, only nodes satisfying Ny = 2N, can be
dualized®. We first scale the gauge couplings of gauge groups other than the chosen node a
to zero, and the fields not connected to a decouple. Then the bifundamentals connected to
a is reduced to (anti-)fundamentals under the flavour symmetry. Since duality requires the
dual quarks to transform in the conjugate (flavour) representations to the original ones, the
directions of the 2Ny arrows should be reversed. The overall result is that every time we
perform such duality, we reverse all the arrows connected to the dualized node.

2. Then we add an arrow from the flavour node % to the flavour node k for each 2-path ¢ — j — k
in the original quiver. This is just the quarks-to-meson map Q,Q° — M?. As the flavours

“In general, the gauge coupling should be e;, but one often sets e = e; for all 4 in GLSM.
®For simplicity, we shall mainly focus on U(1) gauge groups unless otherwise specified.
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groups will be gauged back at the end, these mesons will be promoted to bifundamentals. In
the superpotential, the factors X;; X i should be replaced with M, and terms M Xj; X
need to be added.

3. There could exist arrows that should be removed. This is checked from the superpotential.
More specifically, quadratic terms in the superpotential should be removed. In physical
parlance, this means that the quadratic terms are mass terms. We need integrate out the
massive fields say X in terms of the F-term relations. As a result, the corresponding arrows
should be discarded in the quiver. Finally, we “gauge back” all the flavour nodes.

In cluster algebra, this is exactly the mutation for quivers (without adjoint loops and 2-cycles)
[108]. In terms of brane tilings, the technique called urban renewal can be applied to obtain
dual tilings. For more details in Seiberg duality in quiver gauge theories, one is referred to, for
example, [21,109-111].

2.1.3 The Moduli Spaces

The master space F? [28,112] is a combination of baryonic and mesonic moduli spaces defined as
the symplectic quotient of the perfect matching ring®:

F =Clp1,....p//QF. (2.1.12)

The global symmetry The master space has global symmetry that can be divided into two
parts:

e The mesonic symmetry is U(1)? or its enhancement with rank 3. It may be enhanced to
SU(2)xU(1)2, SU(2)?2xU(1) or SU(3)xU(1). The enhancement is determined by the dupli-
cated columns in @Q;. In particular, there is always a U(1) which is the R-symmetry.

e The baryonic symmetry is U(1)¢~! or its enhancement with rank (G — 1). It consists of non-

anomalous and anomalous symmetries. The non-anomalous symmetry is always U(1)VP—3
where Np is the number of perimeter points in the polytope. The anomalous symmetry
is U(1)?! or an enhancement of rank 2I, where I is the number of interior points. The
enhancement is determined by the repeated columns in @Qr. The non-abelian enhancement

of anomalous symmetry is also known as hidden symmetry.

Notice that the combination in the baryonic symmetry is actually the Pick’s theorem:

2:[4_%_1:14’ (2.1.13)

where A is the (unnormalized) area of the toric diagram.

The mesonic moduli space and Hilbert series The mesonic moduli space M is a subspace
of F°:

M=F]/Qp = (Cp1,...,pl//QF)//Qp- (2.1.14)
We can use the (mesonic) Hilbert series (aka Hilbert-Poincaré series) to desribe the moduli space.
The Hilbert series is a generating function that enumerates the invariant monomials under the
group action. Physically, it counts the gauge invariant operators of each degree in the chiral ring.
As aforementioned, the moduli space coincides with the toric CY 3-fold X. Hence, we can use the
following formula to compute the Hilbert series. The (refined) Hilbert series for a toric CY n-fold
cone can be computed as [113,114]

HS:iﬁ(l—t"w‘)’l. (2.1.15)

i=1j=1

SStrictly speaking, this is the largest irreducible component, known as the coherent component, of the master
space rather than F * itself. Nevertheless, we will solely focus on the coherent component and make this abuse.
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The number r is the number of (n — 1)-dimensional simplices under triangulation. The index j
runs over the n faces of each simplex. The vector u; ; is an n-vector inner normal to the G face
L P
of the i*® simplex, and t are the fugacities t1,...,t,. Then t%»i = [] t;:”(k), multiplied by the
k=1
k' component of w. One can also use Molien- Weyl integral to compute Hilbert series of the Higgs
branch [25]. The two results should be the same under some fugacity map.

2.1.4 Volume Minimization

As X of complex dimension n is the Ké&hler cone over the Sasaki-Einstein manifold Y = X|,—; of
real dimension (2n — 1):
ds?(X) = dr? + r?ds*(Y), (2.1.16)

the volume of Y is then [113,114]

wn

1
vol(Y) = 2n/ dr " vol(Y) = 2n vol(X|,<1) = 2n/ (2.1.17)
0 r

< nl’
where w is the Kéhler form of X. We are now going to see that the volume of the Sasaki-Einstein
base is closely related to the R-charges of the fields in our theory.

The Reeb vector K := J(rd/0r) is the Killing vector of Y, where J is the complex structure of
X. Since the torus action T™ of the toric X' leaves w invariant, we can take the vector fields 9/0¢;
to be the generators of the action with ¢; ~ ¢; + 2w. Then the reeb vector reads K = b;0/9¢;,
where the components b;’s are algebraic numbers, with the last component b,, set to be n.

In [113,114], the volume function of Y, which is shown to be related to the Reeb vector components,
is introduced to be

vol(Y)
bi;Y) = ———F— 2.1.1
V(iY) = s (2.1.18)
such that the volume of the (2n — 1)-sphere,
2™
1(s% 1) = — 2.1.1
vol(s) = (2.1.19)
is normalized. Then the volume function is related to the Hilbert series of X via’
V(bi;Y) = lirr%),u” HS(t; = exp(—pubi); X). (2.1.20)
—>

It is known that V always admits precisely one positive minimum V. Since the Reeb vector is
algebraic, Vi, is also an algebraic number.

For toric threefolds, in [115], it was shown that the a-function, in terms of the volume function,
can be expressed as

(2.1.21)

where R denotes the R-charges of the superconformal theory. A procedure known as a-maximization
can be used to determine the R-charges [116-118]. The central charges a and ¢ of the SCFT in 4d
are

3 1
a(R) = 3—2(3TrR3 —TrR), c= 3—2(9TrR3 — 5TrR), (2.1.22)
where TrR3 and TrR are 't Hooft anomalies. In general, as we have flavour symmetries in IR, a
possible candidate is

R, = Ro+ Y _tF, (2.1.23)

"If we are taking outer normal vectors to the faces of simplices when computing the Hilbert series, the Hilbert
series would just change by the fugacity map t; — 1/¢;. As a result, the volume function would only differ by a minus
sign.
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where F;’s are the charges of global non-R symmetries and R; is called the trial R-charge. According
o [116], the U(1) R-symmetry should satisfy

Tr(R?F,) = TrF;, Tr(RE;F;) < 0, (2.1.24)

which can be translated into the maximization of a(R;). When the trial a-function is maximized,
only the R-charge Ry will make contribution. Thus, we see that Vi, plays a crucial role in
determining the R-charges.

In light of quiver diagrams, let X; be the R-charges of the bifundamentals. Then the vanishing
B-function from the theory being conformal yields

Y Xr=2 ) (1-X)=2 (2.1.25)
I I

where the first sum is taken in each superpotential term and the second sum is taken with respect
to each gauge node. Let Ny be the number of superpotential terms, then we have (G + Ny)
equations for F parameters in all, which in general are not all independent though G+ Ny = E as
the bipartite graph is embedded on a torus. With these conditions, the a-function can be written
as®

o= 332 (2(; + Z (X7 —1)° — (X7 — 1))) _ (2.1.26)

Anomaly cancellation implies a = ¢, viz, TrR=0 [119,120]”. Thus, we have

0= <G+Z (X7 —1) ) (2.1.27)

As we have seen, this is equivalent to minimizing V', together with (2.1.25), we can solve for the
R-charges of the bifundamentals, and hence the R-charges of GLSM fields as well.

Example Let us consider the abelian orbifold C"/Z,, with orbifold action (1,...,1) as an example.
The Hilbert series reads

-1

n—1 - n—1 —
HS = (1—15‘ Ht5>H (1-1) +Z Q=) 1=t ][ H 1—tit; ,
j=1 j=1 k=1
k#1
(2.1.28)
where s = (—1)". As the limit picks out the leading order of p, the volume function is
—1)" n—1
V= (=1)"n , (2.1.29)
I (5 bty =,
j=1
Then taking b, = n, we find that Vi, = 1/n at by = -+ = b,—; = 0. In quiver gauge theories,

we have a unique toric quiver for each n. The R-charges of all the bifundamentals are 2/n. Hence,
the R-charges of the n GLSM fields corresponding to extremal points are all 2/n, with others
vanishing. Interestingly, the Sasaki-Einstein base of C™ (whose toric diagram is the unit simplex)
is the (2n — 1)-sphere. Hence, the volume function equals 1. As we will see in §2.3.2, it is not a
coincidence to have 1/n = V(5?"~1)/|Z,| here.

8Notice that this expression itself (normalized by N 2), which is generally true when we assume all the gauge
groups have the same rank N, does not require that the dimer is embedded on T2.

9The relevant anomalies are the ones of the R-symmetry current with itself or with the stress tensor, namely
(RRR) or (RTT).
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2.2 Example: C*/Z; (1,2,2)

Here, let us consider C3/Zs with action (1,2,2) as a concrete example. The analysis for other
polygons with two interior points can be found in [2]. The polytope is

p3

e (2.2.1)

The brane tiling and the corresponding quiver are

(2.2.2)
The superpotential is

W = X{Xo5 X2 + X715 X33 X351 + X33 X3,Xuo + X5, X5 X553 + X35X5, X14
— X1 X5 X3 — X1 X353 X51 — Xy X3, Xuag — X5y X35 X53 — Xy X5 X1a. (2.2.3)

The perfect matching matrix is

]
=
]
¥
@
fis
@
N}
@
w
S
i
»
~
5
S
)
o
S
w
S
IS

, (2.2.4)

moooor~RrOOOOR=OO|Z
HOHORRHOOOOOOOO
HHOHOOO0OO0OO0OO0OOK=OO
—FHHO0OO00 0000000 R KRG
rermrrRrRrOOOCOOOCOOOO|R

x“@
CoOCOO0OO~ROROROROR
CcCo0o0OROHROROROKRO
coocorrroORRROOOOC|
coor~ro0o0OoOrRrRROOR RO O
CoOrRO0OO0O0OORHOOOO R H|Y
cCorRrRrRrOORROOOOOO
OorCO0OCOCOCOO R KOO R |
OHOHRHOOOOKRRELOOOO

where the relations between bifundamentals and GLSM fields can be directly read off. Then we
can get the total charge matrix:

P1 p2 S1 S2 S3 1 S4 T2 S5 T3 T4 5 P3
5 2 -1 -1 -1 0 -1 0 -1 0 0 0 1
1 1 0o o0 -1 0 -1 0 -1 0 0 1 0
1 1 0 -1 0 0 -1 0 -1 0 1 0 0
1 1 -1 0 -1 0 0 ©0 -1 1 0 0 0
Qi = 1 1 -1 -1 0 0 -1 1 0 0 0 0 o0 (2.2.5)
1 1 -1 -1 -1 1 0 0 0 0 0 0 0
0 0 -1 1 0 0 1 0 -1 0 0 0 0
o0 0 -1 0 -1 0 2 0 0 0 0 0 O©
0o 0 -2 0o o0 o0 1 0 1 0 0 0 O
o 0 -1 -1 1 o 1 0 0 0 0 0 0
with kernel
pP1 P2 S1 S2 S3 1 S4 2 S5 T3 T4 5 P3
—3 0 -1 -1 -1 0 -1 0 -1 0 o0 o0 1
Gt - 5 0 2 2 2 1 2 1 2 1 1 1 0 . (2'2'6)
11 1 1 1 1 1 1 1 1 1 1 1

From Gy, we can get the GLSM fields associated to each point as shown in (2.2.1), where
r=A{ri,....m5}, s={s1,...,85}. (2.2.7)

From @; (and QF), the mesonic symmetry reads SU(2)xU(1)xU(1)g and the baryonic symmetry
reads U(1){, where the subscripts “R” and “h” indicate R- and hidden symmetries respectively.
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The Hilbert series of the toric cone is

1 1 1
HS = t tit 2y t it + 1 2 t
(-8) () () amw(-i) () () 0 (-4i)
1 1
+ 1 1 3 + t ts )
(1-2) (1-a) O —nde) - 0-w)(1-2) (1-&)
(2.2.8)
The volume function is then
25
V=-— (2.2.9)

(b1 — 2b2 + 3)(2b1 + b2 — 9)(by + 3b2 + 3)

Minimizing V' yields Vipin = 1/5 at by = 2, by = 0. Thus, amax = 5/4. Together with the
superconformal conditions, we can solve for the R-charges of the bifundamentals, which are X; =
2/3 for any I, viz, for all the bifundamentals. Hence, the R-charges of GLSM fields are p; = 2/3
with others vanishing.

—_—

2.3 The Toric Variety X(A)

Given a lattice polytope A of (complex) dimension n, besides the (n 4 1)-dimensional Calabi-Yau
cone which is non-compact, we can also get a compact toric variety X (A) under the construction
of inner normal fan ¥(A). Here, we only give a quick review on the ingredients that will be used
below. A detailed treatment can be found in [97,98].

To build X (A), we choose one interior point as the origin, then the fan ¥(A) is constructed out of
cones having rays going through the vertices of each face with origin as the apex, viz,

Y(A) = {pos(F) : F € Faces(A)}, (2.3.1)
where

pos(F) = {Z ANiv; tv; € FoN > 0} (2.3.2)

is the positive hull of the n-cone over face F. For instance, choosing the left interior point as the
origin, the polygon in §2.2 has

(2.3.3)

with the cones o; as affine patches.

Then following the standard construction in [97, 98], we can get the compact X (A). Here, the
information of the fans suffices for our discussions on the geometric and topological properties.
Such X (A) may not be smooth. In fact, the toric variety built from (2.3.3) is not smooth. This
can be solved by the following definition:



Chapter 2. Quivers and Toric Varieties 15

Definition 2.3.1. The polytope and the corresponding fan are regular if every cone in the fan has
generators that form part of a Z-basis.

The regularity can be determined by the determinant of all n-tuple vectors of each cone. If all the
determinants are +1, then we have a regular polytope and a regular fan. With regularity, we have
the following theorem [98]:

Theorem 2.3.1. The toric variety X (A) is smooth iff A is regular.

For example, in (2.3.3), det(ug,uz)=—2, and therefore the corresponding toric variety is singular.
Nevertheless, we can always resolve the singularities via triangulations of the polytope. For reflexive
polytopes, FRS triangulations are considered [46, 121], where

e “Fine” stands for all the lattice points of the polytope involved in the triangulation;
e “Regular” stands for the polytope being regular;
e “Star” stands for the origin being the apex of all the triangulated cones.

Now that we are dealing with polygons having two interior points, F and S can not be simultaneously
satisfied. Hence, we will drop the condition F, and contemplate RS triangulations. Under such

triangulations, we get a complete resolution, X (A), of X (A). For instance, (2.3.3) can be resolved
to

Ug

Us

Uus

; (2.3.4)

which is complete and smooth.

2.3.1 The Two Interior Points as Origins

From [122], we know that X(A) constructed from reflexive polytopes are Gorenstein Fano, i.e.,
its anticanonical divisor Kx is Cartier and ample. However, as we have two interior points here,
X (A) does not hold this property any more. Actually, since we have two choices of the origin, we
can build two compact toric varieties, which may or may not be the same'".

P

For the two X(A)’s built from A to coincide, it is necessary for them to have the same Euler

number. As we will discuss in §2.3.2, the Euler number of X (A) equals to the number of triangles
under the triangulation, viz, the number of two-dimensional cones. Hence, this can be checked by
counting the numbers of triangles under triangulations. After complete resolutions, we find that

there are only 12 polygons that have X (A)’s with different Euler numbers. In terms of the ordering
in Appendix A, they are (2), (4), (10), (12), (15), (18), (19), (23), (37), (38), (39) and (40).

As the two interior points is connected by a straight line, now for simplicity, let us call this line
the “spine” of the polygon''. Since the Euler number is related to triangulation, it is not hard to
see that when we have zero or two perimeter points lying on the spine, the two Euler numbers are

ONotice that even though we have this choice on the level of the toric 2-fold, the affine 3-fold is the same and
hence the gauge theories are the same.
"This should not be confused with the spines for amoebae in tropical geometry.
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equal'?. On the other hand, if there is only one perimeter point on the spine, the two complete
resolutions would yield different Euler numbers. This is because for these three points on the spine,
if the interior point is in the middle (which we will refer to as the “zeroth-grade” point), the fan
will have rays extending to both of the other two points on the spine. For the other interior point
(which we will refer to as the “first-grade” point), the fan will only have one ray on the spine.
Thus, the zeroth-/first-grade Euler numbers will differ by 1:

Xo—x1 =1 (2.3.5)

As will be discussed in §2.3.2, the first Chern numbers will then satisfy C11 — C10 = 1 where C ;

—_—

denotes the first Chern number of X;(A) from the i‘'-grade point'®.

For the remanining 33 polygons who have two zeroth-grade points, it turns out that not only the

corresponding Chern numbers of X (A), but also the two Chern classes (and hence the two Euler
numbers) are equal. For the 12 polygons with first-grade points, consider the complete resolution
whose fan has the first-grade point as the apex. If we add another ray opposite to the original ray
on the spine, i.e., we further resolve the complete smooth surface, then we will reach a new variety
with Euler number x} = x1 + 1 = xo. As a matter of fact, we find that the total Chern classes of

—_~—

Xo(A) and X{(A) are equal:

c ()’(V;) —c ()’(VO) . (2.3.6)

As an example, the different resolutions of (2.2.1) in §2.2 is depicted in Figure 2.3.1.

Uy

) . .
. .
. . . . oo o3
) 03
U < g ug Uy < > u3
g1 a2
g1 g2
. . . .
U1 . .
. . .

(4) (B) (c)

FIGURE 2.3.1: (a) The complete resolution )??) is constructed from the zeroth-grade point.

The Euler number xo is 4. (b) The toric variety X is already smooth, viz, X; = 551 The

Euler number x;1 is 3. (¢) We make a further blow-up on X; by adding the ray us = (1,0).
The new variety 3(7 has Euler number y} = 4.

It is worth noting that all the 12 polygons with first-grade points can be higgsed from a minimal
parent theory which also has a first-grade point (and two zeroth-grade points). This minimal parent
theory is

: (2.3.7)

where the blue lines indicate three of the higgsed polygons each from blowing down three points.
The remaining 9 can be obtained from these three polygons. Notice that the first-grade point

12Hence, none of the hexagons belongs to the 12 polygons as it has been proven in [123] that the two interior
points of a hexagon must lie on the same diagonal.

13For polytopes with arbitrarily many interior points, the zeroth-grade points will be those which give the largest
possible Euler number n while the m'"-grade points will give Euler number (n—m).
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in (2.3.7) is always higgsed away, and one zeroth-grade point becomes a first-grade point after
higgsing.

—_~ o/~ —_—~—

As the first-grade point trivially yields a different X;(A) from X(A), we will consider X7 (A) which
has an extra step of resolution when comparing the two compact smooth complete varieties built
from each toric diagram. Since the characteristic classes are always the same for the two varieties,
we need a new approach to distinguish them. Our strategy is the same as classifying inequivalent
lattice polygons, that is, checking whether the two fans are related by SL(2,Z) transformations
(along with translations and reflections)!*. One way to see this is to tell whether the vectors
ending on the each row/column are properly shifted. Another way is to consider the determinants
since all the transformations have determinant 4+1 and all the 2x2 matrices with determinant 41
is such a transformation. Then if we pick out any corresponding pairs of vectors from the two fans,
the matrices they form should have the same determinant up to a sign.

It turns out that this can be directly read off from the symmetries of the toric diagrams since we
only have one spine (which is a result of always having two interior points). Due to the existence of
the unique spine, the vectors above and below the spine should be shifted along opposite directions.
However, as we are moving from one interior point to the other along the spine, the vectors above
and below the spine would always be shifted along the same direction. An example is illustrated
in Figure 2.3.1(a, c).

. . 5 . . . . .
Hence, reflection or rotation'® is necessary to make the two varieties coincide. As a result,

—_~—

Proposition 2.3.2. The two X(A)’s are the same iff the lattice polygon (under certain SL(2,7)
transformations) satisfies either of the following two: (1) azially symmetric with respect to the
perpendicular bisector of the two interior points; (2) centrosymmetric'®.

Therefore, only 8 out of the 45 toric diagrams give rise to two same X(A)’s. In terms of the
ordering in Appendix A, they are (14), (20), (22), (24), (26), (43), (44) and (45).

Before moving on to the next subsection, let us briefly discuss the smoothness of X(A). Although
it is not always the case, some A still lead to smooth X(A). There are 9 such polygons. In
terms of the ordering in Appendix A, they are (2), (6), (7), (8), (18), (25), (26), (41) and (42). In
particular, since (2) and (18) have both zeroth- and first-grade points, only the first-grade points
in both of the cases can give smooth varieties directly. The other 7 toric diagrams can all give
rise to two smooth complete surfaces without any further resolutions. It is straightforward that all
the perimeter points need to be corner points for X (A) to be smooth. If the toric diagram has a
first-grade point as well, then the zeroth-grade point cannot yield a smooth X (A).

2.3.2 Minimized Volumes and Topological Quantities

As we have obtained the volume data of the 45 cases in Appendix A, we plot 1/Vini, against the
number of lattice points N in Figure 2.3.2. Now we would like to relate the minimized volume

—_—

functions of Sasaki-Einstein manifolds to the topological quantities of X (A)’s. From [97, 98], we
have

—_—~—

Theorem 2.3.3. For the smooth projective variety X(A) of (complex) dimension n, the Betti
numbers satisfy

n - i
bok—1 =0, ba = Z(—l)l g (k) dn—i, (2.3.8)

i=k

M\More precisely, as the origin is always the apex of the cones, we have no translations here, and thus the
transformations lie in SL(2,Z) X Zs.

5Due to reflection, without loss of generality, rotation can be restricted to inversion, viz, rotation by .

These two properties then rule out all the toric diagrams with a first-grade point. Even though we further
resolve them to make the Chern classes match, we still cannot have the same toric varieties.



Chapter 2. Quivers and Toric Varieties 18

Triangles
» Quadrilaterals
12 Pentagons
e Hexagons .
= 10 |- °
N :
~ )
—
8 H
$ .
61 : $
[ ]
[ ]
4 | | | | | | | |

Y 6 7 8 9 10 11 12
N

FI1GURE 2.3.2: The reciprocals of minimized volumes against the number of lattice points
N. This is bounded by the straight line 1/Vmin = N where the triangles live.

where k = 0,1,...,n and d; is the number of j-dimensional cones in A. As the Euler number
X = > (=1)b;, then
i=0
X = dn. (2.3.9)

This verifies our statement that the Euler number is the number of triangles under the triangulation
used in §2.3.1. Then

Corollary 2.3.3.1. For the lattice polygons, we have

1)021)4:1, blzb3:0, b2:d1—2d0:d1—2:X—2. (2.3.10)
koo
Since b, = > hPF=1 we get
=0

X = D (1) R = 122 4 p20 4 pb 4 p02 4 p00 = 2 4 2p20 4 gL, (2.3.11)

P

In fact, we find that the dimension of the Kéhler cone over X (A) is always x — 2. Thus,
h2’2 = hO’O = 1’ h2’0 = h0’2 = 0’ hl’l = X — 2 (2312)

The vanishing h%° (h%2) shows that there is no global sections to the (anti-)canonical bundle. Then
the only remaining interesting Hodge number h''! is determined by the Euler number. As we are
now going to see, the (first) Chern number is also determined by the Euler number.

For surfaces, we have two Chern numbers: C7 = f)~( c% and Cy = f)~( co = x. In Figure 2.3.3, we
plot 1/Vinin against the first and second Chern numbers respectively, following the strategy of [46].
First of all, putting the two graphs together, we can see that the two sets of points are symmetric
with respect to x = 6. Indeed, we find

Theorem 2.3.4. For a smooth complete toric surface )Af, we have

Cr+x =12, (2.3.13)
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FIGURE 2.3.3: The green points correspond to X (A) built from first-grade points. The
varieties (from zeroth-grade points) of triangles are in orange.

A proof of this can be found in [2, §7.2].

It is conjectured in [46] that the lower bound of minimized volumes is 1/x, and the bound is
saturated when X is an abelian orbifold of C? for reflexive polytopes in any dimensions. However,
as we can see from Figure 2.3.3, 1/Vj,in can be greater than the Euler number. Furthermore, the
volumes of triangles do not form a lower bound any more!”. There are two cases (13 and 17) that
are above the orange curve even if we ignore the green points. Nevertheless, we still find the orange
curve seems to follow some pattern. For reflexive cases, such curve would be x = 1/Vju;, as this is
the bound mentioned above. For the cases with two interior points, the curve is

BNV 12— ) 4o (2.3.14)
X_8 Vmin Vmin ' o

We suspect that for polygons with arbitrarily many interior points, such curves would follow some
specific pattern.

"However, we should emphasize that such bound may still be true for reflexive polytopes in any dimension, though
we do not have available data to test this.
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On the other hand, the upper bounds of minimized volumes for reflexive cases in any dimensions
are fibrations of dP3 [46]. Here, for polygons with two interior points, we find that the upper bound
is C3/Zs (1,2,2), which is the only C? orbifold not on the orange curve.

It is conjectured in [46] that the bounds of the minimized volumes for toric CY n-folds X with
reflexive (n — 1)-dimensional polytopes as the toric diagrams are

1 < Vinin < mn/c?_l, (2.3.15)
X

where mg ~ 373, my ~ 47* and m,, > mp+1. We have already seen that the first inequality
does not hold for non-reflexive cases (while the second one still holds here). In Figure 2.3.4, we
plot the x-1/Viin diagram again. It is obvious that the area bounded by 1/Vini, = x/ms and
1/Vimin = (12 — x)/ms3 is much larger than the region where our data points live. Hence, it is

12 + .
= 10 - : *
nF : :
} [ ] °
8- ] .
8 .
;o
6 . : ¢
° H
]
4 | | | | | | | |
3 4 5 6 7 8 9 10

FIGURE 2.3.4: There are large gaps between red points and others. In other words, the red
points are much closer to the lower bound of volumes.

possible that we may extend the above conjecture to the following'®.

Conjecture 2.3.5. For polytopes (either reflexive or non-reflexive), we have

1
N < Vinin < mn/dfl. (2.3.16)

It is worth noting that such bounds for 2d lattice polygons in terms of their areas are obtained
in [92]:
2

% < VV3,min < %a (2317)
where A is the normalized area of the polygon. Moreover, the lower bound is saturated for triangles
while the upper bound is the case for ellipses (as limit shapes of polygons) and hence can never be
saturated. If we compare (2.3.17) with (2.3.16) with n = 3, we find that the lower bounds agree: x
is the Fuler number for a complete resolution which corresponds to a fine triangulation, and hence
X = A. Furthermore, they take equalities under the same condition. For the upper bound, (2.3.16)

becomes m3Cy = m3(12 — x), whose connection to (2.3.17) is more subtle to understand.

We would also like to know whether the minimized volume of Y with an arbitrary polytope A can
be arbitrarily close to 0, viz, unbounded from above in the x-1/Vi, diagram'?. The answer is yes

8 There is a typo in [2], but this is corrected in [8].
9For polygons, this can also easily be seen from 2.3.17.
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and can be seen from considering the orbifolds. We know that the volume of an orbifold is the
volume of its parent divided by the order of the quotient group, regardless of the action:
vol(M)

Tl

vol(M/T) = (2.3.18)

From [113], we know that the volume of a (finite) cone is proportional to the volume of the Sasaki-
Einstein manifold. Then the minimized volume function should also follow?"

V(M
V(M/T) = |(F|) (2.3.19)
For instance, this provides a quick way to see that Viyin(C"/Z,,) = 1/n as we have shown in §2.1.4.
Also, this does not depend on the orbifold action. The lattice rectangle of size 2 x 1 and the toric
diagram of Fy are both the conifold quotiented by Zs, but with different actions. However, they

both have Vi, = 8/27.

Outlook In this chapter, we have only considered 2d polygons with two interior points. This
is quite a strict constraint which only gives us 45 inequivalent toric diagrams. For instance, the
classification of 3d lattice polytopes with two interior points has been done in [124], which gives
22673449 of them up to unimodular equivalence. Therefore, a general method needs to be found to
get a more detailed understanding of the geometric and topological properties for any polytopes.
It would also be interesting to randomize over the space of toric diagrams and try volume-topolgy
plots.

For reflexive polytopes of dimension n, besides the affine CY,,4+1 cone which is non-compact, we
know that compact smooth CY,_; can be constructed as hypersurfaces in X (A) from [125-130].
However, for non-reflexive ploytopes, we do not have the defining polynomials any more. It would
be interesting to study the hypersurfaces for such cases.

20 As it should be clear, we will use the corresponding orbifold to denote the volume function of Y in our notation.
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Chapter 3

Mahler Measure

In this chapter, we shall mention the statistical aspect of dimer models/brane tilings. In particular,
the crystal melting models [41-43, 131] turn out to be crucial in the study of BPS spectra, which
will be discussed in more detail in Chapter 5. Here, let us consider a concept from number theory,
that is, the Mahler measure [47]. We will see that it enjoys nice properties in the context of quiver
gauge theories and dimer models':

e We introduce the isoradial and tropical limits that depend on the coefficients of the Newton
polynomials. When the Newton polynomial is restricted to have one single parameter, we
show that when a tropical limit is reached in the large limit of the free parameter. We argue
that the Mahler measure (and the Ronkin function) increases monotonically from the isoradial
limit to this tropical limit. Moreover, we propose that this free parameter could be related to
the (single) FI parameter of the gauge theory with the constraints of the D-term relations.

e We give the asymptotic expressions ((3.2.19) and (3.2.20)) of the areas of the holes in the
amoeba in this tropical limit.

e We find that when the Newton polynomial takes the coefficients with the canonical choice (in-
troduced below), the maximization of the Mahler measure is equivalently to the a-maximization
which determines the R-charges for isoradial dimers. We also conjecture that this holds for
non-isoradial cases.

e We conjecture that with the canonical choice of the coeffcients, the Newton polynomial (and
hence the Mahler measure in the isoradial limit) is invariant under Seiberg duality.

e We will see that the quantity ug (defined below) appeared in the calculations of the Mahler
measure can be viewed as a generating function of the master space of the gauge theory. One
then find how the Mahler measure transforms under the specular duality ((3.2.58)).

3.1 Prelude

Since we are attempting to connect a multitude of concepts from mathematics and physics, it is
expedient to present an introductory summary here, as much to motivate the reader as to set
notation. Let us start with the Mahler measure. Then we will see how this is connected to dimer
models/brane tilings.

3.1.1 The Mahler Measure

Originating in algebraic number theory, the Mahler measure is a seemingly innocuous object. Given
a Laurent polynomial in n complex variables, the Mahler measure can be considered as an average
on the n-torus:

! A short summary can also be found in [132].
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Definition 3.1.1. For a (non-zero) Laurent polynomial P(z) = P(z1,...,2,) € ClzF', ..., 2,
the Mahler measure is

1 1
m(P) := /0 . -/0 log | P(exp(27ify), . .., exp(2mify,))|d0; . . . db,. (3.1.1)

By convention, we set m(0) = oo.

We emphasize that the name Mahler measure often means the exponential exp(m(P)) in the lit-
erature. However, since we will exclusively work with m(P) in this paper, we will always refer to
m(P) in (3.1.1) as the Mahler measure.

The Mahler measure enjoys many salient features, such as additivity, meaning that m(PQ) =
m(P) + m(Q) for any two Laurent polynomials P, Q. Furthermore, for a univariate polynomial

P(z) =a ][ (z — a;), we have Jensen’s formula:
i=1

m(P) =log|a| + Y max{0,log o[} . (3.1.2)
=1

However, for more than one variable, the integral in (3.1.1) is already highly non-trivial. Since in

this paper we are mainly considering bivariate Laurent polynomial P(z,w), and already no such

simple formula as Jensen’s is known?.

What we do know about the n variable case is that the Mahler measure is GL(n,Z) invariant
[134,135]:

Theorem 3.1.1. Let 0 # (Mij)nxn € GL(n,Z). Then

m(P(2)) = m(P(zM)) = m(P(~=z")), (3.1.3)

n n
where 2M = (H z;\/[“,..., Hlem>
i=1 =1

Other than the few nice properties mentioned above, perhaps the most extraordinary about the
Mahler measure is that for certain polynomials, it evaluates to special values of zeta and L-functions
[50,136,137].

Here, we will mainly apply the expansion of the integrand and residue theorem to calculate the
integral. Writing 2z := (21, ..., 2,), and extract the constant term of the polynomial P as k, i.e.,

P(z):=k—p(z), (3.1.4)
we have the series expansion (formally in p)

'

T(Lz)k—”. (3.1.5)

log(k — p(z)) =logh — > ©
n=1

Since we are integrating on the n-torus, we need the restriction |k| > max |p(z)|. This then ensures
zel™

the series expansion converges uniformly on the support of the integration path and hence we are
also allowed to exchange the sum and integral in our calculation. Therefore, we may write the
Mahler measure as

m(P) = Re ((2731')71 /H:llog(P(zl,...,zn))‘?...‘Z”). (3.1.6)

*By writing P(z,w) as a(w) [[ (z — ci(w)), we can still use Jensen’s formula to compute m(P(z,w)), but the

i=1
expression is much more involved [133] and no analytic results are known explicitly.
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By the residue theorem and integrating over |k| > max |p(z)|, only the constant term in (3.1.5)
zeTm

contributes. Therefore, we have that

-1
m(P) = Re <logk — /0 (uo(t) — 1)dtt> , (3.1.7)

where

uo(k) = 1 / 1 day  den
O 2mi)n =1 L= k7Ip(z1, .. iz0) 21 20

An example of the above process can be found in Appendix B.

(3.1.8)

In fact, (3.1.8) means that ug(k) is a period of a holomorphic 1-form wy on the curve Y defined by
1—k~1P =0 [50,138], that is, f7 wy where 7 is a 1-cycle on Y. We shall also refer to this as the
period of the curve Y. Therefore, ug also satisfies the Picard-Fuchs equation:

d2’LL0
dk?
where A(k), B(k),C(k) are polynomials in k.

+ B 4 C(k)ug = 0, (3.1.9)

A(k) Tk

We may also extend the definition of Mahler measure.

Definition 3.1.2. The generalized Mahler measure extends definition (3.1.1) to an arbitrary torus
with variable sizes a;:

1

dz dz,
P:a;) = log P(21, ..., 2n) —2 ... =2
m( 7@) (277'1)” /|zi|—ai og (Zl z )

. 3.1.10
oak . ( )

3.1.2 More on Dimer Models

To discuss how P(z,w) and Mahler measures are related to dimer models, we need to introduce
a few more concepts supplementary to the reviews in §2.1.2. Recall that the brane tiling gives a
bipartite graph G, and the dimer model is the study of its (random) perfect matchings. As we shall
always take G to be Z?-periodic, it always constitutes a doubly-periodic tiling of the plane. In other
words, G is embedded in the Z? lattice®. Now, the plane quotiented by Z? is a torus, of genus 1, and
we will use G; := G/(Z?) to denote the fundamental domain of the bipartite graph. More generally,
we use G, to denote the quotient G/(nZ?), where nZ? is the n-times enlarged fundamental domain.

Given a perfect matching M, we can define a unit flow w that flows by one along each edge in M
from white node to black node. Consider a reference perfect matching My with flow wqg, and let v
be a path from face fy to fi in the graph. Then for any matching ¢ with flow w, the total flux of
w — wp across 7y is independent of v and defines a height function of M. The difference of height
functions of any two perfect matchings is independent of the choice of My. A perfect matching M;
on the fundamental domain G; gives a periodic perfect matching M on G. The height change of
M, is defined to be (hg, hy) if the horizontal and vertical height changes of M for one period are
hz and hy respectively.

We can define a real function £(e) on the edges e of G. This is known as the energy of the
edges [139].

Definition 3.1.3. Given a perfect matching (or more generally, any set of edges) M, its energy is
E(M) := Y E(e). For any edge e in the graph, its edge weight is defined to be e €(¢). Let M(G)
eeM
be the set of perfect matchings on G, then the partition function of M is Z(G) := >_ e €M)
MeM(G)

3More generally, one may also consider any 2-dimensional lattice instead of Z?. Indeed, one can consider high-
genus tilings.
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Given the edge weights, one can define the Kasteleyn matrix K.

Definition 3.1.4. A Kasteleyn matriz has rows (columns) representing the white (black) nodes in
G. Its entries are the corresponding edge weights multiplied by £1 as follows. Around each face
there are an odd number of edge weights multiplied by —1 if the face has 0 (mod 4) edges and an
even number if it has 2 (mod 4) edges.

It was shown in [140] that this construction is always possible, and

Theorem 3.1.2. The absolute value of the determinant is the partition function, that is,

|det(K)| = 2(G) = Y e, (3.1.11)
MeM(G)

As Gy is embedded on a torus, let v, and 7, be paths winding horizontally and vertically around
the torus. Then we can multiply an edge weight by z (or z—1) if the 7, crosses the edge with the
black node on its left (or right). Likewise, we multiply an edge weight by w*! if 7y crosses the edge.
This leads to the “magnetically altered” Kasteleyn matrix K (z,w) [139]. We may then construct
a Laurent polynomial from this.

Definition 3.1.5. The Newton or charateristic polynomial of G is P(z,w) := det(K(z,w))
in formal complex variables z,w. It defines a so-called spectral curve P(z,w) =0, as a Riemann
surface.

For each monomial c(,, ,)2"w" in P(z,w) with coefficient ¢, ), we can associate a point (m,n)
on the lattice. These points form a lattice polygon known as the Newton polygon. In toric
geometry, this is precisely the toric diagram discussed in the previous chapter. In particular, each
vertex/corner point in the polygon is associated with a toric divisor of the Gorenstein singularity.

Example 1. Let us consider the dimer in Figure 3.1.1(a). The fundamental region is the square

(a) (B)

FIGURE 3.1.1: (a) The dimer model. (b) The toric diagram. (c) The quiver diagram.

where the numbers are the labels of the edges (rather than weights). Let us take the weight of
each edge to be \/2 (for the reason to be discussed shortly). Now consider for instance the vertex
correpsonding to the monomial z in the Newton polygon. Its perfect matching is composed of Xs, X5
where X7 is the arrow dual to edge I [105]. Therefore, this gives rise to (—1) x v/2 x v/2z = —2z
in the spectral curve. Querall, one may check that this agrees with the Kasteleyn matriz

K:( —V2+V22: V22w >
—V2+V2w Tt V242717

where the signs and variables assigned to the edges are {1,—1,—1,—1,z2, 2
the labelling of edges). The curve is then given by

(3.1.12)

L —w, w1t} (ordered by
222z ' —2w—2wt 4+ (242+2+2) =0, (3.1.13)

or equivalently,
—z—zl—w—wl+4=0. (3.1.14)

It is straightforward to get the Newton polygon as in Figure 3.1.1(b). The quiver in Figure 3.1.1(c)
1s the dual graph of the dimer.
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Isoradial dimers We have introduced some rudiments of dimer models and brane tilings. Of
particular interest is the isoradial embedding of a dimer model.

(a) (b)

FIGURE 3.1.2: (a) The edge in red has length [. Its dashed dual edge is of length /4 — 2
which equals the weight of the edge. The rhombus angle is labelled by 6;. The corresponding
internal angle 207 of the rombus gives the R-charge physically. (b) The left plot indicates
>260; = 27 which corresponds to each superpotential term while the right plot indicates
> (7w — 261) = 27 which correpsonds to (the fields connected to) each node in the quiver.

Definition 3.1.6. A dimer is isoradial if every face is inscribed in a circle of the same radius,
which we can take to be 1. In this paper, we will mostly choose the weight of an edge to be /4 — [2
for an isoradial dimer where [ is the length of the edge.

The reason for this choice is that the edge weight is equal to the distance of the circumcentres of
the two faces adjacent to the edge (i.e., its dual, perpendicular, edge). We illustrate this in Figure
3.1.2(a) in a hexagonal tiling example. As we will see shortly, we can always construct a spectral
curve of certain kind (a so-called genus 0 Harnack curve) from such isoradial embedding of a dimer.
According to [141], this choice of edge weight is critical in the sense that it uniquely maximizes the
(normalized) determinant of Dirac operator. We will also later see that it is closely related to the
Mahler measure for isoradial embeddings.

We can also express this edge weight in terms of the rhombus angle 6;, as shown in Figure
3.1.2(a). In our convention, 26; is the angle of the rhombus at the vertex that has in common
with the edge. It is easy to see that our chosen edge weight is v4 — 2 = 2sin(f;). In other words,
I = 2cos(f;). The energy function associated to this edge ey, recalling that edge weight is e ¢, is
then E(ey) = —log(2sin(fy)).

Now, the internal angle 26; is essentially the R-charge of the corresponding chiral multiplet in the
dual quiver gauge theory [142]: for a field X with R-charge Ry,

20; = 7Ry (3.1.15)

Indeed, we have (i), that Y 20; = 27, which is the geometric recasting of the condition on R-charges
from the vanishing S-function, that > R; = 2. Likewise, we have (ii), that > (7 —26;) = 27. Notice
the difference between the two sums: (i) is a sum over the angles whose edges are connected to
the same black or white node while the (ii) is a sum of angles in the same face. We depict this in
Figure 3.1.2(b), where a coloured rhombus has rhombus angle 6;. The left plot represents (i), a
sum over the parts of rhombi surrounding a vertex (drawn as white in the middle). Every such sum
corresponds to a term in the superpotential. The right plot represents (ii), a sum over the part of
rhombi surrounding the (circum)centre of the dimer face. Each contributes an angle of (m — 26y)
so that > (m — 20;) = 2m. Every such sum corresponds to arrows attached to a node in the dual
quiver.

Example 2. Recall the dimer in Figure 3.1.1. Since the rhombus angles are all w/4, each edge
weight equals 2sin(m/4) = /2.
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Isoradial spectral curve and GLSM fields It is straightforward to obtain the spectral curve
in terms of the rhombus angles from Kasteleyn matrix. When taking determinant, each term
we get is simply a product of edge weights 2sin(f7) contributed from the corresponding rhombus
angles/R-charges®. Therefore, we need to figure out which edges contribute to each monomial in
the Newton polynomial. This can be seen from the perfect matching(s) associated to each lattice
point in the Newton polygon. Recall that each perfect matching can be interpreted as a GLSM
field. Every lattice point in the Newton polygon is associated with one or more GLSM fields.

For a vertex/corner point v;, we only have one corresponding GLSM field p;. It can be written as
pi = > X where X;’s are the arrows in the quiver. Recall that X;’s are arrows dual to the edges

T
ey in the dimer. When computing det(K), we would get the monomial corresponding to v; as a
product of these e;’s. Since they have weights 2sin(67), this gives the term

—1)° J] 2sin(65)2"w® (3.1.16)

b

where the factor z%w” can be directly read off from the Newton polygon, and we will explain what

& means shortly.

This can be generalized to any lattice point. For interior points and other boundary points, they

correspond to multiple GLSM fields. Suppose one of such points is associated to GLSM fields

q1,---,qk, then each g; can be written as ¢; = > X7. As a result, each ¢; gives rise to a product of
T

2sin(fr) from the determinant. Then the corresponding monomial in the spectral curve is the sum
of these products for every ¢;,

R ()

Now let us determine ¢. Given a reference perfect matching My, denote the horizontal (vertical)
height change of the perfect matching M to be hy (hy). Then the above rules of writing the Newton
polynomial should agree with the result in [139]:

Ze (M) yha gy (1 )hahy+hathy (3.1.18)

It is straightforward to see that the energy of M is consistent with (3.1.16) and (3.1.17), that
is, E(M) = > E(er) = —log <H2sin(0;)>. Now different reference My may give different signs
T I

for each term, but it would preserve certain properties of the spectral curve (such as its Mahler
measure). Here, we will stick to the perfect matching corresponding to a = b = 0 (i.e. the origin of
the Newton polygon) as the reference My so that the powers of variables agrees with (3.1.16) and
(3.1.17) ®. Then the parity of (hghy + hy + hy) is fully determined by a = h, and b = h,,. Thus,
we may write 0 as

5= {0, both a and b are even . (3.1.19)

1, otherwise

Example 3. Recall the example in Figure 3.1.1(a). Let us choose the matching consisting of edges
1 and 2 as the reference perfect matching. As the matching consisting of edges 4 and 7 has height

4Note that so far by R-charges, we mean all possible trial R-charges that satisfy the conformality condition. In
other words, the rhombus angles are still variables in the spectral curve. We will determine their exact values (and
hence exact coefficients for the curve) in §3.2.4.

®Notice that in [139], there is also a total factor z*°w¥ in the front of the right hand side in (3.1.18), where xo
and yo are the total flows across the horizontal and vertical cycles respectively. This would ensure that the overall
powers z70The ¥ +hy i the same as 2%y°. For simplicity, we remove this factor in (3.1.18) as long as we choose the
one with o = yo = 0 as our reference perfect matching.
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change (0,—1), we have § = 1 and this gives rise to the term —2w™!.

spectral curve

Altogether, we have the

—22 -2z —2w—2w 4+ (2+2+2+2)=0, (3.1.20)

or equivalently,
2=z —w—wlt44=0. (3.1.21)

This agrees with (3.1.14).

3.1.3 Amoebae and Harnack Curves

Now that we have some familiarity with dimers and Newton polynomials/spectral curves, let us
collect some facts on amoebae and Harnack curves, adhering to the notation of [139, 143].

Definition 3.1.7. An amoeba is the set of points in the real plane, of the logarithmic projection
of the spectral curve P = 0:

Ap = {(log |z|,log [w]) | P(z,w) = O}. (3.1.22)

The definition of the amoeba can be easily extended to polynomials of more variables, but in this
paper, we will only focus on Newton polynomials in two variables (z,w), and everything will be
planar: the Newton polynomial lives in C?; the amoeba lives in R? and the toric diagram lives in
Z2. Let us also introduce the spine as a deformation retract of the amoeba. For simplicity, we shall
use the result in [22] as our definition. For the original definition, see [144].

Definition 3.1.8. The spine S of the amoeba is the dual (p,q)-web of the toric diagram associated
to P(z,w).

In parallel, we have

Definition 3.1.9. A real algebraic curve C C RP? of degree d is an M-curve if it has the mazimal
number of connected components, i.e., W + 1. Following [1/3], we shall call the connected
components ovals. Ouvals that do not intersect the coordinate azxes are known as compact ovals.
An isolated real point on the curve is regarded as a degenerate oval. The genus g is the number
. . (d—1)(d—2)
of non-degenerate compact ovals. For an M-curve, the genus is also mazrimal and equals ~—5—.
A Harnack curve is a special type of M-curve in the sense that its ovals have the “best” possible
topological configurations (see Figure 2 in [143] for an illustration). The definition of Harnack
curves is quite intricate [145]. Here, we will take the following characterization as the working

definition:

Definition 3.1.10. A Harnack curve C possesses the map
C(C) 3 (z,w) — (log|z],log |w|) € Ac (3.1.23)

such that it is 2-to-1 from the curve to its amoeba (except for a finite number of real nodes where
it is 1-to-1). The amoeba of Harnack curve with genus g has exactly g holes (i.e., compact com-
plementary regions). Hence, the number of holes for an amoeba is also called the genus of the
amoeba.

From [139], we have a practical way to identify Harnack curves associated with amoebae and dimers.

Theorem 3.1.3. For any choice of non-negative edge weights on a dimer, the spectral curve
P(z,w) =0 is a Harnack curve of degree d with w compact ovals.

There is another remarkable theorem [146] that will be crucial to us:

Theorem 3.1.4. A curve is Harnack if and only if its amoeba has the mazximal possible area for a
given Newton polygon A. That is, A(Ap) = 72 A(A) where A(A) is the unnormalized area of the
Newton polygon.
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In fact, the 2-to-1 feature for Harnack curves leads to the two important propositions [139]:

Proposition 3.1.5. The boundary of the amoeba is the image of the real locus of the spectral curve
P(z,w) = 0. It follows that the amoeba of a Harnack curve can be determined by

II P-v™e, (-n™er) <o. (3.1.24)

ny,na€EZ2

Proposition 3.1.6. Any interior lattice point of the Newton polygon A corresponds to either a
bounded complementary region (i.e., a hole) of the amoeba or an isolated real node in the spectral
curve. In particular, the number of holes of the amoeba is equal to the genus g of the curve.

Finally, we have a theorem from [143] for isoradial dimers:

Theorem 3.1.7. A dimer corresponding to a genus zero Harnack curve is isoradial if and only if
its amoeba contains the origin.

On the log plane, we can always shift the amoeba so that it contains the origin, which corre-
sponds to a rescaling of z and w of the spectral curve. This gives a canonical family of isoradial
parameterizations for any genus-zero Harnack curve.

Example 4. The spectral curve (3.1.14) is Harnack and of genus 0. In fact, —z—z ' —w—w=1+k =
0 ¢s Harnack when k > 4, with g =0 for k =4 and g = 1 otherwise.

Ronkin functions Closely related to the amoeba is the so-called Ronkin function. In fact, to
probe different regions of the amoeba, we can use this analytic tool.

Definition 3.1.11. In two dimensions, the generalized Mahler measure (3.1.10) with a1 = exp(z), ag =
exp(y) defines the Ronkin function R(x,y) := m(P;e*, e¥). In particular, R(0,0) = m(P;1,1) =
m(P).

Following [144,147-149], we have®

Theorem 3.1.8. The Ronkin function R(x,y) is convez. It is strictly convex over Ap and linear
over each component of R*\Ap. The gradient V = (0, 8,) of the Ronkin function satisfies

e Int(A) C VR(R?) C A, where A is the Newton polygon for P and Int(A) is its interior;

e for each component E; of R2\Ap, VR(E;) = (a;,b;), where (a;,b;) is the lattice point in A
corresponding to E;.

Given a Harnack curve with ovals (either degenerate or non-degenerate), we can always shift the
amoeba such that a hole or a critical point is located at the orgin. In terms of P(z,w), this is
a rescaling/redefinition of the variables z,w (we will make this more precise in §3.2.1). Since the
Mahler measure is the Ronkin function at (0,0) (which is always a lattice point in A), we have
VR(0,0) = (0,0) following this theorem. Moreover, as the Ronkin function is always convex, we
have

Corollary 3.1.8.1. Given a Laurent polynomial P (with possible rescaling of variables), the Mahler
measure m(P) is the minimum of R(z,y).
3.1.4 Crystal Melting and D-branes

Another physical system, in contrast to quiver gauge theories of brane tiling, that arise from dimer
models is the so-called crystal melting model, which counts certain BPS bound states [43, 131].

5We are focusing on R? in this paper, but the discussions on Ronkin functions here can be directly extended to
any R"™.
"By critical point, we mean that this point in the amoeba corresponds to a node in the spectral curve.
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In Type ITA string theory, consider DO- and D2-branes with a single D6 on a toric Gorenstein
3-fold X. More generally, we also include D4-branes [150-152]. Denote the charges of Dp-branes

as @p, where Qg4 are magnetic while Q2 are electric. In this configuration, the D4s wrap an
ba (X)

ample divisor class [C] = ) Qu;[C;] € Hy(X,Z) where C; is a basis of the 4-cycles and by = bs.
i=1

b2 (X)
Likewise, the D2s wrap the 2-cycle [S] = > Q2,[Si] € H2(X,Z). Then, the D6-D4-D2-D0 bound
i—1

=
states are counted by the partition function [150]

ZBPS - Z Q(QOaQ27Q47Q6)8_Q0¢0_Q2¢2a (3125)
Q0,Q2

where ¢, are the chemical potentials for Dp-branes and € is the degeneracy (Witten index) of the
bound states. In fact, the chemical potentials ¢g and ¢2 can be identified with string coupling g
and Ké&hler moduli respectively [131].

The profound results of [41,43,131] then relate the BPS states to the crystal models. A crystal is
also a dual diagram of the dimer in the following sense. In the crystal, there are different types of
atoms. Each type corresponds to a node in the quiver, and the chemical bonds between atoms are
represented by the arrows.

Given an initial crystal, one can melt it by removing atoms from the top of it. The BPS degeneracy
is equal to the number of melting crystal configurations with Q¢ being the total number of atoms
removed and Q2 the numbers of atoms of different types.

In the thermodynamic limit where a large number of atoms are removed, the shape of the molten
crystal is exactly the (minus) Ronkin function, whose 2d projection is the amoeba of Newton
polynomial P associated to the Gorenstein 3-fold X. Therefore, using saddle point approximation,
we have [131]

Proposition 3.1.9. In the thermodynamic limit,

Zips ~ cxp < / dz dy R(z, y)) (3.1.26)

(where we have omitted a factor of 4/g% in the exponential). We may then define the free energy
as F' = — log ZBPS []39/.

In general, (3.1.26) is divergent. Hence, we need to normalize the partition function by Z/Zy where
Zj is the partition function of the initial unmolten crystal. Then the volume between the Ronkin
functions for Z and Zy would remain finite®.

In particular, the phase structures of crystals are given by amoebae.

Definition 3.1.12. An unbounded complementary region of the amoeba corresponds to an unmolten
part in the crystal and is hence called the solid phase. For the parts where atoms are removed in
the crystal, the interior of the amoeba is known as the liquid phase while a bounded complementary
region of the amoeba is known as the gas phase.

With D6-D2-D0 bound states, there would only be liquid and solid phases. Gas phases would
appear when we further add D4 branes.

Following Proposition 3.1.6, the number of gas phases of a dimer/crystal model is equal to the
genus of P(z,w) = 0. In general, every solid/frozen phase corresponds to a boundary point on A
and every gas phase corresponds to an interior point (except for degenerate cases).

Example 5. The Ronkin function and amoeba with P = k—z—2z"1—w—w™! (k > 4) are sketched in
Figure 3.1.3. As we can see, the bounded (unbounded) linear facets in a Ronkin function correspond

8Note that this volume is different from the volume under Ronkin function discussed in [143].
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(a) (®)

FIGURE 3.1.3: The Ronkin function (a) and the amoeba (b) of Fy. Figures are taken

from [139] (with slight modifications). The grey part in (a) gives the interior of amoeba

in (b), which corresponds to the liquid phase. The hole in (a)/(b) is the gas phase. The

unbounded white parts in (a) gives the unbounded complementary regions in (b). They
correspond to solid phases.

to the bounded (unbounded) complementary regions in the amoeba while the non-linear part in the
Ronkin function is projected to the interior of the amoeba. The (minus) Ronkin function is the
limit shape of the crystal.

Quiver quantum mechanics Let us think of X as a fibre bundle of T? xR over the R3 base. Then
we can recover the quiver and brane tiling by performing T-dualities along the T? directions. The
low energy effective 1d quantum mechanics is in fact the dimensional reduction of the 4d N =1
gauge theory. In the toric diagram, its boundaries specify the singular loci where the T? fibre
degenrates to a circle. This becomes the NS5-branes under T-dualities, which are (straightened)
zig-zag paths on the brane tiling. The D0s become D2s wrapping the whole torus while the D2s
are still D2s but restricted in certain domains separated by the NS5 branes. In some of these
domains, there would also be NS5s stretched parallel to the D2s. Based on the charges of these
NS5s, different domains correspond to black/white nodes and faces in the dimer model. Thus, we
can also get the quiver as the dual graph of the dimer. Readers are referred to Figure 1 and 2
in [43] for illustrations.

For the single D6 brane, as it fills the whole CY 3-fold, it will become a point on the torus after
T-dualities. Hence, it acts as a flavour brane and there is a flavour node added to the quiver.
Likewise, the D4s will become flavour D2-branes which are again points on the torus. These would
lead to flavour D4-nodes in the quiver diagram [152].

3.2 Mahler Measure in Quiver Gauge Theories

After going over some fundamentals of Mahler measures and dimer models, we can now study
the roles Mahler measures play in quiver gauge theories. As discussed in (3.1.4), we can recast the
Newton polynomials into the form (up to shifting the Newton polygon and/or overall multiplication
of sign)

P(z,w) =k —p(z,w) , k>0, (3.2.1)

where p(z,w) has no constant terms and no free parameters. When we start to increase k, holes
might appear in the amoeba of P. For any dimer, let us call the weights 2 sin(7wR;/2) the canonical
weight choice. Nevertheless, let us start with a more general set-up where all coefficients c(,, )
depend on k in the following definition.
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Definition 3.2.1. For a spectral curve associated to a dimer with one free parameter k, write it
as P(z,w) = Y C(mn)(k)2z™w". The isoradial limit is defined to be k = kiso such that c(y, »(k)

(m,n)
agrees with the coefficients from the canonical choice.

Remark 1. So far, the canonical choice only has special properties for isoradial dimers. As we
will see later, the weights 2sin(mwRy/2) which physically come from R-charges also have interesting
features for non-isoradial dimers. One may then view a non-isoradial dimer as some sort of “isora-
dial dimer” with “zero” or “negative” edge lengths. Therefore, we shall always call it the isoradial
limit as long as the edge weights follow the canonical choice 2sin(wRy/2) for any dimer regardless
of its isoradiality.

Remark 2. For P(z,w) = k — p(z,w), the amoeba would have g = 0 when k < kiso. If k > kiso,
the holes would emerge in the amoeba. In particular, the number of holes would always be the same
as the number of interior points in the Newton polygon. These holes would evolve simultaneously
when we vary k.

Another interesting limit in the parametrization P = k — p would be the large k£ limit. First, we
introduce a well-known concept.

Definition 3.2.2. The Hausdorff distance between two closed sets A, B C R"™ is

dyg = max{ilelg(dE(a,B)),ilelg(dE(b, A))}, (3.2.2)

where dg is the usual Fuclidean distance.
We shall define a tropical limit using Hausdorff distance.

Definition 3.2.3. For a Harnack curve associated to a dimer with one free parameter k, write
it as P(z,w) = Y, cimn)(k)z™w". Denote its amoeba to be A(k) and the spine to be S. The

(m,n)

tropical limit is k = kiop such that dg(A(k),S) is minimized at kirop.
Theorem 3.2.1. For P(z,w) =k — p(z,w), k — oo is a tropical limit.
A proof of this can be found in [9, §3].

Remark 3. Notice that k — oo is a tropical limit, but may or may not be the only tropical
limit. For instance, as illustrated in Appendixz B, k = 0 is also a tropical limit for the Fy example.
Nevertheless, throughout, we will mainly focus on the tropical limit at infinity.

Since most of the relevant objects diverge at kiyop = 00, we will mainly discuss sufficiently large k.

Definition 3.2.4. Given an amoeba Ap, denote the set of all vertices v; of the spine as V. Let
V C V be a non-empty proper subset of V. We say that Ap is locally an amoeba Ao around V if
in a neighbourhood of V', P can be approximated by dropping some of its terms. The dropped terms
correspond to the vertices v* in the dual graph that are outside the neighbourhood. Moreover, the
approximated Newton polynomial has amoeba Ajg..

Let P(V) # {V} be a non-trivial partition of V. If Ap is locally some Ay for every V€ P(V), then
we say k is subtropical. If P(V) = {{vi},{v2},...,{vn}}, i.e., there is a local amoeba around
every single vertex v;, then we say k is high-subtropical®.

3.2.1 The Mahler Flow

As mentioned above, the Newton polynomials here are constructed by writing down an initial
Piso = kiso — p(2z, w) with certain choice of edge weights. Then we simply vary k to get a family of
curves.

9 Analogous to the term “tropical”, we also borrow words “subtropics” and “subtropical high” from climate
science.
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When varying k, the Mahler measure changes continuously. We shall refer to this as the Mahler
flow. As discussed before, knin gives the isoradial limit while a tropical limit is reached when
k — oo.

Recall that when k& > max(|p(z,w)|) = p(1, 1), we can compute uy(k) from (3.1.8) using its Taylor
expansion just like m(P). It is not hard to see that
dm(P)
dlogk

uo (k). (3.2.3)

We may also integrate the Mahler flow equation to get

My dm(P) ]{:1
= log —, 3.24
/mko wo(F) . (3.2.4)

where we shall take kg = p(1,1). Then from their Taylor expansions, we can see that ug(k) grows
no faster than m(P). As a result, both sides would diverge at large k.

For k£ < p(1,1), the behaviour of ug(k) could be very different. In fact, the right hand side of
(3.2.3) is not the same ug as the integral of ﬁ any more. This is because the Taylor expansion
has radius of convergence k& > p(1,1). Consequently, the right hand side in (3.2.3) is no longer a
period of the elliptic curve for sufficiently small k. Hence, we shall take (3.2.3) as the definition of

uo(k) for any k.
When k& > p(1,1), it is straightforward to see that the left hand side of (3.2.3) is positive since
uo(k) should be positive as a period. Its positivity can also been seen from its Taylor expansion

up(k) = 20%. Therefore'?,

Lemma 3.2.2. The Mahler measure strictly increases when k increases along the Mahler flow,

from ko = ‘ |151‘a)‘<71(|p(2,w)|) to k — oo.

In many cases, kiso < ko. In terms of amoeba, this means that the holes would not open up at the
origin. Then we can always shift the amoeba by

(log|z|,log|w|) — (log |z| — log a,log |w| — log b) (3.2.7)

for some positive numbers a and b such that a node is moved to the origin. This gives a rescal-
ing/redefinition of the variables in P(z,w) '*:

kiso — p(z,w) = kiso — p(z/a,w/b). (3.2.8)

Since kiso — p(z, w) = 0 is Harnack, the pair (a,b) is unique by the 1-to-1 property between amoeba
and spectral curve at nodes. In other words, there is a unique solution to kiso — p(z,w) = 0 where
p(z,w) = p(z/a,w/b). As the parametrization of k — p (for fixed p) is continuous, we can see that
this unique solution is given by

kiso = max (|p(z,w)]) =p(1,1) = p(1/a,1/b). (3.2.9)

10 Alternatively, we may also take the derivative of m(P) with respect to k:

d brtd
@m(P):/O /0 4 (tog [k — pl) d6de. (3.2.5)
Now,
d - rod o e k—Re(p)
5 loglk pl—|k_p|dk (k=p)(k=p)'" = T p (3:2.6)

This leads to the same result as max(|p|) = max(Re(p)) = p(1,1).
1 As this is just a shift of the amoeba, the 2-to-1 property between the spectral curve and amoeba still holds.
Hence, the curve is still Harnack.
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More importantly, this shows that a hole would now open up at the origin for the amoeba when

k gets increased from kiso, and we have k > | ‘ma‘ 1( |p|) for any k > kiso. Therefore, we can now
z w|=

rewrite the above lemma as

Proposition 3.2.3. The Mahler measure (with possible rescaling of variables) strictly increases
when k increases along the Mahler flow, from kiso to k — o0.

Remark 4. Although the Mahler measure would vary under the rescaling of z,w, this is essentially
a translation on the xy-plane for the Ronkin function as the amoeba is shifted. The change of
Mahler measure is just indicating different points on R(z,y). Therefore, the physics would not
change. The partition function, which is the volume under R(x,y), remains invariant under the
rescaling of variables.

More generally, we may also consider any k > 0 (without any rescaling of variables) and compute
the integration for Mahler measure numerically. Although the spectral curve is non-Harnack and
hence the correspondence between solid/liquid phases and regions of amoeba is not clear, we find
that m(P) always increases monotonically for all Newton polynomials P(z,w) we have encountered
along the Mahler flow. Thus, we are led to:

Conjecture 3.2.4. The Mahler measure monotonically increases when k increases along the Mahler
flow, from k=0 to k — oco.

From the viewpoint of crystal melting in the thermodynamic limit, it is natural to expect the
increasing of Mahler measure when we increase k since more atoms are removed from the crystal.
In terms of amoeba, the size of the hole is controlled by the value of k. When k increases, the hole
would also become larger and larger, which is consistent with the growing gas phases. When k is
(sub)tropical, the gas phase would become dominant. Moreover, kiso is the critical point for the
existence of the holes/gas phases. The holes would open up for k > kis, (even if the holes do not
appear from the origin). For k < kis, (though only kis gives a Harnack curve), the amoeba is of
genus zero, and its area would become larger when increasing k.

Moreover, the partition function for the crystal melting model should also become larger when
increase k 2. In terms of (3.1.26), this implies that we may extend the above conjecture to Ronkin
functions.

Conjecture 3.2.5. The Ronkin function R(x,y) (for any fized (x,y)) does not decrease when we
increase k along the Mahler flow for k > 0. More precisely, when ko > k1,

{ng (z,y) > Ry, (x,y), (z,y) in a non-linear or bounded linear region for ks; (3.2.10)

Ry, (z,y) = R, (z,y), (x,y) in an unbounded linear facet for k.

Notice that for ko > ki > kiso, the non-linear region is the liquid phase and a bounded (unbounded)
facet is a gas (solid) phase.

Since the Ronkin function at (z,y) is essentially the Mahler measure for P(e”z,eYw), R(z,y) for
P(z,w) is exactly the Mahler measure for P(z,w) = P(e*z,eYw) and shifted amoeba. Hence, we
conclude that

Proposition 3.2.6. Conjecture 3.2.4 and Conjecture 3.2.5 are equivalent.

Remark 5. Notice that the increase of Mahler measure is strict in Proposition 3.2.3 while the
increase is monotonic (i.e., only non-decreasing required) in Congecture 3.2.4. The reason for non-
strict increasing is more clear in terms of Conjecture 3.2.5: the Mahler measure m(P) = R(0,0)
may lie in an unbounded linear facet of the Ronkin function.

12 Again, for k < kiso, the physical interpretation of Ronkin functions, in particular for different phases, may not
be clear. Nevertheless, this would still make sense mathematically. More importantly, it is still possible that Ronkin
functions for non-Harnack curves are closely related to crystal melting etc in physics, but in a more subtle way.
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Example 6. For Fy with P=4—2z — 27" —w —w™!, we have

11
m(P) = logk — 2k~ 24 F3 (1, 1, g 2;2,2,2; 16k2> . uo(k) = oF, (2, 3L 16k:2> (3.2.11)
for k > 4. One may check that they satisfy the Mahler flow equation. At k = kiso = 4, we have

m(P) = %; up(4) — o0 (3.2.12)

where K is Catalan’s constant. At k — kirop = 00, we have
m(P) — log kirop = 00;  ug(ktrop) = 1. (3.2.13)

We can also plot the Mahler flow and ug(k) from kiso to kirop as follows:

m(P) ug(k)

3.0F 1.25F

25

20+

; T = =k T o = ¢ (3.2.14)

3.2.2 Tropical Geometry of the Mahler Flow

A geometric interpretation of the Mahler flow could be revealed by the holes of the amoeba. In
general, it is hard to determine the area(s) of the holes Aj;. However, when k is sufficiently large,
we might be able to calculate A, using the spines as a tropical limit of the amoeba.

Consider an example, say, Y22 with vertices of A being {(0,0), (1,0), (0, —1),(1,—1),(=1,—1)}.

The associated P = —w — z lw™! — zw™! — 2w™! + k. For very large k, we find that the amoeba

is close to its spine as in Figure 3.2.1(a). As further shown in Figure 3.2.1(b), the spine (in red)

N ,

(4) (B) (c)

FIGURE 3.2.1: (a) The amoeba for the Newton polynomial P(z,w) = —w — z 'w™! —

zw™' —2w™! + k. As an example, we choose k = ¢'°. (b) The spine (in red) is the dual

of the triangulated Newton polygon A (in black). (c¢) The internal triangle in the spine is

drawn explicitly in orange in the amoeba. In this example, we can see that the three vertices
of the orange triangle are (20,10), (—20,10) and (0, —10) respectively.

is the dual of the triangulation (in black) of the Newton polygon A. Of particular interest here is
the red triangle which is the dual of the three internal lines of the triangulation of A as shown.
This is made more clear in Figure 3.2.1(c): the interior of the orange triangle (i.e., the bounded
lines of the spine) consists of the hole and certain parts of the amoeba. At large k here, the hole
approaches to this triangle.

Quantitatively, we observe that the three vertices in the spine are (2log k,logk), (—2logk, log k)
and (0, —logk). Note that this is not only true for large k but also for any k since this is the
consequence of the spine. Around each vertex of the spine, the amoeba locally looks like an
amoeba Aj,. whose Newton polygon is the corresponding subdivision in A. These local parts then
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connect with each other through their thin tentacles. For instance, the upper left part in Figure
3.2.1 is locally a C3-amoeba. For a (global) C3-amoeba, its tentacles would become thinner and
thinner (i.e., asymptotic to the spines) when it goes to infinity. This ensures that the area of the
amoeba remains finite (72/2).

Now, in the Y22 amoeba, the local C3 part becomes semi-infinite. The thin finite tentacles will
become longer and thinner when k is increased. Therefore, it is natural to conjecture that the area
of the local amoeba would be divided equally by the spine. One may check that the sum of areas
of the local parts is equal to the area of the whole amoeba since they are all proportional to the
areas of the Newton polygons and the local parts correspond to subdivisions of the whole polygon.
Then the area of the hole A for large k may be computed as

Ap =~ A(K) —2 % %A(A(ca) - %A(Ayl,l), (3.2.15)

where A denotes the bounded polygon in the spine of A (e.g. the orange triangle here), and Y1
corresponds to the black triangle at the bottom in the tessellation in Figure 3.2.1(b). Therefore,
1 7 1

2
Ah:4log2k—2><§x7—§><7r2:410g2k—§772. (3.2.16)

If we increase the coefficient for the term w™!, we find that the shape of the amoeba (especially its
tentacles) would change as shown in Figure 3.2.2(a,b). As we can see, the tentacle at the bottom

/N
4 N
(0)
FIGURE 3.2.2: (a) The amoeba for the Newton polynomial P(z,w) = —w—z"tw™' —zw ™' —
2ew ! +e*?. (b) The amoeba for the Newton polynomial P(z,w) = —w—z tw ™! —zw™! —
2¢°w™! 4 ¢'®. (c) The spine (in red) is the dual of the triangulated Newton polygon A (in

black).

has now been divided into two. The subdivision of the Newton polygon and its dual spine have
changed as in Figure 3.2.2. Now the bottom local part becomes the triangulated Y! for (a) and
two C3 for (b).

In general, it turns out that for the canonical choice of coefficients, there is no split in the spines
caused by boundary lattice points that are not at the corner. In the Ronkin function, this means
that the unbounded linear facets would only appear for vertices in the Newton polygon.

We shall make the above discussion more rigorous using the definition for (sub)tropical k. The
amoebae sketched in Figure 3.2.1(a) and Figure 3.2.2(a,b) all have subtropical k. However, only
Figure 3.2.1(a) and Figure 3.2.2(b) have high-subtropical k. Now consider P = —w — 2 lw™1 —
2wt — 2wt + kg in Figure 3.2.1. When |w| is large enough while |2| is small enough such that
log |w| ~ O(log(kst)), log |z| ~ O(1/log(kst)) and 1/|zw| ~ O(1), the Newton polynomial can be
approximated by —w — z~lw™! + kg. This corresponds to the local Ags at the upper left corner
in Figure 3.2.1(a).

For (high-sub)tropical k, we may try to compute A, for any amoeba using the above method. We
first need to determine the vertices of A. Let us consider C3 whose Harnack curve ¢1z + cow + k
(for fixed c12) as an example. Then by looking at its asymptotic behaviour, we can find its spine
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as follows:
r—0: y=log|lw| =log|k/cal;
y—0: x=log|z| = log |k/c1; (3.2.17)
x + log |cq|
x,y > 00, z/wn~0(1): y=——7-—.
Y / 1)y log |ea|

Hence, the intersection point of the three lines is (log |k/c1|, log |k/c2|). Now we can use the following
theorem [153, 154].

Theorem 3.2.7. For (o, M) € (C*)? x GL(2,Z) and P(z) = P(z,w) € C[z,w z_l,w_l], the
map U : (C*)? x GL(2,Z) — Aut (C [z, w, 271, w™!]) defined by (o, M)(P(2)) = P (a- 2M) is an

isomorphism. Moreover, their Newton polytopes satisfy A(V(P)) = M - A(P). Denote the amoeba
of P as Ap, then for det(M) # 0, we have Ap = M Ay(py — Log(a).

Then for M = (M;;) (and a = (1,1)), the curve becomes P = ¢ zM11wM21 4 cozMi2qpM22 4 | The
vertex has coordinates

de tM(MQQ 10g|]€/61| — M21 log ‘k/62| *Mlg 10g|k‘/61| + M11 10g|]€/62|) (3218)

For instance, the local approximation —w — 2z 'w™! +k is a GL(2, Z) transformation of —z —w + k

given by ( i (1)> This gives the vertex (—2logk,logk) for Y2 in Figure 3.2.1. For any local

amoebas, the corresponding vertex in the spine can be obtained in this way. Once we know the
coordinates of the vertices, we may compute the area of the hole.

Conjecture 3.2.8. Given a Newton polygon with Newton polynomial P(z,w) =k — p(z,w) and k
high-subtropical, the area of a hole (labelled by i) in the amoeba reads

1 2
A= AM) = Y7 —AlAey) = () = Y = ay), (3.2.19)
’UjGV»; J vjEVi

where A; denotes the corresponding separated polygon in the spine and A(A;) x logQ(k). Moreowver,
V; is the set of spine vertices surrounding the hole i. The local amoeba Ajoc j around the vertex v;
of the spine corresponds to the nj-gon A; in the tessellation of A.

The total area Ay, of the holes is then

2
A= AA) - Y :’;”A Aloc;) ZA a) - Y Ty, (3.2.20)

v;eV 7 v EV "
where m; is the number of A;’s that have vj as a vertex, and V is the set of all vertices of the spine.

Example 7. For polygons with a single interior lattice point, we have mj; = 1, and there is a single
A.

Remark 6. It is often more useful to consider the simplification as follows. For Newton polynomials
of form P(z,w) =k — p(z,w) considered in this paper, the (high—sub}tropical k is also the large k

limit. We always have the dominating contribution Aj, ~ log?(k). We may also recast the Mahler

flow equation in terms of the area of the hole dg;gf). Then at large k, ddéh) ~ 2logk > 0.

Integral approximations As a byproduct, this helps us understand certain integrals in the large
k limit. For instance, for Fy, by solving e¥ +e™¥ —e* —e™® — 1 = 0, we get part of the boundary
of Ag, (i.e., one solution to the equation) which reads'?

1
y = log <2ex (1 + 02 4 ke” 4 \/—4e2® + (=1 — e2% — ke”f)?)) . (3.2.21)

13Recently, the analytic boundaries for more amoebae were found in [155].
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As we can see, this is the upper right boundary of the amoeba:

4k

e, (3.2.22)

where we have used k = 5 to illustrate this and the dashed line indicates the spine. Therefore, the
area of the hole is

Ap =8 (/OOO ydz — /OOO mdx) — A(AR,) = s/ooo(y — z)dz — 272 (3.2.23)

In general, it is not straightforward to determine the large k£ behaviour for such kind of integral
with integrand

(3.2.24)

2e2x

1 2x ket —4e2x —1 — e2z _ keT)2
IEy_$:10g< +e¥ 4 ke” 4 \/—4e¥ 4 (-1 —e e))

because z is also integrated to co. Nevertheless, from the above analysis, we learn that Ay ~ logz(k)
for large k. Therefore,

o
/ Idz ~ log?(k) (3.2.25)
0

in the large k limit.

Higher dimensions It would also be natural to conjecture that similar patterns would happen
for any dimension n.

Conjecture 3.2.9. Let P(z) =k — p(z) be a Laurent polynomial of z € C". In the large k limit,
we have Viaq ~ log™ k, where Viqq is the volume of a bounded complementary region of the amoeba

A(P).

3.2.3 The Kahler Parameter

So far, the variable k has not been endowed with any further physical interpretations, except being
the scale of the Mahler flow and controlling the size of the hole in the amoeba. In this subsection,
we shall discuss the physical interpretations of the parameter k in quiver theories.

It is well-known that the variables in the coefficients of P(z,w) are related to Kédhler moduli
of the toric CY singularity [156, 157]. In quiver quantum mechanics, these Kéhler moduli are FI
parameters. Since every FI parameter is associated with a gauge node in the quiver, or equivalently,
a face in the dimer, they should be related to edge weights/energies and magnetic fluxes on the
dimer model as pointed out in [44].

Hence, it would be natural to relate k to the Kéhler/FI parameters. However, there are more
than one FI parameter in general while we only have one variable k& in our Newton polynomial.
In fact, the discrepancy between the numbers of parameters are compensated by D-term relations.
Let G be the number of nodes. Recall from Chapter 2 that the D-term charge matrix Qp with
(G — 1) rows encodes the GLSM charges under D-term relations. As the coefficients in the Newton
polynomial are obtained from perfect matchings/GLSM fields in the dimer model, there is only one
free parameter left with the constraints from QQp. Varying k along the Mahler flow can therefore
be interpreted as varying this free parameter. In general, all the coefficients should be functions
of these FI parameters while we consider a simplification where we only have one variable k as
constant term in this paper.
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General coefficients Let us also make a brief comment on more general choices of coefficients
in P(z,w). Since these coefficients are determined by the FI parameters, they would be related
to wall crossings in the moduli space of the quiver quantum mechanics. Following the 4d/1d
correspondence [158], wall crossing corresponds to Seiberg duality in the 4d N/ = 1 gauge theories.
As the Ronkin function is closely related to the 4d superconformal index and topological string
partition function (see §3.2.7 and also [158]) which are invariant under Seiberg duality and wall
crossing respectively, we expect that the Mahler measure and Ronkin function would enjoy certain
property under Seiberg duality/wall crossing. We will discuss this explicitly for the isoradial limit
shortly.

Intercepts of Ronkin functions Different coefficients in the Newton polynomial would also lead
to different intercepts of the linear facets in the Ronkin function. When a solid phase corresponds
to a vertex/corner point (m,n) in the Newton polygon, the facet would have slope (m,n) in the
Ronkin function. Besides, the Newton polynomial would contain a term c(,, 2" w". According
to [144],

Theorem 3.2.10. The intercept of this facet is log|c(mn)l-

As a result, if the coefficients of these linear facets do not equal, their extension would not meet at
the origin in the plot of Ronkin function'®. In crystal melting, this means that the unmolten crystal
would not have a point as the tip. Instead, the top of the crystal would be some ridge or face.
In [43], the one-to-one correspondence between crystal melting and dimer model was proven for
the crystal with a single atom at the tip. Nevertheless, different coefficients for crystal melting has
also been considered in various literature, and it would be natural to expect that this one-to-one
correspondence could be extended to such situation for crystal melting!®. In light of [139], this
would imply a non-trivial magnetic field.

When Newton polynomials cannot be rescaled to have coefficients 1 for corner points, there are
actually two different types.

Example 8. The Newton polynomial for L'3'/Zs (0,1,1,1) reads

AB
P === (aw +w) - %(zw*1 + 22w 43wt + 327 ) — (224227 + k. (3.2.26)
where
A = sin (5 _12\ﬁ77> , B = sin? (5 _6\ﬁ7r> ,C = sin® (1 —§2ﬁ7r> . (3.2.27)

Although it does not have same coefficients for the corner points, we can absorb the extra factor by
AB

Fw — w so that the four coefficients would all become 1. As we can see, this is a rescaling of
Z,W.
However, there is another type whose coefficients cannot be made the same even with such rescaling.
For instance, the Newton polynomial for PdP4, reads
P=-BiB}(z+2"') = BiB3By(zw ' +w™') — Biz27'w? — 2B1Bo B (2w +w) + k, (3.2.28)
where B; = sin(wb;/2) and
by ~ 0.427 is a root of 3z° — 340x? — 24z + 72 = 0;
by ~ 0.725 is a root of 3z — 13422 4 228z — 96 = 0;
by ~ 0.298 is a root of 32> + 2062% — 384x + 96 = 0; (3.2.29)
by =~ 0.596 is a root of 32> + 41222 — 1536z + 768 = 0;

bs ~ 0.550 is a root of 3z> + 250z — 124z — 8 = 0.

141f these (extensions of) facets meet at the same point but not the origin, we can always rescale the whole Newton
polynomial to make ¢, ») = 1 and hence shift it to (0,0, 0).

15We should emphasize that the analysis of quiver gauge theories should not be affected since they can be directly
read off from the dimers with different edge weights.
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It turns out that no matter how we rescale the variables, the five vertices z, z~+, zw™", w™ " and

2~ w? would not have same coefficients.

3.2.4 Isoradial Limit

Now, let us focus on one of the special points, that is, kis, in the Mahler flow. When the embedding
is isoradial with 2sin(f;) as (canonical) edge weights, we shall call m(P) and R(z,y) the isoradial
Mahler measure and Ronkin function respectively. For a different choice of coefficients in the
Newton polynomial, it is still possible to have an isoradial point k = kis,. Now we will show
that there is a set of 07 that maximizes the isoradial Mahler measure and this coincides with the
R-charges in a-maximization. More importantly, after our discussion on Seiberg duality below, we
will find that the followings in this subsection can be applied to any toric quivers and brane tilings
regardless of isoradiality.

Isoradial Mahler measure It is useful to introduce a simple and remarkable formula for isora-
dial Mahler measure obtained in [159]:

m(P) =% (91 log(2sin(6;)) + iA(@g) , (3.2.30)

T
Ji
where

A(x) = —/0 log(2sin(¢))dt

. , , 3.2.31

= a2 lp2 g zlog(1 — e*™) — zlog(sin(z)) — zLig(ezix) ( )
12 2 2

is the Lobachevsky function. In terms of the energy functions, we may also write (3.2.30) as

1 o
m(P)=-=>" <915(61) + / log(2sin(t))dt> . (3.2.32)
= 0
It is important to notice that
om(P) 0
20, 7 cot(fr). (3.2.33)

Example 9. Consider our running example of m(4 —z — 2=t —w —w™') for Fy. Since 0; = 7/4
for all I, we get

1 1 » dw

z w
log(2) /1 Pz dw
@ri)? Jo Jo 2z w (3.2.34)

=m(8—22z -2t —2w—2wt) —

47
4K

™

=8 <” log(2sin(m/4)) + 711_A(7r/4)> ~ log(2)

This agrees with our result in (3.2.12).

Maximization of isoradial Mahler measure When finding R-charges under RG trajectory in
4d, we need to maximize the a-function,

a=) (Ri—1)*=)" (2;)1 - 1)3, (3.2.35)

1 1
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where we have normalized the coefficient and omitted the part from number of quiver nodes (which
corresponds to faces in the dimer). On the other hand, the isoradial Mahler measure is also
explicitly given in terms of 6y by (3.2.30). As 67 is a rhombus angle in the dimer model, we have
0; € [0,7/2]. The shapes of the two functions are sketched in Figure 3.2.3, heuristically drawn
against 1 and 2 of the 07 angles. The derivatives for the two functions are respectively

0.8

0.2

6

FIGURE 3.2.3: The a-function (blue) and isoradial Mahler measure (orange) plotted as

functions of ;. We can only visualize the (a) 1d and (b) 2d versions while physically there

should be at least 3 0;’s (R;’s) in our theory. Notice that we have shifted the a-function

by (a) +1 and (b) +2 for better visualization and comparison. The green region is the
conformal manifold on the 0; axis/0;-0; plane.

20, 7\ 7 1 —cot(07) >0 ; 0r €10,7/2] . (3.2.36)

T 00 w

da 6 <201 )2 S0, Omiso 01

Hence, both of the functions are strictly increasing for any R-charges. For a-maximization, the
rhombus angles are also subject to the conditions ) 20; = 27 and ) (7w — 2607) = 27. The region
of rhombus angles/R-charges that satisfy these conditions is the so-called conformal manifold M.
Pictorially, we sketch the conformal manifold in green in the f7-space in Figure 3.2.3, and the dashed
lines cut out the possible values for a and mjs,. In other words, we need to find the maximum of
a for the set of points {(61,...,6,) € M}. Suppose that a is maximized at (67,...,0}), then the
isoradial Mahler measure would also reach its maximum at (67,...,0}) on the conformal manifold
as a and mys, are both monotonically increasing. Therefore, we have shown that

Theorem 3.2.11. For toric quiver gauge theories, we have

Miso-Mmazimization = a-mazximization. (3.2.37)

Remark 7. Following this proposition, we may also conclude that miso-maximization is equivalent
to volume minimization [115] and K-semistability (for product test configurations) [160]. We will
not expound upon this here, and readers are referred to [/}, 89, 160, 161] for more details (see also
Chapter 6).

Remark 8. Since the weights for the dimer edges are always non-negative for any trial R-charges,
the spectral curve is always Harnack. Hence, with different trial R-charges, the amoeba is deformed
but its area is invariant. Furthermore, it would always be genus 0.

We emphasize that this theorem is still valid for non-isoradial dimers. Though for the latter we
do not have a well-defined rhombus angle, but we can write the edge weights as 2sin(7wR;/2). In
other words, we replace 6y by mR;/2 in (3.2.30). Then (3.2.30), which we shall still call mjg, for
convenience, again reaches its maximum at R}, where R} maximizes the a-function. Therefore, it

is always true that mjs-maximization is equivalent to a-maximization'®.

6Strictly speaking, so far we can only say that maximizing (3.2.30) (rather than mis,) is equivalent to a-
maximization as we have not shown that (3.2.30) gives the correct Mahler measures for non-isoradial embeddings
with canonical weight choices. We will come back to this point shortly.
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Example 10. Let us vary the shape of the isoradial dimer for Fy in the following way:

—S

where we are restricting to rectangles as an illustration. Suppose the two distinct edges have weights

2V11/2 and 21/21/2, then we have vy = sin2(91) and v1 + vy = 1. The Mahler measure reads

27 2w
Miso = / / log |2v1 + 2us — v1€" — v1e™ ™ — e’ — e | dsdt. (3.2.39)
0 0

The isoradial Mahler measure as a function of v1 and its derivative are plotted in Figure 3.2.4. We

FIGURE 3.2.4: The plot of (a) miso and (b) Omiso/Ov1. Here vo = 1 — 1.

can see that the maximum is reached at vy = 1/2. Indeed, (3.2.30) yields

- (07: log(2sin(0,)) + 71TA(91)> +4 (ff log(2sin(6s)) + iA(@)) (3.2.40)

with o = /2 — 0. Its derivatives read

so 40 460, — 2
Omiso _ 401 cot(6y) + . tan(61),
% " 3.2.41
0’ Miso _ 4cot(6r) — 40, csc?(01) + 2sec?(0) (261 + 2sin(0y) — ) (3.2.41)
002 T '

One can find that the first derivative vanishes when 61 = w/4 (and the second derivative equals
8/m —4 < 0). Therefore, the Mahler measure is mazimized at 01 = 0y = 7/4 (or equivalently,
v1 = vo = 1/2). This agrees with the result from a-mazimization. In general, if the faces in the
dimer are not rectangles but general isoradial quadrilaterals, the Mahler measure should still be
mazimized at 01 g = /4, that is, Ry g =1/2.

Seiberg Duality Theories engineered by D-branes on toric Gorenstein singularities enjoy certain
dualities including Seiberg duality and specular duality. In this subsection, we show that the Mahler
measure also exhibits certain properties under these dualities. Let us start with Seiberg duality
[93,106,107]. In terms of quivers, this is essentially mutations (plus non-trivial superpotentials).
For brane tilings, this gives rise to so-called urban renewal [21]. Seiberg duals correspond to the
same toric diagram as moduli space. However, there is no reason why the Newton polynomials
for the duals would remain the same since the coefficients are obtained from different brane tilings
whose perfect matchings can change. Nevertheless, we will see that at the isoradial point, the
polynomials are the same.
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Assume that the dimer is embedded isoradially on the torus, then we can use our canonical choice of
edge weights to write down the Newton polynomial. It turns out that for all the duals we checked,
although the total numbers of multiplets/rhombus angles change, the coefficient for every single

monomial, viz, 3 e ¢(M) = 3° <H210g(sin(201))>, is invariant up to a factor of 2”27 for some
1

integers n;. In fact, n; and ng are nothing but the numbers of edges/multiplets in each perfect
matching/GLSM field for the two tilings respectively. Therefore, we can simply cancel the factor
2™ or 22 from every monomial in the two Newton polynomials.

Note that there is a subtlety in the above discussion. In general, a dimer (which is a dual of an
isoradial one) does not admit an isoradial embedding. Nevertheless, let us still use 2sin(wR;/2)
as the edge weights'”. It turns out that the resulting Newton polynomial is again the same as
its Seiberg dual(s). To ensure that this is the desired P(z,w) even though the embedding is non-
isoradial, one may check that in such case the Mahler measure is equal to the value computed from
(3.2.30) using 07 = wR;/2 for the physical R-charges R;. In fact, this is because the non-isoradial
dimer has been continuously deformed so that some of the edges shrink to zero (or even negative
lengths). After such deformation, the non-isoradial dimer degenerates to an isoradial dimer with
some of the rhombus angles being 7 /2 (or even obtuse). Therefore, the formula (3.2.30) for isoradial
Mahler measures would still work in this situation.

Conjecture 3.2.12. Seiberg duals have exactly the same Newton polynomials. Hence, Mahler
measure is trivially invariant under Seiberg duality.

Equivalently, we may keep the two factors 2™ and 2™ such that the Newton polynomials are related
by Py(z,w) = 2""™M P (z,w), where n; is the number of edges/multiplets in each perfect match-
ing/GLSM field. Then we can say that the Mahler measure is invariant under Seiberg duality up
to log(2™2=™), that is, ma = mq + log(2"27 ™).

Remark 9. Since the Newton polynomial P(z,w) = kiso — p(z,w) is invariant, if we leave the
1soradial point and increase k, the resulting P = k — p and its Mahler measure would also be the
same for Seiberg duals.

Example 11. Let us consider L'3'/Zy (0,1,1,1) as an exzample. It has two toric phases whose
brane tilings are

(3.2.42)

Using the data including perfect matrices in [105], we find that both of them yield (after cancelling
a common factor of 2" for each case respectively)

C
(w4 22w 43w + 327w ) = (2242271 + 12, (3.2.43)

AB

C
where A, B,C are given in (3.2.27). The dual theories have 20 and 22 bifundamentals respectively,
but the corresponding edges weighted by their R-charges lead to the same Newton polynomial. In
particular, the second dimer does not admit an isoradial embedding. However, we find that two of
the R-charges in this case become 1. This is equivalent to two of the edges shrinking to zero in the
dimer. One edge esq is between face 3 and 4 while the other egy is between face 6 and 7. After such

1"We can only write the weights in terms of the R-charges as the concept of rhombus angle is not really well-defined
for non-isoradial embeddings.
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deformation, the dimer degenerates to an isoradial embedding with two rhombus angles being 7/2.
One may also check that (3.2.30) in this case agrees with the result from the first dimer and gives
the correct Mahler measure.

1t is worth noting that when the two edges shrink in the second brane tiling, it does not degenerate
to the first tiling but instead some dimer that is “partially urban renewed”. More precisely, from
the second tiling to the first one under Seiberg duality, e3s 6764 would vanish while a new edge er3
would be created. In the “partially renewed” dimer, only the remowval of es4 and egr has been done.
In terms of the quivers, Seiberg duality flips node 2 in the quiver. The “partially renewed” dimer
has bifundamentals X34 and Xg7 removed in the quiver while Xgq4 has not yet been removed and

X7 has not not been added. Therefore, this partially mutated quiver theory is anomalous'®.

In fact, one may also check that some of the matter fields have R; > 1 in some toric phases. In
such cases, we find that the above discussion still holds. We may therefore say that the weights
are assigned to be 2sin(f;) with § = 7R;/2 > 7/2. Eqvuialently, we can also regard the edges as
of “negative” lengths, that is, 2 cos(mR;/2) < 0.

Example 12. Let us consider PdPy, as an example. It has three toric phases whose brane tilings
are

(3.2.44)

Using the data including perfect matrices in [105], we find that all of them yield (after cancelling a
common factor of 2" for each case respectively)

P=—BiB3(z+ 2" — BiB3By(zw™ ' + w™') — Biz 7 w? — 2B BoB2 (2w + w)

L2, , . (3.2.45)

where B; = sin(mwb;/2) are given in (3.2.45). The dual theories have 15, 17 and 19 bifundamentals
respectively, but the corresponding edges weighted by their R-charges lead to the same Newton
polynomial.

In particular, for the second tiling, Xg7 has R-charge Rgy = R, where
M ~ 1.023 is a root of x> + 24x* — 96z + 72 = 0. (3.2.46)

Therefore, the edge eg7; (not to be confused with e7g) has “negative” length in the dimer. When
performing Seiberg duality between the second tiling to the first one. Node 2 in the quiver is flipped.
Therefore, the white node where face 2, 6, 7 meet in the second dimer would become black. Then
the edge egy would have its white and black nodes reversed, and hence of negative length. Notice
that egy vanishes in the first dimer. This is because the “isoradial” embedding for the second dimer
with negative egy degenerates to one being “partially urban renewed”.

Likewise, in the third tiling, the fields Xs; and Xg7 would both have R-charge R > 1. Again,
compared to the first dimer, the two edges esr and egy would have their white and black nodes
reversed, and hence of negative lengths.

18We should emphasize that when we say the tiling degenerates, it only “looks like” the “partially renewed” dimer
but does not “become” that dimer. The tiling still gives an anomaly-free physical quiver theory. Only the two edges
es4,67 have length 0 (viz, weight 2) due to the R-charges for X347 being 1.
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From the above discussion, we have actually found a canonical choice for edge weights regardless
of isoradiality.

Remark 10. For any brane tiling, the canonical choice (in the sense of miso-/a-mazximization and
Seiberg duality) for the weight of edge ey is 2sin(wRy/2). The Mahler measure for the corresponding
Newton polynomial can be computed using (3.2.30).

For isoradial embedding, this edge weight is just the critical choice (in the sense of [1/1]) 2sin(f;).
For non-isoradial embedding, we have two equivalent viewpoints:

o The dimer still has the original shape with positive edge lengths, and hence non-isoradial. We
are just assigning the so-called canonical weights to the edges.

o As before, we may also say that the dimer degenerates and becomes isoradial. However, as
we have emphasized, it is different from the dimer that leads to anomalous theory. Some of
the edges are not remowved, and they just have zero or negative lengths.

The first point of view emphasizes the universal weight choice for all (both isoradial and non-
isoradial) embeddings. On the other hand, the second one explains why we can always apply
(3.2.30) in the calculations of Mahler measures for any toric quiver theories.

In fact, when computing Mahler measures using (3.2.30) for Seiberg duals, they would imply some
non-trivial mathematical identities. For instance,

Remark 11. In the example for PdP4, above, we have

alog(2sin(a)) + A(a) + Blog(2sin(B)) + A(B) = mlog(2), (3.2.47)
where
. /
2a o0 20— iV3) oy — (L+iV3) <1(233 + i\/lOO?)) . 0.977473,
m (1(233 + i/1007)) 2

(3.2.48)

. 1/3
B_ 5 24(1 = iv3) 75— (1+iV3) (1(—233 + i\/1007)> ~ 1.02253.
i (1(—233 + iv/1007)) 2

When there are some R-charges equal to 1 (such as the above example for LY31/Z,), we always
have the same identity

A(m/2) = — /Oﬂ/2 log(2sin(t))dt = 0. (3.2.49)

This is expected due to the periodicity of sin(t).

To end this subsection, let us make a comment on the Ronkin functions. Although there is no
simple formula like (3.2.30) for Mahler measures,

Conjecture 3.2.13. The Ronkin function is invariant under Seiberg duality since the Newton
polynomial (with the canonical weight choice) does not change (regardless of the isoradiality of the
dimer).

Remark 12. We mainly focused on k = ki, in this subsection. However, we may also leave
the isoradial point and consider general P(z,w) = k — p(z,w). Since Seiberg duals have the same
starting isoradial point, the Newton polynomials, Mahler measures and Ronkin functions would also
be the same for these dual theories along the Mahler flow.

3.2.5 The Master Space

So far, we have engaged in many discussions on Mahler measures at k = kiso. Let us now leave the
isoradial point and treat k as a general variable. As we are now going to see, this would encode
certain information of the master space.
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Recall that for £ > max (|p(z,w)|) = p(1,1), we have the expansions

|z|=lw|=1

m(P) =logh — 3 T gy =143 I (3.2.50)
n=2 n=2

for some expansion coefficients f,,. Since the coefficients of p(z,w) come from the perfect match-
ings/GLSM fields, we shall write it as

p(z,w) = Zrizmiw”i, (3.2.51)
7
where each r; denotes a perfect matching that does not correspond to a constant term in P(z, w).
Likewise, we shall denote the perfect matchings giving a constant term in P as s;. Henceforth, we
will refer to them as r-matchings and s-matchings respectively. Note that here we are keeping the
coefficients general (rather than just the canonical choices). Following the multinomial theorem,
we have [50]

n!
fn = > e T L (3.2.52)

). ly!
l:(ll,...,lN)eZgo

lLit+iy=n
MI1=0

where N is the number of r-matchings and

M:(m1 me - mN) (3.2.53)
ni no ... NN

is the 2 x N matrix of the corresponding lattice points. Notice that there could be duplicated
columns in M since some lattice points can correspond to multiple (r-)matchings. We have that

Theorem 3.2.14. The period ug(k) is a generating function of the master space in terms of F-term
charge matriz.

A proof of this can be found in [9, §3.5].

Remark 13. Since we are working with general coefficients for P(z,w), the canonical choice would
certainly satisfy this proposition. We can simply replace r; with [[2sin(wRy/2) for every perfect
I

matching.

Remark 14. Since we always have D4-branes as flavour branes in the system when the Taylor
expansion is valid, the superpotential would change from Wy to (Wo + Whay). Nevertheless, the F-
term relations would still be OWy/0X 1 = 0 as shown in [152]. Alternatively, Qp is only determined
by perfect matchings on the dimer which remain unchanged regardless the existence of D4-branes.
Therefore, the above theorem should always hold".

It is best to illustrate the foregoing discussions with an example.

Example 13. Consider Y>? whose Newton polynomial is P =k — (ryw + row L 41322 4 ryz7t 4
-1
r5z~ ). Then

2r3ry + 2r3rs n 12r1r2r§ + 127“%7“47“5 + 67“%7“2 + 61“%7“%

ug(k) =1+ 2 % (3.2.54)
The F-term charge matrix is
TL T2 T3 T4 T5 [S1 S2 83 54
Qr = 0 -1 -1 011 (3.2.55)

0 0 0
o 0 -1 0 -1}]0 0 1 1
1 1 0 -1 -1/0 O O O

YTncidentally, the moduli space of D4-D2-DO states is just a subspace of the moduli space of D6-D2-D0 states [152].
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At order two, the coefficients give the first two rows in Qp: r3+1r4 = 81+ 82 and r3+1r5 = S3+ S4.
The factors 2 are just equivalent ways of writing the relations, e.g. r3 + ry and rq4 + r3. At order
four, riror? decodes the third row in Qp since

TN +7r2=74+75 =81 +8—713+83+S4—73. (3'2‘56)

Again, the factor 12 is just the number of ways to arrange r1, ro and two r3’s. The second term
12r3ryrs reveals the same relation but with ry+ 15 +2r3 = s1+ S2 + 83+ 84 instead. The remaining
two terms are (redundant) relations of lower-order relations: 2(rs+ry) = 2(s1+s2) and 2(rs+rs) =
2(83 + 54).

Specular Duality For toric quiver gauge theories, a duality known as specular duality was
proposed in [105,162]. In general, specular duality does not preserve the mesonic moduli spaces
(except for self-dual cases) although Hilbert series for duals are the same up to some fugacity map.
Instead,

Definition 3.2.5. Specular duality is a duality that preserves master spaces.
Therefore, a consequence of Theorem 3.2.14 is:

Corollary 3.2.14.1. Given a pair of specular duals a and b, suppose the GLSM fields p and pg’
are mapped under

piepl, pie s, ., pLe . (3.2.57)
If their Newton polynomials are P,(z,w) = k — pa(z,w) and Py(z,w) = k — pp(z,w), then for
k> _max (]pa(z,w)\, Ipy(z,w)|), the two Mahler measures have the series expansions

fTL le pz
m(P,) = log(k Z k” , m(Py) = log(k Z pyxa (3.2.58)
Likewise,
> a > b
a) =1+ Z fn(gl ), U()(Pb) =1+ Z fn(fl) . (3.2.59)
n=2 n=2

. b )
Here, f, are functions of p;” whose variables are ordered as

Fa®l, 08, ..., %) and fo(ph, P, ... %) (3.2.60)

Remark 15. Since the Newton polynomials and Mahler measures are invariant under Seiberg
duality, Corollary 3.2.14.1 is transitive. If a toric phase of polygon A; is specular dual to toric
phase A of Ay and a toric phase of As is dual to toric phase B of As, then the Mahler measures
and ug for A1 and As would also satisfy Corollary 3.2.14.1.

Example 14. One of the toric phases for Fy is specular dual to the single phase for Y>2. Their
Newton polynomials are

Pro=k—8z+w+zt4w™), Pr:=k-9z+z w427 w4270, (3.2.61)

where the coefficients are taken to be the canonical choice from R-charges, and kigo is reached at
k = 32,36 respectively. For instance, at order 2, one of the “internal perfect matchings” on 29{0
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18

(3.2.62)

On the left hand side, we have two external perfect matchings on gfﬂ (in red and orange respec-
tively). Together they form an internal perfect matching on QQf7 0. This can be regrouped into two
internal perfect matchings on gfo as shown on the right hand side in blue and green respectively.

Under specular duality, the perfect matchings in different colours are mapped to

(3.2.63)

Notice that now the red and orange ones are internal perfect matchings while the blue and green
ones are external on Q}/m.

Overall, at order 2, we have

B s . (mRg\ . (mRa\ . (mRB\ . [(7mRg
f2 =2 x2%sin (2 ) sin ( 5 ) sin ( 5 ) sin (2
. (7Rx\ . (7R . (mRc\ . (7Rp
X <Sln (2) sin <2> sin ( 5 > sin < 5 > (3.2.64)
+sin| — |sin| —— |sin| —— | sin | —— ,
2 2 2 2

where the subscripts of the R-charges follow the notations in the perfect matching matrices in [162,
§4.2]. One may check that f, for the two theories should match at any order n.

In the above example, if we plug in the R-charge values for the two theories, we find that

128 36864 5242800 10276044800  34093450395648

k2 k4 3k6 ;8 B k10 T 39,65
162 59049 35429400 52732233225  110712378300552 (3.2.65)

m(Py2.2) = log(k) — DI ey S 578 - £E10 —...

m(Pr,) = log(k) -
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At different orders, the ratios of the coefficients are

81 6561 531441 43046721 | 3486784401 (3266)
72764 7T 10067 7° T 262144° 7 T 167772167 710 T 10737418247 -
One can actually find that
fy2,2 9 n
n

This means that we can rescale/normalize the Newton polynomial by dividing Pg, (Py22) by a

factor of 8 (9):
Pro=k—(G+w+z +w™), Pro=k—(z+zw +27 w4227, (3.2.68)

where we have absorbed the factor for the constant term under the redefinition k — k/8 (k — k/9).
Then the two normalized Newton polynomials have equal Mahler measures (as well as ug(k)).

More generally, if the duals have Mahler measures

m(P,) = log(k Z k" , = log(k Z nk:: (3.2.69)
for C’n,ﬁ;b € C, then we can normalize P,;, = k — p,p to be P'9™ =k — Doy =k — 1;“’: such

that the two would have equal Mahler measures. However, this is not true in general, and we
have found several counterexamples. For instance, the third tiling for PdP4, in (3.2.44) is dual
to the single toric phase of PdPy;, (see [105,162] for its details). It turns out that no matter how
we normalize the Newton polynomials, their Mahler measure expansions would not have the same
numerical coefficients though the discrepancies are very small?’.

Remarkably, for all the examples whose numerical f,’s are different from their specular duals
(under any normalization), we find that they coincide with polynomials of second type in Example
8. It would be interesting to explore this more deeply in future.

It is also natural to ask how specular duals are related at isoradial point. Since the number of
chiral multiplets is invariant under specular duality, the number of summands in (3.2.30) would
not change. Moreover, a zig-zag path is mapped to a face in the specular dual tiling [162]. A
zig-zag path is a collection of edges that forms a closed path on the brane tiling. It maximally
turns left /right at a black/white node. The winding number (p, q) of the zig-zag path corresponds
to a direction in the dual web of the toric diagram. Physically, zig-zag paths can be interpreted as
gauge invariant operators [163]. On the other hand, a node in the tiling is mapped to a node in
the dual tiling. In terms of superpotentials, this reverses the order of half the terms based on the
convention of untwisting the zig-zag paths. Now that we have the zig-zag <> face and node < node
mappings, we can write down how Mahler measures would transform.

Proposition 3.2.15. Suppose a brane tiling G has ¢ perfect matchings. Then for the specular dual
tiling G' with edges ey, the Mahler measure is

m=3" <i{ log(2sin(61)) + 71rA(9[)> , (3.2.70)
I

where 01 (and m) can be obtained by mazximizing m subject to the conditions

> Op=m Y (m—20;) =27 (3.2.71)

er€l er€Z

for all nodes I in G *' and all zig-zag paths Z in G.

29To avoid any possible confusion, we should emphasize that only the numerical coefficients differ in these cases.
Corollary 3.2.14.1 holds for any polygons.
2n this case, “c” indicates the edges attached to a node.
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Notice that specular duality, in particular for non-reflexive polygons, may require the dimers to
be embedded on a Riemann surface of any genus g rather than just a torus. Nevertheless, the
discussions in this subsection would still hold for any polygons. This is because Corollary 3.2.14.1
only requires the invariance of the master spaces, and for Proposition 3.2.15, (3.2.30) is always true
for dimers which are (doubly) periodic on general bi-dimensional lattices [159].

3.2.6 Tropical Limit

In this part, we shall focus on another special point in the Mahler flow, that is, kiop. Recall
that in the large/(sub)tropical & limit, the amoeba tends to its spine and the gas phase becomes
dominant. In particular, in this limit the £~ terms in the Mahler measure tend to zero and we
have m(P) ~ log k. Moreover, the area of the hole in the amoeba is Aj, ~ log? k. Therefore, in the
large k limit, the Mahler measure in the tropical limit follows an area law

m(P) ~ A%, (3.2.72)
Likewise, the Ronkin function would be dominated by the linear facets. More precisely,
R(x,y) =~ log |cmn)| +mz +ny (3.2.73)

for P = > Clm,n)2w™. For each linear facet, this equality is exact. For the liquid phases, it
(m,n)

gives a good approximation as the non-linear regions tends to the spine at large k. In fact, as the

amoeba A in the (sub)tropical limit is a union of local amoebae Aj,., the (local) non-linear part of

R(z,y) for A would be the translations and rotations of the Ronkin functions for Aj,., where the

detailed translations and rotations can be determined by the neighbour linear facets.

From the perspective of crystal melting, (almost) the whole crystal is molten. In other words, the
system becomes a gas of atoms. Since the linear facets of the Ronkin function are sent to infinity,
the partition function would also diverge as expected.

In this large k limit, we may then estimate the free energy in (3.1.26) as
F=—logZ ~ —Aplogk ~ —log® k. (3.2.74)

In other words,
F ~ —m3(P). (3.2.75)

Now we shall consider the meaning of tropical limit from the perspective of gauge theories. The
F-term relations are encoded by ug(k) for the master space. In the large k limit, we have ug — 1.
Therefore, all the constraints on the GLSM fields from @ are lost in the tropical limit. As a result,
the master space would become the trivial C”, and all the GLSM fields become free.

This is also reflected by the amoeba. In the large k limit, the amoeba is composed of local vertices
in the spine. These vertices are only connected by thin long channels/lines.

3.2.7 Discussions and Outlook

There is a very straightforward implication of the Ronkin functions if we consider the GLSM fields.
From [139], we know that the partition function for perfect matchings (in the thermodynamic limit)
can be determined by Ronkin functions. Therefore,

Proposition 3.2.16. The partition function Z for GLSM fields can be determined via

log Z = /dxdyR(az,y), (3.2.76)

which also defines the free energy of the dimer/GLSM as F = —log Z.
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Of course, such expression would diverge, so we need to normalize it by Z/Z,, where Zj is the
partition function whose Ronkin function only has linear (solid) facets.

A more non-trivial interpretation would be the connection to 4d superconformal index Iq on
S3 x S1. As studied in [158,164], when the radius of S! goes to 0, I;4 would reduce to the partition
function Zsq on the ellipsoid Sp = {(z1, 22) € C%[b?|21|* + b~2|22| = 1}. By further taking b — 0,
the 3d partition function would give the partition function for 2d A" = (2,2) theory:

1
ZQd = /dO’eXp <—ﬂ_b2W2d(0')> 5 (3277)

where o is the scalar in the vector multiplet. The effective twisted superpotential Wsq can then
be identified with the volume of some hyperbolic 3-fold M. This 3-fold can be determined by (the
zig-zag paths on) the dimer model. Moreover, the genus-0 prepotential for topological B-model is

Fy = /dxdyR(m,y) = /dxdyﬁ(vol(/\/l)), (3.2.78)

where £ denotes the Legendre transformation. As we can see [158],

Proposition 3.2.17. The 4d superconformal index under dimensional reduction is related to topo-
logical string partition function and Ronkin function via Legendre transformation.

The topological string partition functions are invariant under wall crossing. Its counterpart in
4d, i.e., the superconformal indices, are also invariant under Seiberg duality. This would provide
a further evidence that the Mahler measure/Ronkin function should be invariant under Seiberg
duality. Moreover, it also seems to have some connections to F-theorem in 3d [158]. A more
detailed study would give us a better understanding of the physics for Mahler measure in gauge
theories.

Since the Mahler measure and Ronkin function are related to the degeneracy of D-brane bound
states, it would be possible to define a quiver entropy from this. It would also be important
to study if relation with the surface tension of the crystal model, which is the Legendre dual
of the Ronkin function. In [26, eqn(2.25)], another quiver entropy was defined in terms of the
plethystic exponential of the Hilbert series. How this would be connected to the quiver entropy
from the Mahler measure is still an interesting open question. On the other hand, the famous
OSV conjecture [165] says that Zpy = \Ztopo\Q when the D-brane bound states become black holes
with smooth event horizon. it is worth noting that the black hole entropy in the supergravity
approximation is also the Legendre transformation of the free energy of topological A-model at
genus 0.
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Chapter 4

Dessins d’Enfants

In this chapter, we shall discuss the dessins d’enfants (children’s drawings) which have consti-
tuted a core object in algebraic geometry and number theory since Grothendieck’s Esquisse d’un
Programme (sketch of a programme) [48]. Following Belyi’s theorem [49], these bipartite graphs
can be nicely connected to algebraic curves. The study of dessins has then been led to the vast
areas of Galois theory, modularity, and, more recently, congruence subgroups and monstrous moon-
shine [166—170]. Due to the relationship to polynomial equations defining Riemann surfaces, dessins
appear in the study of Seiberg-Witten (SW) theory, as points in the Coulomb branch [171]. They
have then applied to various aspects in physics, including both A/ = 1 and N' = 2 quivers, conformal
blocks etc [5,172-174]. See also Appendix C for relevant discussions.

Now, it was demonstrated in [50] that the Mahler measure' has certain expansion whose building
blocks behave as modular forms. Therefore, it would be natural to expect some deep connection
between Mahler measure and dessins due to the emergence of modularity. In particular, the reflexive
polygons provide a nice playground since their Newton polynomials define elliptic curves.

The family of the elliptic curves defined by these Newton polynomials with parameter k furnishes
the Klein’s j-invariant as a meromorphic function j(k) : P — P!. Of particular interest here would
be the so-called tempered families that put certain restrictions on the coeflicients of the Newton
polynomials. We find that a subset of these families, which we call mazimally tempered, give a
one-to-one correspondence between Mahler measures and dessins.

A priori, there does not seem to be anything special for the maximally tempered coefficients except
that they are non-zero binomial numbers along each edge of a reflexive polygon. However, it has
a salient interpretation in physics. When constructing quiver theories from brane tilings, each
lattice point in the Newton polygon is associated with some perfect matchings/gauged linear sigma
model fields [21,22,175]. The maximally tempered coefficients are exactly the numbers of perfect
matchings for the lattice points.

We find that the dessins obtained in such way are invariant under specular duality. On the other
hand, we have discussed how Mahler measures behave under specular duality in the previous
chapter. Here, with the special maximally tempered coefficients, we find that Mahler measures
are invariant for specular duals. Thus, the one-to-one correspondence between Mahler measures
and dessins are automatic. As is known, specular duality preserves the master space of the gauge
theory. However, different toric phases are often not related by such a duality?. Therefore, the
Mahler measure and the dessin should encode some information of the master space.

Calculations of the modular Mahler measure show that certain modular quantities are related to
some congruence subgroups via their Hauptmoduln. In fact, they contain the congruence subgroups
associated to the dessin. Besides, as the Mahler measure is derived from several modular forms
(with singularities), one can naturally apply the results in [176] and study the Mahler measure in

n this chapter, we shall mainly focus on the expression without “Re” in (3.1.6) and refer to this complex quantity
as the Mahler measure.
2Yet, they have the same Mahler measure and dessin as the Newton polynomial does not change.
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terms of j-invariants. We will also discuss the appearances of dessins and modular Mahler measure
in quiver gauge theories and F-theory in this chapter.

C*/Z3 x Z3 (1,0,2)(0,1,2)

C3/Z4 x Z (1,0,3)(0,1,1)

Li31/Zy (0,1,1,1)

PdP;
C/Zy x Zs (1,0,0,1)(0,1,1,0)

4

PdP3,
C3/Zs (1,2,3)

1

C/Z4 (1,1,2)

PdP

ClZ; (1,1

PdPy,

P,

10

10a
10b:

10d

2w~

dp

12

12a

on

13 14

15

15a;]
15b:

[ZEN
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dP,

C*/Zs (1,1,1)

A

y2:2

FIGURE 4.0.1: The 16 inequivalent reflexive polygons (up to SL(2,Z)). Figure taken from
[105] (with slight modifications). The reflexive polygons are arranged such that the dual pairs
are mirror symmetric with respect to the middle line (fourth row), and the four polygons in
the middle line are therefore self-dual. In each row, the polygons have the same number of
boundary points/(normalized) area. In each column, the polygons have the same number of

vertices.



Chapter 4. Dessins d’Enfants 54

4.1 Dramatis Personae

In this section, we give a brief review on the relevant conecepts used in this chapter. First, let us
list all the reflexive polygons in Figure 4.0.1.

As shown in [156], the Laurent/Newton polynomial P(z,w) specifies the mirror geometry of the
CY singularity by P(z,w) = W = wv with u,v € C. Hence, it can be viewed as a double fibration
over the W-plane. In particular, P = 0 is known as the spectral curve. See [22] for more details.

Tempered Polynomials Given a Newton polygon, it is easy to construct the Newton polyno-
mial. Nevertheless, we still have the freedom to choose the complex coefficients in P(z,w). In the
previous chapter, we have the canonical choice of the coeflicients that specifies the R-charges of the
fields. Here, we consider the so-called tempered families that are of particular interest in number
theory and related study of Mahler measure [50, 136].

Given a Newton polygon P8, we obtain the Newton polynomial P(z,w) = Zc(myn)zmw" with
coeflicients c(,, ,,) for each of the lattice points. Now, consider a bounding edge F' of the polygon
PB. There might also be lattice points on it (the yellow points in Figure 4.0.1), in addition to the
2 endpoints (the black points in Figure 4.0.1) which are vertices of 8. Suppose there are N lattice
points on F', indexed from 0 to N — 1, and we call the associated coefficients c(,, ,,y as cgy. Then,
we can create an auxiliary polynomial Pr(t) € C[t] as

N-1
Pp(t) =Y cpit', (4.1.1)
=0
for each edge F'.

Notice that this automatically requires that the boundary point c¢p n—1 to coincide with cg, o for
any two adjacent edges F} and Fy. A Laurent polynomial is then said to be tempered if the set

of roots of [[ Pp(t) consists of roots of unity only. In other words, each Pp in 8 would only have
Fey
roots on the unit circle.

Notice that being tempered only gives restrictions to the coefficients for the boundary points.
For the reflexive polygons considered in this paper, we always take the single interior point as
the origin, corresponding to the constant term k in the Newton polynomial as discussed before:
P(z,w) =k — p(z,w).

Example 15. For Fy, P=k—z—z"'—w—w~! is tempered. For instance, the lattice points (1,0)
and (0, —1) corresponds to the monomials —z and —w™' in P. The edge linking them is associated
to the polynomial —1 — t which only has one root t = —1. In fact, every one of the 4 edges has the

same polynomial Pr = —1 —t. Thus, P is tempered.
to 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
t1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 3 3 4
t2 -2 -2 —1 0 0 0 1 1 2 —1 0 0 0 1 1 1 2 0 1 2 2 3 3 4 6
t3 0 0 0 0 0 1 0 0 0 -1 -1 0 1 0 1 1 1 —2 0 1 2 2 1 3 4
t4 1 0 1 -1 1 0 0 1 1 0 -1 0 1 0 0 1 1 -1 0 0 1 1 0 1 1

TABLE 4.1.1: Each column gives a set of coefficients for Pp(t) such that the solutions to
Pr(t) = 0 only have roots of unity.

For reflexive polygons, all the possible Pp’s that make P tempered have been classified in [50]. We
reproduce it here in Table 4.1.1; there are 25 possibilities. For convenience, given a tempered New-
ton polynomial, if it only has non-zero coefficients for vertices, we shall call such choice minimally
tempered coefficients. If all the boundary points have non-zero coefficients and the coefficients for
every edge are binomial, that is, Pr = (t 4+ 1)V for all F' € 3, then we shall call such choice maz-
imally tempered coefficients. When a polygon has no boundary lattice points other than vertices
(i.e., each edge has exactly the 2 endpoints which are lattice points), the minimally and maximally
tempered coefficients coincide and this is the only set of tempered coefficients.
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Example 16. As we have seen, Fy has only one possible set of tempered coefficients. On the
other hand, for C3/(Z4 x Z3) (1,0,3)(0,1,1) (No.2 in Figure /.0.1), there are 2 x 2 x 4 = 16
tempered choices. When all the three faces have Pp(t) = —t — 1, P(z,w) is minimally tempered. If
Pp,=—t*—=2t—1=—(t+1)? and Pp, = —t* — 4t — 61> — 4t — 1 = —(t + 1)5, then P(z,w) is
mazximally tempered. Notice that the minus sign s just a convention here as it would not change
the spectral curve P = 0. All the maximally and minimally tempered Newton polynomials are listed
i Appendixz D.

Elliptic curves Since the reflexive polygons give elliptic curves, we here review some of the
requisites from the geometry and number theory of elliptic curves. In general, any elliptic curve E
can be transformed into Weierstrass normal form

v =23+ fx+g. (4.1.2)
The curve is non-singular if and only if A # 0, where
A = —16(4f3 + 274°) (4.1.3)
is known as the discriminant. Then the j-invariant is given by

4 x (24f)3
= ———. 4.1.4
j A (4.1.4)
This is a crucial concept since isomorphic (isogenous) elliptic curves have the same j-invariant.
Notice that however j-invariant is only able to distinguish elliptic curves over algebraically closed

fields.

Topologically, an elliptic curve E is the torus T?. Hence, it is endowed with a complex structure
specified by the two periods which are integrals along the two cycles A and B of the torus: [ AB d—;.
This complex structure should coincide with the 7 computed from ug ; in (4.1.8) up to SL(2,Z). As
a function of 7, j(7) : E — P! is a modular function, i.e., invariant under SL(2, Z) transformations.
It is in fact the only modular function in that any meromorphic function which is SL(2, Z)-invariant

is a rational function in j(7).

Now, because our Newton polynomial always has a parameter k, any reflexive polygon defines for
us a family of elliptic curves. Geometrically, when k € C L oo, this defines an elliptic fibration over
P!, giving us a complex surface which is called a modular elliptic surface [166, 177]. In this case,
all the crucial quantities, such as A and j, depend on k. In particular, j(k) can be seen as a map
from P! with coordinate k to P!. We will make use of this map shortly.

4.1.1 Modular Mahler Measure

In general, the spectral curve P(z,w) = 0 defines a Riemann surface as an algebraic curve . Since
each reflexive polygon has a single interior point, ¥ is of genus one. For all but finitely many k,
the curve would be a smooth elliptic curve. For convenience, let us define A := k!, then we have
(where we explicitly write out the dependence of the elliptic curve on the parameter \)

Yy 1=Ap(z,w)=0. (4.1.5)

As pointed out in [50], ug is a period of a holomorphic 1-form on X). Hence, it satisfies the

Picard-Fuchs equation
dQUQ duo
AN)— +BAN)—+CNug=0 4.1.6
where A()\), B(\), C'()\) are polynomials in A. As we will see in §4.2.3, this is actually a consequence
of Theorem 4.2.8 [176]. We may then use the Picard-Fuchs equation to find the dual period u; of
the form

ur(A) = ug(N\) log(A) + v(N), (4.1.7)
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where v is a holomorphic function with v(0) = 0. This defines

1w omi
= =™ = N4 .... 4.1.8
T 27riu07 q (§ + ( )

As usual, 7 gives the complex structure of the elliptic curve P = 0 as a torus. The monodromy
around A = 0 (i.e., at k infinity) acts as 7 — 7+ 1. This fixes ¢ and we may locally invert it to get

M) =q+..., wo(r)=1+.... (4.1.9)
Recall that Mahler flow equation reads

dm__ \dm
dlog) 7 dA

= —up(N), (4.1.10)

where we have used A = k~!. Using the nome ¢, we can also express the Mahler flow equation as

dm _ dmgdA _ uogdA _

Sl = =: e(7). 4111
TG T dndg " x dg o) (4.1.11)
In fact, A\, up,e are modular forms (with singularities) of weights 0, 1, 3 respectively under the
monodromy of Picard-Fuchs equation, namely a congruence subgroup of SL(2,Z) acting on 7 [50].
We may therefore call (4.1.11) the modular Mahler flow equation.

o0
Write the Fourier series of e(7) as e(7) =1+ > e,q". Then from (4.1.11), we have

n=1
Theorem 4.1.1 (Rodriguez-Villegas [50]). Locally around ™ = ico (i.e., A =0), we have

m(P) = —2mit — %q". (4.1.12)

n=1

Because of the modularity of e(7), the Mahler measure for elliptic curves is referred to as modular
Mahler measure though m(P) itself is not modular.

1

Example 17. Let us consider P(z,w) = A" — 2z — 271 —w —w™t. Since ug is hypergeometric, it

s easy to see that the Picard-Fuchs equation is
(16 1)—d2“ 2 -1 fau—o (4.1.13)
J— —_ —_— u = P
Hiltop a2 H du )

where we have used p := A% for convenience. This leads to [50]

2060

uy = ug log(u) + 8u + 84u> + — M +..., (4.1.14)
and
o0 o0 1 o0
up=1+4 > x-a(d)q", e=1-4) 3 xald)dq", p=—5|> > d¢"|, (4115
n=1 dln n=1 d|n ncfdld dn
n

where x_4 1s the Dirichlet character/Kronecker symbol satisfying x—4(n) = 1,0 whenn = 0,1 (mod 2).
Then, we have

16 Im7 X—4(n1)
Py= """ 4.1.16
’ITL( ) 2 Z (n1 + 4n27)2(n1 + 47127_') ’ ( )

n1,n2€L

(nl 12 )#(070)
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which under modular transformations, we have

1 _ 16Im7 3 X-a(n1)7

——— =
T T m 2 (4712 — n17)2(4n2 — nﬁ)’

ni,n2€”Z

(n1,m2)#(0,0)
_ 16 ImT Z X—4(n1)

w2 (n1 + 4no7)2(ny + 4no7)’

(4.1.17)
T—=T4+1: m

ni,n2€ZL

(nl 7”2)7£(070)

Hence, m is invariant under monodromy (1 — 7+ 1) at k — oo while we have m — 0 as 7 — 0.
We expect this to be true in general for reflexive polygons.

4.1.2 Esquisse de Dessins
The discussions on elliptic curves above are initmately related to the profound theorem by Belyi [49]:

Theorem 4.1.2. Let X be a compact, connected Riemann surface. Then X is a non-singular,
wrreducible projective variety of complexr dimension 1 and can be defined by polynomial equations.
The defining polynomial has algebraic coefficients if and only if there exists a rational map 5 : X —
P! which is ramified at exactly three points, that is, has three critical values.

We will be primarily concerned with the case of X = P!, so that the Belyi map is a rational function
p(z)/q(x) : P! — PL. Now, on the target P!, any three points can be taken to be 0, 1 and oo (that
is, [0: 1], [1 : 1] and [1 : 0] in homogenous coordinates) by linear-fractional Mobius transformations,
so that the three ramified points can be thus chosen. Following Grothendieck [48], a bipartite graph
called dessin d’enfant (or child’s drawing) can be associated to § by

B=p"0)={zeP [p(x) =0}, W=p5"'(1)={zeP|p()=q)}
E=37Y40,1)) = {z € P! | p(z) = tq(x), for some t € [0,1]}, (4.1.18)
F =B (00) = {z € P | g(z) = 0},

where B, W, E and F denote the black, white vertices, edges and faces respectively. As ( is
P! — P!, the graph is embedded on a sphere. Moreover,

Proposition 4.1.3. Let B : P! — P! be a Belyi map. Then the associated bipartite graph (V =
BUW, E,F) is loopless, connected and planar. It has |V| = |371({0,1})| vertices, |E| = deg(3)
edges and |F| = |B7(c0)| faces, satisfying |V|— |E| + |F| = 2.

As we will plot the dessin on a plane via stereographic projection, all the bounded faces on the plane
are called internal faces while the face containing £ — oo is known as the external face. As 8 is a
multi-covering of the target P!, we can consider the monodromy around each vertex in the dessin.
Essentially, each monodromy acting on a vertex permutes the edges connected to that vertex. We
shall denote the set of such permutations around black (white) vertices as og (01). Then oy and oy
generate a free group known as the monodromy /cartographic group G of the dessin. In particular,
the monodromies o, around faces can be obtained by oo 0 01 0 g = 1. As the dessin has |F|
edges, G is a subgroup of the symmetric group &y where N = |E|.

In our context, recall that all our elliptic curves E are parametrized by k so that the Klein invariant
j(k) is a function of the parameter k and is thus a map from P! (instead of F) to PL. We will show
in §4.2.1 that j(k) is actually Belyi for maximally tempered coefficients in the Newton polynomials:

J
= : 4.1.1
7= 118 (4.1.19)

Congruence subgroups and coset graphs A coset graph is a graph associated with a group
K generated by elements {x;} and a subgroup H. Then each vertex (drawn in black so as to
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reconstruct the dessin) in the coset graph represents a right coset Hg for ¢ € K. An edge is of
form (Hg, Hgx;) which connects the coset Hg and H(gx;).

As we will see shortly, the dessins associated to reflexive polygons (with maximally tempered
coefficients) are clean, namely that the white vertices all have valency 2. Therefore, the dessins can
be viewed as coset graphs by removing the white vertices. Conversely, we can insert a white vertex
on each edge to get the dessin from the coset graph.

In particular, the dessins we will consider in §4.2 are associated with the modular group (P)SL(2,Z)
and the congruence subgroups. Hence, the generators can be taken as the usual S and T, viz,

S = <(1) _01> . T= <é i) st. PSL(2,Z) = (S, T|S? = (ST)* = 1), (4.1.20)

The congruence groups of level n are defined as

M= (é ?) (mod n)},

M= <(1) ?) (mod n)}, (4.1.21)

M= <‘O‘ Z) (modn)}.

In particular, we have I'(n) < I'1(n) < T'g(n) and Tyo(n2) < To(n1) if nijne. The fact that every
congruence subgroup of (P)SL(2,Z) has a coset graph (called Schreier-Cayley graph) which is a
clean trivalent dessin was discussed in [166, 169, 178].

[(n) = {M € (P)SL(2,Z)

Ty (n) = {M € (P)SL(2, Z)

To(n) == {M e (P)SL(2,Z)

Given a congruence subgroup I', the quotient space /T (where h is the upper half plane) can be
compactified by adding a few isolated points (aka cusps of I'). Such compactified curve X (T') is
called the modular curve. The genus of I' is then defined to be the genus of X (I'). When X (I)
is of genus 0, the field of meromorphic functions on X (I") is generated by a single element known
as a Hauptmodul of I'.

4.1.3 Dimers and Reflexive Polygons

Recall that ug(k) is the generating function of the master space in terms of F-term charge matrix
though the F-term relations in higher orders are just redundant. Besides, k — oo is known as
a tropical limit when P(z,w) = k — p(z,w). As a result, this is equivalent to ¢ — 0 and hence
7 — 100. Physically, 7 can be interpreted as the complexified gauge coupling in Type IIB string
theory, that is, 7 = % + inB. Therefore, this gives the weak coupling giig — 0. For the modular
forms (with singularties) introduced before, we have A — 0, uy9 — 1 and e — 1. In particular,
ug — 1 indicates a free theory in the tropical limit as the master space become trivial. This is

consistent with the weakly coupled gauge theory with 7 — io0.

Moreover, we have m tends to oo for tropical k. On the other hand, m would go to 0 in the strong
coupling regime (as 7 — 0).

For reflexive polygons, the specular duals are [162]

11, ( )

2 4d , 3a <+ 4c, 3b< 3b, 4a < 4a , 4b < 4b , ( )

54> 6¢, 6a < 6a, 6b < 6b (4.1.24)

74 10d , 8a ¢ 10c, 8b 45 9¢ , 9a <> 10b, 9b <> 9b , 10a > 10a , ( )
1145 12b, 12a ¢ 12a , ( )

134 15b, 14+ 14, 15a + 15a , ( )
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16 > 16 , (4.1.28)

where the letters following the number label different toric phases as in Figure 4.0.1. As we can
see, their internal and external perfect matchings get exchanged under specular duality.

Remark 16. The red numbers in the above list contain polygons that are called exceptional cases
due to the following two reasons [9].

o With canonical weights, most of the specular duals can have the same Mahler measure (with
the constant term taken to be k) up to an additive constant, that is, m(Py) = m(Py) + k.
Hence, by an overall scaling of factor e™*, we have k —p; — k — e "py (notice that this does
not change the spectral curve Py = 0). Thus, m(Py) = m(Py). As a result, for example,
polygons No.2 and No.3 have the same Mahler measure as they are connected by different
toric phases of No.4 even though they are not specular duals. However, it turns out that
No.5, 6, 9 and 11 do not satisfy this property.

e Moreover, with canonical weights (with constant term k), most Newton polynomials can have
equal coefficients for vertices under rescaling of z and/or w. However, this is not possible for
No.5, 6, 9 and 11.

It is worth noting that the exceptions of the above two properties coincide (though the reason why
they coincide is still unclear). It is still not known why No.5, 6, 9, 11 are exceptional. In §4.2.1,
we will see that they are further exceptional regarding a third property.

4.2 Modularity and Gauge Theories

Having introduced all the background, we are now ready to discuss how modular Mahler measures
connected the various different areas in mathematics and physics. From §4.1, the readers may have
already noticed that

Proposition 4.2.1. The maximally tempered coefficients in the Newton polynomials are equal to
the numbers of perfect matchings associated to the exterior lattice points of the toric diagrams.

Hence, we will mainly focus on the maximally tempered coefficients in the following discussions,
and we will see various properties implying potential physical relevance. As listed in [2], all the
non-reflexive polygons with two interior points also have maximally tempered coefficients equal to
the numbers of perfect matchings associated to the boundary points (it would also be interesting
to see what happens for higher dimensional reflexive polytopes [46]). Furthermore, the consistent
brane tilings for all polygons presented in [179] also have maximally tempered coefficients equal to
the numbers of perfect matchings while the remaining inconsistent tilings do not>. Therefore, it is
natural to conjecture that

Conjecture 4.2.2. A brane tiling is consistent if and only if the corresponding toric diagram (either
reflexive or non-reflexive) has mazximally tempered coefficients for its boundary points, which are
equal to the numbers of the associated perfect matchings.

It is curious that maximal tempered coefficients appear in two completely different contexts, one
from perfect matching in physics and another from considering Mahler measure in mathematics.

4.2.1 Dessins and Mahler Measure

As mentioned throughout, we will focus on the 16 reflexive polygons with maximally tempered
coefficients. The Newton polynomials are listed in Table D.0.1. Recall that the spectral curve
P(z,w) = 0 for each reflexive polygon is an elliptic curve (except for finitely many k values). We
can transform the spectral curves into Weierstrass normal form y? = 23 + f(k)x + g(k) (recall

3See [180] for a general discussion on consistency of brane tilings.
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that all our elliptic curves depend on the parameter k). This is computationally rather involved
(Nagell’s algorithm) but can luckily be done with SAGE.

In Table 4.2.1, we list the Weierstrass form of all 16 reflexive polygons with maximally tempered
coefficients, where the coefficients f(k) and g(k) all assume the form

f= —%k‘l +a(k), g= %k"’ + b(k). (4.2.1)

Polygon(s) No.1 No.2, 3, 4

a(k) 9k + 36k + 81 2k? + 8k + 32

b(k) — 3kt —4k® — k2 + 54 —kt — 2K 4 SRP+ Bk + 32
Singular & -6, 21 —4, 12
Polygon(s) No.5, 6 No.7, 8, 9, 10

a(k) 2K+ 3k+ 3 sk +k

b(k) 2kt — 2K+ 2K+ B+ 38 Lt LS k2 k1
Singular k -3, 5(1+£V5) -3,-2,6
Polygon(s) No.11, 12 No.13, 15

a(k) 1P+ 3k—1 k-1

b(k) — gkt — K+ SR+ Lk + 3 —gkt + 2K+ 2
Singular k& -1, K123 0, +4
Polygon(s) No.14 No.16

a(k) P+ 3k -1 ik

b(k) —hkt — LB+ 5k 4 k4 —a kS + 1
Singular k K5.,6,7,8 -3, 3(-1+iV3)

TABLE 4.2.1: The data of the elliptic curves for reflexive polygons with maximally tempered

coefficients. We also list the values of £ when the spectral curve becomes singular for each

case. Here, k1,2,3 are the three roots to E>+k*>—18k—43 =0 (k1 ~ 4.73, ka2,3 &~ —2.86£0.94i)

while k5,678 are the four roots to k* + k% — 8k* — 36 — 11 = 0 (ks ~ —0.33, ke ~ 3.80,
k7,8 & —2.23 + 1.941).

We find that specular duals have exactly the same elliptic curve. Notice that this property only holds
for maximally tempered coefficients?. Recall that the maximally tempered coefficients indicate the
number of perfect matchings for each lattice point and that specular duality exchange internal and
external perfect matchings. Again, we see that maximally tempered coefficients are of particular
physical interest.

We also tabulate all the values of k£ that make each spectral curve P = 0 singular in Table 4.2.1.
They can be obtained by checking whether the discriminant of the curve vanishes. It is worth
mentioning that in many cases, there exists a singular k such that |k| is equal to the minimal
number of internal perfect matchings for the polygon. For instance, No.4 has four toric phases, the
numbers of internal perfect matchings are 12, 12, 14 and 21 respectively. Indeed, there is a singular

4In Appendix D.1, for example, we list the elliptic curves for the same polygons but with minimally tempered
coefficients, and specular duals do not give the same elliptic curves anymore.
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k = |k| = 12. However, five of the reflexive polygons do not obey this observation: No. 5, 6, 11,
14 and 12. We find that the first four polygons coincide with the exceptional cases in Remark 16
while No.12 is the specular dual of (the exceptional) No.11.

Dessins d’Enfants Given the elliptic curves in Table 4.2.1, we can then compute their j-
invariants as in Table 4.2.2. Notice that in terms of the k parameter, this is a map j : P —

Polygon(s) No.1 No.2, 3, 4 No.5, 6 No.7, 8,9, 10
(ke (k—18)3(k+6) (k?—8k—32)3 (k*—40k>—120k—80)3 k3 (k3 —24k—48)3
J(k) =T 2—8k—48 (k+3)5 (k2 —5k—25) (k—6) (k+2)3 (k+3)2

Polygon(s) No.11, 12 No.13, 15 No.14 No.16
(k (k*—16k2—24k+16)3 (k*—16Kk2+16)3 (k*—8k2—24k+16)3 k3 (k3—24)3
J(k) (k1) 2 (k3 +k2—18k—43) E2(k2=16) kT k3 —8k2—36k—11 k3=27

TABLE 4.2.2: The j-invariants for the elliptic curves.

PY k +— j(k). In particular, the preimage P! = S? is the space of k, and hence parametrizes the
Mabhler flow. We will discuss this in more details in §4.2.4. By further checking j(k)/1728, we
find that all of them are Belyi. Therefore, we can plot the corresponding dessins as in Figure 4.2.1
based on the Mathematica package from [181].
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G —

(a) No.1: {1131,22,1131}, T'o(3) (B) No.2, 3, 4: {32,23,1241} Tz(4)
(c) No.5, 6: {34,26,1252}, T'1(5) (D) No.7, 8, 9, 10: {34,26,11213161}, Tz (6)

T

() No.11, 12: {3%4,26,1391}, T'0(9) (r) No.13, 15: {3%4,26,122181} T'x(8)

~ 7

(¢) No.14: {3%,26,1391}, T'x(9) (1) No.16: {3%,26,1391}, T'o(9)

FI1GURE 4.2.1: The dessins for reflexive polygons with maximally tempered coefficients, their
passports and the corresponding congruence subgroups.

Here, the plots for the dessins are rigid in the sense that the vertices and edges are at the precise
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positions of k = j~! on S$? = C U {oo} (except the part in the dashed blue box in (c) where we
have to zoom in since the vertices j7!(0) and j71(1) are too close to each other). As a result, the
dessins in (e, g, h) have different “shapes” though they are isomorphic graphs®.

As we have checked the reflexive polygons case by case, we conclude that

Proposition 4.2.3. With maximally tempered coefficients for all 16 reflexive polygons, the family
of elliptic curves, depending on k, are modular elliptic surfaces such that the j-invariants j(k) are
Belyi maps. Furthermore, specular dual reflexive polygons, regardless of which toric phases, give
rise to the same elliptic curve, and hence the same j-invariant and dessin.

Remark 17. Different toric phases for a reflexive polygon are often not related by specular duality,
but they would still lead to the same elliptic curve/dessin as these phases would only differ by the
multiplicity of the interior point. Since the master space is invariant under specular duality, this
hints that the corresponding elliptic curve and dessin should encode some common features of the
master spaces in different phases.

Remark 18. In fact, j(k)/1728 being Belyi is generally true only for mazimally tempered coef-
ficients. For any other coefficient choices which are not physical in the sense of counting perfect
matchings, the maps may or may not be Belyi. See Appendixz D.1 for example.

Although specular duals have the same elliptic curve, this does not directly imply that they should
have the same Mahler measure as the Weierstrass normal form is obtained from the spectral curve
under some bi-rational transformation while Mahler measure is only GL(2,Z) invariant. Of course,
we can compute the Mahler measures for reflexive polygons and likewise check case by case to show
that specular duals have the same Mahler measure. Nevertheless, there is a more general proof
using the Corollary 3.2.14.1, which we recall here for convenience:

Lemma 4.2.4. Given a pair of specular duals a and b, suppose that the perfect matchings are
mapped under M® < MP. If their Newton polynomials are P,p(z,w) = k — pap(z,w), then for
|k| > max (|pa|, |ps|), the two Mahler measures have the series expansions

a, b
m(P,p) = log(k Z f"n]‘gn , (4.2.2)

where f, are functions of Mia’b, and we have simply used Mia’b to denote the weight for the corre-
sponding perfect matching.

Now we can “unrefine” this by taking Mia’b = 1. Then, we get the maximally tempered coeflicients
since they give the numbers of corresponding perfect matchings for the lattice points. Therefore,

Proposition 4.2.5. With mazimally tempered coefficients, the Mahler measure is invariant under
specular duality.

In particular,

Corollary 4.2.5.1. The reflexive polygons with mazximally tempered coefficients have the same
Mahler measure under specular duality.

Remark 19. As Proposition /.2.5 is a general statement, if two non-reflexive polygons have specu-
lar dual phases, then they would also have the same Mahler measure. Notice however the maximally
tempered coefficients would now also fix all the coefficients for the interior points to be the corre-
sponding numbers of perfect matchings except the origin with coefficient k.

Remark 20. As Mahler measure is GL(2,7Z) invariant, equivalent lattice polygons which are clas-
sified up to SL(2,Z) transformations would have the same Mahler measure.

°Tt is worth noting that as shown in [182], the Coulomb branches of rank-1 E, 5d SCFTs, whose brane web
constructions are dual to the (P)dP, polygons, are exactly the modular curves associated to the congruence of the
dessins, except F1 (No.14) and E> (No.12). The k parameter is closely related to the U-plane in such context.
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For reference, we list the Mahler measures for reflexive polygons with maximally tempered coeffi-
cients in Table 4.2.3.

27 _ 164 _ 4941 _ 31752 _ 479940 _ 7426080
No.1 log(k) =52 — 35 — 55t — 3 — "% — 7
_ 482173965 _ 6030521840 _ 171779570802 _
4k8 3kY 5k10 U
10 32 297 _ 2112 _ 55720 _ 163200
No.2, 3, 4 log(k) — @z — % —F1 — 5% — 5w —
_ 3038665 _ 43406720 _ 141433992 _
2k8 3kY k10 U
5 10 _ 135 _ 312 _ 5675 _ 11100
No.5, 6 log(k) =gz =35 —2ji =% —m® W
_ 280175 _ 1346800 _ 2962386 _
4k8 3k k10
3 4 45 72 340 _ 1440
_ 27405 _ 96880 _ 794178 _
4k8 3kY 5k10
2 2 9 24 245 _ 200
_ 2065 _ 12320 _ 75852 _
2k8 3kY 5k10
2 9 _ 200 _ 1225 _ 31752
-2 3 3. . —2
=logk — 2k™%,F5 (1,1,3,3;2,2,2;16k2)
1 2 3 12 _ 55 _ 60
No.14 log(k) =32 — 5 — 2k — 15~ 3w &7
875 _ 1400 _ 9576 _
4k8 3kY 5k10
2 15 _ 560
_ 4 5. . -
=log(k) — 6k34F5 (1,1, 3, 3:2,2,2;27k™3)

TABLE 4.2.3: The Mahler measure up to order 10 for reflexive polygons with maximally

tempered coefficients. Here, we restrict k > ‘ ‘m‘au‘( {lp(z, w)|}.
z|=|w|=1

It is then also straightforward to get the expression for ug(k), which reads

o
cn
kn

wo(k) =14+ 3 5mif m(P) = log(k) —
n=2 n=2

(4.2.3)

Remark 21. When the Newton polynomials have mazximally tempered coefficients, as both Mahler
measure/uo(k) and the dessins are invariant under specular duality and should encode certain in-
formation of the master space, it would be natural to associate Mahler measures and dessins with
each other.

4.2.2 Hauptmoduln and the k£ parameter

In this subsection, we shall give more clues on the connection between Mahler measure and dessins,
as well as to congruence groups. Let us consider the modular expansion of Mahler measure and
illustrate this with a few examples.

Example 1: No.15 As reviewed in §4.1.1, the Mahler measure for P =k —z — 27! —w —w™!
reads

16ImT X-4(m)
P)= ——— . 4.2.4
m(P) 2 Z (n1 + 4na7)?(ny + 4noT) ( )

ni,no€Z

(nl 7”2)7é(070)
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Of particular interest here would be the parameter k, where [183]

2 24(27')

with n(7) being the Dedekind eta function. This is a Hauptmodul for I'g(4). In particular, the
congruence subgroup associated to the dessin in this case is I'g(8), which is a subgroup of I'y(4).

1

Example 2: No.16 The Newton polynomial is P = k — z —w — 2z~ 'w~!. One can compute that

12 27

For convenience, we write p = 1/k3. Then we have [50]

ug=146> Y y3(dq", e=1-9> Y d*x_s(d)q",
n=1 djn n=1 d|n (427)
1 e 4
M_§(1—;) g —15¢% +171¢° — 1679¢"* + ...,

where x_3(n) =0,1,—1 when n = 0,1,2 (mod 3). The Mahler measure is

m(P) = (4.2.8)

81v/3Imr Z x-3(n1)
472 (n1 4 3na7)2(n1 + 3ne7)
n1,N2E€ZL

(n1,m2)#(0,0)

Moreover, we have [183]

12
1
E=1/p=27+ (77((37))> =27+ = — 12 + 5dq — 76¢° — 243¢> + 1188¢" — 1384¢° + ... (4.2.9)
n(37 q

This is a Hauptmodul for I'g(3). In particular, the congruence subgroup associated to the dessin
in this case is I'g(9), which is a subgroup of I'y(3).

Example 3: No. 5, 6 The Newton polynomials are P =k — 2z — 2z 'w? — 27 lw™ ! —w™ — 2w —
3z lw—32"1forNosand P=k—z—w—z"tw— 2z w™! — 2w =227 —2w~! for No.6. This
has actually been computed in [184, 185]:

e=1+ % > (@ =it + @+ xm) 1= (4.2.10)

where x(n) = i when n = 2! (mod 5). Moreover, we have

7

oo
H 1—¢)%(5) =34+ ¢ — 5¢% + 15¢% — 30¢* + 40¢° — (4.2.11)

where (£) = (=1)" when n = 2’ (mod 5). This is a Hauptmodul for T';(5). In particular, the

congruence subgroup associated to the dessin in this case is I'1(5).
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Example 4: No.7, 8, 9, 10 This has actually been computed in [184, 185]:

nenfBn)
O () (67)
> ’I’L2 n
e=1+ Z:l(_l)nx_?’(n)l_qqn’ (4.2.12)
m(P) = —2rit — Z Z(—l)dx,g(d)nq",
n=1 d|n

where x_3(n) is the same as in Example 2. Moreover, we have

n°(27)n° (37)
(7)1 (67)

This is a Hauptmodul for I'g(6). In particular, the congruence subgroup associated to the dessin
in this case is I'g(6).

1
k—2= == +3+4+6g+4¢°> -3¢ —12¢* —8¢° + ... (4.2.13)
q

As we can see, the k parameter is closely related to the Hauptmodul of certain congruence sub-
group’. We may also conjecture that

Conjecture 4.2.6. Let I'® be the congruence subgroup associated to the dessin for the reflexive
polygons (with maximally tempered coefficients). Then k™ is a Hauptmodul for some congruence
subgroup T'®, and T < T°. Moreover, I'? is the monodromy group of the corresponding Picard-Fuchs
equation.

We may even give a stronger conjecture.

Conjecture 4.2.7. If I'* =Ty (r1) and rt = [y, (r2) (where lio = 0,1), then Iy = Iy and r =
’TL2|T‘2.

Here, we are focusing on the maximally tempered coefficients. Mathematically, we would also won-
der whether the k£ parameters could be related to Hauptmoduln for certain congruence subgroups
for any coefficients. In Appendix D.1, we give different types of examples for minimally tempered
coeflicients.

4.2.3 Mahler Measure and j-Invariant

As the Mahler measures and dessins are connected to each other, it should be possible to write
m(P) in terms of j. Let us first start with a rather general definition of periods introduced in [176]:

Definition 4.2.1. A period is a complex number whose real and imaginary parts are values of
absolutely convergent integrals of rational functions with rational coefficients, over domains in R
given by polynomial inequalities with rational coefficients.

As a matter of fact, the set of periods, which is countable, form an algebra under the usual sum and
product operations. Famous constants such as 7w can be shown to be periods. In particular, when
the Newton polynomial has rational coefficients, the Mahler measure is a period [176]. For those
considered in this paper, i.e., P(z,w) = k — p(z,w) with any tempered coefficients, this means
m(P) is a period when k € Q.

An important theorem in [176] says that

Theorem 4.2.8. Consider SL(2,7Z) or any of its subgroup of finite index. Let f(z) be a modular
form (either holomorphic or meromorphic) of some positive weight to and let t(z) be a modular
function under the action of the group. Then F(t(z)) = f(z), which is multi-valued, satisfies a

STherefore, the Hauptmoduln, and hence the meromorphic functions on modular curves, should be related to the
(sizes of) gas phases for dimer models and the Mahler flows [9, 139]
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o1
homogeneous linear differential equation of order (v + 1), > a,F"(t(2)) = 0 with ay algebraic
n=0

functions of t(z).

Since A, ug and e are modular forms of weights 0, 1 and 3 respectively (though with singularities),
and since j(7) is a modular function, we have

Corollary 4.2.8.1. The modular forms A(j(7)), wo(j(7)) and e(j(T)) satisfy linear differential
equations (with respect to j) of order 1, 2 and 4 respectively.

Recall that e generates the coefficients of m(P) in ¢-series. It would therefore be reasonable to
expect certain relations between Mahler measures and j-invariants.

Another crucial result in [176] says that

Theorem 4.2.9. Let f(z) be a modular form of positive weight vo and let t(z) be a modular function,
both defined over Q. Then Yz € b for which t(z0) is algebraic, 7™ f(20) is a period.

We may now apply this theorem to the modular forms in our paper.
Corollary 4.2.9.1. When j(7) is algebraic, A(5(7)), muo(j5(7)) and m3e(j(7)) are periods.

Moreover, when j € Q, we also learn that ¢ is transcendental following [186]. Since m(P) is a
period when P € Q[z*!, w*!] and j is a rational function of k, we learn that m(P) is a period if j
is rational. In fact, we can extend this to j being algebraic. This is because m(P) is a sum over
A" /n with integer coefficients”. Now this follows from A being a period and that periods form an
algebra with countably many elements. Hence, we conclude that

Proposition 4.2.10. The Mahler measure m(P) is a period if j is algebraic.
Since A and ug satisfy certain differential equations, that is,
N =ag), uj+ ayug + agug = 0, (4.2.14)

where f’ denotes the derivative with respect to j and g 2 are differentiable algebraic functions of
j, we can use the Mahler flow equation

dm dm
= A =— 4.2.1
dlog A “ax (4.2.15)
to get
dm 1 1,
e ! = —un. 4.2.1
G N a0 (4:2.16)
Plugging this into the Picard-Fuchs equation for ug (with respect to j) yields
2) " / 9 /1\2 2 /
m" (j) + (a1 - 0‘0) m"(j) + <a2 _ap , Hoo) 0‘0) m'(j) = 0. (4.2.17)
Q) (&7 Qg (674}

Tropical limit Recall that m ~ logk in the tropical limit where k — oo. Likewise, we have
j — oo as j(k) is a rational function ﬁgg with deg(f1) > deg(f2). More precisely, j ~ k™ in the

tropical limit, where n = deg(f1) — deg(f2) is the power for the external face in the passport of the
corresponding dessin. Hence, in the tropical limit,

1
m ~ — log j. (4.2.18)
n

One may wonder whether for any j, m(j) can be expressed by further adding a sum of —c¢; /5!
where [ > 2 are integers and ¢; are some coefficients. However, due to the multi-valuedness of k as
a function of j, this would only be valid on one branch. Indeed, 7 could still diverge for some finite
k while m(j) would remain finite in this case.

"This can be seen from ug as its coefficients are integers that count F-term relations.
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Remark 22. Using the Mahler flow equation and the Picard-Fuchs equation (4.1.6), we may also
write m(P) as a differential equation with respect to A as A is of weight 0 (under the monodromy
of Picard-Fuchs equation). Then the differential equation reads

d3m(\) d®>m(\)

m(A
Epe + (AB + 24) 2

+(AC + B)L) =0. (4.2.19)

AA
dA

4.2.4 Mahler Flow and the 7z ¢ 5 Conjecture

There has been a long puzzle about the nature of brane tilings as bipartite graphs on T? [8, 109,
173,187,188]. On the one hand, they could be interpreted as dessins® on T2, acquiring a complex
structure called 75 (the subscript B indicates its origin from Belyi) which is that of T? as an elliptic
curve.

On the other hand, the R-charges in the quiver theory obtained from the isoradial brane tiling
correspond to angles of the faces in the tiling”. The R-charges would then determine the complex
structure 7 on the torus which supports the tiling. It would be natural to suspect that the two
complex structures would coincide. However, as later discussed in [109, 187], counterexamples exist
and this 75 = 7 conjecture does not hold in general.

Furthermore, there is a third complex parameter called 7 coming directly from the geometry of
the CY3 singularity corresponding to the toric diagram. In particular, a U(1)? subgroup of the
T3-action would leave the Kihler form and the holomorphic 3-form invariant. When the CY space
is viewed as a special Lagrangian fibration, the U(1)2 would then define an invariant part of such
fibration, which turns out to be a torus. The metric on this torus, which is the pullback of the
metric on the CY singularity, leads to the complex structure 7. As studied in [188], 7 ¢ B may
sometimes be coincident with each other, but they do not always equal in general. Notice that
when we say Tr ¢, p coincide, this is always up to SL(2,Z) transformation. In practice, we would
always compare j(7r,q,p) as it is modular invariant. The 7 ¢ p conjecture is then to find when
and how j(7g ¢ B) are all equal.

Since j(k) = 283 where fi2(k) are polynomials of k, the range of j(k) is the whole C U {oo}.

Therefore, no matter what value j(7r g B) takes, there must be at least one k on P! such that
j(1) = j(tr,c,B). Thus,

Proposition 4.2.11. The Mahler flow extrapolates Tr ,B-

This is true in general, and not just restricted to the reflexive cases. Since we still have the freedom
to choose the coefficients for the Newton polynomial even if the polygon is fixed, one may wonder
which Mahler flow would be the appropriate choice. As 7g originates from R-charges and R-
charges are associated to angles in the isoradial (or even non-isoradial) tilings, instead of tempered
coefficients, we shall always use the coefficients from the canonical edge weights on the tilings'".

Example 18. For (chiral) orbifolds of C3 and of the conifold (C), the three complex structures
coincide [109,173,187,188], due to the hexagonal and square symmetries of the tiling. For instance,

jk) = % for dPo, which is a Z/3-orbifold of C* and j(trcp) = 0. Solving j(k) =

Jj(krc,B), we find that the Tpc B complex structure is located at
k=0, 2V3, 2¢/3et2m/3 (4.2.20)

on the sphere.

8They are embedded on T? instead of P! compared to the dessins discussed in this chapter so far.
9Recall from the previous chapter that we may also treat non-isoradial tilings as “isoradial” tilings in a similar
manner if we allow zero or negative angles.

T herefore, in j(k) = ggz;, /1,2 have algebraic coefficients.
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As another example, j(k) = % for Fy, a Z/2-orbifold of C and j(tr.c,B) = 1728. Solving

j(k) = j(kra,B), we find that the Tr g B complex structure is located at

k=42v2, +1/2(4 4 3V?2), +i\/2(—4+3V?2) (4.2.21)

on the sphere.

Example 19. Unlike the above example, the suspended pinch point (SPP) and its orbifolds have
different Tr ¢, g. For instance, SPP/Zy with action (0,1,1,1) (No.8 in the list of reflexive polygons)
has Newton polynomial

P(z,w) = —24%2w? — A*uw® — A%2%w — 2ABw* — B*2 — B*w + k2w (4.2.22)

for canonical edge weights, where

A = sin? (2\%> , B=sin <<1 - \%) 7r> sin (; (1 - %)) . (4.2.23)

Therefore,
31.3(_@ 31.3\3
(k) = 256C°k*(—6 — 6Ck + C°k?) 7 (4.2.24)
(=3 + Ck)(1+ Ck)3(3+ 2Ck)?

where
C = csc <2\7r/§> csc? <\%) . (4.2.25)

132304644
5 )
Therefore, the Tg complex structure is located at approximately

As computed in [187],

j(rg) = j(1R) = 287496. (4.2.26)

k=-—1.112, 6.909, —2.898 £+ 5.439¢, —6.157, —1.114, —0.752, 2.2260,

, _ (4.2.27)
—0.737 £ 0.009¢, 3.635 + 5.430:
while the Tr complex structure is located at approximately
k=—1.107, 3.677, —1.285 +2.392i, —2.892, —1.112, —0.785, 2.2261,
(4.2.28)

—0.721 £0.041, 2.006 £ 2.351¢

on the Mahler flow sphere.

Based on the known examples, it seems that the toric diagrams (e.g. C and C) which satisfy the
Tp = TR conjecture look more “symmetric” than those (e.g. SPP) do not satisfy the 75 = 7
conjecture. It turns out that the coefficients from canonical weights for those more “symmetric”
polygons coincide with the maximally tempered coefficients while those from canonical weights for
the less “symmetric” ones do not agree with the maximally tempered coefficients. Based on the
above examples, it is natural to conjecture that

Conjecture 4.2.12. Up to SL(2,Z), the 15 = Tr condition holds if and only if the mazimally
tempered coefficients of the Newton polynomial coincide with the coefficients from canonical edge
weights on the tiling.

Remark 23. Our observation also agrees with the fact that those less “symmetric” cases have a
more non-trivial a-mazimization. In particular, it was shown in [9] that a-mazimization is equiv-
alent to mazximization of Mahler measure with canonical weights. Therefore, the non-triviality of
a-maximization can be interpreted as the discrepancy between mazimally tempered and canonically
weighted coefficients in terms of Mahler measure.
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4.3 Further Connections to String/F-Theory

In this section, we shall briefly discuss some relations with F-theory compactification and its BPS
states/Gromov-Witten invariants. If we consider a sigma model whose target space is one of the
non-compact CY 3-folds from the reflexive polygons, then its mirror is the Landau-Ginzburg theory
with the W-plane W = P(z,w). In particular, the BPS states from D-branes wrapping compact
cycles can be studied via some F-theory background [157].

4.3.1 Dessins and 7-Branes

We recall that given an elliptic fibration over some complex base B with fibre y? = 23+ f(v)x+g(v)
and v € B, the F-theory compactified on it is equivalent to Type IIB compactification on B with
complexified coupling 7. This coupling 7, which serves as the complex structure of the elliptic fibre,
can be exactly identified as 7 = 5= in our modular Mahler measure discussions, and is defined

271 ug
up to SL(2,Z) transformations.

As mentioned before, the elliptic curve becomes singular and the fibre degenerates when the dis-
criminant A = 4f3 + 27¢? vanishes. These are the positions where (p,q) 7-branes are placed since
7 is transformed by SL(2,Z) transformations under the monodromies around 7-branes in Type
IIB. Here, let us consider the surface that corresponds to a toric diagram, which defines the CY
singularity, or we can think of the geometry as a double fibration over the W-plane with a C* fibre
and a punctured Riemann surface W = P(z,w). In particular, the surface is now over the base P*
parametrized by the k parameter with fibre P(z,w).

From Table 4.2.1, we know that in our cases f(k) and g(k) are always of degrees 4 and 6 respectively.
Therefore, one would expect A to be of degree 12. This would agree with the requirement of 12
7-branes in physics. However, it is possible for A to have degree less than 12. The reasons are that
4f3 4 27¢% may have cancellations of terms. Nevertheless, as we shall now discuss, we are still able
to recover the 12 7-branes, and we can actually put them on the dessin.

As the fibre degenerates at the n zeros of A (counted with multiplicity), there must be n 7-branes
associated to them. It turns out that the remaining (12 — n) 7-branes are compensated by j — oo
at the tropical limit, that is, & — oco. Indeed, by checking the degree of the numerator minus the
degree of the denominator of j in Table 4.2.2, we find that they are precisely equal to 12 minus the
degree of A. This actually makes sense since we are now considering the compact P! as the space
of k. Therefore, we should also take the singular curve at k tropical into account, which is just a
usual point on the compact sphere.

As the corresponding dessin is parametrized by 8 = j/1728, one may consider to associate the
T-branes to the faces of the dessin. However, some 7-branes could still not correspond to the faces
(both internal and external), i.e., j — oco. This is because the numerator and denominator of j
may have some factors being cancelled. Suppose the j-invariant is

x4 _ (k= k)M AR) )

7Ta (k= k) fak)’ -
where n; > ng and fi2 do not have any (k — k) factor. As a result, k = ky is a zero of A which
makes the curve singular, but this information is not encoded by j — oo since such factors all get
cancelled in the denominator. Nevertheless, as nq > no, we find that such 7-branes now correspond
to a black node (pre-image of j = 0) in the dessin.

Notice that we have not considered the possibility of n; = ns. If so, then such number of 7-branes
would not correspond to a face or a black vertex in the dessin. We shall then write!!

f=Fk=-k)"f, g=(k—-k)"q, (4.3.2)

HNotice that we do not have any further restrictions on f, and gs, so they could still have common factors.
However, (4.3.2) suffices to complete our argument as we only need to know whether 7-branes could be associated to
places other than faces and black vertices.
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where the subscripts a, b indicate the degree of f, and g;. This is because now the j-invariant looks
like
(k — k)" f2

A(k — k)07 f3 4+ 27(k — ka)ong2”

Since the degrees of f and g are 4 and 6 respectively, n can only be 1 or 2.

j=4x243 x

(4.3.3)

Let us first consider the case n = 2. Then @ = b = 0. In other words, f> o ¢2. In this case,
the j-invariant is trivially a constant, and the dessin is empty. Equivalently, we can think of it as
the external face where all the 7-branes live being the whole sphere with no other elements for the
dessin.

If n =1, then we can write the elliptic curve as

y2 o .’E3 fzx
h—F)P  (k—Fk)p bk 9 (4.3.4)

Under the redefinition z/(k — k.) — 2 and y/(k — k.)*/? = y, we get the Weierstrass normal form
y? =2 + fox + g3, (4.3.5)

where fo and g3 are of degrees 2 and 3. Hence, no matter what value k. is, we would only get the
same curve, and we are only left with six 7-branes.

We have therefore shown that

Theorem 4.3.1. On the dessin, all the faces (including both internal and external) and some of the
black vertices (the pre-images j = 0) correspond to 7-branes. A black vertex at k = ki is associated
to T-branes if and only if j(k«) = 0 and A(ky) = 0.

Example 20. Let us illustrate this with an example whose 7-branes are associated to both faces
and a black vertex. The dessin for the reflexive polygon No.1 is given in Figure J.2.1(a). Moreover,
3
A= (k+6)>%k—-21), j= (k= 18)°(k +6) (4.3.6)
k—21

Hence, there is a 7-brane located at the centre k = 21 of the internal face. Moreover, since there
1 a zero of order 8 for A at k = —6, this would give eight 7-branes on top of each other. As j is
also zero in this case, we find that the eight 7-branes correspond to the leftmost black vertex in the
dessin. So far, we have only found nine 7T-branes. The remaining three are placed at the tropical k
in the external face on the sphere. Indeed, we have j — k> when k — co.

It is worth noting that when j diverges at say k = k, near this point we have j ~ —kfk* . This yields
T ~ ﬁ log(k — k). When k — k., we get 7 — i00. As 7 = 2 4 inB, we have gy — 0. Notice

2m
that this weak coupling regime is only local due to the SL(2,Z) transformation. In the special case
when f3 o g2, j becomes a constant. In particular, when f3/¢? is 457/337 we have a global weak

coupling [189,190].

Brane monodromy and dessin monodromy The non-trivial effect of passing the branch cut
of a (p,q) 7-brane is often encoded by the monodromy matrix M, , € SL(2,Z) [191]. In fact, we
can relate the monodromy group G of the dessin generated by (09, 01,0) to the monodromies of
the 7-branes.

The general strategy is as follows. First, we choose a reference point on the dessin, just like
what one does for 7-branes. As the monodromy for a 7-brane is analyzed by a loop going around
the branch cut connecting the brane and the reference point, we also go along the loops on the
dessin surrounding the reference point and the internal faces/black vertices where the 7-branes are.
Then these loops would correspond to some permutations ¢! € G which can be obtained from the
generators (0g,01). Finally, we can determine the permutation for the external face, namely the
tropical limit k& — oo, using [Jo? =1 as [] M, , = 1. Notice that this identity also guarantees that
the permutation for the external face must be an element of G.
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Example 21. Let us illustrate this again with the reflexive polygon No.1. In Figure 4.5.1, we
label the edges and plot the monodromies explicitly on the dessin. It is then easy to see that the

g

BN

FIGURE 4.3.1: The dessin associated to I'g(3) with passport {1'3',2%,1'3'}. Here, the
numbers are the labels of the edges, and the orange (purple) cycles indicate the permutations
around black (white) vertices.

monodromy group G is generated by oo = {(1),(234)} and o1 = {(12), (34)}. This is a subgroup of
Sy with |G| = 12. From o 001009 = 1, we get 0o = {(142)}.

Now for instance, let us choose a point on edge 2 as reference point. Then the monodromy for the
7-brane associated to the internal face can be chosen to correspond to the permutation oc® = (234)
while the (total) monodromy associated to the leftmost black vertex can be chosen to correspond to
o = (12). As a result, the (total) monodromy for the T-branes associated to the external face is
0¢ = (2143) so that 0¢ 00’00 = 1. It is obvious that ® € oy, 0° € o1 and 0¢ = (o 0 0?) 71 all
belong to G.

As the choice for (p, q) is not unique, alternatively we may also choose for example o® = (234)(34) =
(23) and o® = (12). Then o¢ = (213).

A comment on F-theory on elliptically fibred K3 It is well-known that the compactification
of F-theory on an elliptically fibred K3 surface is dual to heterotic string theory compactified on
T2. In this setting, the elliptic fibre is still 42 = 2 + f(k)z + g(k) with k& € P!, but now the degrees
of f and g become 8 and 12 respectively. Hence, the number of 7-branes is 24. Although the graph
consisting of edges connecting black and white vertices may not be a dessin or even be bipartite
any more, the above discussions should still apply following the similar methods.

4.3.2 Mahler Measure and Gromov-Witten Invariants

When the F-theory is compactified on one of our CY 3-folds, its effective theory is a closed subsector
of the type II compactification. The BPS states of the F-theory compactification should then give
a subsector of those in the full Type II theory. In [192, 193], such instanton expansions were
computed. In particular, the GW invariants of local vanishing del Pezzo surfaces (independently
of the global embedding in the CY spaces where F-theory compactifies) were observed to coincide
with certain modular expansions of Mahler measures from the same toric diagrams later in [185].
It could also be possible that the GW invariants of any vanishing 4-cycles could be recovered from
such modular expansions from the corresponding toric diagrams according to the dictionary of the
two sides.

As an elliptic curve is topologically T2, the periods are given by 6 and ¢p following the notations
of [193]. Then we shall identify the gauge coupling d¢p/d¢ with 7 on the modular Mahler measure
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side, that is,

33
990 (4.3.7)
oL
The instanton expansions in [193] are worked out at the large complex structure point ¢ = 0, where
¢ =e*% 4 . provides a coordinate on the moduli space. This corresponds to the tropical limit
k — o0, or equivalently, ¢ — 0. A natural ansatz for the correspondence would then be
c~q’ (4.3.8)

for some v € Z+.

In order to have the correspondence consistent, our goal is to show that this leads to the corre-
spondence between the Yukawa coupling C 335 In [193] and % in [185]. In particular, they have
the expansions

© a,n°q? dl 0 3(n—vm\n
5 ogq _ ann”(e”"™)
Coss =0+ D T 1 =-1+> (e (4.3.9)
n=1 ¢ n=1
where a3 = 2% and v, ¢ are some positive constants depending on different cases. Then a,
coincides with the GW invariants a, up to the constant ¢y, that is, a,, = —cpa,,.
Following these two expansions, we should have
eV~ g = T, (4.3.10)
Indeed, the expansion for ¢¥ is ¢¥ = e " + ..., which agrees with ¢ = e2mid 4+ .... Now, since
m = —2mwiT — ..., we have m ~ —2mir. This would yield ¢ ~ v7. As ug ~ 1, we shall further tune
the constant factor to be 3
¢ ~ —CoTUg. (4.3.11)
The reason is that with 1
bp ~ — 5 coTu, (4.3.12)
using u1 ~ uglog A ~ uglog ¢ = 2mwiTug, we can recover
5 b 1
96p _ 96p/0r 1 codum/Or (4.3.13)
0o d¢/Or  2mi coug
Now we are ready to show that
dloggq
ngtf;(i; ~ —COW, (4.3.14)
where .
0 0
Cia3 = ¢p 0T (4.3.15)
0¢? foler
This can be seen as follows. Since A = ¢+ ..., we have
dm dm
— =— = ug. 4.3.16
dlogg  dlogx _© ( )
On the other hand, 3
d¢  O(—coTuo)
—~ = — . 4.3.17
or or oo ( )
Thus,
1 dloggq
Civomv——— ~ — . 4.3.18
PP colo €0 dm ( )

Since we are working at the large complex structure point/tropical limit, “~” can be turned into
“=". To summarize, the correspondence of quantities between Mahler measure and GW invariants
is listed in Table 4.3.1. This generalizes the observations in [185].
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Mahler || —coTug —ﬁCoTul o q" | e _Codé?iq
GW 6 op | 960/96 | ¢ | a5 | Casg

TABLE 4.3.1: The correspondence between Mahler and GW (in the tropical limit).

Outlook Regarding the dictionary in Table 4.3.1, it is natural to expect that the correspondence
between Mahler measure and GW invariants holds for all 16 reflexive polygons. It would be
interesting to have a precise proof of the correspondence. Incidentally, the partition function on
S? for certain gauged linear sigma model was used to compute genus-0 GW invariants for a 3d CY
variety'? in [194] without the use of mirror symmetry. In particular, this linear sigma model flows
an IR non-linear sigma model with the CY variety as the target space. It would be interesting to see
whether the modular Mahler measures could have any relations to this. Moreover, the dictionary
between Mahler measure and GW invariants can be potentially extended to the topological vertex
formalism.

By virtue of the elliptic curves, the theories discussed in this section would have natural connections
to Seiberg-Witten (SW) theories as pointed out in [157,193]. It is also worth noting that dessins
have also appeared in the study of SW curves as in [5, 168,171] (see also Appendix C). It could be
possible that the discussions on dessins and (modular) Mahler measures here would give some new
insights to the study of SW theories and topological strings. From the perspective of (modular)
Mahler measure, it would also be interesting to apply this to crystal melting, superconformal index,
knot/quiver correspondence, black holes etc.

12Notice that the CY varieties studied are all compact, though some discussions are made in the large volume
regime.
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Chapter 5

BPS Algebras and Crystal Melting

Recently, the BPS algebras [195,196] in Type ITA on the toric CY threefolds setting, dubbed quiver
Yangians, were constructed in [57,197,198]. In this chapter, we shall study such algebras as well as
their trigonometric and elliptic cousins [199-201]. We will start with the crystal representations.
Then we will discuss their connections to integrability and VOAs.

Before we give the reviews on relevant topics, let us briefly summarize the results of this chapter. It
was well-known that the crystal melting model can be used to count the BPS states of a toric quiver
gauge theory. Such crystal models can be constructed as the 3d uplifts of the periodic quivers. In
particular, the configurations of the molten crystals are in one-to-one correspondence with the BPS
states. These BPS states are the bound states formed by Dp-branes wrapping compact cycles in
the toric CY threefold in the Type ITA setup. We first discuss the construction of the crystal
models for different (cyclic) chambers that are connected to non-commutative Donaldson-Thomas
chamber (with known crystals) under (a series of) wall crossings. In particular, we find the crystal
configurations from the core chamber to the PT chamber for C x C?/Zy, which together with
the finite crystal configurations for the conifold could be served as possible building blocks of the
crystals for more general geometries. Moreover, for the chambers with infinite crystals, we propose
that wall crossing corresponds to “peeling off” the semi-infinite faces of the crystals.

The BPS algebras of the theories, which are known as the quiver Yangians, have the crystal
configurations as their representations. We construct the R-matrix formalism for these algebras.
We give the expressions of the actions of the R-matrices on the Fock modules labelled by (2d)
crystals. We then discuss how one can derive the Bethe ansatz equations from the BPS algebras of
the 4d gauge theories (for non-chiral quivers). This implements the Bethe/gauge correspondence,
and these Bethe ansatz equations should describe certain Hitchin systems.

In the study of integrability, the coalgebra structure often plays an important role. We give the
coproduct of the quiver Yangians for non-chiral quivers here. Moreover, we show that for toric dual
quivers, their BPS algebras are isomorphic by explicitly giving the transformations.

As the BPS algebras for the 4d A/ = 1 gauge theories, the quiver Yangians should also appear in
the context of 2d/4d (aka BPS/CFT, AGT) correspondence. Indeed, for generalized conifolds, we
show that the W-algebras, which roughly speaking can be realized as the symmetry algebras arised
at the interfaces of brane webs, are truncations of the quiver Yangians. In other words, we give the
surjective homomorphisms from the BPS algebra to the vertex operator algebras.

One may also consider the trignometric and elliptic counterparts of the quiver Yangians, i.e.,
toroidal and elliptic quiver BPS algebras. In short, they can be realized by low energy effective
theories on the worldvolume of the D-branes under dimensional reduction. We have a similar
discussion for these two types of algebras as well. For non-chiral quivers, we give the isomorphic
maps for toric dual algebras. We further show that such algebra for a higgsed theory is a subalgebra
of the one for its parent theory in the case when the algebras have only one free parameter. For
chiral quivers, it is still not clear how to obtain such transformations although it is natural to
conjecture that we still the isomorphisms under Seiberg duality and the subalgebra structures
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under higgsing. Nevertheless, we give a free field realization for the toroidal and elliptic algebras
in the chiral case.

5.1 Crystal Melting Models

Given a quiver ) with superpotential W associated to a toric CY, let us denote the sets of nodes and
arrows as Qg and Q1 respectively. Such quiver theory can be used to describe the supersymmetric
quantum mechanics on the D-branes, where the BPS states arise from the Dp-branes wrapping
holomorphic p-cycles of the CY3 in the type IIA compactification setting. The crystal melting
model can then be thought of as the 3d uplift of the (periodic) quiver, where each atom in the
crystal corresponds to a gauge node in the quiver while the bifundamental/adjoint arrows are
chemical bonds. Moreover, the atoms associated to different gauge nodes have different “colours”.

More concretely, we shall choose an initial atom o in the periodic quiver. All the other atoms are
placed at the nodes in the periodic quiver level by level along the arrows. As the paths connecting
two fixed atoms should be equivalent in the crystal, we have the path algebra defined modulo the
F-term relations, that is, CQ/(0W).

The molten crystal configurations which correspond to the BPS states are obtained following the
crystal melting rule. An atom a is in the molten crystal € if there exists an arrow I € )1 such
that I-a € €. This equivalently states that the complement of the molten crystal is an ideal of the
path algebra. As we will review shortly, the generators of the quiver Yangian have natural actions
on the molten crystal configurations.

5.1.1 Crystal Configurations and Wall Crossings

The crystal configuration for a given quiver in the non-commutative Donaldson-Thomas (NCDT)
chamber is well-known. It could be possible that there are certain crystal models describing other
chambers under wall crossings. In the case of the conifold C, we know that the crystal in the
chamber Cy the pyramid partition with a ridge of (N + 1) atoms on the top row. The crystal
partition function reads [202,203]

1 —(N-1) _N -1
Ma (_qo,](\f )qLNaQO,NQLN;N)

(5.1.1)
where ¢; y is the variable for the atom of ith colour in the crystal for Cy. The definitions of the
(generalized) MacMahon functions M, M” and M, can be found in Appendix F. Under ¢y n =

N-1 —N+1,—N+2 .
q(])V(h and 1,8 = ¢ + aq, 2 we obtain

Zerystal (90, 1) = M (qoq1)* M (—q1, qoq1) ™ Ma(—q1, qoq1; N) ™t (5.1.2)

Zerystar (90,5, q1,8) = M (go.nq1.5)* M (—q(])YJQIQ{YN’ qO,N(h,N)

This is similar in the Cy chamber, where the crystal is finite and

~1
Zerystal (qo,n, q1,n8) = M (—Qé\ff\?lqgm o NTL N N) (5.1.3)
with gon = @' ™, auv = ¢ tqy V2 [204]. More examples on the BPS partition functions

and relevant discussions can be found in Appendix F.

For a general CY, it is still not clear whether there is a crystal for every chamber. We conjecture
that such crystal should exist, at least upon “artificial” constructions. For instance, the crystal for
5’2 for the conifold is shown in Figure 5.1.1(a). Together with another copy with different colours
in Figure 5.1.1(b), we have a crystal with two disjoint parts as in Figure 5.1.1(c). In other words,
they form a crystal whose white-black part and blue-red part have no chemical bonds between each
other. More generally, for two copies for the chamber Cy of the conifold, this gives the partition
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s 3 B

(a) (b) ()

FIGURE 5.1.1: (a) The crystal for Cs for the conifold C. (b) The same copy with different
colours. (c) The crystal which is a disjoint union of (a) and (b).

function

-1 -1
_ A\ N+1 -1 . A N+1
Zcrystal =M ( qwhlteqblack’ qwhlteqblack’ N) M < plue Qred’ qblueqred’ N)

(5.1.4)
= M/\ (—th‘; N)_ M/\ (_q37 xZ; N)_l 5
where the second line is obtained under the substitutions

Guhite = 63 q{v ey, (5.1.5)
Qblack = qg qu72q7N71q§N*1, (5.1.6)
Gore = a0 01 @' @5 T, (5.1.7)
GQred = an q1 N 1q27N71Q37N72, (5.1.8)
T = q041929s3- (5.1.9)

Notice that however, this partition function does not correspond to any chamber for C/Zy due to
the constraints on [B] discussed above. To recover the partition function of certain chamber, one
should not only consider such crystal associated to M”(e,e; N)~! but also consider the crystal
for Cy of C x C?/Zs. This is because in general we would also have M” (e, e; N) in the partition
function.

Here, we propose that the (natural) crystal for the chamber Cy for C x C? /Z2 has the shape of a
tilted (semi-)infinite “triangular log store” as shown in Figure 5.1.2. The crystal partition function

Y
T

FiGURE 5.1.2: The crystal for chamber 51\1 for C x (CZ/Zz. Here we show the cases for
N =1,2,3,4. We also give a sketch of general N with the orange line as the top row. The
crystal is infinitely long.

is
Zerystal (qo,n, q1,8) = M (qévf\?lql N o, NG N,N) . (5.1.10)
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Under qon = qévq{VH, QN = qO_N_lql_N_Q7 we recover M”(q1,qoq1; N) as expected. As an

illustration, we list the perturbative expansion of Z.;ystal (qo,n,¢1,n) for some small N:
N=1:1+qo1+q5,+dq,+--;
N=2:142q2+B+aq2)as+ @ +2q2)02+---;

N =3:1+3q03+ (6+2q13)a5 + (10 + 6q13 + ¢ 3)do 3 + - - -

N

5.1.11
;. ( )
4:1+4g04+ (10 +3q1.3)a54 + (20 + 12q14 + 247 4)gg s + - - --

Now, any chamber C for any toric CY without compact 4-cycles could be represented by a disjoint
union of the crystals in Figure 5.1.1 and Figure 5.1.2. For instance, three copies of Figure 5.1.1
and two copies of Figure 5.1.2 (all with distinct colours) yield the chamber with

Zergstal = M (—qu, ;1) 7 M (=g, ;1) M (quga, ;1) M (g2g3, 251) M (—q1g2g3, 52) ™
(5.1.12)

for C/Zs. The maps from ¢; v to g; should be straightforward from the above discussions'.

In the case of C x C?/Z,, or C/Z,, a more natural crystal could be the same as the one for C x C?/Z,
or C but with more colours. Nevertheless, this artificial method allows us to construct the crystal
for arbitrary chamber C' for any toric CY without compact 4-cycles.

One may consider a similar construction for a chamber C such that there is a crystal model for each
(M(IT gi, ) MA(T] @i, 2; N))*' where 1 determines the crystal being either pyramid partition or
bicoloured plane partition. Then the union of the crystals would give all the factors in the partition
function. For such constructions, we need to point out the followings:

e There could be more colours g; of this union than the actual number of variables ¢;. There-
fore, the map from {g; } to {¢;} should reduce such number. This is similar to the case for

C.

e Every (sub-)crystal in the union would introduce a factor of M (z)? in the product. To remove
these extra factors, we need to make identifications of some atoms when gluing the crystals
together. For each factor of M (z), a pair of C* sub-crystal in the union should “merge” into
one. For some special /simpler cases, one may also consider merging a different sub-crystal.
This is illustrated in Figure 5.1.3 where the CY geometry is not even changed but we have a
different chamber?.

e After merging, the truncations N in the (remaining) factors Mx (e, e; N) could change. Again,
Figure 5.1.3 provides an example. It could be possible that cancelling the surplus colours in
{gi,u} would simultaneously correct N in the remaining My (e, o; N).

It is not clear whether such construction would give a “natural” crystal description of the BPS
states in different chambers. Nevertheless, if there does exist a natural crystal description, the
2d projection of the crystal shape should coincide with the web diagram of the toric CY. This
is because the thickening of the web would give the 2d projection of the crystal melting in the
thermodynamic limit®. Then the tops of the crystals would be the finite ridges in the webs with
different numbers of coloured atoms for different chambers.

Let us take a closer look at the bicoloured crystals for C x C2/Zs and the conifold in the chambers
Cpn. As shown in Figure 5.1.4, we can “peel” one semi-infinite face (in grey) off the crystal for the

'One may check that this indeed corresponds to some chamber. For example, the § map (see Appendix F) can
be chosen as 0(1/2) = —7/2, 0(3/2) = 3/2, 6(5/2) = 7/2 and 6(7/2) = 9/2.

20f course, for general CY it would be easier to consider merging its own crystals rather than combining copies of
bicoloured pyramid or plane partition and identifying C? sub-crystals. However, the premise is to know the crystals
for this general CY in different (or at least a few) chambers.

3The thickening of the web is known as the amoeba [22,139]. As the (thermodynamic) limit shape of the crystal
and the amoeba are general features for any CY, we expect the discussion here would also work for CYs with compact
4-cycles.
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FIGURE 5.1.3: (a) The crystal for C; for the conifold C. (b) “Merging” two such copies. Here,

we still stay in the case C, but with a different chamber. Each copy gives M (z)2Mx(2) ™"

where Ma(2) := M([] ¢, 2z)Mn([] ¢, x;2). After merging the shaded pyramid (where the

colours are ignored), we reach the chamber Cj with partition function M2M(4)~" with the
blue (red) colour identified with the white (black) colour.

conifold. This then leads to the crystal for chamber C;. Keep peeling the semi-infinite face on the
same side, and we can reach the crystal for any Cn. In the web diagram which corresponds to the

FIGURE 5.1.4: Peeling off the semi-infinite faces of the conifold crystal. This changes the
length of the top row.

ridges of the crystal, peeling the semi-infinite face is actually changing the length of the internal
line, that is, varying the Kihler moduli. This indicates that removing a factor of (1 — zFQ~1)* in
the partition function corresponds to peeling a semi-infinite face off the crystal. If we peel another
semi-infinite face as in the second row in Figure 5.1.4, we can see that this is going the opposite
direction in the moduli space, and we get back to the NCDT chamber Cj from Cf.

Now we propose a similar construction for C x C2?/Zy. In Figure 5.1.5, if we peel one semi-infinite
ridge (in grey) off the crystal, we would reach the chamber C;. Then keep peeling the semi-infinite
face on the same side, and we can reach the crystal for any Cy. In the web diagram, this is again
changing the length of the internal line, that is, varying the Kahler moduli. This corresponds to
removing a factor of (1 — 2¥Q~1)7% in the partition function. Similar to the conifold, the crystal
partition function in this case should be given by

Zerystal (90,5, q1,8) = M (qo,nq1,n)* M (q{f&lq{YN, qO,N(h,N) My (QO_J(VN_I)CJQ]\\[[, q0,Nq1,N’; N) ;

(5.1.13)

with go v = g)'qy’ " and g1 v = g5 N g N

This peeling process can then be generalized to any toric CY. Every time we cross a wall, a semi-

infinite face (with a ridge being a degenerate face) is peeled off the crystal. This corresponds to

losing /obtaining a factor of (1 — 2* ] Q; 1%k where the sign in the power is determined by the

curve (O(—2,0) or O(—1,—1)) for the internal line in the web, or equivalently, the signs in 0. As

an example, we illustrate several different ways of peeling for C x C?/Z3 in Figure 5.1.6.
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FIGURE 5.1.5: Peeling off the semi-infinite faces of the C x C?/Z crystal.

Abbdbds
Fyyy

FIGURE 5.1.6: Peeling off the semi-infinite faces of the C x C?/Zs crystal. The dashed brane
webs is composed of the ridges.

In general, the initial atoms are at the intersections of (at least) two semi-infinite ridges. Moreover,
these initial atoms do not have to lie at the same “height” in the crystal.

5.2 Quiver Yangians

Let us first briefly review the concept of the (rational) quiver Yangians as introduced in [57]. Given
a quiver @ = (Qo, Q1) with superpotential W, its quiver Yangian Y¢ i is generated by the modes

9 fi(a) and Q,Z)J(a) (a € Qo, i €N, j € Z)* satisfying the relations

[%(f), 7(3)] —0, (5.2.1)
[67(3), fr(,i’)} = 500, (5.2.2)
|b—al |a—b| k

> (b [0, - 5 it [ 629
k=0

|b—al la—b|

$ (Cayoelkghon g)eg;)}k: @I Z o e <a>] (5.2.4)
k=0

|b—al k |a—b|

> (0t [ = 3 et [ 029
k=0 k=0

“In this thesis, we have the convention N = Zx.
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|b—al |a—>b|
S o [ ] - s ], e
k=0

The notations require some explanation. The bracket [-,-} is the super bracket, that is, anti-
commutator for two fermionic modes and commutator otherwise. In a quiver, the nodes with
(without) adjoint loops are bosonic (fermionic) such that |(a)] =0 (|(a)| = 1). Then ega) and fi(a)
have the Zy-grading same as the corresponding node a while wj(-a) is always bosonic. We use a — b
to denote the set of arrows from a to b, and the total number is |a — b|. For each edge I € @,
we assign a weight/charge €7 to it, and a,‘;*b is the " symmetric sum of ¢ for all I € a — b.
Moreover, we have

k k
— Z(_1)l (’;) Apik—i1Bmii,  [BmAn)* = Z(—1)l (?) BontiAn ikt (5.2.7)

=0 1=0

The defining relations for generalized conifolds, along with the constructions of the quivers, are
given in Appendix E. For toric CYs, as the superpotential can be unambiguously determined for a
given quiver, we shall sometimes abbreviate Yg 117 as Yg or even Y if it would not cause confusions.

To correctly recover the counting of crystal configurations/BPS states, we need to further mod out
the Serre relations®. For generalized conifolds, the Serre relations read

o(a)

Sy [, [, V)] =0, Sy, [£0, [£0, £049] | =0, (5.2.8)

for |(a)| =0, and

SyHlnhn2 |:eq(1al)7 [e%j‘l)v [62(12),6%2_1)}}} = O, Sylnnlm2 |: T(LCI)’ |: (a+1) |:fn2 , T(r(le iy }}} =0
(5.2.9)
for |(a)] = 1. The Yangian algebra after the quotient of the Serre relations is also called the
reduced quiver Yangian. However, as we will mainly focus on the Yangian algebra with Serre
relations included, we shall simply refer to it as the quiver Yangian Y.

We can then introduce the currents

oo (a)
6(“) (u) = Z %’ Z unt1l’ Z untl’ (5'2'10)
n=0 nez

(a)

In the molten crystal, e(® (u) (ey”) creates atoms in the configuration while f(® (u) ( (a)) annihilates
atoms. Moreover, 1® (u) contains all the Cartan modes 1/17@. It was shown in [57] that for toric
CYs without compact divisors (or more generally, any symmetric quivers), 1&1(1‘2_1 =0 and 1/)811) =1

We may then write the relations in terms of the currents as

e (), fO ()} = 52 (uu — f(a) @, (5.2.11)
Goalt— V)8 ()e® () = gupl — V)e® IO ) 1 ... (5.2.12)
Toa (1 — V)@ (w)e® (0) = (=) DNOlgy (4 — 0)e® W)@ () + ... (5.2.13)
G — O )60 = g — D)D) [P 0) + ... (5:2.14)
a1t — )0 ()19 () = (<1 Ol g — )£ ) FO0) +... (5:2.15

(5.2.16)

"Recently, the Serre relations for any quivers for the trigonometric versions were obtained in [205]. By taking the
rational limit, we may get the Serre relations for the rational quiver Yangians. Nevertheless, we shall only consider
the cases for generalized conifolds here.
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where
|a—b| [b—al
gan(2) =[] (z+ewi)s Toal2) = [ (2= Gai)- (5.2.17)
=1 =1

The ellipses indicate the local terms in the sense of [206] as they would not contribute when we
compute the contour integrals to recover most of the mode relations®. For instance, when the toric
CY does not have compact 4-cycles, we have the local terms for the e relation as

[b—al o j—1 eg? k_j_1,¢$”
> i S () (v (8 25 ) + ( > ) e
n=—1

k=0 m=0

j—1 k—j—1 (b) \be\

Y e I NN ’H L@
- n m @ Y i
Z Z un L Uerl U|a_>b|_k EO( 1) <]>u v E un+1

m=0 n=—1 n=-—1

ji=1 () J 1 k—j—1 e(b) "
+ (Z ,Um+1> w(a ( ) Z Uerl un+1>> :

m=0 m=0 n=—

(5.2.18)

By analyzing how the atoms in the molten crystal configuration can be added and removed, we
can write down the action of the currents on any crystal state |€). Consider an atom a of colour
a that can be added to (removed from) the molten crystal according to the melting rule. Then
we shall use the notation a € € (a € €_) such that |€) would become |€ 4 a) (|€ — a)) after the
corresponding action. Suppose the initial atom o in the crystal has colour o = 1. We have [57]

) (u)|€) = U (u)[€), (5.2.19)
(=)@ Res @) (0,
e (u)|e) =y i\/ | Du—’evR(a)ﬁ(a)leC ( )\¢+a>, (5.2.20)
aclp
+1/Resgq 7 (u
FOwle) =Y W\c—@, (5.2.21)
acC_

where

da,1
v () = (“ Z C) IT I ¢ “(u—=<)), (5.2.22)

beQo bed
H (u—l—'e})
b=a Ica—b
U) = ————=-, 5.2.23
() = e (5.2.23)
Ieb—a
=) @ (5.2.24)
Iepath[o—a]

Here, C' is some numerical constant known as the vacuum charge’. The 4 signs in the actions
depend on the statistics of the algebra. Moreover, the charge assignment €; should be compatible
with the superpotential®. Therefore, the coordinate parameters ¢; of the arrows should satify the

SMore specifically, when applying the contour integral ﬁ § u"v™dudv with m,n > 0 (or taking the formal
mode expansion), these terms do not contribute as they have zero residues. However, they would affect the results
for relations such as [w(“)(u)7 e(()b)} which has m = —1. See for instance [206] for some explicit examples.

"For toric CY without compact 4-cycles, it can be identified as the central term > zpé‘”.

a€Qo
8This means that €; can be viewed as charges under a global symmetry of the quiver quantum mechanics, and

this charge constraint is the only role that the superpotential plays in the definition of Y.
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loop constraint
> & =0, (5.2.25)
IeL
for any closed loop L in the periodic quiver. It turns out that the number of coordinate parameters
is given by
Q1] = Q2] =1 = [Qo| +1, (5.2.26)

where Q2 denotes the faces of the periodic quiver, or equivalently, the monomial terms in the
superpotential.

Moreover, as pointed out in [57], there is redundancy associate to each node in the sense that
certain shifts of €7 would give automorphisms of the algebra. One can then introduce a gauge
fixing condition to get rid of this shift. This is known as the vertex constraint:

> sgn,(I)ér =0, (5.2.27)
Ica

where the sign function sgn,(I) is equal to +1 (—1) when the arrow I starts from (ends at)
the node a, and 0 otherwise. As an overall U(1) symmetry decouples, the total number of the
vertex constraints is |Qo| — 1. Together with the |Qo| + 1 loop constraints, we are then left with
two independent parameters’ denoted as €1,2. It would also be convenient to introduce a third
parameter €3 such that e; + €2 + €3 = 0.

5.3 Yang-Baxter Algebras and R-Matrices

As the name suggests, the quiver Yangian should enjoy an R-matrix formalism [59,207]. The R-
matrix can be defined by considering a set of vector spaces F; and the operator-valued functions
Rr,. 7;(u) € End(F; ® Fj)(u). Here, u is the spectral parameter and the R-matrix should satisfy
the Yang-Baxter (YB) equation

Ris (u)ng(u + ’U)RQg(U) = Rgg(v)R13(u + v)ng(u), (5.3.1)

where Ri2 := R, 7 ® 17,. Henceforth, we shall slightly abuse the notation and simply write
Rr,. 7 as Rij. Now, consider the tensor product of the Fock spaces, Fi(u1) ® -+ ® Fp(uy), and
choose an auxiliary space Fy € {F;}. We can define the operator

To(u) = Ron (v — up) ... Ro1(u — u1). (5.3.2)
The YB equation then implies the R7T T relation

Rij(u —v)Ti(u)T;(v) = T;(v)Ti(u)Rij(u — v). (5.3.3)

More rigorously, following [59], we should start with an integral domain K D Q with ® = ®k and
End = Endg. Then the Maulik-Okounkov (MO) Yangian acts on F;(u;) := F; ® K[u;] for some free
K-module Fj, or more generally on the tensor product ) F;(u;) = @ F; @ Kluq,...,u,]. Given a

7 (2
quiver (), the modules F; can be identified with certain equivariant cohomologies of the Nakajima
quiver variety.

The precise relation between quiver Yangians and MO Yangians is still not clear, but they should be

o~

different for the same quiver Q. For C x C?/Z,, whose quiver Yangian is Y (g[n), as it is the tripled

quiver'’ @ of the affine A-type quiver ), we conjecture that its quiver Yangian Y5 is isomorphic

9These two coordinate parameters, along with the R-symmetry, give the U(1)® isometry of the toric CY threefold.

0Given a quiver Q, its tripled quiver is defined as follows. We first construct its doubled quiver Q@ = (Qo, Q1 LIQ7)
where an arrow I™ in the opposite direction is added for each I € (1. Then the tripled quiver @ is obtained by
adding a self-loop wq to each node a. It has (super)potential W = 3" wq[X, X™].
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to the MO Yangian of (). This is consistent with the conjecture in [208] regarding their positive
parts.

In [206, 209], the MO R-matrices were constructed using the R7 T relation and some current
algebras known as the Yang-Baxter algebras for gl; and gl,. In this section, we shall first define
the YB algebras for general (non-chiral) quivers.

5.3.1 Yang-Baxter Algebras

Given a quiver @), the YB algebra YB( is defined by the generators hga), e§a), fi(a) and 1/1]@ (a € Qo,
i € N, j € Z) subject to the relations

'h<a>, h<b>} - [h<a>,¢<b>} =0, (5.3.4)
a b
h( ), (b)} > b€3zhn L€ fn>+k (5.3.5)
k=0

46)- DN 54
'eﬁ,‘”,f,(,f)} -, ¢m+m (5.3.8)
[b—al ) |a—b| &

3 (bl [p0e], = 3 ofho [R0] 039
k=0 ) k=0

[b—al ) |a—b| K

S (bl kgboa e;@eg)]k:(—l)‘(a)“(b)‘ S oth [ <b>eg;z>} , (5.3.10)
k=0 ] k=0

[b—al k la—b]

S (bl [0u0] = 3 oty [0 0] s
k=0 k=0

[b—al i |a—b|

S (aytorihaln 50 p0) " = (Cpyi@llo) Z oy [FO09] (5.3.12)
k=0
Serre relations. (5.3.13)

As we can see, the relations among ega), fz-(a) and w;a) are exactly the same as the ones for their
namesakes in the quiver Yangian Yg except the extra minus sign in the ef relation. Moreover,

similar to w(-a) the modes h(-a) are Cartan modes and are always bosonic for any node a. Denoting

the subalgebra of YB generated by e f (@) and w( 9 as YBy, it is then straightforward to see that
given a quiver ), the map

P N NN R C NN C RN C R (5.3.14)

is an isomorphism'!

. In general, the YB algebra is strictly larger than the quiver Yangian. For
instance, Y (gA[l) is the factorization of the YB algebra for C? over its centre as shown in [206]. In

the remaining of this section (§5.3), we shall always refer to f as the generators for the YB algebra.

We may then write the currents

) (a)
h(a _1+Z un+1’ 6 U)ZZ%’ Z unt1’ Zun—H
n=0 nez

(5.3.15)

" The case for C* was proven in [210].
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(a)

In particular, we can define h] = 1. In terms of currents, the relations read

RO (), KO ()| = | ), ()] =0, (5.3.16)
(u— v — 6ape3) WD (w)e® (v) = (u — v)e® (V)Y (1) — Sapesh @ (w)e® (u), (5.3.17)
(u— v — dape3) fO (0)A D (1) = (u— )R () FO) (0) = Sapes fO (u)A D (u), (5.3.18)

as well as those for (@ (u), f(*)(u) and ¥(® (u) being the same as in quiver Yangians (with minus
signs correspondingly added due to different conventions of f). Again, the terms involving only the
parameter u are called local terms.

Remark 24. Instead of introducing an h(“)(u) for each node a, we could also consider a single

current h(u) such that h(u) :== [] h{®(u) with mode expansion h(u) = % (where h—_1 = 1).
a€Qo n=-—1
This would slightly alter the definition of YB, but the relations would still be very similar. We can

simply remove the factors o4, (and of course also the superscripts in h) to get both the mode and
current relations for h.

More generally, especially for CY3 with compact 4-cycles, we may also introduce negative modes for
R (u) (or h(u)) in the definition of YB algebras just like 1\® (u). This might be more convenient
when discussing the relations between YB and Y. However, for our purpose here (especially for

symmetric quivers without negative ¢](-a) modes), it suffices to consider h(a)(u) with modes n > —1.

As the quiver Yangians have crystal representations, we may also find how YB, or more specifically
h(@) (u), would act on the crystals. This can be done with the help of the actions of other generators.

Write h(® (u)|€) = h |QI> for an arbitrary crystal configuration €. Using the he relation, we have
(1 — v — Sape3)h @ (w)e® (v)|€) = ((u — 0)e® () D (1) — Fapesh@ (w)e® (u)) ©).  (5.3.19)

Then

m(b)
(u—v — dapez)h Z@: (o) |(’i+b>
(5.3.20)

ZW—vk@OW%WQ—ﬁ@qM@w)E:Zmi“ﬂg b).

bed

where the numerator in the action of e is denoted as Num(b). The explicit expression can be
found in §5.2, but it is not important here. This yields

(u — UV — 5ab63) Z Num(b) ¢+b’€ + b)

v —€(b)
Nublig( ) Num(b) (5:3:21)
_ Bl
_(u—v)zv_e(b) e +b) — ab@,Z =) hely|€ + b).
beC, bec,
In other words,
Num(b) (a) Num(b) (a) Num(b) (a)
—v—dq — = (u— — Zhy — b, Pty .3.22
(u—v beg)v —¢(b) TP (u v)v —¢b) ¢ b8 —¢(b) TP (5.3.22)
By taking the contour integral fv:oo (or equivalently, the large v expansion), we have
hele _ u—o)
0 (5.3.23)

P u—#(0) — upes’
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Let us choose the normalization k(%) (u)|@) = |@). Then we get

Yu)e) =] M|¢> (5.3.24)

aee Cl)—63

for any crystal configuration €. Thus, h(a)(u) only sees the atoms of colour a in the crystal'?.
By comparing the actions of h(®)(u) and 1(® (u) (with vertex constraints taken into account), we
can write ¥(%) () in terms of h(®)(u). For instance, for generalized conifolds, we have the relation

60,1
5 () = <“+¢0> B (4 + ey )0 (1 + oges)
u

(5.3.25)

gat0g41

h(a+1)(u + Ua+1€1)h(a+1)(u + 04r162) (h(a) (u)h(a) (u+ 63)) 2 )

where we have used C' = 1/1(()”) =: 1p for the vacuum charge as shown in [57] for generalized
a€Qo
conifolds.

5.3.2 Crystal Melting and the R7 7 Relation

Given a quiver and its quiver Yangian, we shall construct the R-matrices by acting the RTT
relation on the Fock modules of the algebra. For any quiver, we propose that we can consider a
particular representation whose states are labelled by molten crystal configurations at depth 0 in
the crystal melting model. In other words, such representation is a 2d crystal which is a surface of
the 3d crystal constructed from the periodic quiver. Indeed, the Fock representation would arise
when one considers the D4-brane framing for the quiver. On the other hand, it was shown in [152]
that the torus fixed points of the D4 moduli space are in one-to-one correspondence with the 2d
molten crystal configurations. Moreover, the 2d crystal structure, that is, the specific surface in
the 3d crystal, is determined by the correpsonding (non-compact) divisor in the toric diagram®'?.

In fact, this agrees with the modules used in [206, 209], where the states are labelled by partitions
and bi-coloured partitions for gl; and gl respectively (see also [197]). Now, if we know how the
currents of YB are connected to 7, the actions of the R-matrix can then be found using the relations
among these currents.

The strategy is to consider the matrix element obtained by sandwiching 7 between two states
[11,2) € D Fray0(u), viz, Ty pp(w) := (1|7 (u)|p2). Here, we have further labelled the auxiliary

a
spaces J(q)0(u) with the colours a as the 2d crystals can have different initial atoms of different
colours. As the name of YB algebras suggests, we propose that the first matrix elements are related
to our currents of YB by

W (W) = To o0 @), B @e®(u) =T, 00, @),  FOh (W) =T, . W,

u " B " B (5.3.26)
@Z)( )(u —€3) = (Em)ﬂ(a) (u) — %<a)7D(a) (“)h( )(U) ITD(G),Q’(G) (“)) h )(U) g
2Hence, if we consider the action of h(u) = [] k(¥ (u), then we would get
a€Qo

= s

,63
aGQUaEC

3 As studied in [57], the representation of Y constructed from cyrstal configurations would become reducible for
some special values of €7. In terms of crystals, truncations would appear to stop the molten crystal growing at certain
atoms. Therefore, some Res\I/éa)(u) would vanish in the actions of e(® (u) and f(*)(u). The representation would
then become irreducible in the truncated algebra. As the 2d crystal is essentially a surface of the 3d crystal, it could
be possible to study this from the perspective of truncations. It would be interesting to see if there could be any new
insights for the truncations by considering the relations between Y and YB.
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where @,y and U,y denote the empty 2d crystal and one single atom of colour a respectively.
Intuitively, starting with the “empty” h(®)(u), we can create an atom by acting f(® (u) (e(®(u)) on
the empty bra (ket) vector. Nevertheless, the actual situation is more complicated (although we
would have a conjectural expression for higher levels with a similar intuition involving integrals).
Indeed, the expression for 1 (®) (u) in terms of the matrix elements already looks somewhat intricate.

Now we can try to find the actions of the R-matrix on these states via the RT T relation. Let us
take the normalization ng(u — ’U)|@(a), Q(b)> = ‘@(a), @(b)> Then

(D(a), Dy R12(u = 0) T (w) T2(v) D0y, D)) = (D (a)> D ()| T2(v) T1 (W) Ra2(u—0)|D 0y, Dpy) (5.3.27)

simply yields the hh relation
A (w)h®) (v) = B® (1) (). (5.3.28)

Next, we can consider
(D), D) Raz(u—v)T1(w) T2(v)|D(a), D b)) = (Hiay, D (1) [ T2(v) T (u) Ra2(u—0)[D (), D(p))- (5-3.29)
The right hand side is actually
Toruyso () Ty 00y (1) = AO (0) £ ()@ (u). (5.3.30)
By applying the hf and hh relations, we get

(O, Dy R12(u — v)T1(u) T2(v)|D (), D))

= ! — (0 = 1= dapea) £ () ()0 (1) + dupea f ()R (0)H D (w))

1 5.3.31
= (0w daes) PO ()R () + Sy ) (0RO () ) o430

1 1
I u(” — U = 0ab€3) T0(0 20y (W) T4y 2y (V) + v — uéabe'?’ﬁ(b)v@(b) (V)75 4y (-

Therefore, we find that
U — U — Ogp€3 dab€3
{Ba), @) R12(u = v)=0a), D) | ——— T {9, Byl . —- (5.3.32)

Likewise, Ri2(u — v)|0(q), @(»)) can be obtained by using the he and ee relations.

One can then proceed to higher levels with more atoms. However, we do not know how general
Tpu1 o correspond to the currents. A possible way is to look for currents at higher levels that
appear in the local terms from ee and ff relations. These higher currents would then give rise to
matrix elements of T at higher levels. However, the computations would get rather involved even
at the levels with 2 atoms for a general quiver. In [206,209], for g[l and g[2, it was found that any
such matrix element can be expressed as some contour integral in terms of the currents. Here, we
conjecture that this remains true for any general quiver. Explicitly, we have

1 7{ . _
— dzp--- dzp F(z | | Flas) (4 h(“o) e(aJ (z) |, (5.3.33
(2mi)™ Je, ! c, () (%) I | i) ( )

j=k+1

7711#2 (u) =

where the rational function F'(z) has poles at z; = u. The clockwise contour C; goes around
zj = u,00 and can be deformed in a way such that the contributions from local terms would be
cancelled when applying current relations to swap e(®)(z;) or f(®(z;) with other currents. Moreover,
the indices a; (including ag) should correspond to the colours of the atoms in p; and ps.
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This conjecture does not tell us how to compute F'(z), which is the key to get the exact results.
Nevertheless, we may still verify this with the expression at level 1. Indeed,

1 1 f(a) (z)h(“) (u)dz = — Res, (f(a)(z)h(a)(“)> — Resa (Jc(a)(z)h(a)(“)>

21 Jou—z u—z U— 2

a a 1 f@(1/2)h) (u (5.3.34)
—F@(u)h@ (u) + Reso (fo (u/—)l/z ( )>

=/ @) )

recovers 0z, (u) with F(z) = 1/(u—z). We also give some examples for states at higher levels
in Appendix G.
The motivation of this conjecture stems from the R-matrix being the intertwiner between certain

free field representations. For the C? case, it was found in [206,211] that we have the relations

[a—n: Ty o] = 7;1,;/27 [Ty pzs @n] = 7;’1#27

_ 1 n—1 _ 1 _— (5.3.35)
A_p = Wadel €0, Ay — madfl f(),
where a_y,|u) = |¢') (n > 0) creates boxes/atoms in the Young tableau. Therefore,
1 1 . LEDTID ) £
= ek (n — 1) 2mi)n %dz H “ Z 2 H ¢(z),
j=1 j=1 J j=1
(5.3.36)

_ L L 1T -1 .
= @ ) =) {2 —= ) 1l7e

J=1 Jj=1

The integral expression for matrix elements of 7 would then follow from their commutation relations
with the modes. In general, such process is still not clear, and the explicit expression for the
rational function F'(z) is desired. Nevertheless, we can still apply this to certain problems without
the knowledge of its precise form. We will also further expound the contour integral conjecture in
§5.4 for a certain class of quivers.

5.3.3 Bethe Ansatz

As an application of our previous results, let us now try to generalize the results in [206, 209] and
obtain the Bethe ansatz equation for any quiver (). Consider the quantum space which is the tensor
product of n Fock spaces, F(u1) ® -+ ® F(uy,). We can define the Knizhinik-Zamolodchikov (KZ)
operator

Ty = t5 B Ry(ur — up) - Ria(ur — us), (5.3.37)

where t, € [0,1) are the twist parameters and G = |Qq|. The quantum space is graded under each
level operator L, via

Lo:=Y Le; suchthat Lg;lp)y = Naj|p)u (5.3.38)
j=1

gives the number N, ; of atoms with colour a in the 4t 2-dimensional crystal, where the subscript
v indicates that the state belongs to @ F(u;). By considering

IX)z :=101,...,01,...,0¢,...,0g)z € .7:1(:E1,1)®' - '®.7:1(SE17N1)®' . ‘®fG($G,1)®' . ‘®~FG($G,NG)7
(5.3.39)
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let us further introduce the off-shell Bethe vector
’B(x»u = :L”(@’le,l, up 'Rl’l,h Up *** RlEl,Nla up - 'Rxl,N1, Un

(5.3.40)
o Raga - Rag, wn - Ravngs s - Racngs w18l

in the quantum space, where ,(&,...,d| is abbreviated as ,(&| for brevity. Notice that it was
pointed out in [58] that due to the non-trivial coproduct of the algebra from soliton contributions,
in general |x), should be a mixed state of the chains of crystals rather than simply being identified
as a chain of single-atom states. See [58] for the modification of this subtlety. Nevertheless, we
shall take this single-atom states for |x), as an illustration. In the following discussions, this would
change the eigenvalue of the KZ operator with the results on Bethe ansatz equations unaffected.

Now, we would like to find the condition such that the off-shell Bethe vector is an eigenvector of
the KZ operator, that is, 71|B(x)), = t|B(z)),. Pictorially, we have

1%} z g z
a TG, Ng
@ TG, Ng—-1
| B(2))u = : X)a
1% 1,2
2] T1,1
mow e (5.3.41)
and
s s @ o @ o o
@ G, NG z TG, Ng
a TG NG-1 2 TG, NGg—1
TiB(z)u= - 5 : 5 X)e= : : 5 X)a
2] 1,2 a 1,2
J%] 1,1 z Ty1
w2 ug Up Ul
s C ey ) I
I kG
(5.3.42)

following the RTT relations along with R4 ;|@, @) = |2, ).

n
If we project the eigenvalue equation onto some state ,(pu| satisfying > No; = N, for all a, then
j=1

WBITH|B@))y = 60 0 (D] Ty 0(u2) - - T o (i) T (1) X )

: (5.3.43)
=t (DT 1,0 (1) Tp,z(u2) - - T () [ X) -
By setting (| = (D, 2, .. .|, i.e., p1 = &, this equation becomes
118 22T o (2) - T () (1) X))z = £ 2(B[A (1) T, (42) - - Ty (1) [X) -
(5.3.44)

The actions of the currents/modes in YB on the 2d crystal are completely analogous to the actions
on the 3d crystal discussed above. Therefore!?,

N
h(@ — U Taj 5.3.45
b = [T 5 e (5.3.45)
where we have used € := €] + €3 = —e3. As a result,
M —
=[[—. (5.3.46)

! Notice that the coordinates are now given by y 4 ¢(a) = y + 3 Nrér for an atom a in |u), [206,209)].
T
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Now let us consider the state ,(p| with N, 1 = 44 for some colour a’. Using the contour integral
form of 7,,, &, the eigenvalue equation reads

h <@’ FEE (70 (50) 10 (200, ) o5 () o £ (2, ) B )
O 1O (2 ) RO (w2)) O (20) h O )z

= (o] § P70 (o) M) (70 (7)o B0 0n)) o (10 (7)o hOu) 2] )
(5.3.47)

Given the different variables with three indices, it would be better to clarify the notation here.
For zii) indicating the %' state/2d crystal, * denotes the colour of an atom (as in f (*)), and *
enumerates the number of the atoms of such colour. Recall that each Fock space in the quantum

space is F| whose initial atom is of colour 1 (as in A1),

Using the hf and ff relations, we can get

n N1

Hui—x“—i-e 11 |Z|(a [Na H H gla(xll—a:aj) H Uy — T
t ) _1 ) ) ) :t
1 <i2 Ui = Tl ) Y 9 ' R

gal (mlvl - '/I:a]) =1

L@
(5.3.48)

Notice that the parameters €1,; and €,1; in g1, and g,; should be correspondingly changed to ¢;
in terms of the loop and vertex constraints from the quiver Yangian. Plugging in the value of t
yields the Bethe equation

n G Ng _ G
uj — 1,1 Ga1(T11 — Taj) (W 2 (@) Na
ot — (1) =T 5.3.49
(5o (11 oy EO

i—9 _ gla(xl,l - xa,])

(a,5)#(1,1)

One may then consider other states ,(u| with different 2d crystal configurations (whose initial
atoms are still labelled by 1) so that the other twist parameters ¢t; would also appear in the Bethe
equations. There should be a set of G independent such equations as the sufficient and necessary
condition for the off-shell Bethe vector |B(x)), to be an eigenstate of the KZ operator T;. These

equations can then be labelled by (eqn); . ¢ so that they are chosen by considering the state where
the atom of colour a first appears in the 2d crystal for (eqn),.

Examples Consider the Jordan quiver, that is, one node with one loop. Taking the quantum
(auxiliary) space to be a tensor product of L (M) Fock space F, we simply have

L M
H MRl (5.3.50)
e ul+e k#xj—kaLe
This reduces to the familiar Bethe equation

N\ L M .

i P — 2
(”73 “,) —[Ees s (5.3.51)

Tj—1 k;éjxj—xk—Qz

for the XXX spin chain under u; = —i, € = —2i.

As the simplest toric CY example, consider C? whose quiver Yangian is the affine Yangian Y (é\h).

Taking the quantum (auxiliary) space to be a tensor product of n (IN) Fock space F (notice that
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we only have one node in the quiver), we get the equation

n

H _UI_EB—tHH%_Zi_EZ (5.3.52)

=1 k#j a=1
for any j = 1,..., N, as obtained in [206].

The connection to Bethe ansatz equation would be of particular interest in the context of Bethe/gauge
correspondence [212-214] (see [58] for a more recent discussion on this). For instance, the rapidities
(denoted as z; in the above examples) in the Bethe equations correspond to the supersymmetric
vacua of the associated 2d N' = (2,2) theory. In terms of the S-matrix, due to its factorized
scattering property, we expect that each (2-magnon) S-matrix would correspond to a bond factor
#*7%(z; — xx) as in (5.2.23) on the quiver side.

5.4 Generators of Quiver Yangians

For toric CYs without compact divisors whose quivers have more than two nodes'®, the quiver
Yangians are actually generated by finitely many generators'®. In this section, f,S“) will be used to
denote the generators in Y (instead of YB).

Recall that the generators are el(-a), fl-(a) and w](-a) with a € Qo, t € N and j € Z>_;. In particular,
@ZJ(_al) = 1. As |a — b| < 1, we have the relations

[%(217 7(72)} = 010yl + olpWel) {wn ) ;?H}

o X (5.4.1)
[0, 0] =~ FOUD — orpl@ 10+ [w@, 19,]
where o1 := ¢~ and o} := 647 Then for n = —1, we have

|:1/J0 ) m:| = 51653)3 [¢éa),f$)] = _Elfr(?f)7 (542)
where o1 := o1 + 0]. Notice that these were also used when discussing the relation of quiver

Yangians and Ueda’s affine super Yangians. Therefore, for n = 0, we get

[wla>’egg)} _ w(a) [% : m} L a Wa e(® } QR e®

(5.4.3)

a o (a a a ~ (b
[ 0] = 2 [, m}+a[wo SR =5
Notice that we have chosen a and b with arrows connecting them so that o; and o} are non-zero.

For |(a)| = 0, choosing b = a, we have

a 1 a 1 a 2 a a 1 a 1 a a
e&lf%{w%)—Q(wé)) ,ew], fota = =50 [W 5 () f,sg]. (5.4.4)

For |(a)| = 1, choosing a = b+ 1, we have

RO [wgbﬂ) o <"L/}(()b+l)>2,6 b)] ISl WOMCEY

Cm4+1 = afl ~ m 0'1 em’ Yo ’ (545)
b 1 b+1) 01 [ (b+1))2 01— 01 (b1 o
P == o = 2 () 0|+ P

5More generally, the discussions here should work for any symmetric quiver with at most one pair of arrows
between any two nodes.

181n fact, as we will discuss later, they are not only finitely generated but also finitely presented. In other words,
the defining relations for higher modes can be obtained from finitely many relations at lower orders.
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Notice that we can always write o7 and o} in terms of €1,2,3 due to vertex constraints. For both
bosonic and fermionic nodes, define

~(a “ O_aﬁ\b " 2
P =l - (wé )) : (5.4.6)

0.(11—>b + O.lf—}a

We can then compactly write the relations as

b—a a—b
(@) _ 1 70 @] _ T 0T (@), )
S R ) e - W%)% :
1 ~b gb—a _ ga—b b (547)
fol = == { p,f,S?)} + T £,
o] "+ o9 o1 "+ o1
where b = a for |(a)] =0 and b = a + 1 for |[(a)| = 1. Moreover, we have
o = [l 17} (5.4.8)

As a result, we have shown that the quiver Yangian in this case is generated by eéa), foa) and w((fl) .
The other modes can actually be inductively obtained using (5.4.7) and (5.4.8).

Moreover, we can now also get the matrix elements of 7 (u) at higher levels inductively. For
instance,

Tor g () = ([T (w) ) = (DI T (w)ef |0). (5.4.9)

Then using (5.4.7) and (5.4.8), we can express all T, ,,(u) in terms of e(()a), féa) and ¢(()il1)- If we

can write the contour integral expressions for all the states generated only by eéa) (and féa)), then
we can write the contour integral expression for any 7, .,(u) and hence obtain the action of the
R-matrix (recall that we know the actions of ¢ from §5.2 and §5.3.3).

In fact, analogous to the known cases, we conjecture that for |u/) = e(()a)| wy, where |u) is a state

generated only from e(()a"), we have

L —z
T () : j{ + d (1 e II T Z;) Tou(w)el® ()

1 1 ” 5 €3 k 1 (5.4.10)
=5 —[1-—— (a)
o dze3 (1 " — 2 ;l;[l pa=ai (U — Z)) 7-6,11(16)6 (Z),
where 75 (u) = e § d2F(2)h) (w)el) (1) ... €@ (24). Similarly,
Ty _ ! ST PR e T Gaa, (1~ 2) @) T,
o (1) T omi ioJru Z%  u—z };[1 Jaa(u— 2) <_f (Z)> o (w)
1 1 u 5 p k 1 (5411)
~omi —[1-——= _ @
211 cotu dz€3 <1 U —z 11:[1 qba:}ai (u — z)) ( f (Z)) %,@(u).

We can then get any 7, ., (u) inductively using the contour integral expressions. For instance, at
level 1, we simply have

_ b (i _u—z—e (a) _1f L @,
Toow@ =g § a2 (15222 Toowe®(0) = g f ds b))
(5.4.12)

which agrees with our discussions in §5.3.2. More examples at higher levels can be found in
Appendix G.
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5.5 Coproduct of Quiver Yangians

For the remaining part of this chapter, we shall mainly focus on the generalized conifolds zy =
MuwN with M 4+ N > 2. Moreover, in §5.5~5.7 (and Appendix E) only, we shall rescale the

generators as el (e1 +62)1/2€£la), @, (e1 +62)1/2f7(1a) and ¢£La) — (e +€2)¢7(La) for convenience.

Following the strategy in [215,216], a coproduct of the quiver Yangian can be obtained based
on the underlying Kac-Moody superalgebra g = AS\?_I ~_1- In the Chevalley basis, we have the
generators with [:L‘Sf),m(f)} = h(@ and (azgf),:r(f)) = 1, where (-,-) is an invariant inner product
on the Kac-Moody superalgebra. Let A = AL U A_ be the set of roots composed of positive and

negative roots. Denote the sets of real and imaginary roots as A™ and A™ respectively. Write
go as the root space attached to the root «, and the simple roots will be labelled as a@, In

particular, AL = AU {n5+a|n €Zy,a € A} and A = {nd|n € Z}, where A is the set of
roots of the underlying Lie superalgebra with the zeroth vertex removed in the Dynkin diagram of
gand 6 = ) a(@ is the minimal positive imaginary root of g = Ag\lr)q ~_1- Notice that all the odd

a
roots are isotropic (i.e., with vanishing inner product) in such case.

Following the Cartan matrix (with the first non-zero diagonal element being 2), our convention
would be taken as 0% + 4% = (€1 + ) (a(a),a(b)) for future convenience. In other words, we
shall always choose ¢, = —1 for the corresponding simplex in the toric diagram. Therefore, 0% =
—%63 (a(a) (a)) Then it is straightforward to see that there is an algebra homomorphism ¢ from

U(g) to Y with hla 1[)0 , m+ > e(()a) and :U(f) — féa). For each positive root «, choose a basis
{xf k)} of g, with a dual basis {:c(a’k)} of g_, such that (a:f’k),x(a’l)> = d;. We will also

denote e(®k) =, (azgfk)> and f(a’k) — (2P , where £k =1,...,dimg,. When « is a real root,

—~

dim g, = 1 and we shall simply write e(® = e(®1) (@) = f(el) Tp particular, given a simple root

o, v ) — ") and 9 = 714,

5.5.1 A Minimalistic Presentation

The definition of the quiver Yangian in §5.2 involves infinitely many generators. To write the
coproduct, we first need to give a presentation with generators of a finite number.

Recall from the above discussions that all the generators can in fact be inductively obtained from
@ @) nd v b
ey s fo ' an %,1

@ la(b)) [~§b)7€%)} 2@2@)—01) [% ’ %)} 1 ) [J(b) (a)} ool W

ab ba ab ba
o’ —oy" — 0

fﬁfil (al) [T’/jgb)vfr(f)] +W {T/Jo fLe ] = W {  fle } ?fm ;

wT(z-)i-l = [655 1af0 ]7
(5.5.1)

~ 2
where wgb) = wgb) — % (@béb)) , and the node b can be taken as a (resp. a+ 1) when a is bosonic
(resp. fermionic). Therefore, it is natural to expect that the quiver Yangian can be generated only

by finitely many relations of the three sets of zero modes together with W) (or equivalently, %a)).
To confirm that this is the case, we need to show that they can recover all the defining relations of
the quiver Yangian in §5.2.
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For this minimalistic presentation of the (reduced) quiver Yangians, as discussed in [15], we also
need to exclude two special cases: (1) (M, N) = (2,1),(1,2); (2) (M, N) = (2,2) with only fermionic
nodes'”. Their quivers are depicted in Figure 5.5.1.

(a) (b)

FIGURE 5.5.1: (a) The SPP quiver with (M, N) = (2,1),(1,2). (b) The quiver for the Z
orbifold of the conifold with (M, N) = (2,2) in one of the toric phases.

Theorem 5.5.1. For generalized conifolds with M + N > 2, the non-reduced quiver Yangian is
generated by the modes 61(;1), f,ga) and 1#,@ (a € Qo, r = 0,1) satisfying the relations

@, 4®] =0, (5.5.2)
0,59 = st [, 19] = [, 5] = . 559
§,e®] = (al,a) e, (5.5.4)
ga)»e(()b)} ( b)) el 4 oyl eld) 4 gibell) @) (5.5.5)
. 50] = = (o 704“’) 7, (5.5.6)
9)7 éb)} ( ) (b +U%bw((]a)féb)+Jll,aféb)w(()a)’ (5.5.7)

6(()‘”,60 = [A2, fob)} (of" = 0), (5.5.8)

| (a) (b)} [ (()a)’egb)} _ al{ae(()“)eé) i (_1)|a||b|0(11beéb)eéa)7 (5.5.9)
A A] = [1040] = ot g 17 = (0ot 17 157, (5.5.10)

Then the higher modes 1[)” , em) and fm) (n > 1,m > 0) are defined via (5.5.1). Moreover,
when the quiver does not belong to those in Figure 5.5.1, the quiver Yangian is generated by these
relations together with

[eg ), [eg ), eloxl) H — [fé“), [fo A H 0 (la|=0), (5.5.11)
[eg ), [egw [eg“), eg“‘”m [fo , [fO““ [ {a=1) m —0 (la|=1). (5.5.12)

In terms of QZ@, the ¥1eg and 1 fy relations can be written as
[~§a)’ e(()b)} _ (a(“), a(b)) egb) L+ g’lm éaa‘fb gf(a% a(b)) e(()b)’ 551

[~§a)’féb)} _ <a(a)’a(b)) f1(b) o1 501 (a(a)’a(b)> féb).

It is worth noting that this resembles Drinfeld’s realization in [217]. For simplicity, we shall denote
all the relations (5.5.2)~(5.5.10) as (R) and the relations (5.5.11), (5.5.12) as (S). A proof of this
can be found in [15].

'"Notice that the other toric phase for (M, N) = (2,2) is not excluded, where the quiver has four nodes being
bosonic and fermionic alternatively, though all cases with M = N will not be considered when we discuss coproducts
later.
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Although we omit the proof here, let us mention some useful identities used therein.

Lemma 5.5.2. For m € N, we have

[ @, egg)} _ (a(a),a(b)) e®, (5.5.14)
(007, eD] = (a@,a®) el + hap{eld) + ot ey, (5.5.15)

and similar relations for fy(,f) from (R).

It would be helpful to also spell out these relations using {/;ga):

ba ab

[%a),fg)} __ (a(w,a(b)) 5o a*{a;alab (a@,a(b)) n (5.5.16)

5.5.2 Another Presentation and Coproduct

From now on, besides the restrictions M + N > 2 and M N # 2, we will mainly focus on the cases
with M # N due to the subtleties from the underlying simple Lie superalgebra ps{(M|M) (when
M = N). Analogous to [215], we can write an algebra homomorphism Ay, v, : Y — Endc (V1 @ V2)
for any modules V7 2 in the category O. In particular, this can be promoted to a coproduct of the
Yangian algebra by considering its completion Y following the argument in [215, §5]. Then any
Ay, v, can be recovered from A : Y — Y®Y, where Y®Y is the completion of Y ®Y we are now going
to discuss.

The quiver Yangian has the triangular decomposition Y = Y+ ® Y0 ® Y=, where Y* (Y~ resp. Y°)
is generated by e%a) ( ,(La), resp. ¢,(1a)) for all a € Qo and n € N [57]. We shall also assume that the
positive (resp. negative) part Y (resp. Y™) is isomorphic to the free algebra on eﬁla) (resp. f}za))
quotiented out by the ee (resp. ff) relations. We will denote the subalgebra generated by e%a)
(resp. fy(La)) and wﬁf) as Y29 (resp. Y=V).

We can set a degree as deg e%a) = 1 whose grading is compatible with the algebra structure. With

respect to this grading, Y© = é Y} with Y; spanned by monomials of degree k in Y*. We also
write an = k@l Yz'. Therefore, the quiver Yangian is a graded vector space as Y = kGBO Yi, where
Y, = Y=<0 ®YZ- Now consider the pair (A, ¢,,) for n € N with the left Y-module A,, :==Y/ (Y . Yin>
and the natural quotient map ¢, from Y to A,,. Then ¢,_1 factors through A,,, that is, p,oq, = q;_l
with the homomorphism p,, : A, — A,—1. The pairs (A, py,) give rise to an inverse system of Y-
modules, and we can define the completion of the quiver Yangian as the projective limit [218, §10.1]:

Y:=lim A, (5.5.17)

We will also write Y®Y as the completion of Y ® Y.

To write down the coproduct of the quiver Yangian, we need another presentation of the algebra.
Drinfeld’s J presentation is used for finite dimensional cases in [219], but can be appropriately
extended to affine cases following the recipe of [215]. In this presentation, the quiver Yangian is
generated by = and J(x) for x elements of the underlying Kac-Moody superalgebra g. Together
with the Chevalley generators of g mapped to the zero modes of Y (recall the beginning of §5.5),
the isomorphism is given by

J (7/)(()&)) = 7/11a) +ol @, (e(()a)) = eﬁ“) +w£f), J (foa)) = fla) +w@, (5.5.18)
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where!® [215]

dim gq

v @ = %(61 + €2) Z ( ) Z flek)glonk) _ (61 + €2) (wéa)>2. (5.5.19)

a€A+

Then w§§ ) can be obtained by requiring

7 ([ ) = 1 (7)o ([ 87]) = [ () 67 a0

In general, a direct computation shows that

(") ] = ([ 0”])

_a _; 2 > ( ) dlnga flaklelok) o) 5 of? (a(“), oz(b)) ey — (a(a),a(b)) w.
acA
: (5.5.21)
As derived in [15], we have
dim g
a_€1+€2 (a,k) ak) (a) €1+62
w'® = i R (5.5.22)
2 B
Likewise,
W@ _ate + €2 Z dlnga [ } (k) _ €L + € fo 1/; . (5.5.23)
acAL k=1

(a)

With the expressions for v(*) and wy’, we can write the commutation relations for the generators
in the J presentation. For brevity, we shall also define

7@ = gyl LT + € (% ) %(el + ez)anA+ (a,a<a>) d;m;ja fFlask) glask) (5.5.24)
It was then shown in [15] that
Lemma 5.5.3. We have
»?, ]:0, (5.5.25)
5(@76(()1))] _ (a(“),a( )) w'?, (5.5.26)
5@, éb)] S (a(“), a(b)) w®, (5.5.27)
_w@’ (gb)] _ [eg@,wf)} — 6,50, (5.5.28)
0] - [ef9, 0] = -t <a<a>,a< ) [egv,egq , (5.5.20)
W, (] = [0, 0] = L2 (a@,a®) [£, 50]. (5.5.30)

From these relations, it is straightforward to get the following corollary by definitions of J <w(a)>,

J( (“)) and J( (“>>.

8Notice that this is a well-defined operator when acting on modules in the category O as e
annihilates a vector for a with sufficiently large height.

(o,k) (&,k))

(ie.,
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Corollary 5.5.3.1. We have

}pé“),J (Xéb))] = ([zbéa),Xéb)D (X =46, f), (5.5.31)
1(60). ] = (o0.) () + 55T )
(8 ]~ )2 (1) -5 ().
T () 1] = [eb™ 7 (5] = danT (w67) (5.5.34)
T () e = [ef T ()] = % (ot = o) [, (5.5.35)
1) 8][0S - ). s
:J (aé“’) ,e(()b)} - [J (fO“)) ,féb)} =0 (0% =0). (5.5.37)
Notice that the last line follows from
I () = M 7 (u6) 6] - @eg‘”, (5.5.38)

and likewise for féa). When a is bosonic, we can take ¢ = a. When a is fermionic, ¢ can be taken
as one of a £ 1 such that Jfb = 0. It is straightforward to see that each relation in this corollary is
equivalent to one of the relations (involving non-zero modes) in (R) in Theorem 5.5.1.

It is also possible to write J acting on any positive real roots besides the simple ones with the help
of the Weyl group of the untwisted affine A-type superalgebra. Since dim g, = 1 for o € AT, we
shall omit the label k in the corresponding elements. Due to the Serre relations, given an even

simple root o), the operator 7(%) := exp (ade(()b)) exp (—ad féb’) exp (ade(()w) is well-defined and is
an automorphism of the quiver Yangian (see for example [220,221]). Following the same argument
as in [215, Lemma 3.17], 7(®) can be applied to J (w(()a) ), J (e(()a)> and J < féa)) for any simple root
a(® . Moreover, we find that

(7)) = () - iy 1 ) - o <o) (ol oo

Suppose a root « can be obtained from a simple root o under the even reflections s via
a = s sbp) (a(a)). Then we may write e(® = 71 7() (e(“)) and define J(e(a)) =
7). 7 () (J (e(a))) (and likewise for f).

Proposition 5.5.4. For any positive real root o and a € Qy, we have
[J <w(()a)) ,e(“)} = |:1/)(()a), J (e(o‘))} + () = <a(a),a> J <e(a)) + tel@)
[J (%a)) ’f«x)} — W’a)“](f(a)ﬂ _ () — (a(@,a) J (f<a>) — eapl@)

where c** € 952

(5.5.40)

A proof of this can be found in [15]. As a result, J (e(o‘)) and J (f (a)) are independent of the choice
of the sequence of 7( up to a constant multiple. From this proposition, it is also straightforward
to obtain the following corollary.

Corollary 5.5.4.1. For any positive real oot o and a € Qqg, we have

() ()] o) [ (). ] -
(o) )] = o) (). -

(5.5.41)
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where cgb = (a(b), a) o — (a(a), a) cber,

Now, we are prepared to write our coproduct of the quiver Yangians. Recall that in general,
(z@y)(zw) = (—1)WIF(22)® (yw). For brevity, let us write a linear operator J(z) := 2®1+1Qx
and define a Casimir element

dim go
= > Y feRgeen (5.5.42)
a€A+ k=1

It is straightforward to get the following commutation relations:

Lemma 5.5.5. We have

[D (wﬁa)) ,Q_} —0, [D (ega>), } B @ e, [D (fé‘”) ,Q_] = Yoyl (5543)

Let us also introduce another map A defined by

() =0(). 3()=0(&). A(H) =5 (")

A (017) =B (") + (e + e 0w + (e [0 0 1.0 (5.5.44)
=0 ( §“)) + (e1 + 62)1/1(()a) ® wéa) — (€1 + €2) Z <a(a)7 a> @) @@,
aeAr

Notice that this uniquely determines A as the actions on all modes can be obtained following the
discussions in §5.5.1. For instance,

A7) =0 (H7) + (@ +e) (1 ©1,0-] (5.5.45)
A <e§a)) =0 <e§a)) — (€1 + €2) [Q_, e(() 9 % 1} (5.5.46)
A7) =0 (A7) + (@ +e) [0 10 1] (5.5.47)

This operator in fact gives a coproduct of the quiver Yangian.

Theorem 5.5.6. For M + N > 2, MN # 2 and M # N, the map A : Y — YRV specified by
(5.5.44) is a coassociative algebra homomorphism.

This can be proven using the properties and identities for the minimalistic presentations and the
J presentations mentioned above. A detailed proof can be found in [15].

5.6 Isomorphism of Quiver Yangians

Given any toric CY threefold, its quivers can be in different toric phases. Since these quivers
are related by Seiberg/toric duality, it is natural to conjecture that their quiver Yangians are
isomorphic. Here, we shall prove this for the generalized conifolds considered in this paper. As a
result, different toric phases correspond to different triangulations of the toric diagram, i.e., different
sequences .

A special feature for these generalized conifold is their underlying Kac-Moody superalgebras, which
are of untwisted affine A-type. The zero modes of the quiver Yangians are actually different sets
of Chevalley generators. For any two inequivalent sets of Chevalley generators, one can reach
one from the other by odd reflections and Weyl groupoids [221-223]. We shall now extend this
to isomorphisms of quiver Yangians. Recall that each quiver has an underlying Dynkin diagram
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associated to 5A[M‘ ~- In such case, the odd reflection corresponding to an odd simple root a(f) acts

on any simple root a(® ag!?

_a(a)7 a = F7
o/(@ — p(F) <a<a>) =da@ o) g=f 1, (5.6.1)
al®), otherwise.

The Cartan matrix A = (Agp) where Ay = (a(“), a(b)) is mapped to A’ = RAR"Y with R = (Ry)
given by
-1, a=b=F,
1, a=b#F,
1, b=F,Aq #0,
0, otherwise.

Rap = (5.6.2)

In terms of Dynkin diagrams, this manipulation changes the Zs-grading of the nodes (and hence
their e, f generators) connected to the node F (i.e., those with A,r # 0) and leaves the remaining
ones unchanged. The Chevalley generators are mapped to

M+N . _1/}(()(1)7 a = F7
v = 3" R’ = Qo 1o, a=r 1,
b=1 w(“) , otherwise;
u a (5.6.3)
0()a a=F, _e(())a a=F,
e = lel e a=rEl =L D] a=F e,
e(()a) , otherwise; féa) , otherwise.
Notice that Ayp is simply +1.
It would also be useful to spell out the following lemmas.
Lemma 5.6.1. We have
_(a(a)ﬂ(b))7 (a,b) = (F £1,F),(F,F £1),
(O/(a)’ O/U?)) — (a(“),a(“)) +2 (a(F), a(a)) a=b=F +1, (5.6.4)
(a(a), a(b)) , otherwise.
Lemma 5.6.2. We have aiFﬂ’F = —Uf”fﬂ and G/IF’H[I = —al’fil’F while the other o are
invariant. Therefore, 0% — o7 = o — gba.

It was then shown in [15] that

Theorem 5.6.3. Given a generalized conifolds with M # N, the quiver Yangians in different toric
phases are isomorphic algebras.

9More generally (especially when the Kac-Moody superalgebra has non-isotropic odd roots), the odd reflection
associated to an isotropic simple odd root has the same action with the second condition as al® 4t being a root.
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Although we will not write the detailed proof here, let us give the transformations for the generators.
The transformations are given by (5.6.3) and

7 ("), a=r,
J (w(’f“)) =T (@) + (w“)) Lot —gloyyl),  a=r %1,

J 1/1(()@) , otherwise;

J ( éa)) : a=F,
J (e;}a)) - [e((f), J (eg@)} L a=[+1, (5.6.5)
J (e(()a)> , otherwise;
—J (681)) , a=F,
J(f{)(“)) = - ( (“)) £ } Ca=F 1,
J ( éa) , otherwise.

In terms of wga), @ and f1 we have

» _77;1(1 ) a = F7
w’l(a) _ wl +'¢1 F) —o¢ 6(() ) (F)+01Faf1 (F)7 a=F +1,
1/11 , otherwise;

F
1( )_ (a(F) a(b))wO f (a(F) a(b))fo 1/} 7 a:F;

efl(a) _ [eér),eg )] 7 a=F 1, (5.6.6)
ega) 7 otherwise;
F obF F F
—eg )+me(() )@Z’(() )+(a(/)ab)>w0 e0 ; a=F,
a) _ 1 =
fl — _m |: 1 7f0 :| , a = F + 17
fla , otherwise.

Here, b can be taken as either £ + 1 or F — 1 which would give the same result. One may check
that this satisfies the relations for quiver Yangians in Theorem 5.5.1. Notice that the coefficients
o JAy and ol /Ay are equal to € o.

5.7 Connections to VW-Algebras

As mentioned before, the quiver Yangians and certain W-algebras are expected to have intimate
relations that implement the BPS/CFT correspondence. Indeed, as we are now going to see, the
rectangular W-algebras for the associated generalized conifolds can be viewed as truncations of the
quiver Yangians.

5.7.1 From Y to W

Here, we shall directly start with the commutation relations for the generators of rectangular
Wh-algebras for the generalized conifold zy = 2Mw!. A mathematical definition of rectangular
W-algebras WF (gl(MI|N1), ( (MIN ))) is given in Appendix H with the notations and conventions
set up therein. For brevity, we shall abbreviate it as Wy ;-

The Wh-algebras of interest in this paper can be generated by Ui(js) with spin s = 1,2 and ¢,5 €
s)

Z](M + N)Z. Given a parity sequence ¢ = {¢;} as introduced in §5.2, the generator Ul-(j has
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the Zy-grading given by (—1)P()+P0) where (—1)P() = ¢; (see also (H.0.1))?°. The OPEs of the

currents Ui(js)(z) were obtained in [69, 70]. The following commutation relations for their modes

Ui(;) [m] can then be computed directly using (H.0.22).
Lemma 5.7.1. We have

(vl ), Ul )}

=0m,—nml (53'11‘2 Bira (— )PV 5z + 5z‘ljl5z‘zjz)

+ (_1)p(il)p(h)+p(i2)p(j2)+p(j1)p(i2)5i1j2U,(l? [m +n] — (=1)PUs, . UV [m + n), (5.7.1)

1271 12714172
> @
2171 [mL 1272 [n]
1 .
=5l(l — m(m — 1)»6m,—n ((—1)”(”)%5i1j25i2j1 + 5i1j15z‘2j2>

+m(l—1) ((_1)p(i1)p(j1)+p(i2)p(j2)+p(j1)p(iz)%5ilj2U.(1? [+ n] + 6, U [m + n])

1271 11J1 % 1272
Vol V(i Vol Ve 9 , 9
+ (= 1)U FPGE)PG2) +pGPG2) 5, Ui(zj)l [m +n] — (=1)PU)g,,;, Ui(lj)z [m + nl, (5.7.2)

v m), U n]}

Z%z(z — D)m(m — 1)(m + 1)0m.—n (2%((1 —20)a? + 1)(~1)PO5;; — (4 — 3)52 + 1)
+ %m(m +1) ((l —1)%% (U(.l)[m +n] — U](;)[m + n]))
— (m+1) (U fm +n] + U fm -+ n] + 256(=1)708,0 m + )
+(m+1)(-1) (Z m+n— +Z m—i—n— ]Ui(il)[k:])
k<0 k>0

+ (m+1)(1 — 1)(-1)PD (Z UL KU [m+n— k] + (102D N g [m on — k]Ui(jl)[k])
k<0 k>0

—(m+ DI = )se(m+n+1) (1 + (—1)P<i>%5ij) UL [m + 1

717

(Z U(l) [m +n — k] + Z (1) (HP(J)U(J)[m"‘”_ k]Uj(f)[k:])

k<—1 k>—1

— (m+n+2) (U +n) = (<1 526,02 [m + 0] - 20 [m +n))

( S ol -k + Y (10O u Dm0 — kU [k:])

k<—1 k>—1

k<0 k>0

+(1-1) (Z(k ~ DU KU 40—k + > (k= UV [m +n - k]Ufj)[k])

+ (1= 1)se(—1)P) (Z(—k ~ DU KU [m +n — K]
k<0

DP0) § 7 (—k im+n— KU [k])

k>0

20 As we will see shortly, |a| and p(i) are indeed consistent in the sense of ¢ when relating Y and W. In other words,
|a| is bosonic when p(a) = p(a + 1) and fermionic otherwise.
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+ %(z ~1)(m 4+ Dm0 +2) (4 D0 o+ n] — U 4 )

1 )
5 (= D(m + 1) (m +n+ 2)(—1)PD 125,08 m + n). (5.7.3)

Notice that we only give the Ui(fi)Q U;f;2 relation when ¢; = j; and i3 = jo as this is sufficient for
the use here. It is also straightforward to get the more general case from the OPE. Here, we shall

always assume s # 0.

The W-algebra is often defined via the distinguished parity sequence, that is, only two fermionic
p(7) (the non-super case M|0 always has bosonic ones only). Here, we allow it to have different
¢. Analogous to the quiver Yangians related by Seiberg dualities, we would expect the W-algebras
with different ¢ are essentially the same. In fact, the proof of this is much simpler than the quiver
Yangian case in §5.6 by virtue of the matrix presentation here.

Proposition 5.7.2. Given M, N and [, the rectangular WW-algebras Wy nxi are isomorphic for
different <.

Proof. The isomorphism can be constructed from a sequence of the following isomorphic maps.

Suppose ¢ and ¢’ are related by o € Sy n that permutes the it" and (i + 1)™ elements. Then
the transformation is given by Ui(jr) — U:("g)g(j). It is straightforward to see that this preserves the
relations for the generators. O

Therefore, when considering the map from the quiver Yangians to the (universal enveloping algebra
of) W-algebra below, we can simply take them to have the same ¢. The isomorphic ones are related
by the transformations in Theorem 5.6.3 and Proposition 5.7.2 respectively.

Let e+ = €1 = €9. Since

aler —ep) = { AT @) o m o (5.1.4)
Sat1(€2 —€1), Sa = —Sa+1,

we can take e = o%Th* — 6% for any a based on Figure E.0.2 without loss of generality. This

allows us to consider another presentation of the quiver Yangian which would be convenient for our
discussions. Let us prepare the generators defined as

Hy” = g " =i + ju(@e vy
£ = e e = el 1 1y(a)e_el” (5.7.5)
Y= £, FY = {7+ dvla)e £,

where v(a) can be any function satisfying v(a+1) = v(a)£1 for 0 < a < M + N — 1. In particular,
this means that v(—1) # v(M + N — 1) and v(0) # v(M + N). For instance, the simplest example
would be v(a) =a (-1 <a < M + N). We shall also pick a reference node labelled by a = 0.

Proposition 5.7.3. The quiver Yangian is generated by 7-[7@, &ga), .7-"7@ (a € Qo, r =0,1) subject
to the relations

_”H,(f’),Hgb)} —0, (5.7.6)
£, FOY = sum,, (5.7.7)
0,09 — Al .
: A& + LA (M + N)e_ &P, (a,b) = (M + N —1,0)

HO,e] = S Awe” — LA (M + N)e_ . (a.b) = (0.M + N —1) (5.7.9)

Aabgfb) ) otherwise,
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_H(()a)7f7£a):| _ _Aab]_-ﬁa)’ (5.7.10)

_ —Au & = S Aqp(M + N)e &, (a,b) = (M + N —1,0)

H Fé”)] = At + LA (M + N)e P, (a,b) = (0,M + N — 1) (5.7.11)
—Aabé’fb) , otherwise,

[o(a b a b a

60,60 = [F0, 70 =0 (ot o) (5.7.12)

:gl(a)7g(gb)} _ [5811)’ gl(b)}
1
2

LAger L8000 = LM + N)e_ [55‘”,55”)} . (ab)=(0,M + N —1)

_ 5.7.13
%Aabq Eéa) , Séb) , otherwise, ( )
a b a b
A7} - |7 AT
B Awe R FD | = v (M + N)e- [féa)’féb)}’ (a,b) = (0,M + N — 1) (5.7.14)
—%Aabq_ féa),féb) , otherwise, o
Serre relations (S), (5.7.15)

~ 2
where Hga) = Hﬁ“) — %q (H(()a)) . Here, for brevity, we have used {x,y] to denote xy+ (—1)I#1¥lyz.
The higher modes with r > 2 can be obtained in a way similar to the presentation using v, e, f.

This can be verified by straightforward calculations. Hence, we omit the explicit proof here. When
checking these relations, it is also worth noting that

—(so +pt1), a=b

=b+1

Ay = (a(a),a(b)) A =0+ (5.7.16)
Shy b=a+1
0, otherwise.

Remark 25. As pointed out in [1/], the quiver Yangian is only isomorphic to Ueda’s affine super
Yangian introduced in [216] when e— = 0. By comparing the presentation above with the similar
presentation for Ueda’s affine super Yangian in [22]], it is straightforward to see that this difference
is encoded by v(a) here and the coefficients in the presentation in [22/].

Now, we are ready to bridge the quiver Yangians and W-algebras. Again, let us only state the
theorem here, and the proof can be found in [15].

Theorem 5.7.4. Given a generalized conifold with M + N > 2, MN # 2 and M # N, when
v(M + N)e— = (2sc — M — N)ey, there is a surjective algebra homomorphism from the quiver
Yangian to the universal enveloping algebra of Wy N« Fizing a parity sequence <, such map
d:Y-U (WM|N><I) can be uniquely determined by

® (X(()“)> — @ (YO(“)) . @ (Xf“)) ) (Yl(“)> - él/(a)er (YO(“)) (5.7.17)
for (X,Y) = (¢, H), (e, &), (f,F), where

1) (1)

. U 0] —UD[0] £ 1, a=0

) (H((] )) _ ](\/1[)-1-N,M+N([l)] 11 [ ] + i a (5718)
aa [0] - Ua+1,a+1[0]7 a#0,
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1
® (géa)) _ {—(— S )U](W)—Hl\fl[ 1], a=0 (5.7.19)
~(=D)HHDULL 0], a0,
(1)
o U 1], a=
o (;(g )) _ 1(,11§/I+N[ l, a=0 (5.7.20)
Ua+1,a[0]’ a 75 O’

@ (1) =<, (UELN,MW[O] — U 10] = USps narn 001 [0

M+N . )

S ID B C it A I
c=1 k>0
£l 8 1

+ 3 S POy [k — Uk + 1]
c=1 k>0

1 1
+ (21/(1) -5 m) (U}\}LNMW[O] — Do) + m) + %U}\}LN,MW[O]), (5.7.21)

a 1
@ (1) =ep (U§§> 0) = U 20 = UL 01U, 0 [0] + 52(0) (UR10] = U, 11 10])

DI N VIR

c=1 k>0
M+N
+ >0 (1 @yD—g — D[k + 1]
c=a+1 k>0
-SSPy R, K
c=1k>0
M+N
+ 3 S (@D e —qul) ke 1]> (5.7.22)
c=a+1k>0
1 1
i (51(0)) =6+( - (_1)p(1)U](\/2[)+N,1[_1] — (-1)r®) <2V(1) -5~ l%) Uz(\})JrN,ﬂ—l]
M+N
£ 3 S (O N R NN O g )+Nc[k]>
c=1 k>0
(5.7.23)
a#0 a 1 a 1
@ (&) :e+( (P 0] - Sr(@) ()P (0]
_ Z Z p(e)+p(a+1)p(c)+p(a)p(atl)+p(a )Uc(,1a)+1[_k] UD[k]
c=1k>0
M+N
+ Z Z p(c)+p(a)p(c)+p(ati)p(c)+p(a)p(a+1)+p(a) U(S,1(1,)+1[_k — 1)Uk + 1])
c=a+1k>0
(5.7.24)
0 2 1 1 1
s (]:1( )) =€y (U1(,134+N[1] + <2V(1) -5t %> U1(7]24+N[1]
M+N
LY S (1AM MR, O 1]>’
c=1 k>0
(5.7.25)

a 1
® (F7) e (U200 + @00
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_ Z Z p(c)+p(a)p(c )+p(a+1)p(6)+p(a)p(a+1)U[gulb)[_k]U(i)Lc[k]

a

e=1 k>0
M+N

+ Z Z p(e)+p(a p(c)+p(a+1)p(c)+p(a)p(a+1)U( )[ kE— 1]U[§21?c[k‘ + 1])
c=a+1 k>0

(5.7.26)

Remark 26. From Theorem 5.7.4, we can see that the universal enveloping algebras of Wy«
are essentially truncations of the quiver Yangians, that is,

Therefore, we may view the quiver Yangian as some sort of “UWhrnxoo)” algebra (cf. [69])?.
This allows us to apply our knowledge in BPS algebras to VOAs and vice versa.

At first glance, one might wonder whether we could write such surjective homomorphism without
choosing a reference a = 0 so that the map would become more “uniform”. However, as we will see
shortly, this is actually very natural on the quiver Yangian side (not just due to the presentation
in Proposition 5.7.3), especially when discussing the crystal melting models.

Coproduct and parabolic induction As the coproduct for the quiver Yangians is obtained
in §5.5, we can thence consider the parabolic induction for the W-algebras. In other words, given
representations Ry o of U(WM|lel,2)7 we have R} ® Ry as a representation of U (WMINx(llJrlz))-
In particular, the study in [225] (see also [226] for non-super cases including some cases of BCD
types) answers Conjecture 2 in [69].

Consider gl(M|N),, = sl(M|N), & 3(M|N),4r_n, where 3 is the Heisenberg algebra at level
x+M—N=Fk+1(M — N). We have an algebra automorphism given by [225]

ng (Eijlm]) = Eij[m] + 6m,00i58 (5.7.28)

for some complex number . This yields an algebra automorphism

= R s < Aut <U (5[(M|N)%)®l) . (5.7.29)

[ times

Using (H.0.20), we have
1
ng' (UL ) = UL ] + 0003518,

(5.7.30)
2 2 1

ng (U ) = U i) + (L = 050D ] + S8,0051(1 = 1)(8 = 48).
To relate the parabolic induction with the coproduct of quiver Yangians, let us take [ = [; + [y and
k+1(M—N)="Fk +1i(M~—N)=ky+Il2(M — N) such that s remains the same for Wy n;
and Wy nxi, ,- Then there exists an inclusion map A, 1, : Warinxi = Warinxi, @ Warinxi, that
splits (H.0.18) into two pieces of sizes [; and Iy (see also (5.5) in [69]). As computed in [69, 225],

we have??

Biis (UL ) = U ml @ 1+ 10 U [m),
M+N

A (U Im]) =0 @ 141007+ Y S UN K @ UG Im— k] - (m+ D @ U [m)

c=1 nez

(5.7.31)

2INotice that this is not claiming that ® becomes an isomorphism when taking the limit { — oco. It still requires
to show the injectivity. However, this map does not seem to be well-defined when [ diverges, and the factors [ cannot
be fully absorbed under redefinitions of the generators in these expressions. One might think of taking s — 0 as
another possible way to bypass this divergence, but some properties of ®, such as surjectivity, rely on s # 0.

22We are not adding extra labels [ and l1,2 to these Ui(jS> as it should be clear which elements belong to which
parts.
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l1

Let us also define the map ﬁh,lz = (1d®l1 @ ) o Ay, 1,- Then following the same proof as

in [225], we have the commutative diagram

@,

Y UWhtinxi)

\LA \L Z11712

Dy, ® Py,

YO ———— UWarnx)BU Warinxis)

, (5.7.32)

where we have labelled ® with subscripts [ and [y » for clarity.

More general truncations As studied in [65,66,88] for the C? case and [69] for any generalized
conifold, there exist larger families of truncations of the W-algebras. These truncations, which
are dictated by the functions z3y”2zlwh € Clz,y,z,w]/ (zy = z2Mw"), can be built from z-,
y-, z- and w-algebras associated to different divisors in the CY3. In particular, the z-algebra
just corresponds to the Miura operator of form (H.0.18). More generally, these truncations have

generalized Miura/pseudo-differential operators of different types.

In terms of (p,q)-brane webs, certain stacks of D3s are stretched in different regions, indicating
the multiplicities of smooth components of these divisors. See for example Figure 6 in [69] for an
illustration of the patterns of these elementary truncated algebras. The web diagram encodes the
loci in the base where the T2 part of the fibre degenerates to a circle in the (resolved) CY threefold.
The complex coordinates that are used in the moment maps parametrizing the base can be grouped
into variables x,y, z,w. This gives rise to the perspective of a 4d N’ = 4 gauge theory which is
divided into a junction of four interfaces (or three for the C? case).

The generators for the elementary building blocks of truncations can be found in [69]. Here, we
would just like to mention that with

((N — M)El — 62)[3 + e9lo — €11y + €111
(N — M)El — €9 ’

I = (5.7.33)

the same argument as in Theorem 5.7.4 indicates that we have this surjective homomorphism from
the quiver Yangian to the general a3y’ zMw!i-algebra, which reflects the feature of the VOAs as
truncations. Notice that now the generators Ul-(jl) and U éi) are given in [69, (5.47)], satisfying the
same OPEs as before.

5.7.2 Crystal Melting Representations

As argued in [57,198], the truncations of quiver Yangians lead to truncated crystal configurations
where the melting would stop at one or more atoms. Therefore, with the map ¢, we may consider
the truncated crystals as modules of U(Wpnxi)-

(s)

To get the actions of U;;” on the truncated crystals, we need to know how they can be expressed
using the map ®. Here, let us find such expressions for all the elements at spin s = 1,2, which
essentially gives the proof of the surjectivity of .

First, let us consider U(l)[ | for any a,b =1,...,M + N and m € Z. The zero modes of H,E, F
already gives U (g a) +110], Uéi)l .10] (with two exceptions) and 4% 0] - U (5217(1 +1[0]. It is immediate

to obtain Uéa)[ 0] — Uéb)[ 0] for any a,b. Using the commutation relations

—(=1PeD [0, 110], UL, a0 l0]] Ué 3+2[0]

(—1)p@pla+D+p(atDp(at2)+p(a)p(at2) [ a+2 o 0]] = g (5.7:34)

a+2,a [0]
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iteratively, we can get U (g) [0] for any a # b (including U 1(1]2/[ (0] and U](\})Jr ~.1[0]). This is consistent
with the fact that e(()a) (and likewise for féa)) is of form [ . He((] ) e((]ag)} e((]ag’)} ...,eéa")} when

a=al®) 4 ... 4 ale) Now, using @ (Séa)) and @ (]:éa)>, we can write

1 1 1
Uppenal=1) = (=120 [U3), (11,01 10]] 575
U n[=1] = (~1pOPOLNt@p@rp@p+8) (g, 1), Ul o] N
for a # M + N. Hence, via
1 a a 1 1
U [-1] = (—1)pPMHNR@p O NpO)p(@p®) D 11], UL, N[Oﬂ : (5.7.36)
1 1 1 o
Uy [1] = =(=1PMN) (U1 (1L UR, v [0

we can get U é?[:l:l] for any a # b. Keep this procedure, and we can obtain Uc(dl))[m] for any a # b
and m € Z.

For elements of spin 1, we are now left with U.Y [m]. Take

U [m), UL (0] = U2, 1 [0] = UL 0]UL, 1 [0)

Xaplm] = +1,b+1

(5.7.37)

1 1
- Z Ub(b)[_ Ubb ]+ Z Ub+1 b1l — 1]Ub(+)1,b+1[k + 1]
k>0 k>0

for a # b. We are allowed to use this commutation relation because of ® <7—l§b)). A straightforward

computation yields

Xapfm] =~ (-1 >p<b>U<2>[ ] + ()PP U 4 (0]
+ Z P(b _ k]Ub(bl)[k] _ Z(_ ) (b)UlSl})[_k]UzE;)[m + k] (5.7.38)
k>0 k>0
Therefore,

(03101, (=170 X o fom]| = (U311, (=17 Xy fm — 1]
= (= DDy ] = Gl ()P 1 [0] = Bzl )Py m) - (5:7:39)
+ meol(—1)P 52Uy m] + (=1 O UG [m] Uy [0] — (~1)P 00y, 0] [m).

a

Notice that most terms appeared in the calculation get cancelled since 0 +m =1+ m — 1. When
m >0, (5.7.39) is equal to

—(~1)PO5U ] ~ (=1 D 5 ] + (~1)PO U [m]UL (0] — (~1)PO U 0T ] (5.7.40)
As a result, we obtain Ub(;)[m] for m > 0. This is likewise for m < 0. When m =0, (5.7.39) is
—(= )0 10] U (~1)"@3eU Y, 01+ (1O U 00 [0] - (- )PP U [0]U ) ). (5.7.41)
P : : _(_1\p(a) Wr_7(_1\p(a) (1) : D1 _rrD
This in particular gives —(—1)P' Uy "[0]=1(—=1)P'V5cUy ) 1 [0]. Together with Uy,”[0]—Uy. ;4 [0],
we can get Ub(; )[0].
Now, we shall consider the elements of spin 2. From & (Hga)), P (El(a)> and @ (.7-" (a)>, we get

U, 523 1101, U ((jilva) [0] (with two exceptions) and Ul [0]-U, éi)l a+110]. Similar to the case of U, (g) [m],
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we can then obtain UCE )[ |, as well as Ul )[ ]—Ub(g) [m], for any a # b and m € Z using the UOU?)
commutation relation.

To get the remaining elements Uéz) [m], let us compute

aa aa

U - U [0, U] = UG )| = (U2 10) = U1, U+ 1] = U Im + 1] (5.7.42)

for a # b. This could be tedious due to all the UPU?) commutation relations, but we notice that
most of the terms can be cancelled, and it becomes

— 25(~1)POUD [, + 1] — 23(~1)PO U [ + 1]

+l-D[a+(= VD UDRUD m+ 1+ k] + > U [m+1— KUY []
k>0 k>0
+ 1+ VPO (SO R o+ 1+ k] =Y U I+ 1 - KU K]
k>0 k>0
S UD KU I+ 1+ k] =Y U I+ 1 - KUY K]
k>0 k>0
S UKD+ 1+ K] = S UDm+ 1 - KU k]
k>0 k>0
PO ST UP KU m 41— K] = (17953 U [+ 1 KUY K]
k>0 k>0
PN U KU [+ 1= k] = (1P Y U [+ 1 - KUY ]
k>0 k>0
— (1= 1)(m + 2) 52 ((—1)p<a>U§}3 (m + 1] + (=1)POT Y [m + 1]) (5.7.43)

From this, we get (—1)P(®) 2 [n] + (—1)p(b)Ub(b2) [n]. Choose a,b such that p(a) = p(b) (which is
always possible for the cases we focus on in this paper). Together with Ul [n] — Uzgz? ) [n], we can
obtain Uéz)[n] forany a=1,...,M + N and n € Z.

Now, we can in principle write the actions of any U éz) [m] on the (truncated) crystals. Since the

(0)

crystal configuration always starts from the empty state |&) on which only the e;’ and w(()o) modes
would have non-trivial action. It is natural to wonder whether the truncated crystal can be a highest
weight representation of U (W nx;) with [@) being the highest weight vector. In particular, all

the modes Uéz) [m] with s € Zy, a,b =1,...,M + N and m > 0 should annihilate the highest

weight state. To make this state unique, we also need U (5?[0] to act trivially on it for all a > b in
our convention here.

Corollary 5.7.4.1. The truncated crystal is a highest weight representation of U(Whnxi) with
the empty room configuration |@) as the highest weight state

Again, the proof can be found in [15].
(a£0) (@) o\ (1) Wiy — . — D)
When considering Hy ~ 7 |@) = 1y ' |@&) = 0, we can see that U11 12) =Usy'|9) = = Upfs v n19)-

On the other hand, (U}\}LN, wen [0 = U] + z%) o) = H”|@) = C|@). This then relates the
parameter on the W-algebra side with the vacuum charge in the quiver Yangian:

Corollary 5.7.4.2. We have C = 3¢, where C is the vacuum charge.

23Notice that we are only considering the z-algebra here. For the other types of truncations, since U™>" do not
vanish due to the pseudo-differential operators, one further needs to show that U™>" annihilates all the states in
the truncated crystal.
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Example Let us illustrate the above discussions with an example. The simplest case would be
C x C?/7Z3 whose quiver and crystal model are depicted in Figure 5.7.1. The possible configurations

()

FIGURE 5.7.1: (a) The quiver for C x C?/Z3. (b) The corresponding crystal model with
three colours. The dased lines are the ridges of the crystal. (c) The equivalent crystal model
visualized using coloured plane partitions.

with the corresponding modes acting on |@) at low levels are listed in [57]. For instance, take |€)

to be
©) = el o) - BT
(1) )

One possible way to add an atom is to act 501

(5.7.44)

= e(()l . Using the action of eM)(z), we have

(5.7.45)

\If(l) _ (z + €10) (2 — €02 + €12)
¢c =~
€o1) (

(2 Z—€o2 — €21)
where we have kept the notation €;. Therefore,

~ ~ ~ (= ~ 1/2
551)‘@ _ ((610 +fo2 +521) (€~12 + 621)> €+ 1). (5.7.46)
€01 — €02 — €21

This gives
vde) = 320t p ) (5.7.47)
€1 — 269

€+1) = b (5.7.48)

One may apply the procedure above used for constructing other elements and get their actions.

Here, we list a few examples for Ui(jl)

where

[m]:

© | v@o vPry @ e oo ol oo oy oy

0 ﬂ % 0 [ | 0 0 b ﬁ

where we omit the coefficients and only show the crystal configurations. By considering higher
modes of the quiver Yangian generators, we can also get the actions of U®) with higher spins.

1)

. (5.7.49)

Let us take a brief look at how the truncations of the crystal could happen. Here, we shall only
discuss the simplest example which truncates the algebra at [ = 1. In such case, we just have
the universal enveloping algebra of the Kac-Moody algebra with only zero modes for the quiver
Yangian, or equivalently, only spin 1 elements for the WW-algebra. It is straightforward to see that
the truncated crystal has the shape

(5.7.50)
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of semi-infinite length. We simply have UéZzQ) [m]|€) = 0 for any a,b € {1,2,3}, m € Z and any

configuration € as U éz) [m] vanishes for s > [.

In general, for any quiver Yangian we focus on in this paper, the truncation at the very first level
[ =1 can be desribed in this manner. For more general truncations of the crystal and larger [, this
could be more involved, and we leave this to future work (see also §5.13).

5.8 Toroidal and Elliptic Cases

Let us now have a discussion on the trigonometric and elliptic counterparts of the rational quiver
Yangians [199] (see also [200,201]). Such algebras, dubbed rational (toroidal, resp. elliptic) quiver
BPS algebras, can be realized by 3d N =2 (2d N = (2,2), resp. 1d N = 4) quantum field theories.
These theories are low-energy effective theories on the D-branes that probe the CY threefolds. In
particular, the three types of algebras can be uniformly described by some bond factors. For the
elliptic algebras, the bond factor is composed of certain theta function ©,(u), where ¢ is the square
of the nome. In other words, it is related to the modulus 7 of the torus by ¢ = exp(2mir). Under
dimensional reduction, this gives the trigonometric version of the algebras whose bond factor is
determined by Sing(u) := 2sinh(Su/2). In the limit where the radius 8 of the circle goes to 0,
one reaches the rational case with the bond factor consisting of the rational function u. For future
convenience, we shall use h1 2 to denote the two parameters of the algebras in the remaining of this
chapter.

To extend the above definition of the rational quiver Yangians, we need to consider three types of

currents, 1/155 ) (u), e (u) and f(@(u), where we now have 11 instead of the single 1. The currents
have the following mode expansions®*

2@

> rational
n€Z+
(a) ) tri tri
2@ (u) = 248 rigonometric (5.8.1)

ne”

x%a) xszaa el int]
O = >, > Teq”, elliptic
nez n€Z a€l>q

where = = e, f. For non-chiral quivers,

(a)

> rational
NEZZO
(a) vl . .
P (u) = ne%m T trigonometric (5.8.2)
¢:t n o __ wi n,a o . '
> TEn Y. g, elliptic
nez nGZ a€Z>q

with 1/} +n<00 = 0 in the elliptic case. For chiral quivers,

ZZ o, rational
ne
(a) Y trigonometric
v (u) = neZU?7 g . (5.8.3)
i”n _ e o g
> TR Y. Erq®, elliptic
nGZ n€Z a€l>q

240ne can also consider shifted quiver BPS algebras that would introduce an extra shift parameter to (some part
of) the mode expansion of 14+ [199]. This is closely related to the crystal representations and the framings of the
quivers [198,201]. However, we shall not consider this here.
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Notice that in the rational case, ¥y = _ = 1. Moreover, the expansions for trigonometric and
elliptic cases are in terms of U rather than u. The letters in the upper case are related to those in
the lower case by?®

X=e  (2,X)=(u,U), V), (cC), (h,Hy),... (5.8.4)

Henceforth, we will use the upper and lower cases interchangeably (such as e(®(U) = e(®(u)) in
the arguments of the currents for trionometric and elliptic cases. For convenience, we may also
write e@(U) = 3. e((f)(U )¢® (and likewise for the other currents) in the elliptic case.

a€Z>q
To write their relations, we first need to introduce some necessary concepts. To distinguish chiral
and non-chiral quivers, we define the chirality parameter as

Xab = |a = b| — |b — q (5.8.5)

for each pair of nodes a, b in the quiver, where |a — b| denotes the number of arrows from a to b.
Moreover, we shall define the formal delta function as

1/u, rational
0(u) = > U™, otherwise " (5.8.6)
nez

Recall that the key factor in the definition of the algebras is the bond factor ©*(u). Here, we
shall write it as®®

) HbC(hI +u)
" (u) = m, (5.8.7)

where hy is the parameter/charge associated to the arrow I in the quiver, and

u, rational

Clu) = Sing(u) := 2sinh % =UY2_yU-1/2, trigonometric
Og(u) == =U"Y20,(u) = (UV2 UV ] 1-U1¢*) (1 - Ug"), elliptic

e

(5.8.8)
Here, 04(u) = (U;q) (qU -1 q)Oo in terms of the ¢g-Pochhammer symbols. From the expressions
for ¢, we have
C(u) = =¢(~u). (5.8.9)
It is straightforward to see that in the rational limit 8 — 0, the trigonometric case reduces to the
rational one. Likewise, when ¢ — 0, the elliptic one reduces to the trigonometric one. This will
also be the limits that relate the three types of quiver BPS algebras.

To get rid of the powers with half-integers, we will take the balanced bond factor
¢ (1, v) = (UV)2Xab g0y — ), (5.8.10)

where t is 0 in the rational case and —1 otherwise’?’. Therefore, this balancing would only affect

chiral quivers in the trigonometric and elliptic cases. As can be seen from its expression, the bond
factor satisfies
@V (1) P (—u) = 1. (5.8.11)

25As a result, 8 can be absorbed under a redefinition of variables. Nevertheless, we shall keep it here due to its
physical origin.

26This is slightly different from the notion in [199] when both |a — b| and |b — a| are odd. Nevertheless, the bond
factor here should still be legitimate as it satisfies the reciprocity condition (5.8.11) below.

2"Notice that this is slightly different from the original one in [199] where t was defined to be 1 for the trigonometric
and elliptic cases. This is only a choice for our later discussions on mode expansions for chiral quivers. Since the
balancing factor (U V)%X‘lb is used to get rid of the half-integer powers in the Laurent expansions of the expressions,
this should just be a matter of convention.
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Therefore,
" (u,0)" = (v, u) = 1. (5.8.12)

Moreover, we have
¢a<:b(u + S,U) — Stxab(pcw:b(u,v - S). (5.8.13)
With this (balanced) bond factor, the three types of quiver Yangians can be presented in a unified
way as [57,199]
a b b a
e el (v) = CEX P (0)p (), (5.8.14)

@ () () = O /20 =/2) @) )
YL ()l (v) ~ ¢a¢b(u—c/2,v+c/2)w— (0)y” (u), (5.8.15)

O () ~ 6" (£ ¢/2,v)e® () (u), (5.8.16)
FO W) = 67w F ¢/2,0) 7 FO @) (), (5.8.17)
el (w)e® (v) ~ (=1)9lPlpa=b (4, 1)e® (1)@ (u), (5.8.18)
£ ) fO(v) = (1)l ge = (0, 0) L F O (0) £ (u), ( )
[e(“)(u),f(b)(v)} ~ —0ub (5(u—v—c)w5ra)(u—c/2)—5(u—v—|—c)1/1(,a)(v—c/2)) ) ( )

Here, c¢ is the central element of the algebra which is 0 for the rational case (while it can be
non-trivial for the other two cases). In the last relation, we have used the supercommutator
[z,y} = zy — (—1)*IWyz. For the rational quiver Yangians, “~” indicates that the equalities
are up to some sporadic u™v"™ terms as we have seen before. For the trigonometric and elliptic
cases, it means that the Laurent expansion on the two sides should agree, and we shall henceforth
simply write it as “=". As shown in [199], (5.8.14)~(5.8.17) can be derived from (5.8.18)~(5.8.20).
Therefore, when discussing the current relations, it suffices to consider the ee, ff and ef relations.

<
H
—~ <
S
~— ~—
('b
—~

Besides the above relations, we also need the Serre relations. We will mention the Serre relations for
the generalized conifolds below. Remarkably, the Serre relations for the toroidal algebras associated
to any quivers (including chiral ones) were found recently in [205]. By taking the rational limit, we
can obtain the Serre relations for the raitional quiver Yangians. Moreover, following the process to
be mentioned in §5.10, we can get the Serre relations for the elliptic algebras as well.

5.8.1 Coproducts

The coproducts of the quiver BPS algebras are of particular interest due to their crucial role in
the construction of R-matrices and the study of Bethe/gauge correspondence [14,58]. For rational
quiver Yangians of certain non-chiral quivers, the coproduct was discussed in §5.5. In contrast,
the coproducts for trigonometric and elliptic cases (for either chiral or non-chiral quivers) are more
straightforward. One may verify that the following gives a coassociative homomorphism (cf. [200]):

A <e(a)(U)> =D (U) @1+ 9@ (Cll/QU> ® @ (CU), (5.8.21)
A ( f(“)(U)) — 1@ D) + FO(CU) @ F@ (021/2(]) , (5.8.22)
A (wf)(U)> =) e (c7'U), (5.8.23)
A (w(_“)(U)) =\ (C;'0) @ 9 (), (5.8.24)
AC)=C®C. (5.8.25)

Here, 1 = C ® 1 and (5 = 1 ® C are the conventional notations that indicate where the C
factors should be in the mode expressions. More explicitly, for the toroidal algebras associated to
non-chiral quivers, we have

Ael) = e @1+ cT I @l (5.8.26)

=]
=0
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A(fD) =10 10+ 3 0 0 ol (5.8.27)
j=0

A(pl) =Y ol @l (5.8.28)

§=0
A(wl) = ul, e el (5.8.29)

j=0
For the elliptic algebras and the algebras for chiral quivers, we just need to replace all _ and

j=0

n

> with Y. In the elliptic case, it is also straightforward to write down this in terms of x%

j=0 JEL

(x =e, f,¥+). We simply replace z, ® 1 (resp. 1 ® z,,) with @, o ® 1 (resp. 1 ® zy, o) and z, ® yp
(0%

with > Zpmy ® Yna—r-
v=0

Hopf algebras Together with the above coproduct in terms of the currents, we can have a counit
and an antipode such that the algebra is endowed with the Hopf (super)algebra structure. The
counit reads

¢ (e(“)(U)) —¢ ( f<a>(U)) —0, <¢(£”)(U)> —¢(C) = 1. (5.8.30)

The antipode is an anti-homomorphism, that is, S(zy) = (—1)*IS(y)S(x). Assuming that
1/}5? )(U ) are invertible in the algebra, then

5 () = o (c7Pu) ), (5.331)
5 (F ) = —f@cop (cw) (5.8.32)
S (w§f>(U)) =\ ('), (5.8.33)
S(C)=c . (5.8.34)

It is also straightforward to write them in terms of the modes. One may check that they satisfy
the properties of Hopf algebras, such as Mo (S xid)o A = Mo (id x §) o A = noe, where M and
1 denote the multiplication and the unit map respectively.

5.8.2 Gradings

Similar to the discussions in [227,228], we can assign different gradings to the quiver BPS alge-
bras. The degree of an element x can be written as deg(z) = (pdeg(x), hdeg(z)), where pdeg(z) =

(pdeg(a) (:17)) is a vector known as the principal degree and hdeg(z) is a number called the homoge-

neous degree. We can introduce some invertible elements D@ and D such that D@z (D(“))_1 =
eﬁpdeg(a)(m)x and DxD~! = ¢~ Fhdeg(x) 4.

We have deg (e%a)) =(0,...,1,...,0,n) and deg ( ff”) =(0,...,—1,...,0,n), where +1 is at the

a*™™ entry. On the other hand, deg (1#&1)”) = (0,+n) and deg(C) = deg (D(a)) = deg(D) = (0,0).
For elliptic algebras, we may further consider the degree with respect to ¢, as well as an operator
D,, such that the modes at order a would have g-deg equal to a.

5.9 Toroidal Algebras for Non-Chiral Quivers

The first examples we shall discuss are the toroidal algebras for non-chiral quivers. Here, we will
mainly focus on the generalized conifolds zy = zMw? with M + N > 3. In particular, it suffices to
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consider these cases in the discussions of toric duality as the other cases all have one single toric
28
phase

We shall use the same convention as in [199] for the two parameters hq o of the algebra. For the
arrow pointing from a to b, its charge is

2§ah17 a=2b
§b(—h1 — hQ), a+1=0>

hay = Agph1 + Mygphs = 5.9.1
P T G(—hi 4 ha), a=b+1 (55.1)
0, otherwise
Equivalently, we can write Hy, = H {4 “bHéV[ @ Here, A,y is the Cartan matrix
Agp = (Sa + Sat+1)0ab — Sada,p+1 — SbOat1,b» (5.9.2)
and M, is defined as
Mgy = Sadapt1 — bOa+t1,b- (5.9.3)
Therefore, Ay is symmetric while M, is antisymmetric.
The relations for the toroidal quiver algebra T can then be explicitly written as
a b b a
p U (v) = @ (V) (), (5.9.4)
HY e gloy —cv |, b HY» HACU -V
2t P v) = P (V)W) (5.9.5)

HMa g — gy HMoU — Hi®Y
(HMabCﬂ/QU HA“”V> PO U)e® (V) = (HQMaleAabCﬂ/QU - V) OV W),  (5.9.6)
( May 0FL/277 H‘A“bv) L) FO V) = <H2 a f e OF /2] V) FOWVED (W), (5.9.7)
(H ] — HAabV) @ @)e® (V) = (~1)lallv (HMabHAabU - V) e® (Ve (1), (5.9.8)
(H WU — Hy “"V) FO@ OV = (=1)lallt <HM“”H “bU—V> FOVFO@),  (5.9.9)
), fOWV)} = = (s (OVTICT) 9l (CT12) — 5 (Vi) @ (vei2)).
(5.9.10)

In particular, when the central charge is trivial, that is, when C' = 1, ¥4 would commute with the
1_ as can be seen directly from their current relations. The Serre relations are

Sy @), [ ua), @] | =0 (ol <o) (5.9.1)
ur,u2 || L Hq H,

Sym || e (ur), | e (v1) [ (us), D (u3)] ﬂ N =0 (ja|=1), (5.9.12)
U1,u2 | Hi]l g, o

Sym || £ (w), 'f<a>(u2),f<“i”<v>}]H1]] =0 (la| =0), (5.9.13)
ui,u2 | - 1 H1!

Sym |7 (), | £ (0r) [ (), £ (w)| ﬂ H =0 (lal=1.  (5:9.14)
Uy ,u2 L Hl H ! " 1

Here, the g-graded bracket is given by [z,y]q = 2y — (=1)llWlg@Y) gz where (x,y) is the root
pairing stemmed from the underlying affine Lie superalgebra. For instance, the pairing of two
simple roots gives the corresponding entry in the Cartan matrix.

280f course, for M + N > 3, all the triangles (i.e., MN = 0) and the suspended pinch point (i.e., (M,N) =
(2,1),(1,2)) have one single toric phase as well.
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5.9.1 More on Mode Expansions

We can also express (5.9.4)~(5.9.10) in terms of modes:

WO, = o (5.9.15)

e e 00, o, — e (A 07 ) ol 0 - E o0,

HQMabH abC@D ?/)Jr S Héwab <H12Aabcv2 + 1) 1[)(77”711#5:07)m+1 _ H{L‘“b0¢@n72¢@m,

(5.9.16)
HMabcl/2w+m+1 D — g eVl = Y e V20— eVl el (5.9.17)
HMabC 1/21/](11 HAabw(amHenJ)rl _HMabHAabC 1/25( )¢(a) _ fle)rlw(_a’)mH’ (5.9.18)
Hy'C~ 1/2w+m+1f = Hy A f0 = e A o 2 Dyl fé’ﬁlwfim (5.9.19)
HY' o2y f0) - abzp(“mﬂfn‘ﬁl:HMﬂbH* @O0y O (5.9.20)
H e e(®) 0 _Hfabegyeggl (D)l (s el — o), ), (5.9.21)
Hy FL D = A 0 f0 = (=) (gt mr e 0 g (5.9.22)
[egg%fnb)} = u (C(m mi2y) = o2y n). (5.9.23)

Notice that 14 ;<o simply vanishes such as in the e f relations. In particular, the 1e and v f relations
include | )
Y{he® = HEAw Oyl gl 10 = HF A Oy (5.9.24)

by setting m = —1 and

HMGbCl/2¢+ 16 HAab,l/}-i-O n+1 _ HMabHAab01/2 T(l)w(a n+1w(a)

+.1 +07
HMabC 1/2,¢ HAab¢_ e n+1 _ HMabHAabC 1/2 (b)w(a,) n_ngl)l’ 5925
a) (b a a U
Hé\/fabc 1/2¢+,1fn _ abw( )fn-gl _ HMabH Aab 1/2f(b w( ) fm_lwi})?
Hy O 10— aw‘_“lf b= A O D 10
by setting m = 0. Likewise, the ¢, 1_ relation includes
P00 = 9O v, = 8, (5.9.26)

by taking n = 0 and m = —2 respectively. Therefore, 1)+ o commute with all the modes of 4. It
is worth noting that given a fixed fermionic node F, the wﬁ_f’ modes commute with all £ modes,
and the e(r) (resp. f()) modes anticommute with the e!/) (resp. f()) modes. In fact, from
(5.9.24), it is not hard to see that wff)ol/)(a)o is central for any node a. Write these central elements

-1 -1
as cla) — ¢5:%¢( Then we can write ¢i D= cla) (@bg%)) with a mild assumption that (10&1)0)

—1
are also in the algebra. For convenience, we shall rescale them to be 1, that is, ¢E:)0 = (1/)(:)0> ,
in the following discussions.

Like many toroidal algebras, it is instructive to write the ¢$ )(U ) currents as

Pl (U) = ¢ exp (Z kL U”) : (5.9.27)
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Therefore,

a a 1 a a

v =)y — > RO,k (5.9.28)
m=1 : T1 4o, T >0
ri+-F+rm=n

Similarly, we can write the zero modes as

—k{

(a)
W) = exp( 8hy k(“)> —H", ) —exp (5h1k(“)) HEo (5.9.29)

We shall refer to the modes ky(na) (r € Z) as Heisenberg modes. There could also be different
conventions to define these modes as discussed in Appendix I.

In terms of the Heisenberg modes, we can rewrite the relations involving 1+ as

:kéa), k‘ﬁb)} =0, [k(i)o K )] = 51”—&-8,0% (7" —cCm) Hy ™Mer (H{Aab - H;““ab) . (5.9.30)
k7 eD] = —Aue®, K, 10] = A s, (5.9.31)
:k'i‘;)o, (b)] C—|T|/2H2—7~Mab (HIAGI, _ Hl—rAab) eﬁf’lr, (5.9.32)
K 10| = %C'T'”HETM“” (rer = m 2 ) g0 (5.9.33)
Moreover, we have

60,70} = b (17— ). (5.9.30)

It would also be helpful to notice that
[egfl) féb)} = o, 2H K, [eéa)7 (b)} o0 P HT ). (5.9.35)

a)

Coproduct We can also write the coproduct above using k,(, :

A (W)

T

ok + kY o1, r>0
>:{ Bk RTRL T2 (5.9.36)

K@ 10k, r<0’
In particular, A (k‘éa)) =1® k(()a) + k’((Ja) ®1

Grading Likewise, for the aforementioned grading, we have deg (k,(na)> = (0,7). In [227,228],

such gradings were useful in the quantum double construction of the universal R-matrix for certain
toroidal algebra associated to gl;. For toroidal BPS algebras associated to any non-chiral quivers
here, a naive generalization would be R = RO RMR?) with

RO =(c'eD™) (D' wC™) H (w(“) (D<a>)_1> ((D(“)>_1 ® wi%) ,
1) = exp Z’FZ/{?SF‘) ®k§? ., RP =191+ ZZ@%‘I)

r>1 a neZ a

(5.9.37)

where the ellipsis in R indicates terms with hdeg > 1, and pdeg (R(2)) should be 0. However,
whether these naive expressions would work and/or what modifications (such as proper normaliza-
tions etc.) are needed would still require further investigations in future.
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5.9.2 Toric Duality

Now let us try to construct the transformations of the generators under toric duality. As mentioned
in Appendix E, only fermionic nodes can be dualized. If the node F is dualized, then we just need
to add an adjoint loop to F £ 1 if |[F & 1| = 0 or remove the existing adjoint loop on F £ 1 if
|FF £ 1] = 1. As a result,

—Sas = ’ 1
/ {g e=FF+ (5.9.38)

Sas otherwise

where the primed notation stands for the one after performing the duality. Therefore, we have

_Aab7 (aab):(Fi17F)7(F7F:|:l)
=18 Aga+24,, a=b=F +1 (5.9.39)
A, otherwise
and
—My, a=F —1,F,b=a+1
=R —My, a=F,F+1,b=a—1. (5.9.40)
My, otherwise

Analogous to the rational case, the ke and kf commutation relations can be used to express higher
e, f using lower modes®’. The higher modes of k can in turn be obtained using the ef relations.
In fact, the relations involving higher modes can also be derived from those with lower modes.
Therefore, the toroidal BPS algebras for non-chiral quivers are finitely presented with the relations
involving eg, e+1, fo, f+1, ko, k+1 (or equivalently, ¥+ o, 1+ 1). Hence, it suffices to find the
transformations for these modes.

We would like to mimic the isomorphisms for the rational case in discussed above. As all but three
of the nodes are unaffected, we would expect the modes to be invariant for a # F, F +1. Therefore,
from their relations, we have

C'=C. (5.9.41)

Now, let us first consider the zero modes. For a = F, the k{, modes should be determined only by
ko themselves, possibly with changes of minus signs (such as multiplication by —1), while the e

and fp modes should get swapped. In the rational case, the ¢{, mode is a sum of @ZJ(()&) and LZ)(()F) for

a = F £+ 1. Here, our ansatz for 1y would still be a combination of w(()a) and Q/J((]F), but we expect it

to be a multiplication instead of addition as we are dealing with the trigonometric case (and hence

addition for kp). On the other hand, for eg(a), the ansatz would be a linear combination of e(()a) eé’f )

and eéF)e(()a) (and likewise for f(/)(a)).

By computing the supercommutators [z,y} with
T = e(()F)e[()a), e(()a)e[()F) and y = féa)fé'r), fO(F)féa), (5.9.42)
we find that for a = F +1,
I(a a F /(a a F
Vit = vl kY =k + K,
I(a F) (a al 17Aaq a) (F
9 = 4D~ (M Pl 504

a) _ 1 a) p(r) lal pr—Aar p(F) (@)
= —(=Dlalg
1 = g (W8 = 0 )

would verify the corresponding ef relation. Likewise, checking the ef relation for a = F, we have

R R T (5.9.44)

29Here, by higher (resp. lower) modes, we mean the modes with larger (resp. smaller) absolute values |n|.
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and eg('L ) = 0 , fo = —e((f). However, to be compatible with the ee and ff relations that

contain modes with n = 0,+1, we need to multiply them by some extra factors:

NG
=R = Hy g0 e 2 el = —Hyo el (5.9.45)

Notice that they would still recover the transformations of the Chevalley generators under odd
reflections in the limit 5 — 0. One may check that these transformations are consistent with all
the other relations involving zero modes.

(b#r) /(a)

Next, let us consider the modes with n = £1. By considering the commutator of k; and e
with b = a £ 1 (which is always possible since there are at least four nodes in the qu1ver), we find
that fora = F +1,

e’l(a) = e(()F)ega) - (—1)|“|H{4“’ ega)e((f). (5.9.46)
Likewise,
@) _ 1 (a) £ (F) lal pr—Aar ¢(F) ¢(a)
1= To i A7 = (=) H, fo ') (5.9.47)
H{*t —H " ( )
Again, computing [z, y} with
z=e! )eg ),eg )eé ) and Y= fla)fo , 0 f(a), (5.9.48)
we find that
wial) _ ¢(+F7())w(a) CI/ZH—MaF ( arfl (F +H (F) 1(F)) w(f’)(p (5.9.49)
@) =y Jpl) — e 2 (Hf‘“’ ) ) 4 E e (”) ). (5.9.50)
In terms of the Heisenberg modes, we have
(F)
k;(a) _ kga) B Cl/QH;Ma,r ( aFfl )y Hy are(()F)fl(F)) Hfo , (5.9.51)
IEAGD)
kﬁ‘i) _ k(—al) o C_l/QHéVIa, (Hfa/ 6(_F1) éF) + HI—Aa/ f(gF)e(_Fl)) H1 kg ) (5'9'52)
By considering the commutation relations of kll(Fil) and e A , we find that
(F)
) = oy Mer o 1), (5.9.53)
where a can either be F 4+ 1 or f — 1 as M,y would be the same. Likewise,
(F)
f0 = 2o (—otel) + V2D eD) B (5.9.54)
_ )
/(/ ) _ 2MaF (Cff’ ) _ 01/2]{:(1) é/ )) Hl ko , (5'9‘55)
A
) ot g2Mar gk ) (5.9.56)
Using the ef relations, we get
M, 2 Ma
i) = —mFNer (D) ) R = - ). (5.9.57)

One may check that these transformations are consistent with all the other relations.

From the above discussions, we may also derive the transformations in terms of currents. By
applying the k4 modes successively, it is not hard to see that

¢@ (U = eé’L )e(a)(U) _ (—1)|“|Hi4afe(“)(U)e(()f ), (5.9.58)
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1
Hier — g Aer

FOW) = (f(“)(U)féF) _ (_1)\aIH1—AaFf(§F)f(a)(U)) (5.9.59)

for a = F £ 1. Then by considering their supercommutator, we find that each term contains some
formal delta function with other terms being cancelled. This yields

VI W) =) £ = (el SO D3 )

b ) : (5.9.60)
Hy A @ @)el ) 1 — f wﬁﬁ( ey .

It is less straightforward to write down the currents for F. Nevertheless, we can write some
conjectural expressions by computing a few more higher modes and then verify them using the
current relations. The perturbative calculations show that

' W) = 11 (C0) B (T E U )+ 1) oyt (¢t ).
(5.9.61)
10 = =l ccoyil! (et - L& (e oyal (et e ), (5962

where
Yy => v, ) =3 v
n>0 n<0
- (5.9.63)
i)=Y D, W)= elu,
n>0 n<0
and
() (r (r
() (7 (r) r) ?ﬁsﬂ Vi2— (w+, ) Y0
( ) (w—p) ¢+,O B U B U2
r N2 ([ (F
o3+ (w2) (v99)
- iE - ], (5.9.64)
2
o w) = (v!) (wiﬂ% —yu (w“, (21) wiﬁ&)
3 2
- <w<_€; +(0U]) (v42) > Ut - ) . (5.9.65)
In fact, we find that the perturbative expressions here coincide with the “inverse currents” that is,
sy =) (5.9.66)
Then we have .
D) =l (B U) (5.9.67)

Indeed, one may verify these expressions using the current relations. It is also worth noting that

K = — ganMer (), (5.9.68)

5.9.3 Higgsing

Recall that the toric quiver gauge theories have nice features under the Higgs-Kibble mechanism.
It is then natural to wonder if their BPS algebras are also connected via blowing up/down the
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singularities, or more precisely, if there is a subalgebra structure for a higgsed theory from a parent
theory.

As the higgsing process always merges the two neighbouring nodes, say a and a + 1, in the quiver
for any toric CY without compact divisors, we expect the generators associated with other nodes
(and the central element C') to be invariant. Of course, there is a relabelling for b > a + 1 as the
number of nodes is reduced by one after higgsing.

For /(@) (x = e, f,, k), where the primed letters indicate the generators for the higgsed theory,
it should be a combination of z(® and z(@*D. As discussed in Appendix E, the parity should

satisfy }x’(“)} = ‘a:(a)’ + ‘x(““)!. Therefore, for the zero modes, a natural candidate would be a

combination of eéa) eéaﬂ) and e(()aﬂ)eéa) (and likewise for f). Similar to the construction for toric

duality, we find that

eg(a) _ e(()a—i—l)e(()a) B (_1)\a||a+1\HlAa,a+1e(()a)e(()aﬂ)7 (5.9.69)
fa) _ 1 (@) p(a+1) _ _\lallat1| gp—Aa.at1 platl) o(a)

f1@ _ R (75754 (—p)lelles il Avans plett) o)) (5.9.70)

85 = SRR, KO = (5971

would give the expected subalgebra structure for the zero modes. This is precisely the transforma-
tion for a = F + 1 in the above discussions of toric duality with F replaced by a+ 1. In fact, in the
rational limit § — 0, this gives the surjection map of the Chevalley generators of the corresponding
affine Lie superalgebras.

(a—1) _ ;(a)
However, when we use k3, ~~ = ki or ky,

6(a) ), the expressions are not symmetric in e(®) and e(ot+1) (resp. f (@) and f (““)) any more. Indeed,

fatl) _ k:gffr 2 to get the higher modes from e:](a) (resp.

for instance, [k%a_l),ega)] yields

ell(a) _ 6(()a+1)e§a) B (_1)|a\\a+l|Hi4a,a+1ega)e(()a+1) (5.9.72)

while [k%a”),ega)} leads to

e = eVl — (el gt efefe . (5.9.73)
They are not equal to each other as can be seen from the ee relation. Explicitly,
a+1)eéa) _ (_1)|a”a+l|H{4a,a+1e(()a)ega"rl) — Héwa,a+1 <€gl+1)e§a) _ (_1)|(1H(1+1|Hi’4a,a+1ega)e(()a-'rl) )
(5.9.74)
a,a+1

Due to the non-trivial factor Hé\/[ , this transformation does not give the subalgebra structure.

Nevertheless, when Hs = 1, the quiver BPS algebras reduce to a one-parameter algebra, and the
/(a)

above two expressions for e}’ would coincide.

€}

Therefore, at least when ho = 0, for non-chiral quivers®’, the toroidal BPS algebra contains the
ones for the higgsed theories as its subalgebras. The surjection for the generators associated with
a and a + 1 are the same as the transformations for ¢ = F + 1 under toric duality with f replaced
by a F1 3L Of course, a + 1 (as well as a) can be either bosonic or fermionic. This is also the
case for the rational quiver Yangians, where the surjection map is most conveniently expressed in
the J presentation. See (4.5) in [15] (with conventions therein). It is not clear whether higgsing
would still lead to the subalgebra structure for generic hs, and if so, what the surjection map would
be. Physically, the two parameters of the algebra are related to the 2-background that is used
to resolve the singular target space of the supersymmetric quantum mechanics. In particular, the
scalars in the vector multiplets would also have non-zero VEVs. Therefore, the algebra structure
under higgsing could be closely related to the localizations of the Higgs and Coulomb branches [197].

30For C®/(Z2 x Z2) which can be higgsed to the suspended pinch point, this should also be true. The discussions
here do not cover C3, C x C?/Zs and the conifold although we still expect this to hold.
31 As a result, this gives two transformations, but they should essentially be the same up to a normalization factor.
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5.10 Elliptic Algebras for Non-Chiral Quivers

Now, let us have a discussion on the elliptic algebras for non-chiral quivers. Unlike the rational
and toroidal algebras for non-chiral quivers, it is more difficult to work with modes. This is due to
the existence of g-Pochhammer symbols in the elliptic case.

Given a generalized conifold zy = 2™ w? with M + N > 3, the elliptic quiver algebra E has the
relations

a b
@l (v) = P (vin (o), (5.10.1)
o (Ucv Lo e, ) <qU‘1C’_1VH w fy M ,q)oo
+
( U OV H H M) (qUOVEtHT A H )
(vrevafemyMg) (e tvoiE A ) 0
“(U)
( 1‘/—1}11 abH2 ab; q>oo (qU—l(JVHl abH2 ’q)oo
(5.10.2)
(U—10¥%VH1—AabH2—Mab; q) <qUCi%V—1Hi4abHé]Wab; q)
@) (V) = it = =0 ()
+ ! 1OF3 Aab ;y—Map +1v, 17— Aab pyMab +
<U— CF3V H ' f; Me ;q)oo (ch V-1 A Mo ;q)oo
(5.10.3)
(U—lci%VHAabH*Mab. ) <qUC:F%V—1H*AabHMab.q>
(a) ®) (V) — 77— Aab ! 2 Y )
v (U) fOUV) = Hy y—; ; Yo (U)
(U 1Ci2VH_ abH ab, ) (qUC':Fﬂ/*lHl abH2 ab;q)oo
(5.10.4)
(U71VH1*AabH2*Mab; q) (qUVleiAabHéwab; q>
e D(W)e® (V) = (_1)\a||b|H1Aab 00 20 o) (V)el) (1)
(U—lVHfabH;Mab; q>oo (qulel—AabHéWab; q>oo
(5.10.5)
\ , B <U—1VH abH_Mab ) <qUV_1H1_A“bHéV[ab;q) ,
FA) V) = (1) S y—— — PN
(vtva e my Meg) (vt Hy )
(5.10.6)
W), FOWV)} = 8w (8 (Ve w? (Ue2) — 6 (Uvio) u (veri2)).
(5.10.7)

Similar to the toroidal case, for any fermionic node f, we have ¢£_L/ )( U)e (V) = eV i
e(U)e)(V) = —e)(V)el)(U) ete. Moreover, when the central charge is trivial, that is, C
wsra)(U) commutes with @Z)@(V).

( )’
=1

)

To write down the Serre relations, let us first recall that both the rational and the toroidal algebras
have their versions of the brackets. Therefore, we would also like to use an “elliptic bracket” to
write the Serre relations for the elliptic cases. Let us introduce the operators yq(u) and &, (u) that
commute with all e, f, ¥+ generators in the elliptic algebras. They have the following correlators:

HAabeMubUflv;
oa(@xe(®) _ (gt Q)

— : (5.10.8)
(qu CHy U q) N
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*AabH*MabUflv.
o) _ G a)

<qu4abH2—MabU71V; q>
00

(5.10.9)

eXa(Wép(v) — 1 (5.10.10)
Then using the correlators of the “dressed” operators

E®(u) = eXee@(y) F@)(y) = e&a@ p@) () T (y) = exeue/2) gla(wFe/2) (@) ()
(5.10.11)
the relations of the elliptic algebras can be written in the same forms as those of the toroidal
algebras. For instance, the ee relations of the elliptic algebras now become

(Hé”abU . H{‘abV) <E(“) (W) E® (v)> — (—1)lalld (Hf“bHé”“bU - V) <E(b> (v) E@ (u)>
(5.10.12)
Therefore, the Serre relations of the elliptic algebras can simply be obtained by taking the ones of
the toroidal algebras. Then we replace the toroidal generators with the dressed elliptic generators
and take the correlators of the whole expressions. For brevity, we shall write them using the “elliptic
brackets” as

Efyﬂ :e(a) (1), [e(a> (us), e(ail)(v)}x}x =0 (la| =0), (5.10.13)

gfyfﬁ _e(a)(ul)y [eml)(m) [em)(ug),e(a—1>(vz)}x}x}x =0 (la| =1), (5.10.14)

Sym @) (), (£ (us), f(aﬂ)(”)}g}g —0  (la|=0), (5.10.15)

Sym -f<a>(u1), [f(curl)(vl) [f<a>(uZ),f<a1>(m)}§}£} =0 (la|=1). (5.10.16)
- 3

5.10.1 More on Mode Expansions

Although we would like to work with the currents directly, it would still be helpful to have a look at
their mode expansions. There are infinitely many groups of relations as a can be any non-negative
integer, but there are finitely many terms in each relation at each order. At order ¢, for instance,
the ee relations read

a b a b a ab (b b
egn)+1067(1)0 H{'e Hy Moo in)oegw)r o= (=1l (Hl ’ 7(1) Sn)ﬂo Hy Mo egLilOegn)O) (5.10.17)

which coincide with the ee relations for the toroidal algebra. In fact, all the relations at ¢° are the
same as those in the toroidal case. Therefore, the elliptic subalgebra Eg at order ¢ is isomorphic
to the toroidal algebra T. This is expected as the elliptic algebra E reduces to T in the limit ¢ — 0.

As another example, let us also write the e relations at order ¢! here:
(13" — mitv) ((—H;AabHMabUV*l - HAabH—MabVU*) o) (e 2u) e (v)
) (CT0) e (V) + oy (CTH20) e&”(V))

= (i mteu - v) ((—H mte o - H;AabH; Mooty oty (6720 o) (v)

+/Ilz)(ia,)1 (qul/QU) (b)(V) + egb) (V>¢§f’;)0 <C:Fl/2U>) ,
(5.10.18)
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from which we can write the corresponding mode relations. The other relations can be obtained in
a similar manner. For relations at higher orders of ¢, there would be more terms with larger ranges
of modes in the coefficients. In general, at order ¢, the 1+ (CJFI/ 2U) e(V') relations read

(0~ HoV) S S KA, (CT0) )
7=0 (e %1 +Oéél2g2oc—7

= (#iHU —V)i > K (A vyl (¢70)
¥=0

a1,a2
ajtag=a—y

(5.10.19)

for some functions K, coming from the expansions of (the product of) the g-Pochhammer symbols.
Here, we have suppressed the other indices and arguments in K, for brevity. In particular, Ko = 1.
The e(U)e(V) relations have the same coefficients (with an extra sign factor (—1)lll®l) while for
the ¥y (CTU) f(V) and f(U)f(V) relations, we simply have Ay, <> —Ag on both sides. We can
then write the mode relations at each order of ¢ from these current relations.

Heisenberg modes Similar to the discussions on the toroidal algebras above, as well as some
elliptic deformed algebras in [229], we may expand the 11 modes as

_1.(a) (a)
Cwy=m" exp [ Y KOU |, QU =HY exp [ Y 1], (5.10.20)

n#0 n#0

For convenience, we shall still refer to the k£ and [ modes as Heisenberg modes. Notice that the
sums are now over Z\{0}. Moreover,

u @[ &1
Pl = myh Zﬁ > kekry ke, | (5.10.21)

m=0 r; 70
ri++rm=n

“ @ | &1
1/1(—)71 —H Iy — E { Lidyy o | (5.10.22)
m=0 ’ r;#0
7’1+"'f7”m:n

In particular, k:(()a) and l[()a) are not equal to wgz)o (or 1/15?7)0,0) here. Nevertheless, the Heisenberg

modes may still play the role that raises or lowers the e, f modes. More explicitly,

KO RO = [12,10] = [6§10] = [k, 0] = o, (5.10.23)
a 1 1 -r T —r T rr—r4Aq

kﬁgo,zgw} =400, 7= (O = CT) My May (HlA“b — g H b) , (5.10.24)
k7, eP] = —Aweld, [k £P] = Awf ) (5.10.25)
160,60 = Awe?, [l 0] = —Aw s, (5.10.26)
[1.(@) _®] _ 11 C—T/ZH*TMab HTAab H*TAab (b)

Frz0> €n } i g 2 ( 1T >€n+r7 (5.10.27)
[ (a 1 1 r —rM, rAq —rA, b

[7(a 1 1 -r —rM, rAg —rAq b

[1(a 1 1 r —rM, rAg —rAg b

_lf,;mféb)} =—.1=4¢ /2y Mab (H1 b — H; ”) o (5.10.30)

However, the ef relations in terms of k and [ would be quite different from those of the toroidal
cases. This is one of the difficulties when discussing toric duality for elliptic algebras.
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5.10.2 Toric Duality

Let us have a brief discussion on toric duality for the elliptic cases. In fact, as discussed above, the
dressed currents E(®(u), F(@(u) and \Ifﬂf ) (u) introduced therein have the same relations as those
of the toroidal cases. Therefore, the previous transformations should also apply to the elliptic cases
using the dressed currents (with products replaced by correlators or normal orderings). Moreover,
by comparing these relations with the ones using the “bare” generators at each order ¢, we may
write the correlators (XY'), in the expansion of ¢q. For instance, from (5.10.19), we have

1,02
a1 tag=a—"y

<\1,$> (meU) £ (V)>a :; S K (Aw)v, (cﬂ/?U) D), (5.10.31)

(B e (c7P0)) =3 Y K (—Awel (v, (¢FU). (5.10.32)
=0 (o1 +032722(sz7
Nevertheless, let us still take a look at the original bare generators e, f, 1+ directly in the followings
for completeness.

Suppose that the node f is dualized. Then the currents associated to a # F,F 4+ 1 (and hence
C) should remain invariant. For a = F + 1, we expect the currents to have a combination of a
and F currents/modes similar to the ones in the toroidal cases. Let us recall that for the toroidal
algebras, we have

¢ (U) = [egf ), e(“)(U)} (5.10.33)

e’
where the deformed bracket is given by [z,y}q = 2y — (—1)"Wlgyz. Likewise, for the rational
algebras, we have

¢@(U) = [eg”, e<a>(U)} . (5.10.34)

As a result, each transformation is determined by its corresponding version of the bracket. More-
over, these are preciously the brackets that appear in their Serre relations. Therefore, we propose
that the elliptic version of the bracket is used here:

, (5.10.35)

¢ () = [e(F)(V),e(“)(U)} y

X

where y represents the elliptic deformed bracket as mentioned before and V? indicates that we only
take the terms of order V°. More explicitly, using the g-binomial theorem, we have

- 2Aar .
e/(a)(U) _ Z (Hl r’q)n <qH1—AaFHéWaF U)”

—= (@9
(6(F)6(“)(U) — (—1)lel gter gy 2 Mer =2ne(@) () F >> .

—-n

(5.10.36)

Likewise,
(Hl—ZAa/ ;q)n <qu4al Hy af U71>n

(¢ 9)n Her — gy Aer (5.10.37)
(f(a)(U)féF) _ (_1)|a\Hl—AaF HgnMaF U2nf£2)f(a)(U)> .

fOwy =3

n=0

For the node [, we expect that ¢/, are still given by the inverse currents, that is,

i) = ¢ (HQQM“FU)A- (5.10.38)
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Analogously, it is natural to conjecture that ¢/F/) and f') would have the same forms as in the
toroidal algebras. In other words ¢ = f>0d)jrl + fgod):l, fl= —ezogb;l — et where we have
omitted the different arguments in different factors for brevity.

Indeed, the inverse currents are consistent with the relations under toric duality. For instance, the
¢/(@¢/(F) relation contains

~1
@ (U)e®) FD ) (Cﬁ/QH;Mar V)

(valHI—Aa/ HQ—Ma/ QQ) <qU71VHi4a/ Hé\/[al ;q>
—(—D)llg=ty e o0

(Ufl VH A e q) i <qUV71 T g Ve q>°° (5.10.39)

[e.9]

—1
FOypH) (Cj”/zHQzM“F v) e@D(NEW) + ...

where ) (resp. .Fj(tl ) ) sketchily indicates the factors containing only e/ (resp. fU)) modes. The
ellipsis stands for the extra terms coming from exchanging these factors which should be cancelled
in the whole expression. Recall that A}, = —A, and M, = —M,;. As we can see, this recovers
the correct coefficient for the ¢/(®e/(F) relation.

Higgsing Similar to the rational and toroidal cases, the surjection (if it exists) induced from
higgsing should leave the central element C' and all but two (say, a and a + 1) currents invariant
(with a possible relabelling of nodes). However, due to the complication at higher orders of ¢, it is
more difficult to write the currents associated to a’ in terms of those for @ and a + 1. Nevertheless,
we may still conjecture that higgsing would also give subalgebras in the elliptic case, at least in
certain one-parameter degeneracy.

5.11 Heisenberg Modes for Chiral Cases

The transformations of the algebras for chiral quivers under toric duality are more difficult to find
since there does not seem to have the underlying affine Lie algebras and their relations can vary
case by case. A preliminary discussion can be found in [16, §4.2]. Here, we shall just make some
comments on the mode expansions. Similar to the discussions for non-chiral quivers, we may also
take the mode expansions as

W) = exp <Z kﬁla)U—”> , POU) = exp (Z l“,iU”) . (5.11.1)

neL ne”L

We shall still refer to k and [ as Heisenberg modes. Notice that the conventions when writing ko
and [y are slightly different from before, and the sums are over Z.

Consider two nodes a and b in any chiral quiver. Suppose that there are |a — b| = r and |[b — a| = s.
Then

{k(()a), l((]b)} =log (C7"°) = —(r + s)Bc, (5.11.2)
[ k| = = [7.07] =10g (€)= (r = s8¢, (5.11.3)
[l k8] = (18 1] = (7,100 ] = [KSko 18] = 0. (5.11.4)

Moreover, we have
log (HapV==N) e®(V), 1>
b

[l(()a)’e(b)(v)} = {log (~HapV - =9) e®(V), 7<), (5.11.5)
log ((=1)"Hap) e(b)(V), r=s

[ —|
O
B
(4]
>
=
—~~
<
SN—
—_
Il
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—log (HapV=U=2)) fO(V),  r>s
KO0 = [1§7, 1O 0)] = { ~log (~Ha V) FOV), 1<, (5.11.6)
—log ((—1)"Ha) fO(V), r=s

S
where Hyp = H Hclbﬁ H H;ﬁ It would be more useful to write them as
=1

@ 1 (@)

eErh (DT ke = sgn(r, s)Hop g";l (r # s), (5.11.7)
(a) (@)
ei'r sk féb)e:':'risko = Sgn(r’ S)Habris fn:l:l (7” # S)’ (5118)
ko e ®)e ke sen(r, s)Hape®  (r=s), (5.11.9)
(a) a
0 (O = son(r, §)Ha fO (1 = 5), (5.11.10)
(5.11.11)
and likewise for l(()a), where we have defined
1, r>S
sgn(r,s) =< (=1)", r=s. (5.11.12)
-1, r<s

The remaining relations would be different for the toroidal and the elliptic cases. For the toroidal
algebras, we have

:k,(g),ep] = o ZHbaa Z ar | e (m>0), (5.11.13)
:k"%)’féb)] Cm/2 ZHbaJ Z o | 1 (m>0), (5.11.14)
:l() ()] —omre ZHbaa ZH&"Z el (m>0), (5.11.15)
:l(—c?m é)] - _; o ZHbaJ ZHabz Itm  (m>0), (5.11.16)
:k’(’?)’e%)] - [k%)’ffgb)] = [Z@n’ gb)} [_m,fn } =0 (m<0), (5.11.17)
L3 lnb)} = 5m+n70% (s Sm>0 ZHbaj + Om<o Z o (m#0), (5.11.18)

where dcong is 1 when the condition cond is satisfied and 0 otherwise. Notice that we would only
raise the e, f modes using the non-zero Heisenberg modes. If we take t = 1 in the balancing factor
(U V)éxab for the toroidal algebras, then only k,, and [_,, with m < 0 would lower the e, f modes
while the other non-zero Heisenberg modes would commute with them. This would also make
certain changs in (5.11.7)~(5.11.10).

For the elliptic algebras, we have

[knff),enb)} 77111_(] cm/? ZHba] Z e, (5.11.19)
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B0 1] = %1 R ZHbaJ Z an | Fik (5.11.20)
l(—ar)m M = %1 D ZHbaJ ZHW ) s (5.11.21)
:582“ M = _E1 g cm? ZHba,J ZH@T M (5.11.22)
:kfg)’l"b)} = m+n70% 1_1q (en Z s ZHba,J : (5.11.23)

where m # 0. If we take t = 1 in the balancing factor (UV)éX“b, then 1/(1 —¢™) would be changed
to1/(¢g7™—1).

5.12 Free Field Realizations

Let us now discuss the free field realizations of the toroidal and elliptic quiver BPS algebras. From
the discussions of the dressed operators above, it suffices to consider the toroidal case. For non-
chiral quivers, the level (1,0) representation (when ¢ = h;) was given in [?] with notations and
conventions therein. Therefore, we shall only mention the cases for chiral quivers here.

Let us rewrite the balancing factor in (5.8.10) as (][] Hab,i)l/2 (11 Hba,i)_l/2 (UV)Xab/2 for conve-
nience. We have essentially made two changes here. First, we use the convention t = 1 instead
of —1. Moreover, the extra factors with Hg,; (and Hp, ;) are included so as to remove the half
integer powers of these parameters (just like what (5.8.10) does for the spectral parameters). Of
course, these extra factors can always be re-absorbed into the OPEs of the free fields that will be
introduced below.

In the remaining part of this section, we shall write q = C. It would also be convenient to use the

standard notation [n]q = qq = .

. Let us write the OPE of two vertex operators as
VIH(Z)V2 (W) = QA(Z)Ve (W) (Vi(2)Va (W), (5.12.1)

where we have used (...) to denote the normal ordering and (...) is the contraction. In partic-
ular, V1 (Z2)Va(W)) = V2(W)V1(Z)). Notice that here, the contraction (Vi(z)Va(w)) which is a
rational function should be understood as a Laurent series that converges in the region |Z| > |W]|.
Therefore, it would be helpful to recall that for any rational function F(Z), we have

Z F(Z)
F @l -~ P == L0 (£ ) Rese 77 (5122)
where [...]4 denotes the Laurent expansion in the region A and the sum is over all the poles r; of

F other than 0 and co. As we are actually considering the g-deformed algebras, we shall also use
the difference operator 9 such that

V(gZ) -V (172)
(a—q 1z

V(Z) = (5.12.3)
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Let us introduce the generators satisfying

:Ega)vxgb ] = 5T‘+SO Zqua iy
y,@ ),y ] — 5T+8707q > qHa, (5.12.4)
2
r
'77E )77§b):| = 6ab57'+s,0[£q,

with the other commutators vanishing. Consider the currents

X@U) = log(U) + 2 (47'U) - “”(U) + a2 log(U) + al,
YO@) =1og(U) + ' (q7'U) — o' (U) = 4§V 10g(V) — a?, (5.12.5)
(W) = 4 (U) qwi)(U) iv( ) + 45 )log(U),

where
(a)

AREDY [?f] UFr (5.12.6)
r>0 q

and likewise for yi ( )y Y (U ). We have also introduced the elements al 3)/, 7 such that

<exp ( gc“ > \a—>b| <exp (az(/a)) Uy(()a)> — U—\a—>b|,

Ju
( (az(a ) exp ( E )) )6‘1# (exp (Oéga) + az(b))) (i =m,y), (5.12.7)
) o) = o o4 8). 695
(7 o ()
Here, €(a,b) and £(a,b) can be any non-zero numbers satisfying Ea bg = (—1)XaF1 and ZEZS; =-1

(for a # b). We can then obtain the OPEs for X(@ y(a), I‘(ia) from

(0 (x50 exp (+2)) ) = TT (1 -ttt )

<exp (y@(U)) exp (y(j)(v)» - H (1 - qHab,i‘(j> - , (5.12.8)

(o0 (@) o0 (01))) = (1 - g) |
With these currents, we have
¢T)<U>=q-f (exp (o (a7120) = (a20) =l (2 20) #0720 ) )
V) = (exp(x (a7220) =l (a720) ol (at20) o (a7 20 ) )
L0 (17) = <exp ( @) dexp (rO(0))).
() exp (K@)

This follows from a straightforward check with the use of the property §(Z/W) f(Z) = 6(Z/W) f(W)
of the formal delta function for any Laurent series f(Z).

(5.12.9)
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From the above discussions, we can also obtain the free field realization for the elliptic algebras
using the dressed operators®?. In other words, \I/S; ) (U), E@(U), F(9)(U) have the same expressions
as the right hand sides in (5.12.9).

5.13 Outlook

The shallow discussion here is just the tip of the iceberg, and there are still many open problems left.
For instance, it could be useful to consider the free fermion representations [230] in the discussions
of R-matrices. As such formalism is intimately related to crystal melting [41,231], it could then be
possible to give a full description of the contour integral forms in the R7 7T relation.

One may also use the Wakimoto representations [232,233]. For the conifold case, this was analyzed
very recently in [234]. It was shown that one can correctly recover the corresponding quiver Yangian
starting from the A/ = 2 superconformal W algebra. In general, a notable feature of R-matrices
constructed from Wakimoto realizations is that they would depend not only on u — v but also on
other more spectral parameters.

In the constructions of R-matrices for various representations to reproduce the quiver Yangian
relations, the screening operator is always a useful tool. For instance, a free field realization for the
(truncations of) W algebra was constructed in [235] as the kernel of some screening fields acting on
the tensor product of current algebras. This was shown to be equivalent to the free field realization
from Miura operators in [66]. It would be interesting to investigate this in the context of matrix
extended W algebras (some relevant discussions can be found in [14, §5]).

When starting from certain algebra/theory to construct the R-matrix and reproduce the quiver
Yangian relations, one often benefits from the underlying Kac-Moody (super)algebra. Therefore,
it would be helpful to see if there is any similar approach for any CY3/quivers that extends the
cases of generalized conifolds. Moreover, the study of R-matrices for quiver Yangians might lead
to further applications to the Bethe/gauge correspondence [212-214]. Recently, it was later found
in [58] that a consistent construction of R-matrices is restricted to symmetric quivers (for unshifted
quiver Yangians) and hence rules out those associated to CY3 with compact divisors. Therefore,
any further generalization would require a more delicate treatment.

As both the quiver Yangians and MO Yangians are constructed from quivers, it is natural to
expect some connections of the two Yangian algebras. However, the precise relation between them
is still not known in general. A possible direction could be the notion of tripled quivers. Further
explorations of these quantum algebras might give us a deeper understanding of various physical
and mathematical problems.

The coproduct plays an important role when studying the Bethe/gauge correspondence from the
BPS quiver algebra [14,58]. Similar to the map from the quiver Yangian to the W-algebra, it would
be natural to wonder whether we can write some R7TT-like presentation of the quiver Yangian,
which might in turn shed light on the Bethe/gauge correspondence. The construction of the co-
product we have benefits from the untwisted affine Lie superalgebra of A-type. A natural extension
would be a more thorough study on quiver Yangians for the remaining generalized conifolds (i.e.,
(M,N) = (2,0), M = N), as well as C3/(Zy x Zs). All of them have underlying Kac-Moody
algebras. It is worth noting that a method of computing the coproduct perturbatively is given
in [58, Appendix C] for generalized conifolds. For the cases with M = N, due to the vanishing
Killing forms®*, we would probably need to consider the algebra gl(M|M). This could be sim-
ilar to the Khoroshkin-Tolstoy approach [236,237]. More generally, for toric CYs with compact

32Notice that the dressed operators discussed above are for non-chiral quivers. However, the construction is similar
for the chiral cases.

33This is also the situation for D(2,1;a) and osp(2N + 2|2N). The former is associated to the quiver Yangian for
C®/(Zs2 x 7). For the latter case, we do not have associated quiver Yangians so far. It would also be interesting to
see whether there can be similar (BPS) algebras for the orthosymplectic cases.
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4-cycles, the quiver Yangians do not seem to have such underlying Kac-Moody algebras. It would
be desirable to find the coproduct of the rational algebra associated to any quiver.

Apart from the above perspectives, the study of quiver BPS algebras and W-algebras could give
new insights in the study of BPS/CFT correspondence [79,80]. In particular, it is believed that
both the quiver Yangians and the Wy nx algebras should play the role as the double of the
corresponding cohomological Hall algebras [57,69]. This would also be intimately related to the
wall crossing phenomenon.

Regarding the truncations and VOAs, we have only explicitly discussed the crystal configurations
here for [ = 1. As analyzed in [57], when the crystal is truncated at some atom, this leads to some
extra conditions that €; should satisfy on the quiver Yangian side. On the other hand, recall that
we also have certain condition on ¢; for ® to be homomorphic, and the truncation comes from the
parameter [ on the W-algebra side. We expect that the cut at [ would not provide all the possible
truncations of the crystal. It is very likely that the coefficients in the actions of some U-modes
become zero due to the truncation conditions on €7 from the quiver Yangians. Besides, there are
more general truncations, namely the z!3y'2ztw! -algebras, as mentioned above. They might also
give possible truncations on the crystal. Moreover, it would be interesting to see whether other
crystal configurations, such as crystals in other chambers [12,44, 151] and 2d crystals [14,58,152],
could give similar relations.

It still remains an open question whether the quiver Yangians for more general geometry, espe-
cially those associated to toric CYs with compact divisors, could have some W-algebras as their
truncations. It might be possible to construct the VOAs from the quiver Yangians in this setting
and compare them with other constructions.

We may also consider the truncations of the toroidal and even elliptic quiver BPS algebras. It could
be possible that they would lead to deformations of the rational VOAs. In particular, the toroidal
algebra for C? is shown to be a g-deformation of the Wi, o-algebra in [238]. We conjecture that
there exist certain g-deformations of the Wy nxoo-algebras such that for toroidal BPS algebras T
associated to the generalized conifolds, we have the following commutative diagram which would
give the 5d AGT correspondence:

@

T U(eWhrinxit)

~ P, ® Py, N
T®T > U(Wnxiy) QU (Vv i)

: (5.13.1)

where ®; are some surjections and the hats denote the completions of the algebras. On the BPS
algebra side, this would require a detailed study on the so-called horizontal representations of the
algebras with non-trivial central element C so that we can get vertex operators from the generators.
On the VOA side, we need to find some suitable deformations of the Wy nxoo-algebras studied
in [69,70].

Recall that there is another duality for toric quiver gauge theories known as the specular duality,
and we have seen that many concepts and quantities enjoy nice properties under such duality. As
specular duality does not preserve the mesonic moduli space (except self-dual cases) although the
Hilbert series would agree up to some fugacity maps, we do not expect the quiver BPS algebras
to be isomorphic under specular duality. However, it exchanges the internal and external perfect
matchings, which are associated to the internal and external points of the toric diagram respectively,
of the dual brane tilings.

As each arrow in the quiver can be written in terms of a product of some perfect matchings, the
arrows also have a one-to-one correspondence for specular dual theories. It is then natural to
wonder if the charge assignments would also follow this correspondence of the arrows. However,
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we have checked several examples and this is not the case, even for self-dual ones®*. Nevertheless,
as argued in [57], the perfect matchings can be used to determine certain truncations of the quiver
Yangian. This is because such truncations come from adding D4-branes to the divisors of the toric
CY threefold, which correspond to the lattice points of the toric diagram. In [57], such truncations
were only identified for external (or more precisely, corner) perfect matchings. It could be possible
that the truncations from D4-branes associated to internal points can be studied from the specular
dual case, where the internal perfect matchings are mapped to the external ones®’.

34For a self-dual quiver, an arrow would often be mapped to a different arrow in the quiver.
350f course, there can also be external lattice points that are not at the corners. Moreover, for non-reflexive
polygons, specular duality can relate brane tilings on Riemann surfaces with higher genus [239].
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Chapter 6

Chiral Rings and K-Stability

So far, most of our discussions are restricted to the toric varieties. Although extending the study
to more general settings could be difficult, in this chapter, we shall consider the chiral rings with
the tools of K-stability that in principle can be applied to any geometry.

It is known mathematically that the K-stability of a ring can be determined by considering the so-
called test symmetries that “perturb” the Hilbert series of the associated variety. However, explicit
calculations have only been performed for the simplest cases before. Here, we consider more non-
trivial examples, and discuss various ways to find the test symmetries. In particular, we give the
first examples to our best knowledge whose test symmetries would also “perturb” the numerators
of the Hilbert series. Moreover, we will also mention some subtleties previously overlooked in the
calculations that are worth more careful study in future. Physically, it is conjectured that a chiral
ring is a ring of some CFT if and only if it is K-stable. After illustrating the K-stability calculations
with various examples, ranging from instanton moduli spaces to phenomenological models, we find
some counterexamples of the conjecture. Nevertheless, this does not rule out the possibility that
being K-stable still serves as a necessary condition.

Before we discuss these results in more detail, let us first review some preliminaries of the chiral
rings, as well as the concept of K-stability. For supersymmetric gauge theories in 4d with A/ = 1,
the chiral rings are important in the study of their dynamics; this is the set of operators annihi-
lated by Qg, defined modulo {Q4, -}, closed under addition and multiplication, whereby forming
a ring structure. In [89], the interesting question of when a polynomial ring is the chiral ring of a
superconformal field theory (SCFT) was posed. Since many new symmetries might emerge when a
theory flows to IR (e.g. some free operators in the IR have these new symmetries acting on them),
the idea of chiral ring stability was introduced in [89] to determine whether there could be some
new ring that would destabilize the original ring in the sense that the destabilizing ring would have
a larger symmetry and would give no less central charge compared to the original ring!. It was
argued in [89] that this is equivalent to the concept of K-stability®. In [160,240], for a polarized
ring with symmetry/Reeb vector field ¢, K-stability is determined via perturbing the ring by a test
symmetry en for some symmetry 7 and small e.

The (Donaldson-)Futaki invariant, which constitutes the criterion for K-stability, was originally
defined in [241] and then generalized in [242] and [243] as an obstruction to constructing metrics:
its vanishing is a necessary condition of the existence of Kahler-Einstein metrics on Fano varieties.
For general compact complex manifolds, it is conjectured that K-stability is equivalent to the
existence of constant scalar curvature Kahler (cscK) metric.

In [160,240], the notion of K-stability was extended to any Sasakian manifold, including irregular
ones. It was shown that if a Sasakian manifold S with Reeb vector field ¢ has a constant scalar
curvature metric, then its cone (Cone(S), () is K-semistable (see Definition 6.1.2). In particular, we
can use Hilbert series (HS) to compute Futaki invariants. For an affine variety X € C™ cut out by

'Notice that this does not violate the a-theorem which requires the central charge to decrease under RG flow
since the original ring is not a ring of an SCFT.
2Therefore, we will use the words “stability” and “K-stability” interchangeably throughout.
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some I C C[zy,...,znN] such that X = Spec(R), where R = C[zy,...,zyN]/I, the symmetry/Reeb
field ¢ € t acts on the functions on X with positive weights, where t is the Lie algebra of the torus
action 7' C Aut(X). Then we can write the HS with respect to the weighting of ¢ (strictly, we
should think of the HS as being associated to the weighted projective variety obtained from the
projectivization of the affine variety, keeping the weights as multi-degrees). To see if there exists
a destabilizing ring which has a larger symmetry, we perturb the HS with a test symmetry n by
considering (¢ + en). The information of the grading induced by 7 is reflected by the coefficients
(and derivatives thereof) in the Laurent expansion for the perturbed HS. With this data, we may
follow the standard algebro-geometric set-up to compute the Futaki invariant.

Such idea can then be applied to various aspects in physics. It was shown that the Lichnerowicz
obstruction in [244] is in fact the problem of K-semistability for deformations arising from Rees
algebras of principal ideals. Moreover, K-(semi)stability for product test configurations is equivalent
to volume minimization. In light of AdS/CFT, this is then related to a-maximization [113]. For
a general test configuration induced by 7, if we find some destabilizing ring at the central fibre
(i.e., the flat limit of the test configuration) whose symmetry is ((e) parameterized by €, then
following [89], the Futaki invariant is equal to the derivative of ag({(€)) with respect to €, where
ap(C(€)) is the leading coefficient in the Laurent expansion for the HS of the destabilizing ring
weighted by ((e€). It turns out that this ag(((€)) is inversely proportional to the central charge
of the destabilizing chiral ring. Hence, K-stability, serving as some generalized a-maximization, is
naturally related to the conformality of supersymmetric gauge theories.

6.1 Chiral Rings of Supersymmetric Gauge Theories

We shall focus on the chiral rings of (3+1)-dimensional SCFT [245-247] for whose supersymmetry
we will write in N/ = 1 language. In short, this is simply the set of operators O; which are
“holomorphic” in that they are annihilated by the supercharges Q4 so that they are defined modulo
the cohomolgy thereof; hence there exists an operator y such that

O; ~ O0; + [Qa, x] - (6.1.1)

The ring structure follows from the fact that (1) there is an identity operator O =1, (2) the sum

and product of two chiral operators remain chiral, and (3) the structure constant is that for the

(spacetime independent) OPE for the VEVs: 0;0; = ZijOk. In fact, this ring is a (finite)
k

commutative ring with identity.

Computationally, the classical chiral ring can be determined as follows. We have a superpotential
W, which is a holomorphic polynomial in O;, each of which can be thought of as a matrix operator
in an appropriate representation of the gauge group, with over-all trace. Consider all (complex)
components ¢; of all the O;, and work over the polynomial ring R = C[¢;]. The F-terms, constituted
by the partial derivatives of W with respective to ¢;, can be thought of as the Jacobian ideal
J = (04,W) C R. The chiral ring can then be thought of as the quotient ring R/J (giving us the
“master space” [28]), and then quotiented further by any polynomial relations which arise from the
traces, such as those obeyed by Newton relations. For example, for SU(N) theory with a chiral
field ® in the adjoint, the chiral ring is freely generated by the single-trace operators tr(®?) for
1=0,1,2,..., N — 1 because any tr (<I>i>N) can be written as Newton polynomials of the former
and any multi-trace operator is just products of these single-traces.

The above should be compared and contrasted with the calculation of the classical vacuum moduli
space (VMS), which is the GIT quotient of J by the complexified gauge group [248]. Computa-
tionally, this is done by considering the minimal set of gauge invariant operators (GIOs) G in the
theory, each being a single-trace operator, and thus a polynomial in the ¢;. Then the classical VMS
is the image of quotient ring R/J under the map {D;} into S = C[D;] [34,36,249]. Importantly, in
AdS/CFT, this VMS is nothing more than the Calabi-Yau variety X which a single brane probes
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and whose world-volume gauge theory is the SCFT; for N parallel stack of D-branes, the VMS is
the N*® symmetric product of X.

It should be emphasized that the classical chiral ring and the VMS both receive quantum cor-
rections due to strongly coupled effects such as instantons. Algebro-geometrically, the correc-
tion often corresponds to a complex structure deformation. For example, in N =1 SQCD, the
c}assical Chirfxl 0per~ators are the mesons M]Z = QZQ? aind baryons BN = €ar..an Qi - QFY,
B =e€qy..ay Q?ll . QZQV in terms of the quarks @; and @Q;, with the famous relation for the VMS:

BUiNB; =M J[lll . M;]J\\]’ ! Interestingly, in [27], it was shown that all the classical VMSs are

affine Calabi-Yau (Gorenstein) singularities.

6.1.1 Hilbert Series

One of the most important quantities which characterize an algebraic variety X is the Hilbert
series. We have mentioned Hilber series in our previous discussions. For completeness, let us have
a more detailed discussion here. The relevance of computing the HS in relation to the volume
of the Sasaki-Einstein base in toric AdS/CFT has been the beautiful work of [113,114,250]. In
parallel, a plethystic programme was established [25, 26] addressing the key problem of counting
GIOs in gauge theory (q.v. [27-32]). Moreover, its properties have also been exploited to study
the phenomenology of the standard model, ranging from question of vacuum structure to operator
selection [33-40].

We recall that for a variety X in Clxy, ..., x|, the HS is the generating function for the dimension
of the graded pieces:

= (dime X;)t (6.1.2)
=0

where X;, the i*® graded piece of X can be thought of as the number of independent degree i
(Laurent) polynomials on the variety X. The most useful property of HS is that it is a rational
function in ¢ and can be written in 2 ways:

QO HS of first kind ;
S B R 615
A= of second kind .

Importantly, both P(t) and Q(t) are polynomials with integer coefficients and the powers of the
denominators are such that the order of the pole captures the dimension of the variety and the
embedding space C¥ within which X is an algebraic variety, respectively for the first and second
kind.

Let us summarize a few key properties of the HS which we will need:

e It is not a topological invariant and does depend on embedding and choice of grading/weighting
for the coordinate ring for X. The weight comes from a choice of a symmetry/Reeb vector
field ¢ of the theory. Typically, we choose the U(1)z symmetry of the SCFT to weight the
fields, and, thence the GIO variables of X;

e Written in the second kind, P(1) equals to the degree of the variety;

e Also in the second kind, if P(t) is palindromic, then Stanley’s theorem says this is equivalent
to X being Gorenstein [251], which for our purposes can be taken to mean affine Calabi-Yau;

e A Laurent expansion for the Hilbert series of second kind in (6.1.3) can be developed, as a
partial fraction expansion:
Vi Vs Va Vi

HS(t;X):W+...(1_t)3+(1_t>2+1_t+V0+O(1—t), (6.1.4)
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where we see explicitly that the Hilbert series is a rational function and the degree of its most
singular pole is the dimension of X.

In the case of X being a toric Calabi-Yau variety of dimension 3 (such as in the vast majority
of known cases of AdS5/CFTy), the coefficients V{1 2,3 are related directly to the Reeb vector
of X so that V3 is the volume of the spherical Sasaki-Einstein horizon?®.

e In the notation of [89], suppose the underlying (Calabi-Yau) geometry (VMS) is X, of complex
dimension n = 3, we have a U(1)r symmetry ¢ with the associated trial central charge a((),
we perform the Laurent expansion of the Hilbert series as

ao(¢) N a1(¢)

HS(t =e ¢ X) = 53 52

+... (6.1.5)

Then, we have that

— the coefficient ag is proportional to the (normalized) volume of the base over which X
is a cone (for example, X = C3 = Cone(S?));

— the trial a-charge (of order N?) is given by

27TN? 1

a(¢) = ?m;

(6.1.6)

— the holomorphic volume (3,0)-form Q (from the Calabi-Yau condition of X) will be
chosen to have charge 2, which implies that ag = aq;

— the coefficient a¢(() is a convex function in the symmetry generators [113].

e For complete intersection varieties, i.e., the codimension of X being exactly equal to the
number of defining polynomials, the HS is relatively easy to construct [25,26]. In particular,
the simplest case of a complete intersection is that of a single defining equation and X
being codimension 1, viz., a hypersurface. For example, consider the quadric hypersurface
Q = {2% +9? + 22 + w? = 0} in C*, otherwise known as the conifold singularity as a local
Calabi-Yau threefold. Suppose we weigh the variables as W (x,y, z,w) = (1,1,1,1), then we
have 4 generators (variables), each of degree 1, obeying the one quadratic defining relation,
of degree 2. For each generator we place a factor of (1 — ") in the denominator, and for
each relation of degree d, we place a factor of (1 — t%) in the numerator. Therefore, the HS

here is simply HS(¢; Q) = } g

In fact, one can define a pair of inverse functions [26], the plethystic exponential PE[f(t)] and
the plethystic logarithm PL[f(t)] for any analytic function f(¢) affording Taylor series about
0:

PELS(1] = exp (z “) oo

o
= Z apt” =
n=0

where (k) is the Mobius function, which for an integer k is equal to 0 if £ has repeated prime
factors, equal to 1 if £ = 1 and equal to (—1)™ if k is a product of n distinct primes. That
the above pair are indeed inverses of each other is non-trivial and involves the arithmetic
properties of p.

3The relation to the Reeb vector, at least for toric X, is as follows [114]. Refine the generating function into
tri-variate (this can always be done for toric X), in terms of ¢;—1,2,3 and set ¢; := exp(—b;q) where b = (b1, b2, b3) is
the Reeb vector for the 3 isometries of X as a toric variety. Then Laurent expand f(t1,t2,t3) near ¢ — 0 to compare
with (6.1.4).
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The remarkable fact is that (though it has poles at ¢ = 1) the HS is analytic about ¢t = 0
and can be used as the functional argument of PE and PL. Indeed, HS(¢; X) for X being
the supersymmetric vacuum moduli space of the SCFT is the generating function for the
single-trace operators in the chiral ring and PE[HS(¢; X)| counts the multi-trace operators.
Moreover, PL[HS(¢; X)] is a polynomial for complete intersections and explicitly counts the
generators (the first positive terms) and relations (the first negative terms) for X of each
degree’. For our above conifold example, PL[HS(¢; Q)] = 4t — t2, signifying 4 degree-one
generators obeying 1 quadratic relation.

e It should be emphasized that the generic variety, and chiral ring, is not complete intersection
and the presentation of the generators and relations could be rather complicated. In such
situations, the most standard method is to compute the Grébner basis of X. The advantage
of the Grébner basis method is that it is algebraic and algorithmic. We describe this in more
detail in Appendix J. On the other hand, as we are considering the Higgs branch, we can
also use another method, namely the Molien- Weyl integral, to compute HS. For a detailed
treatment, readers are referred to [25].

6.1.2 Flat Limits and Central Fibres

As mentioned above, (K-)stability and the Futaki invariant are related to the existence of a
destabilizing ring for X. We start with some test configuration X, that is, X with a one-
parameter subgroup 7(t) : C* — GL(m,C). For any polynomial f, in our convention, we have
() - ixo,...,zm) = f(n(t)zo,...,nt)xy,). We will always assume that 7(t) is diagonal un-
der a unitary change of basis. The test configuration now has the ring Clxg,...,zy,]/]; with
I, = {n(t) - f|f € I}, where I is the ideal defining the ring of X. Then to get the central fibre,
we need to take the flat limit defined as follows (see Appendix J for details on initial ideals and
polynomial ordering).

Definition 6.1.1. For any f € I, we find the initial polynomial in(f) with respect to the ordering
defined by n(t) such that in(f) is the lowest weight polynomial. Then the flat limit of I is Iy =

lim I = {in(f)|f € I}.

Notice that, however, following [89,240], it should be a partial ordering rather than a total ordering.
For instance, consider the conifold w? + 2 + 52 + 22 = 0. If we have n(t) - (w, z,y, 2) = (tw, z,y, 2),
then the test configuration is t?w? + 2% + y? + 22 = 0. Taking the flat limit gives the central fibre
22 +y% 422 = 0, rather than a single monomial. On the other hand, if we consider n(t)-(w, x,y, z) =
(ttw,x,y, 2), i.e., the test symmetry n with charges (—1,0,0,0), we would get w? = 0.

It is also worthing noting that for more general cases, if we simply take the initial polynomials of
the generators of the ideal, we may get a smaller ideal than the flat limit [252]°. To get the exact
flat limit, the strategy is to compute the Grobner basis. Let us consider the twisted cubic curve
example in [253], where I = (fi, f2, f3) for fi = w? — xy, fo = wy — z2, f3 = wz —y?, and the
action is n(t) = (t716,¢+74,¢t71,1). The test configuration is

nfi =t72w? —tPay, nfo =t Twy —t7xz, nfy =t Owz — 722 (6.1.8)

Naively, the flat limit is generated by w?, wy, wz. However, if we consider the Grébner basis for

fi, we have
w? — zy, wy — xz, wz —y?, 2% —y°. (6.1.9)

Hence, the flat limit should really be generated by w?, wy, wz, xz°.

4For non-complete intersections, there are terms of higher orders known as syzygies that enumerates relations
among basic relations and generators.

5The reason behind it is actually related to the syzygies. For more details, see [253, 254].
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6.1.3 Futaki Invariant and K-Stability

Let us start with the (polarized) ring (X, () with symmetry ¢. Throughout, by “polarized” we
mean that the ring is also equipped with a Reeb symmetry. Also note, by slight abuse of notation,
that we will use X for varieties and associated coordinate rings interchangeably. Then to find out
whether there would be a ring destabilizing X, we need to consider some test symmetry n. As
aforementioned, this is done by considering some test configuration X; = C[z;]/I; induced by the
test symmetry, and then taking the flat limit ¢ — 0 to get the central fibre Xy = Cl[z;]/Iy. For
general ¢, X; would be isometric to X while Xy may or may not be trivial.

From [252], we know that the total weight wy, of the action on the (sufficiently high) degree k piece
of our graded ring can be written as a polynomial

wy, = bok™ + b1 k" 4L (6.1.10)

where from [160], we learn that (up to a positive constant dependent only on the dimension n)°
1
b = ———Dca;(( + en) . (6.1.11)
n—u e=0

The Futaki invariant is then defined as” [252]

F(X;¢,n) = %bo_bl- (6.1.12)

There is also an equivalent definition in [160, 240]%:

a1 (¢ + en)

F(X;6m) = Deao(¢ +em) +maoDey eemos)

(6.1.13)

where D, is defined in (6.1.16) below. We remark that the Futaki invariant in its original context,
was in terms of a integral as detailed in the footnote, due to the purely algebraic recasting above,
it is sometimes referred to as the Futaki-Donaldson invariant.

Algorithmically, our Futaki invariant can be determined as follows [89]:

e For a symmetry/weighting ¢ of the variables of X such that the holomorphic top form has
charge/weight 2, compute the HS (thus in particular ap(¢) = a;1(¢) in our convention);

e Find a test symmetry n of X, expressed as a vector of weights”, as (;

e Consider the possible U(1)z symmetry, for some small € > 0 (so that the central fibre from
the test symmetry e(n — a() is the same as the one from 7),

(€)= ¢+ el — a¢) = (1 — ae)¢ + e, (6.1.14)

where a can be obtained from

a= (6.1.15)

1 (dal(C+677) B dao(<+en)>
an(¢) de de =0

51n fact, up to some convention, the a;’s also act as leading and subleading coefficients of a polynomial, namely
the dimension dj, of the degree k piece of the graded ring: dp = agk™+a1k™ ' +..., which is nothing but the Hilbert
function of X.

"There is also a differential geometric definition of Futaki invariant. Specifically, for a smooth n-dimensional
normal variety X (the generalizations allow X to be singular) with Kéahler form w € [c;(Tx)] and Ricci potential
h. so that Ric(w) — w = 5=9dh,, where Ric(w) is the Ricci form. Then the Futaki invariant, for some holomorphic
vetor field v on X, is Fo, (1) (v) = [ v(h)w™. Since it is a character on the Lie algebra of v and independent of the
choice of w, this is an holomorphic invariant [255]. One can show that if X is smooth and the C*-action is induced
by a holomorphic vector field, then (6.1.12) is the sames as the differential geometric Futaki invariant [252].

8Notice that due to different conventions of ao and a1, our definition here should agree with the definition
in [160,240,252] up to some positive constant depending only on dimension.

9Technically, 7 is a square matrix, but as we will see, it is always assumed to be diagnolizable.
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e With respect to this new weighting, compute the HS and perform the usual Laurent expansion
(6.1.5) to extract the coefficients ag ({(€)) = a1 ({(€));

e The Futaki invariant is obtained by

F(X:Cn) = Do (C(e)

_ = Dan(C(©)lemo. (6.1.16)

As argued in [89], (6.1.16) is equivalent to the original definition of Futaki invariant in [243] by
considering

F = D00 = ¢+ et - a0))

= (n—aQ)- a6|e=0

= n- a6 —ag - a6|6=0

= Deap(¢ +€n) + alo <da1(i€+ &) - dao(i:- en)) nag
a1(¢ +en)
ao(C+en) | —y
where we have used ¢-a, = Dca;((+¢() = —(n—1)a;({) to get the fourth line, and the last equality

is the quotient rule of derivatives with n-agle=o = 1-a1|e=o = ap. As we can see, the result obtained
in (6.1.17) is exactly (6.1.13).

e=0

e=0

= Deag(¢ + en) + nagD. (6.1.17)

Following the third line in (6.1.17), it is straightforward that F' is linear with respect to the test
symmetry. For the first term, we have (sn1+n2)-ay = sni-ag+n2-aj (s > 0). Hence, it is equivalent to
showing that a is linear with respect to the test symmetry, which is then equivalent to showing that
Dca;(¢+en) is linear. This is certainly true as Da;((+€e(sn1+mn2)) = (sn1+mn2)-a; = sn1-a,+n2-a).

Moreover, from the fourth line in (6.1.17), we also have
F =nD.ai1(¢ +en) — (n — 1)Deap(¢ + €n)|e=o- (6.1.18)

Inserting (6.1.11), we find that this is the same as definition (6.1.12) (up to some positive coefficient).
Therefore, (6.1.16)~(6.1.18) all give the same answer and we can use them interchangeably.

As K-stability depends on the sign of Futaki invariant, we can almost introduce its definition.
However, whether a test configuration is trivial still needs to be determined especially when F = 0.
A test configuration was initially defined to be trivial when the central fibre is biholomorphic to
X. However, as shown in [256], there exist non-trivial test configurations (which are trivial in
codimension 1) satisfying biholomorphicity. To avoid such pathological cases, one has to restrict
to normal (or S2) test configurations when X is normal (or S2). Here, following [252], we will use
an alternative way to determine the K-stability when F' vanishes without the normality condition.
In particular, one can introduce the norm ||n|| by considering the infinitesimal generator Ay of the
C*-action on the degree k piece of the ring. It is not hard to see that tr(Ax) = wi. We can also
define ¢y, which is also a constant with respect to degree k, by

tr(A7) = cok™ ™ ..., (6.1.19)

and it is shown in [160] that (up to a positive constant same as in b)

=~ _D? —0- 6.1.20
€o n(n + 1) eaO(C + En)|€—0 ( )
Then we can define the norm as
0, Iy = Tiz0;
lInl* = b2 . (6.1.21)
o — o2, otherwise.

Thus defined, the notion of K-stability is clear:
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Definition 6.1.2. The ring (X, () is K-semistable if for any test symmetry n, we have F(X;(,n) >
0. If in addition F' = 0 only when the norm vanishes, then the ring is K-stable.

Let us have a closer look at the case with F' = 0. A trivial test configuration (which leads to
F =0) for a K-stable ring should always have a vanishing norm. In the usual K-stability context,
a well-defined triviality should be the equivalent to the norm being zero. However, as we will see
below, besides the second line in (6.1.21), the first line is also necessary since there could be trivial
configurations with non-zero values for the second line'’.

It is then the conjecture of [89] saying that
Conjecture 6.1.1. The ring (X, () is the chiral ring of an SCFT iff X is K-stable.

As we will see, there seems to exist a counterexample where this K-stability criterion would not
work. However, this is still possible to be true for a sub-class of supersymmetric theories such as
the worldvolume theories of D3-branes probing CYs.

6.1.4 Futaki Invariants for Non-Complete Intersections

For complete intersections, the denominators of the HS encode the charges of the coordinates/generators.
With the aforementioned method, the Futaki invariants can then be quickly computed as in [89]
since we can directly add the test charges to the corresponding terms in the denominator of HS.
Here, we propose a method allowing us to obtain the Futaki invariants with Hilbert series which
also works for general varieties.

We would like to know which factor in the HS our test symmetry can act on, but for non-complete
intersections this piece of information is hidden (especially when we derive the HS from quivers
in physics). The denominator simply encodes the dimension of the variety while the numerator
contains other complicated data. Therefore, we can naturally use the plethystic logarithm to reveal
the information we need.

We start with a general HS and take its PL whose first positive terms tell us all the generators at
different degrees. For instance, if we have a generator of order k (and hence with weight/charge
k), then we multiply the HS with (1 — t*) on its denominator and numerator:

IR AT Tl A P(t)
11—tk 1tk (1_tm)dim(x)'

(6.1.22)

As we write out the specific generator explicitly in the denominator, as in the complete intersection
case, we can easily get the HS for test symmetry n where only the generator at order k£ has non-
vanishing charge:

1 (1—t*) P(t)
1 — thten (1 _ tm)dim(X) '

HS¢ ey = (6.1.23)

Now we can immediately get ag( 4 ne) and a; (¢ + ne) as usual. Then the Futaki invariant directly
follows from (6.1.16)~(6.1.18). If we use (6.1.16), the Hilbert series for ((e) reads

(1 — tk(l—ae)) P (t(l—ae))
(1 — th(=ae)ten) (1 — pm(1—aq)) im(X)"

HS( (o) = (6.1.24)

One may also check that for complete intersections, this approach reduces to the usual method
before. We will see an example validating this approach on complete intersections in §6.2.2.

107y fact, there are various conventions to define K-stability in various literature. In some texts dealing with
Fano manifolds, the “K-stability” we are considering here would be called “K-polystability” which could be subtlely
different. Here, we will adopt the convention so that the trivial test configurations arise from automorphisms will
automatimatically have norm zero.
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To determine the stability, usually we need to consider quite a few test symmmetries. By the
linearity discussed in §6.1.3, it suffices to compute the test symmetries n; with charge ¢;; for the 4t
generator. Any test symmetry and hence F' can be written as a linear combination of 7;’s (though
crucially it still requires some work to figure out what kinds of linear combinations we want). In
fact, we can use this to get Futaki invariants in a quicker way as follows.

Suppose we have a generator of order/charge k under . Let us show that for the test symmetry
with charge (0,...,0,1,0,...,0), where only this generator of order k has a non-vanishing charge,
the Futaki invariant would have a simple expression. As usual, the HS has coefficient a; for the
s~("=1) term under expansion around s = 0. Then with the test symmetry, we have

HSC X (1 — e’ks)

HS<+577 = 1 — e—(kte)s
apk k(eap + 2a1)
= 6.1.25
(k+e)sm  2(k+e)sm ! ( )
Since ag = a1, we have
aok a()k(é + 2)
= — = —. 6.1.26
a0+ en) =770 a(CHean) = 5570 (6.1.26)
Now using (the second line in) (6.1.18), we get
d apk(e+2) d aok nk — 2
F= _ —1)——- = . 6.1.27
"G 2t T Mache T 2k W (6.1.27)
Likewise, using (6.1.21),
2 (n —1)ag
== 1.2
Il = e (61.28)
Incidentally, we can find that
1 d aok(e + 2) d aok 1
_ _d _ 6.1.29
¢ (de 2(k+e) dekt+e)|_, 2 (6.1.29)

We can also write a general expression for general test symmetries. Suppose we have a test sym-
metry 7 with charge v; for the i*" generator which has order k;, then

2
a1 (C + en) = aOH ilvie + (6.1.30)

ao(C—i-en):aol:[ s T or0)

ki—i—vz

and

1 ag 1

The Futaki invariant is

ki — 2
F=Y o " "a, (6.1.32)

and the norm is
0, Iy = Iizo;

2 = 2 6.1.33
=) el (- A g (0159
i j<t

) , otherwise.

As an example, consider the orbifold C3/Zs (1,2,2) studied in [2,25] with

1 — ¢2/3 4 342 _ 48/3 4 3410/3 _ 414/3 | 416/3
HS = o i A (6.1.34)
(1—¢2/3)7 (14 t2/3 + t4/3 + 42 - 18/3)
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Under Laurent expansion around s = 0, we have ap = a; = 27/40. Notice that here the fractional
powers in the HS is just a consequence of our convention ag = a1. Hence, they do not have to equal
the corresponding R-charges numerically.

The PL of HS reads
PL(HS) = 3% + 2633 4 74103 44 — (6.1.35)

where we see that there are 3 generators of order 2, 2 generators of order 8/3 and 7 generators of
order 10/3. Therefore, we can quickly get a general expression for Futaki invariant using (6.1.32):

27 243 81
F=— — — e 6.1.36
40(U1+7}2+U3)+320(U4+U5)+100(U6+ + v12), ( )
for test symmetry n with charges (vy,vs,...,v12). However, notice that this example is just for a

pure calculation purpose: the orbifold here is actually a toric variety. As briefly aforementioned, for
any toric singularity, there is no non-trivial test configuration because the number of C*-actions is
already maximal [89,257], or in other words, it has complexity zero. As a result, we should always
expect the rings to be stable. We can also think of the quiver gauge theories which stay in the toric
phase. Hence, there is no fractional brane that would prevent our theory from being conformal. On
the other hand, for non-toric cases, we still need to find appropriate test symmetries to determine
the stability.

6.1.5 Test Symmetries

In practice, there could be a lot of possible test symmetries for us to consider. To guarantee
stability, we need to exhaustively check all these Futaki invariants, which can be difficult. However,
we could try to reduce the number of test symmetries we need to check. As argued in [257], for
hypersurface singularities, especially for those with complexity one (i.e. having isometry U(1)"~1)
whose degeneration is toric, we can consider X as a fibration over some Riemann surface, with the
torus action acting on the fibre. Then the integer slopes of some piecewise-linear functions would
help us find the correct test symmetries we want. See [257,258] for more details. In general, from
the perspective of field theory by viewing X; as a deformation of Xy, it is also conjectured in [259]
that it should suffice to only consider the test configurations that remove one of the monomials for
(isolated) hypersurface singularities.

For non-hypersurface singularities or even non-complete intersections, the above methods are not
applicable (except that the toric varieties still have no non-trivial test configurations). First of all,
we need to get the relations on which we can act with the one-parameter C*-subgroup and take
the flat limit. This can again be found by taking the PL of HS, where the relations are given by
the first negative terms, but we need the refined HS to get the exact relations. For instance, if we
have [25]
PL < vy(1/q* — 1)

(1—qz)(1 —qy)(1 —z/q)(1 —y/q)

where z, 7, q are the fugacities. The defining equation is then given by (q/z)(qz) = (¢/v)(qy) = ¢°,
viz, uv = wz, which is exactly the conifold.

>= Ty ge+Tyqy— g (6.1.37)
x y

As detailed in §6.1.2, we should take the Groébner basis of the relations to avoid generating a set
smaller than the flat limit. Now when taking a test configuration, we always have some action
n(t) acting on these equations'’. Then we will only keep the term(s) with lowest weight in each
equation under the flat limit. In principle, there could be infinitely many #n’s. However, there might
be fewer cases due to the symmetries of the variables in the equation(s).

Moreover, as checking stability is equivalent to checking the positivity of Futaki invariants, and
the sign of (6.1.32) is determined by v;’s, the v;-space would be divided into different areas which

"Notice that for hypersurfaces, there is no need to find the Grobner basis, and the coefficients in front of the
terms in the equations do not matter.
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correspond to positive or negative Futaki invariants (recall that if F' = 0, we can check the norm).
In the v;-space, each choice of n would be a point which lies in certain positive or negative region.
To determine stability, it is equivalent to checking whether there are any points in the negative
regions.

For example, consider the Futaki invariant for the hypersurface w? + 22 + y? + 2"t = 0 and test
symmetry 1 with charges (vq, ve, v3,v4). Its Futaki invariant is given in (6.2.2). It is often difficult
to visualize the wv;-space, but here since the coordinates w, x, y are symmetric, we can solely
consider v and v4 (i.e. two ways of dropping terms, although we can use some specific method to
reduce the number of test symmetries in this case). We depict some v;-v4 planes for small n’s in
Figure 6.1.1. Indeed, we see that the ring is only stable for n = 1,2 as there is no red point inside

......................................

FIGURE 6.1.1: The region plot in v;-space for w? +z* +y?+ 2" =0atn=1,...,6 shown

in (a)~(f) respectively. The red points correspond to the two test symmetries and the blue

area is the region where I’ < 0 in each picture. A red point inside the blue region indicates
that the ring is unstable.

the negative region which agrees with the result in [89]. We should be careful with n = 3 where a
red point lives on the boundary of the blue region, showing that F' = 0. The test configuration is
certainly not trivial, and by computing the norm for this test symmetry with charges (0,0,0,1), we
get ||n]|? = 27/128 # 0. Hence, the ring is unstable for n = 3.

Some simplifications can be made to reduce the number of necessary test symmetries. In [89,240], n
is required to be normal and commuting with the automorphism group of X. For X C C", the torus
action and 7 are induced by the subgroups of GL(n,C). The commutation condition then implies
that we can diagonlize the T- and C*-subgroups simultaneously. Hence, we will always assume that
the test symmetries are diagonal under some unitary changes of basis. Normality could be boiled
down to two conditions called Serre’s criterion: S5 and Rj. It is often not easy to check the former,
but as we are always dealing with Cohen-Macaulay rings, S5 is always guaranteed. Therefore,
only R, namely being regular in codimension one, is left. This means that the singular locus has
codimension no less than two, which can be checked via the Jacobian. We may also use Macaulay?2
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and the package FastLinAlg to tell this. In fact, we are also allowed to consider more general test
configurations that are not normal or even those who have test symmetry not commuting with the
T-action, but they will not give any additional information'?. For simplicity, we will therefore not
require the normality condition as this should not affect our results.

“Problematic” Test Symmetries Following the above procedure to compute the Futaki in-
variant, especially using (6.1.32), one can easily find some inconsistencies that seems to give “sick”
test symmetries'.

The non-zero norm problem The first problem is actually already resolved when defining the
norm. Usually, a norm is defined only with the second line in (6.1.21), but we have to add the
first line which makes the definition seemingly weird. For instance, for C3 = Cone (55) (or more
generally, C" = Cone (52"_1)), there would be no non-trivial test configurations as this is toric
with a maximal number of torus action. Indeed, we always have a vanishing Futaki invariant.
Its stability is for sure expected as physically this corresponds to the NV = 4 SYM in 4d which
is superconformal. However, all the test symmetries, except the one with charge (1,1,1), would
yield non-zero norms. Another less “trivial” example is the conifold uv + y? 4+ 22 = 0 and the test
symmetry with charges (1, —1,0,0) (though we would not have this if we make a linear holomorphic
change to w? 4 2%+ y? + 22 = 0), which leads to F' = 0. Such test configuration is certainly trivial,
but (co — b3/ag) = 1/3 # 0. However, the conifold is undoubtedly stable as it admits a Ricci-flat
cone metric.

The e-region problem Recall that physically we are only focusing on the ¢ > 0 region for
ap(C(€)) to find whether there is a minimum because we want €(n — a{) to give the same central
fibre as the test symmetry n does. However, if we consider w? + 22 4+ v + 2% = 0 and 1 with
(—1,—1,—1,0), we find that (n — a¢) would give rise to a = —3/2 and weights (8/7,8/7,8/7,6/7),
which has an opposite central fibre. This seems to indicate that we should look at the region with
€ < 0 in this case. Consequently, F' < 0 here would not destabilize the ring. However, we know
from Figure 6.1.1 and also §6.2.1 that (0,0,0,1), which has an equivalent test configuration as
(—=1,—1,—1,0), is the right test symmetry that destabilizes the ring. This becomes a bigger issue
if we consider stable rings or even non-complete intersections. For instance, consider the orbifold
C3/(Zy x Z3) (1,0,3)(0,1,1) whose relations are given in [105]:

T1Ty = T3, Y1y2 = 73, (6.1.38)
where 1 has order 4/3 and x5 has order 2 with the remaining three having order 8/3. Its Grobner
basis is

95‘% — Y1y, TIYIY2 — THT3, T1T3 — T3, (6.1.39)

Since this is a toric variety, it should be K-stable. Let the test symmetry have charges (0,0, —1,0,0).
Then the test configuration reads

t7222 — y1y2, T1y1ye — t iy, tT awyas — 23 (6.1.40)
However, with a = —1/2, €(n — a() has charges €¢(2/3,1,1/3,4/3,4/3). The test configuration is
t26/3x§ - tse/?’ylyg, t10€/3x1y1y2 — t7€/3x§x3, 20 g — t2€x%. (6.1.41)

Now, no matter what value € takes, the two central fibres will never be the same. We do not even
know which region of € to consider.

2The condition of being normal is related to the triviality of the central fibre. It was discussed in [256] that
normality could avoid some pathological test configurations. However, as pointed out in [252], we can instead use
an alternative definition by introducing the norm whose vanishing is sufficient to give K-stability (when F' is zero).
Regarding the norm, there could also be different conventions as aforementioned, and here we take the definition as
in (6.1.21).

13 As we will see, these n’s are not really “problematic” or “sick”. We are just not using the correct way to do the
computation.



Chapter 6. Chiral Rings and K-Stability 144

The F < 0 problem Even if a test symmetry does not cause the e-region problem, the Futaki
invariant we get could also be problematic. For example, let us consider the conifold w? + z2 +
y? + 22 = 0 and the test symmetry with charges (—1,—1,—1,0). Now a = —3/2 and (n — ()
gives charges (—5/2,—5/2,—5/2,—3/2). Therefore, we should still focus on the region of positive
e. Following (6.1.32), it is straightforward that F' = —3 < 0. However, we already know that
the conifold is stable. Under such construction, this contradiction can happen for any stable case.
Another example is given in Figure 6.1.2(b).

In the next subsection, we will see a method to resolve this, but if we insist on the results from
(6.1.32), we could physically understand the problem for a subset of these test symmetries. This
can be explained if we contemplate the plots of ag(((€)) against € as in Figure 6.1.2. To destabilize

ao(¢(e)) ao(¢(e))

() (B)
FIGURE 6.1.2: (a) The conifold w? + 2 + y* + 2° = 0 and 1 with charges (0, —1, -1, —1),
and ao(¢(€)) = ﬁ. (b) The E; threefold w? 4+ z* 4+ ¢* + y2® = 0 and 7 with charges
(=1,-1,0,-1), and ag(((e)) = S2pEtD

the original ring, (the piece around some neighbourbood of € = 0 of) the curve should have a
local minimum at some positive e. However, the cases in Figure 6.1.2 do not have such local
minima. In other words, ag({(¢)) keeps decreasing as € — o0, so if we consider the new R-symmetry
parameterized by ((e) = ¢ + e(n — a(), viz, {(¢)/e = (/e + (n — a() with € — oo, we would get
1 = a(, which does not make sense. We should again emphasize that this could not account for all
the “sick” n’s. For example, if we consider the test symmetry with (—1,—1, —1,2) for the stable

Ag threefold w? + 2%+ y? + 2% = 0, then ag({(€)) = %

neighbourhood of € = 0, it has a local minimum at ¢ = (5v/10 — 13)/9 > 0.

. On the smooth piece around the

Regularizations of Numerators To find out what really goes wrong, it is always useful to
start from the original definitions and derivations of K-stability. Recall that algebro-geometrically
the Futaki invariant is defined as F' = ByA;/Ap — B1, where A;’s and B;’s are the leading and
subleading coefficients of dj, and wy, respectively'*. Therefore, we can compute A;’s and B;’s using
their definitions and compare with the results from HS.

Let us again consider the conifold w? + 2% + y? + 22 = 0. For the usual test symmetry n(t) -
(w,z,y,2) = (w,z,y,tz), the central fibre is w? + 2% + y? = 0, and the HS gives
1— ¢ 2 2+e
S = = e 6.1.42
(1—t)* A —tite) (1+e)s? * (14 ¢)s? - ( )

Taking € = 0, we have (in the convention of [160])

AO(TL - 1)' = 2A0 = 2, Al(n - 2)' = Al = 2. (6143)
Likewise,
1 1 1 1
B == _*DEA e=0 — _7D6 = 3>
0 n 0(€)le=0 3 <1+6> o 3

4Gince the a;’s have a different convention here, we will use capital letters for the traditional conventions in
mathematics literature such as [160,252] to distinguish them.
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1 1 2+e€ 1
B = —DA =0 = — =D, =—. 1.44
L= D@l = 5. (31) -3 (6.1.44)
By definition, the dimension of the degree k piece Ry of the ring is
k+3—-1 k—1+3-1
dk:< +k >+< kJ_rl >:k2+2k+1, (6.1.45)

where we have used that the number of independent monomials of degree k with m variables is
(kJ”]:‘*l). In particular, the first term in (6.1.45) counts the number of independent monomials of
the form zly™2P with | + m + p = k, while the second term counts the monomials of the form

wxly™zP with | +m + p = k — 1. Likewise, by definition, the total weight of Ry, is

P k—i2-1\, S fk—i—142-1\. 1., 1, 1
wk_;( L >z+;( i1 )2—3k¢ + 5k + ok (6.1.46)
Here, we see that the first term sums up the different choices for monomials weighted 4 of the form
zly™2z" with | +m = k — ¢, while the second term sums for monomials of the form wzly™z" with
l+m =k—1i—1. As we can see, the result from HS agrees with the one from definition for this
test symmetry.

However, if we consider n(t)- (w, x,y, z) = (t‘lw, t— 1ot~ 1y, z), which yields F' < 0, the A;’s remain
the same while from
1— ¢t 2 —2+ 3¢

S = (1 — t) (1 _ t176)3 = _(_1 + 6)383 + (_1 n 6)382 +..., (6.1.47)

we get By = —1 and B; = —3/2. On the other hand, by definition of wy, By = —2/3 and
By = —3/2. We see that the results are different.

Even for some non-negative F’s, we would still have this issue. Consider the test symmetry 7(t) -
(w,x,y,2) = (tw, tx,ty,tz). Then from HS, we have

4 2
Ay=1, A1 =2 By=g Bi=2 F=1. (6.1.48)

In contrast, from definition, as wy, is simply kdj here, we can easily get
Ag=1, A1 =2, By=1, Bi=2, F=0. (6.1.49)

In fact, we expect the Futaki invariant to vanish for this test symmetry not only because this is the
result from the computation using definition, but also because the test configuration 2 (w2 +22 42+ z2)
is trivial.

One may wonder if this is a matter of convention. In other words, it might be possible that we have
not found the right convention that makes all the parameters agree. After all, the precise values
can differ by a positive numerical factor in different conventions. This possibility can be excluded
by the example xz — y? = 0 with n(t) - (z,y, 2) = (t_lx,ty, z). The HS is

HS — L—¢% 6.1.50
(1 —tere) (1 —tr—e) (1 — tp)’ (6.1.50)

where the convention is arbitrary with some power p. From this HS, we find that
By =B; =0. (6.1.51)

However, the correct answers are already obtained in [252] by definition:

By =B = (6.1.52)

N
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Hence, no matter what positive constant we multiply, the two would never agree. This shows that
the problem is from the steps in the HS method we use.

In [160], the index character is defined to be

G(¢) =) _ e **©dimR,, (6.1.53)

act*

where t is the Lie algebra of the torus action and R, is the associated root space with root « in
the root space decomposition of R. Since ¢ € t is a symmetry acting with positive weights, viz, a
Reeb vector field, the sum converges for Re(s) > 0 and has a meromorphic extension at s = 0. It
is proven that the index character has a Laurent expansion

_ A()(n - 1)' + Al(n — 2)'

s 3"—1

G (6.1.54)

at s = 0, which is exactly the HS. Similarly, to show that b;’s (and also ¢() are certain derivatives
of a;’s, the weight character is defined to be

C, = Z e (n) dim Ry (6.1.55)
act*
Then one can show that 3
—tCy, = --G(( + en) (6.1.56)
Oe A

Importantly, this expression is true because for sufficiently small €, ({+e€n) is a Reeb field, and hence
the sum for G(¢ + en) converges uniformly for s > 0. Therefore, since the Reeb field determines
the weights of the relations and the information of these relations are contained in the numerator
of HS, we should modify the HS with €. In other words, we should also write the numerator with
respect to the Reeb field (¢ + en), rather than just .

When we write HS, we still need to consider ({ + en) as two degrees for the grading: one variable
to for ¢ and one variable t; for n. Only after this step, we can assign small € to the powers of ¢;.
However, in the first step, n in fact is not a Reeb field and it would make the equations in the ideal
inhomogenous. Therefore, we cannot simply write down the HS. One may try some homogenization
of the equations, but it would not yield correct results for K-stability.

Here, we discuss a method to modify the numerator with the help of Grébner basis'®. As discussed
in Appendix J.0.1, when writing HS, it suffices to consider the initial terms of the equations in the
Grobner basis. In particular, the initial terms are obtained from some ordering of the variables,
and likewise, the initial terms for the flat limit are also obtained from a specific ordering, that is,
the (lowest) powers/weights of ¢ in the relations'®.

Therefore, to write the HS with respect to (¢ + en), especially the ¢; for n, we also take the
initial terms induced by the same ordering when taking flat limits. If the initial term has a
factor t? (regardless of the sign of p), then we should include the corresponding power of ¢; in the
numerator. If the initial term has no ¢, then the numerator is free of ¢;. In particular, the power
of t1 is determined by the power of initial terms of the ideal.

For instance, for the conifold example above, (0,0, 0, 1) would still give the same HS as in (6.1.42).
For (—1,—1,—1,0), the initial term would have ¢!, and therefore we should add some power of €

15To the authors’ best knowledge, such method has never been mentioned in literature. Modifying the numerators
might be known to mathematics society, but mathematicians mainly focus on the aforementioned complexity one
varieties (such as those in §6.2.1 below), where one only needs to check several test symmetries using the method
in [258]. It turns out that the remaining possible test symmetries are simple enough so that no modifications of
numerators are required. The authors also consulted some mathematicians, but modifying the numerators was never
mentioned. Therefore, it is worth spelling out such method here.

16We are using ¢t both in the HS and in the test configuration, but it should be clear which ¢t we are referring to
in the context.
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in the numerator. We see that the ideal of conifold is quadratic, so we add a factor of t1_2e to the
numerator. Let tg and t; denote the variables for ¢ and en respectively. The multivariate (refined)
HS reads

—2¢
HS = Lty 2 (6.1.57)
(1 —to) (1 —tot7)
Unrefining the HS by ¢y = t; = t, we get
1 — $2(1=¢)
S = (6.1.58)

(1—t)(1— =)
From this HS, following the usual steps of taking Laurent series and derivatives, we find that

2 3

Ap=1, A1 =2, Bp=—-, Bi=—=

0 ; 1 ) 0 3’ 1 9’

which is exactly the same result obtained from definition. Indeed, this yields F' = 1/6 > 0, which

equals to the Futaki invariant for (0,0,0,1). This agrees with the fact that the two test symmetries

give rise to equivalent test configurations'”.

We may also check that for (1,1,1,0),

(6.1.59)

1—t2
S = ona_m (6.1.60)

since the initial term is 22 which has weight t°, and that for (0,0, 0, —1),

1— t2(1—€)
S = (6.1.61)

since the initial term is t7222. Again, we can verify that both of them yield the same correct A;’s
and B;’s as those from definition, as well as a positive Futaki invariant. Likewise, one can also
check that the zz — y? example gives the correct By = By = 1/2.

We can also verify that by modifying the numerators, for the aforementioned problems, we would
not have the e-region issue or negative F' for stable rings any more. We will omit the detailed
calculations here. Nevertheless, it is worth noting that some trivial test configurations will thence
automatically have F' = 0 and even a vanishing norm. Recall that without the modification of
numerators, (1,1,1,1) yields a positive F, as well as a non-zero norm. After regularizing the

numerator,
1 — $2(1+¢)
S= — 7 (6.1.62)
(1 — ti+e)
This gives the correct Ag = By = Cp = 1 and Ay = By = 2. Thus, F' = A1By/A — By = 0 and
|n||> = Cy — B2/Ap = 0 as expected.

However, we still need the first line in the definition (6.1.21) of the norm. For example, when we
write the conifold as uv = xy, and consider (1,—1,0,0), the numerator still remains the same.
Hence, Cy — Bg /Ao is still not zero. However, such test symmetry is a bit special and we can still
force the norm to vanish via definition. Incidentally, we find that if the HS is written as

1— t2(1—52)

S= Ty (6.1.63)

then Cy — B3/Ap = 0. Similarly, for (1, 1,1, —1), if we write the HS as
1— t2(1762)

S = TR (6.1.64)

"Notice that in our convention where ap = a1, the value of Futaki invariant has an extra dimensional factor
n(n — 1). For example, here we have a1bp/ap —a1 =3 x (3—1) x1/6 = 1.



Chapter 6. Chiral Rings and K-Stability 148

then Cy — B2/Ay = 0 as well. So far it is still not clear why this happens. It might be possible that
it requires higher order of corrections in the numerator for such special test symmetries, or maybe
this is just a coincidence.

Now in our convention with a; and b;, although they take values different from those obtained by
definition. They would always differ by a positive constant depending only on dimension, viz,
a A
flb() — bl = n(n — 1) <lBo — Bl> . (6.1.65)
ao Ao
The norms (squared) agree up to the same positive constant as well. Therefore, this method can
certainly be applied in any convention.

The Rescaling Method We now have seen how to write the HS and get the Futaki invariants
correctly by some modifications in the numerators. However, in principle, there could be a large
number of possible test symmetries to determine K-stability and such method does not reduce this
number. Here, by considering the central fibres, we propose a method that potentially simplifies
the process of checking test symmetries.

In general, if the test symmetry has charge (v1,...,v,,), then the test configuration for I =
(f1,-.., f1) is generated by fi (t"'x1,...,t"*xp), ..., fi (" z1,...,t""2zy). When taking the flat
limit, only the initial terms would survive as discussed in §6.1.2. Another way to view the
flat limit is by considering a rescaling of the f;’s [253]. Under the rescaling, we write g1 =
Y f (2, ) g = P f (EV e, L tPmy,) such that the initial terms in each f;
has weight zero with respect to ¢. Then at t = 1, we recover I = (g1,...,41)|i=1, and at t = 0, we
recover the flat limit Iy = (g1, ..., g1)|t+=0. For example, (0,1, —1,—1), which has F' < 0 by (6.1.32)
without regularizing the numerator, gives f = w?+t=222+t=2y?+¢=222 for the conifold, and we can
rescale it to g = t2f = t?w? + 2% +y?+22. It is worth noting that this ¢ is what we get directly from
(1,0,0,0) without rescaling. We may also consider (—1,—1,—1, —1) which gives negative Futaki
invariant if we naively use (6.1.32) to do the calculation. However, t—2w? + t~2z% + ¢~ 2y? + ¢ 222
is simply a trivial test configuration and can be rescaled to w? + 22 + 32 + 22. Indeed, we would
just get the trivial ' = 0.

Inspired by this, suppose we pick a test symmetry n with a random charge, then we may follow
these steps to only compute F for 7'

e We rescale the f;’s to g;’s such that the terms with lowest t-weights would have weight O.
This would lead to some new test symmetry 7’ that directly yields g;’s without any rescaling.
Since all the initial terms have no t’s and no regularization in the numerator is required, we
can simply use (6.1.32) to compute the Futaki invariant.

e When dealing with non-hypersurfaces, it is possible to have some 7 whose rescaling (though we
can always do such rescaling) does not correpsond to any n’. In other words, such configuration
cannot have a test symmetry with all the initial terms having weight 0 for all the equations.
In this case, we should find a “minimal” 7" in the sense that the number of g}s with non-zero
lowest weights is minimized. Moreover, these non-zero lowest weights should be positive. In
this situation, there is at least one initial term having a positive t-weight. Therefore, we
should apply the modification of the numerator to compute F.

At the first step, we have already seen such examples as those for the conifold. It is easy to
check that this also works for positive Futaki invariants. For instance, (1,1,1,1) for the conifold
can be rescaled to (0,0,0,0) as well, both of which have trivial test configuration. Moreover, for
those like (1,—1,0,0) for uv = xy which does not receive regularization in the numerator but with
co— b% /ap # 0, we can also rescale it to the trivial test configuration. Let us now contemplate some
less non-trivial example whose K-stability is known to validate this. Consider the aforementioned
orbifold C?/(Z4 x Z2) (1,0,3)(0,1,1) with n-charges (1,1/2,—1/2,—1,0) whose test configuration is

t_lxg —t Yy1ya, 1YY — t1/2$%ﬂ?3, 20 25 — tx%, (6.1.66)
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which should be rescaled according to the above steps. Indeed, a naive computation for this yields
a negative F. Then the test configuration can be written as

T3 — Y1y, T2 — Cases, T — r) (6.1.67)
with 7’ giving charges (0, 1,0,0,0). We can then simply apply (6.1.32) which yields a positive F.

For the second step, let us consider the same orbifold with test charges (0,—1,0,—1,—1) whose
test configuration is

23—t 2y, t i y1ye — t 2xhw3, w3 —t 223, (6.1.68)
Under the rescaling, the test configuration can be written as
223 — y1yo, triy1ys — trsxs, 2z 23 — 23 (6.1.69)

with 0’ giving charges (1,0, 1,0,0). Note that we can not simply rescale every relation in the ideal
such that the initial term has weight 0 in ¢. For example, the first and third relations in (6.1.68)
show that x3 should have non-trivial weight and z2 should have weight 0. This then fixes the form
of the second relation to be that shown in (6.1.69). It turns out that for 7’
1— t4 . t16/3 t28/3
S = hi -, (6.1.70)
(1 _ t4/3+e) (1 _ t2> (1 _ t8/3+e) (1 _ t8/3)

where it has no €’s in the numerator, and we can therefore use (6.1.32) to get F' > 0. However, as
we will see later, in general there could be modifications in the numerator for 7’ in the second step.

It is also possible that for n; and 7y with different 7] and 1} have the same central fibre, but they
are not related by a simple rescaling. For hypersurfaces, these are often equivalent as 75 = snj
for s > 0 such as (1,0,0,0) and (2,0,0,0) for the aforementioned conifold example. Therefore,
it suffices to consider only one of them. More generally, including non-hypersurfaces, it would be
natural to speculate that 1] and 7} also give the same result as they lead to the same central fibre.
Suppose we have m monomials in all the equations, then there would be at most (2™ — 2) ways
to drop terms (excluding dropping all terms or dropping no terms). This gives finitely many test
symmetries although the number increases drastically when m increases and this does not tell us
the exact (minimal) number of test symmetries or exactly which test symmetries we need to check
(compared to complexity one varieties in [258]). The above steps are based on the following point,
which is yet to manifest. Using rescaling, we are actually choosing a representative for each central
fibre, so either the representative test symmetry should be able to correctly indicate whether the
variety can be destabilized to the central fibre, or maybe every test symmetry with the same central
fibre should give the same sign of F'.

In fact, a consequence of such rescaling is that there are only two ways to get a negative F'. One
possibility is that the (-weight k of a generator is small enough so that nk —2 < 0 in (6.1.32),
such as the A-type threefolds in §6.2.1 below. The other possibility is that we have some negative
weight in n, but this negative power of ¢ gets cancelled by other positive powers in the monomials
in the relations. Then if the generator with this negative n-weight has a large enough k, the Futaki
invariant could become negative. Such example includes the D-type threefolds in §6.2.1 below.

These two ways of destabilizing the chiral ring should have explanations in terms of the dynamics
of physics. The first way could be caused by the violation of unitarity bound. In particular, if a
generator violates the unitarity bound, we would have k < 2/3, which is exactly 3k —2 < 0 from
(6.1.32) for a three dimensional moduli space, such as the case for D3-branes probing CY3. For
higher dimensional moduli spaces, as we will see in §F.1, the orders k are not necessarily equal to
R-charges numerically in the convention of ag = a1, and more importantly, it could be possible that
(violation of) the unitarity bound “leaks” out of the nk — 2 < 0 region. For the first way, being
unstable could also be caused by irrelevance of superpotential terms or some unknown dynamical
reasons. For the second way, as shown in [89], there could also be some unknown dynamical effects
to prevent the ring from being a ring for an SCFT, such as the D-type threefolds.
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6.2 Illustrative Examples

Now let us contemplate various examples to illustrate the above discussion. We will see (6.1.32) and
the modification of numerator applied to different cases including non-complete intersections, and
also how the rescaling method might reduce the number of possible test symmetries for equations
whose variables have certain symmetries.

6.2.1 ADE Threefolds

The Kleinian singularities can be obtained by orbifolding C? with some subgroups I' of SU(2),
which are related to (affine) ADE Dynkin diagrams by McKay correspondence [260]. We may
require ag = aj so that the canonical (2,0)-form has charge 2. However, they should always be
stable as there would be no normal central fibres (and non-normal ones would not give any extra
information). Hence, we can lift the ADE singularities to “ADE threefolds” [257] by adding another
squared term of a new coordinate to the defining equation'®. As one may check, the stabilities
should be consistent with the results in [240, 257].

Cyclic group Zg,1: A, The defining equation is w? + 22 4 3% 4+ 2”1 = 0. This belongs to
the family of Brieskorn-Pham (BP) singularity, also known as the Yau-Yu singularity of type I
(YY-I) [160]. This ring X has a symmetry ¢ with charges (2:4‘_*'32, 2#:’32, 2;:'32, %) Hence, we
write the HS as

1 — ¢(4n+4)/(n+3)
HS = 3 (6.2.1)
(1 _ 754/(11—5—3)) (1 _ t(2n+2)/(n+3))

Under Laurent expansion around s = 0, we obtain ao(¢) = a1(¢) = %. By (6.1.32),

n(n + 3)3 (3 —n)(n+3)>

8(n+1)3 e 32(n + 1)2 (6.2.2)

F = (v1 + va + v3)

for test symmetry with charges (v1, ve, v3,v4). It suffices to check the test symmetries n; with charge
di; on the j™ coordinate. In particular, (0,0,0,1) gives us the non-trivial result: 0 < n < 3 ' for
K-stability.

Dicyclic group Dic,_1: Dy (n > 3) The defining equation is w? + 22 + y?z + 2" =
0. This belongs to the singularity of type YY-II. The ring X has a symmetry ¢ with charges

2n 2n 2n—2 4
n+1’n+1’ n+l’ n+l

. Hence, we write the HS as

- 1 — 44n/(n+1) (a3
(1 — $4/ (D)) (1 — $2n—2)/(n+1)) (] — $2n/(n+1))2 (6.2.3)
( ) ( ) ( )

Under Laurent expansion around s = 0, we obtain ay(¢) = a1({) = (nt1)° By (6.1.32),

— 8n(n—1)"
n+1)302n—1 n+1)3(n—2 n+1305-n
F= (ot o)! Isng(qg—l) Lt 82(7"151)2 Dt 3+2n()n(— 1) ) (6:24)

for test symmetry with charges (vi,ve,vs,v4). It suffices to check test symmetries (0,0,—1/2,1),
which yields
(n+13n-2) (n+1)35-n) (n+1)3(n? —4n +1)

~ 16n(n—1)? - 32n(n—1)  32n(n—1)2 : (6.2.5)

'8 Note that these ADE threefolds are not to be confused with C x C?/T" which are extensively used in D-brane
quiver gauge theories, whose chiral rings are all stable.

9As aforementioned in Figure 6.1.1, when n = 3, the Futaki invariant is zero, but it is unstable since ||n|| # 0.
Also, if the v;’s are complicated, we should modify the numerator to get the correct Futaki invariant rather than
directly apply (6.1.32). However, for hypersurfaces, they can all be rescaled such that the lowest t-weights are 0 in
the equation. We will not restate these two points for similar situations below.
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In addition, for test symmetries (1,0,0,0) and (0,0, 1,0), we see that F' > 0 for n > 3. Hence, the
ring is stable when n? — 4n 4+ 1 < 0. Therefore, only the ring of D4 with n = 3 is stable.

Binary tetrahedral/icosahedral group BT, BI: E&g The defining equation is w? + % + 3% +
z" = 0, where n = 4 for BT and n = 5 for BI. This belongs to the singularity of type YY-I. The

ring has a symmetry ¢ with charges (;_’T”n, 3?;—"”, S%Ln’ 3%1) Hence, we write the HS as

HS Lo g/ 6.2.6
B (1 — t3n/(3+n))2 (1 — t2n/(3+n)) (1 _ t6/(3+n)) ’ (6.2.6)

Under Laurent expansion around s = 0, we obtain a(¢) = a1(¢) = (q;rjf. By (6.1.32),

(n+3)3(7n — 6) n (n+3)3(2n — 3) (n+3)3(6 —n)

F=(vi+w) 10813 vs 36n° YT 08n2

(6.2.7)

for test symmetry with charges (vy,va,vs,vs). It suffices to check test symmetry (0,0,0,1), and
hence the ring is stable when 2 < n < 6, in particular for n = 4,5 here. For other test symmetries,
(1,0,0,0) and (0,0,1,0), we see that F' > 0 since n > 2.

Binary octahedral group BO: E; The defining equation is w? +x?+y3+y2z3 = 0. This belongs

to the singularity of type YY-II. The ring has a symmetry ( with charges (%, %, g, %) Hence, we
write the HS as
1 — ¢18/5
S = 5 . (6.2.8)
(1 —¢9/5)7 (1 —t6/5) (1 — ¢4/5)

Under Laurent expansion around s = 0, we obtain ag(¢) = a1(¢) = %g—g. By (6.1.32),

2155 125 125
_ 125 2.
Toaz (V1 Hv2) + Jeous oo (6.2.9)

for test symmetry with charges (vi,va,vs,vq). It suffices to check test symmetries (1,0,0,0),
(0,0,1,-1/3) and (0,0,0,1), and hence the ring is stable. In [257], it was shown that the F7
threefold does not admit a non-commutative crepant resolution (NCCR). Therefore, it is still possi-
ble to be an SCF'T, but it could not have a string embedding. In other words, in light of Conjecture
6.1.1, this could be an SCFT without a D-brane system picture?’.

6.2.2 del Pezzo Spaces
Let us consider the del Pezzo family dP,, where 0 <n < 8. The HS is [25]

N2 44
He_ LE M=)+t
(1—2)3

(6.2.10)

Under Laurent expansion around s = 0, we obtain ag({) = a1({) = (9 — n)/8. Notice that the
singularities are toric for n = 0,...,3. Therefore, these four rings are all stable as the symmetries
are already maximal, and we will now only focus on n > 4.

Case 1: dP4 The PL of HS reads
PL(HS) = 6t> — 5¢* +5¢5 — . ... (6.2.11)
There are 6 generators satifying 5 relations which can be written as [261]

2 2 2
ToTe — T3T5 + Ty, ToXs — T3T4 — Ty, T1Te + Loy — T3 — 2T5T6,

20Tt is also suggested that this could be a non-Lagrangian theory.
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T1T5 — ToT3 + TaTe — 23:%, T1Xy — x% + z3x6 — 22425. (6.2.12)
It turns out that the Groébner basis consists of 6 equations:

xixg, — xgxg + x3xr4x6 + asg, a:i — x3x5 + Toxg, T1T4 — x% — 2x425 + T376,

ToT4 + X126 — z2 — 2x5Tg, T1X5 — ToT3 — 212 + T4xg, ToTs — T3L4 — z2. 6.2.13
3 5 6

Let us first consider 7’s that can be rescaled to some 7’ that simultaneously make the initial terms
to have t-weight zero. Then by (6.1.32),
3x2-2

8
gF:(v1+02+v3+v4+v5+v6)w:v1+v2+vg+v4—|—v5—|—1}6 (6.2.14)

(where we have put ag on the left hand side). From the Grobner basis, we see that there are
monomials of various powers solely containing one x; without mixing for all ¢ # 1, so we only need
to consider whether there is a test symmetry with charges (—1,...) that destabilizes the ring in
terms of the rescaling method. However, it has to be compensated by positive charges from more
generators in the 6 equations as there are several mixing terms of form :U]fx? 21 and they all have
p = q = 1. Alternatively, as it is sufficient to find one instance giving negative F' to destabilize
the ring, we can also solve a system of inequalities: 2v4 4+ v5 > 0, vg + 2v5 > 0, ..., together with
F < 0. It turns out there is no solution except x; = 0 to the inequalities?'.

As an example, for the test symmetry 1 with charges (0, —1,—1, —1,—1, —1) (which would certainly
lead to negative Futaki invariant if we do not modify the numerator or rescale it), the central fibre
is
2 2 3,2 2
TyT5 — T3TH + T3T4Te + Ty, Ty — T3T5 + TaZe, —Ty — 2T4T5 + T3T6,

ToTa + T1Te — x% — 2T5T6, —ToL3 — 293% + T4T¢, ToTs — T3T4 — acg-. (6.2.15)

Consider (¢ + €n) as a Reeb field for small €, then the HS for (6.2.12) (or equivalently (6.2.13)) is

1— 5t4—25 + 5t6—3€ _ t10—56

HS - (6.2.16)
(= (1- 1)
We find ao(¢) = a1(¢) = ﬁ Thus, in our convention,
5)
F =nDcai (¢ +en) — (n — 1)Deao(C + €n)|e=0 = 3’ (6.2.17)

which is positive as expected. More importantly, if we consider the test symmetry with (1,0,0,0,0),
this is the rescaled i’ we get from the above n with equivalent test configuration. It does not receive
any modifications in the numerator. Hence, we can use (6.2.14) to compute the Futaki invariant,
and indeed we get the same result F' = 5/8.

For n’s that cannot give zero t-weights to all the initial terms after rescaling, it is exhaustive to
check all the cases. However, according to [262], we expect this ring to be stable.

Case 2: dP; The PL of HS reads
PL(HS) = 5t> — 2t* ; (6.2.18)

the termination of the PL says that dP5 is a complete intersection and it indeed is: the base Fano
surface is a well-known degree 4 double-quadric in P4. There are 5 generators satifying 2 relations
which following theorem 115 in [263] can be written as

5 5
doai=> ax}=0 (6.2.19)
=1 i=1

2INotice this is a necessary but not sufficient condition for all the initial terms having a vanishing t-weight, but
as it has no solutions, this certainly shows that there is no such 1’ destabilizing the ring.
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in ]P’%, where a; # a; for ¢ # j and the subscript “C” is explicit here just to emphasize that the
field is algebraically closed as required by the theorem. By (6.1.32),
3x2—-2
2F = (’1)1 “+ v +v3 + Vg + ’U5)W = V1 + V2 + V3 + Vg4 + V5. (6.2.20)
It suffices to check the test symmetry with charges (1,0,0,0,0) due to the fact that all generators
are symmetric within the relation. This symmetry indeed gives F' > 0. Hence, the ring is stable
for n = 5.

Case 3: dPg The PL of HS reads
PL(HS) = 4t* — 5. (6.2.21)

Again, this is a complete intersection: it is famous cubic surface in P? with the 27 lines (in the
PL, we have —t® because the generators are weighted by 2). There are 4 generators satisfying 1
relation which can be written as

w3+ a4+ a3 =0. (6.2.22)
By (6.1.32), 9 3% 9 9
X a—
gF: (vl+vg+v3+v4)w =1 + V2 + U3 + V4. (6.2.23)

It suffices to check the test symmetry with charges (1,0,0,0,0) due to the fact that all generators
are symmetric within the relation. This symmetry indeed gives F' > 0. Hence, the ring is stable
for n = 6.

Case 4: dP; The PL of HS reads

PL(HS) = 3t> 4 t* — 5. (6.2.24)
There are 4 generators satifying 1 relation which can be written as

x]+ 5+ a5+ 23 =0. (6.2.25)
By (6.1.32),

3x2—-2 3x4—2 5
4F = (v1 + vy + v3) 2% 2 + v4 2% 4 =U1+U2+U3—|—Zv4. (6.2.26)

It suffices to check the test symmetries with charges (1,0, 0,0) and (0, 0,0, 1) which both give F' > 0.
Note here the generators z1, x2 and x3 are symmetric in the relation. Hence, the ring is stable for
n="r.

Case 5: dPg The PL of HS reads
PL(HS) = 2t + 1 + 16 — ¢12. (6.2.27)

There are 4 generators satifying 1 relation which can be written as

2 +al+ah a3 =0 (6.2.28)
By (6.1.32),
Ix2-—2 3x4—-2 IX6—2 5 4
8 (v1 + v2) 5 %2 U3 2 % 4 + 4 2% G 01+U2—|—4U3—|—3U4 (6 9)

It suffices to check the test symmetries with charges (1,0,0,0), (0,0,1,0) and (0,0,0,1) which all
give F' > 0. Note here the generators x1 and z9 are symmetric in the relation. Hence, the ring is
stable for n = 8.
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As we can see, not all of the dPs are non-complete intersections (in fact, only dP,4 is a non-complete
intersection). For instance, dPg is a complete intersection with
1— ¢!

S= TEE Tt (6.2.30)

Therefore, we can also use the standard steps for complete intersections to compute the Futaki
invariant. One may check that this yields the same result as above. In fact, when writing the HS
for test symmetry using PL, this recovers to the HS from complete intersection relation. Indeed,
the degrees of the generators in PL(HS)= 2¢* + t* + 5 — !2 agree with those in (6.2.30). For
instance, when we pick the test symmetry with non-vanishing charge on the generator at order 4,

the HS becomes
(=4t (-1
1= (1 =) (1 -ttt

(6.2.31)

In particular,
-2+t (1—¢Y) 112
( ) ( ) = . (6.2.32)
(1—12) 1—1¢6
Hence, we recover the HS in (6.2.30) with an explicit 1/(1 —¢*) factor. As a result, the method for
non-complete intersections is consistent with the method for complete intersections. Importantly,

our method is general and applies to arbitrary varieties.

6.2.3 One SU(N) Instanton Moduli Spaces on C?

The Higgs branch of D(p —4)-Dp brane systems, which is the moduli space of instantons, is studied
in [264]. Here, we consider the worldvolume theory of a D3 brane in the background of stack of N
D7 branes, whose N' = 1 quiver is given in Figure 7 (with k = 1) of [264]. The U(1) factor of the
global U(V) global symmetry is absorbed into the gauge group U(1) in the quiver diagram. The
superpotential is W = ¢q®g, where ¢ and ¢ are the fundamentals and ® is a U(1) adjoint. Notice
that there are two other U(1) adjoints ¢; and ¢, with superpotential term eaﬁqﬁai'qﬁg, but since
the adjoints are just complex numbers for U(1), it vanishes in the superpotential. The HS is??

N-1
Z (Ni_l)tQi/N
_ i=0
= (1 - 151/N)2 (1 _ tz/N)2(N—1)‘ (6.2.33)

The dimension of the moduli space is n = 2N. Let us first consider the case with N = 2. Under
Laurent expansion around s = 0, we have ag = a; = 8. The PL of HS reads

PL(HS) = 2t1/2 4+ 3t — 2. (6.2.34)
Algebro-geometrically, we can write the equation as
x3 + o3+ 23 + 2] + x5 = 0. (6.2.35)
If we consider the test symmetry with charges (0,0,0,0, 1), then we find that

4x1/2-2

F=8 —0 6.2.36
T x1)2 (6:2.36)

and
. (4-1x8 6
Il = AT <zE 57" (6.2.37)

22 Again, the fractional powers are always just computationally a result of our convention.
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Hence, the ring is unstable. Interestingly, we can see that the central fibre is 2 + 23 + 23 + 27 = 0,
which is also known to be unstable from §6.2.1. Therefore, the destabilizing ring in general may
not necessarily be stable as well.

If we further destabilize this Az threefold singularity with (0,0,0,1,0), we would get the stable®?
.CE% + at% + x% = 0, which is C2/Z,. In fact, if we remove the two ¢,’s in the quiver diagram, we
would get the same superpotential and

11—

S = g (6.2.38)

which in the IR fixed point should be the same as SQED with 2 flavours [265].

For general N, the varieties are not complete intersections. Even if we do not write the relations
explicitly, we can still consider the test symmetry where only one generator of order 1/N has a
charge 1 with other test charges vanishing. The Futaki invariant is then

F 2N x1/N -2
i b 2.
ao 2 x1/N 0 (6:2.39)
with
nll* 2N — 1 2N — 1

a0 (N2 x(2N+1)x (I/N)2 42N +1)

Hence, the rings for one SU(N) instanton moduli spaces are (K-)unstable.

£0. (6.2.40)

6.2.4 Phenomenological Theories

Now, let us consider the VMS of some phenomenologically interesting SUSY gauge theories.

SQCD We can use the HS obtained in [27] to study the ring stabilities for SQCDs with SU(N,)
gauge groups. The generators follow the standard relations between mesons and baryons: B Ne Bj,..jn, =

MM and M BTN Ml B =,
Ne J [i17 jia...in,]
Example 0: N; < N. In such cases, the moduli spaces are freely generated, and the moduli

spaces are simply cN7 [27]. Hence, the HS is

HS— 1 (6.2.41)

2
(1 _ t2/Nj%>Nf

As aforementioned, there are no non-trivial test configurations for c. Hence, the rings for
Ny < N, are stable. Notice, however, the discussion here is semi-classical. When we take quantum
corrections into account, there is no stable’* ground state, and such vacuum variety is just an
auxiliary space that helps us study the GIOs. For more details, see, for example, [27, 266].

Example 1: Ny =2, N.=2 TFor N, = 2, the refined HS is

oo
HS = Y dim[0,k,0,...,0)¢*Nr = Ry (2Nf —1,2Ny; 2;t1/Nf) , (6.2.42)
k=0

where [nq, ... ,an_l] is the highest weight notation of SU(Ny) irrep, and 2 F7 is the hypergeometric
function. In particular, for SU(2) gauge group, since the fundamentals are pseudoreal, there is no
distinction between quarks and antiquarks. Moreover, as the fundamentals only have two colour

28Equivalently, we can consider (0,0,0,1,1) for (6.2.35) to directly get this central fibre.
24Here, this “stable” should not be confused with “K-stable”.



Chapter 6. Chiral Rings and K-Stability 156

indices, the antisymmetrized product on three or more flavour indices vanish. Hence, the relation
becomes €ir...ian, M2 M3 = 0, where i1,...,7on, = 1,...,2Ny.

Let us start with SU(2) with 2 flavours. The (unrefined) HS is

1-1¢

Under Laurent expansion around s = 0, we have ag = a; = 64. The PL of HS reads
PL(HS) = 6t'/% — ¢, (6.2.44)

which is in fact a hypersurface. The defining equation is xi1xs + z3z4 + 526 = 0, or under a
holomorphic change of coordinates, u? + v? + w? + 22 + y? + 22 = 0. By (6.1.32),

6 6
5x1/2—2

F= ;——————ag = 32 ;e 24
Z;’Ul 2% 12 ap =3 ;vl (6.2.45)

(2

It suffices to check test symmetry with charges (1,0,0,0,0,0) due to the symmetry of generators in
the relation. We then have F' > 0. Hence, we conclude that the ring for SU(2) with Ny = 2 is
stable.

Example 2: Ny =3, N.=3 The HS for SU(3) with 3 flavours is

1—¢23
S = 5 5- (6.2.46)
(1—¢1/3)" (1 —2/9)

Under Laurent expansion around s = 0, we have ap = a1 = 1162261467/256. The PL of HS reads
PL(HS) = 9t%/9 4 2¢1/3 — 42/3, (6.2.47)

There are 11 generators satisfying 1 relation which can be written as
T11T92733 + T21T12733 + T11T32T93 + T21T32T13 + T31T22T13 + T31 712723 + Y1y2 = 0. (6.2.48)

By (6.1.32),

2

As the mesons and baryons are symmetric in the single equation respectively and there are no
mixing terms of mesons and baryons, the ring for SU(3) with 3 flavours is expected to be stable.

1162261467 (/1
F = B <(vl + - 4 vg9) + 2(vio + 1111)) . (6.2.49)

A speculation for Ny = N, More generally, as observed in [27], the moduli space of Ny = N,
is a hypersurface in CNe+2 with
1 — t2/Ne

HS = . 6.2.50
(1- tQ/NCQ)NcQ (1- 751/1\10)2 ( )

Since a hypersurface can always have the initial terms with t° under rescaling, we can apply (6.1.32)
which yields

F 1 N, —1)?
— =(vn+---F+on2)+ e — 1) (w1 +w2) (6.2.51)
ap 2 ¢ 2

for test symmetry with charges (vi,...,vy2, w1, w2). In particular, we have F/ag = 1/2 and

F/ag = (N, — 1)?/2 for (1,0,0,...,0) and (0,0,...,0,1,0) respectively. The mesons and baryons
are symmetric in the hypersurface algebraic equation with same (-weights respectively, so in terms
of the rescaling method it is natural to speculate that a negative n-charge of a generator would
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require other generators to have positive 7-charges to compensate this in the test configuration.
Moreover, there are no monomials having both mesons and baryons in the relation. Hence, it is
natural to expect that the rings for Ny = N, are stable.

However, as we learn from [267] that the ring is expected to be (K-)unstable for Ny < 3N./2. The
(anti-)quarks have R-charges (1 — N./Ny), and therefore equal to zero for Ny = N.. However,
to have a conformal fixed point, we require the R-charges (of GIOs) to be no less than 2/3, i.e.,
Ny > 3N./2 here from the mesons. Thus, it seems that the K-stability criterion for conformality
fails in this case.

Example 3: Ny =4, N. =3 Even for non-zero R-charges, violation of unitarity bound might
also “leak” out of the bound nk — 2 < 0 from stability. For instance, the HS for SU(3) with 4
flavours reads
_ P(t)
(1= 070) ™ (1= /2y

where P(t) is polynomial with palindromic coefficients whose exact expression can be found in [27]
(up to some rescaling of ¢). Under Laurent expression, we learn that n = 16. In fact, we can see
that Ny = 4 < 3N./2 = 9/2, and hence the mesons violate the unitarity bound. On the other
hand, we have nk —2 = 16/6 — 2 = 2/3 > 0 for the mesons. Therefore, the unitarity bound could
live above the stability bound.

(6.2.52)

Electro-Weak MSSM The electroweak sectors of minimal supersymmetric standard model
(MSSM) with renormalizable superpotentials are classified in [37]. The simplest case is gener-
ated by LH and HH where L stands for the lepton doublets and H, H stand for the up and down
types of Higgs doublets. Notice that we have suppressed the indices and Levi-Civita symbols in
the generators. It turns out that geometrically this is just C*, and hence is trivially stable.

The next simplest case is generated by LLe and LHe where e stands for the lepton singlet. From
[37], the HS is

1+ 4t + t2
HS= ——— 6.2.53
(1—1)5 ( )
Under Laurent expansion around s = 0, we have ag = a; = 729/16. The PL of HS reads
PL(HS) = 9t — 9t% +16t> — ... (6.2.54)
There are 9 generators satifying 9 relations which can be written as
YeYs — YsY9, Y3Ys — Y299, Y6Y7r — Y4Y9,
YsYyr — YaYs, Y3yr — Y1Y9, Y2Y7r — Y1Ys,
YsYs — Y2Y6, Y3Ya — Y1Ye, Y2Y4 — Y1Ys, (6.2.55)
which already forms a Gébner basis. For those (v, ve,...,v9) that can be rescaled such that all

the 9 equations have initial terms with 0 ¢-weights, we can simply apply (6.1.32) which yields

9 9
729 3 Z 2187

i= =1

Due to the symmetry of the 9 variables, if there is a negative test charge, then it should be com-
pensated by more positive test charges in order to satisfy the condition for a rescaled configuration.
Hence, (6.2.56) should always give a positive F.

However, for the test symmetries that cannot be rescaled to one where (6.2.56) applies, it is ex-
haustive to check all of them. As an example, let us consider n with charges (—1,-2,0,0,...,0).
The test configuration is then

Y6Ys — YsY9, Y3ys —t 2Y2y9, YeYr — Y4y,
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YsYr — Ya¥s, Ysyr —t Tyiye, tyeyr — t ly1ys,
Ysys — t2yae, Ysya —t Y1ve, ty2ys —t Y1y, (6.2.57)

With the help of Macaulay?2, a direct computation with regularization in the numerator yields

1

HS = 1 —3t2 — 4272 — 2>
(1 _ t)7 (1 _ tl—Ze) (1 _ tl—e) x (
+2t3_36 + 9t3—26 + 3t3—6 + 2_[/.3 . 3t4—36 _ 6t4—2€ + t5—26 _ t5_€ + t6—3€) .
(6.2.58)
Thus,
1
F =nDcai (¢ +en) — (n —1)Deao(¢ + €n)|e=0 = 7 (6.2.59)

We also notice that this n can be rescaled to the “minimal” n’ with charges (1,0,2,0,0,...,0). The
test configuration is then

Y6Ys — YsYo, t2Y3Ys — Y29, YeYr — Yayo,
Ysyr — YaYs, Ysyr — tyiye, Yoyt — ty1ys,
ysys — yaye, t°Ysys — tY1Ye, Y2ys — ty1Ys. (6.2.60)

Regularization in the numerator yields

g = L2687 = T4 5 4 1180 — 3t4Te — 6t — 151 4 15 4+ 0F€ 69,61
N (1 —)7 (1 — ti+e) (1 — t1+2) : (6.2.61)

Therefore, we find that

F =nDcai((+€en) — (n — 1)Deap(C + €n)|e=o0 = % (6.2.62)

We have checked quite a few test symmetries with low values of v;, all of which give positive Futaki
invariants. It is natural to speculate that this ring is stable.

Outlook K-stability is naturally related to the chiral rings of SCFTs as some “generalized a-
maximization”. However, when an AdS/CFT picture is not present, the connection between K-
stability and conformality becomes more subtle. However, as an example, we show that SQCD does
not seem to follow the K-stability criterion for conformality. Furthermore, the unitarity bound is
possible to live above the stability bound nk — 2 > 0, so some operators which violate the unitarity
bound could have positive nk — 2. Nevertheless, K-stability should still play a crucial role in
studying chiral rings and SCFTs since on the (emergent) gravity side, there usually involves many
symmetries, and this is exactly what K-stability and destabilizing rings concern. We speculate that
K-stability could be a necessary (but not sufficient) condition for the ring being a ring of SCFT.
This condition might become sufficient as well in some special classes of theories, such as the gauge
theories from D-branes probing CYs.

In [268], chiral ring stability is introduced when one drops certain superpotential terms. Its relation
to K-stability still requires further study. It is also worth noting that in [257], non-commutative
crepant resolution (NCCR) is applied to finding the quivers for various theories. However, the
existence of NCCR and being K-stable are not necessary to each other. It would be interesting to
further study their connections and also extend the discussions to supersymmetric theories in other
dimensions.
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Chapter 7

Al as a Witness?

In the past few years, machine learning has been introduced to the study of theoretical and mathe-
matical physics [269,270]. Instead of talking about some rudiments of machine learning and Al, we
shall briefly discuss what we should expect from machine learning or how we should properly use
machine learning in our study. Then we will use some examples to illustrate the recent progress.

The most straightforward way to apply machine learning is to feed the machine some known data
and perform the training to see how well the algorithm behaves when making predictions. Here,
by “how well”, we mean that we use various measures to check how accurate the predictions the
machine gives after training. However, such way, known as the supervised learning, is not really
helpful. Of course, this shows the performance of machine learning in a specific research field and
gives one some hint on how much it could be relied on. In many cases, espcially in algebraic
geometry, we have seen many good performances such as in [3,6,7,10,13]. Nevertheless, this would
not produce new physics or mathematics.

Therefore, it could be more helpful to consider methods such as unsupervised learning and rein-
forcement learning. It could be possible that with machine learning and AI, some hidden structures
and patterns of certain objects can be revealed. In other words, instead of simply measuring how
much one can trust on the predictions by the machine, it would be more instructive to see whether
the machine can help one find plausible directions for investigations or even formulate any unknown
conjectures, which could then be beneficial for our analytical study.

Since machine learning often only gives linear approximations, it is still difficult to find patterns or
formulae that can be used practically. Nevertheless, this modern technique might still help us in
numerical analysis and in the string landscape with huge data in future. Here, we shall give some
preliminary examples where one can see some analytical results from the analysis of the machine
learning results although these results are particularly simple and are known previously. In the first
example, we show how a simple linear regressor can reproduce the volumes of the lattice polytopes
in different dimensions from their Ehrhart series. In the second example, we illustrate how one can
recover the conditions that determine the genus of the (lopsided) amoebae using data projections
and unsupervised learning.

7.1 Ehrhart Series and Volumes of Polytopes

Our first example would be using the Ehrhart series to predict the volumes of the lattice polytopes
in different dimensions associated to canonical Fano varieties. Let us start with some backgrounds
on polytopes and Ehrhar series. More details can be found for example in [271].

The Ehrhart series is the key to enumerating interior lattice points of a polytope. As with Hilbert
series in algebraic geometry, we have

Definition 7.1.1. Given a polytope P in the lattice M, the Ehrhart polynomial is

ehrp(k) := |[kP N M| |, (7.1.1)
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which counts the number of lattice points within the k-dilation of P. Then, the generating function
is the Ehrhart series:

Ehrp(t Zehrp ) (7.1.2)
k>0

for a formal variable t.

Indeed, we expect that the number of lattice points, as with volume, grows polynomially with k in
a fixed dimension, d. That is, ehrp is a polynomial [272] in k. It is hence of the form

ehrp(k) = cqk® + - 4 1k + co, (7.1.3)

where dlcg is the (normalized) volume! of the P, called as Vol(P) henceforth. In this case, the
Ehrhart polynomial/series coincides with the Hilbert polynomial /series of the variety. The Ehrhart
series can then be written as

g(t) _ 90 + g1t + - + gat?
TG TG

In particular, g(1) = go + g1 + - - - + ga = dlcq = Vol(P).

Ehrp(t) = (7.1.4)

Example 22. The Ehrhart polynomial for the polygon associated to dPy (No.12 in Figure 4.0.1)
is ehrp(k) = 5k? + 3k + 1. Therefore, the Ehrhart series reads

0 2
5 5 14+3t+t
Ehrp(t) = E K ck41)th = 1.
I‘p( ) £ <2 + 9 + ) (1 —t)3 (7 5)
As one may check, go + g1 + g2 = 5 gives the volume of P.

Now, let us use the regressors to predict the volumes of the polytopes of dimensions from 1 to 6.
We use the coefficients in the Taylor expansions of the Ehrhart series up to order 30 as input. After
training a few data, we find that the coefficients of the regressors can be extracted as follows:

dim=1:[-1,1];

dim = 2: [1, ) 1;

d?m: 3:[-1,3,-3,1]; (7.1.6)
dim=4:[1,—-4,6,—4,1];

dim=5:[~1,5,-10,10, -5, 1];

dim = 6 : [L, 6 15, —20, 15, =6, 1].

As we can see, for dimension d, this is precisely

i <ZZ> (—1)'ehrp(d — i) (7.1.7)

i=0
d .
Recall that the Ehrhart polynomial can be written as ) ¢;k", then
i=0
d_rq ' d /4 .
> <Z> (—1)ehrp(d —i) = (l> (1) (ca(d — ) + -+ + c1(d — i) + co). (7.1.8)
i=0 i=0

d A
For k <d, ) (?)(—1)’(d —4)¥ vanishes. To see this, consider
—t

<x;x>k (x— 1)1 = <xi>k <§d: (‘j) (—1)ixd—i> _ zdj (‘j) (1)i(d—ifad=i (7.1.9)

=1 i=0

'In the corresponding toric variety, this volume equals the degree of the toric variety polarized by the Cartier
divisor Dp.
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Taking z = 1, we see that this is indeed zero. Therefore,

i (?) (=1)iehrp(d — i) = Cdg <f> (=1)i(d — i) = dleg, (7.1.10)

=0

where the last equality can again be obtained by acting (zdz/x)* with k = d. This is exactly the
volume of P. As we can see, such example works with the linear regressors as the formulae for the
volumes are linear.

7.2 Amoebae and Genus

We shall now consider a slightly more complicated example. Let us take the amoebae and predict
their genus, that is, the numbers of holes/gas phases. First, we need to introduce the lopsidedness
of the amoebae [273].

Definition 7.2.1. Let f € C [z, 2N 2, 2] be a sum of (Laurent) monomials m; as f(z) =

mi(z) + -+ mg(z). For x € R", define the list of positive numbers
fz} = {‘ml(Log_l(:c)) e |mk(Log_1(m))|} . (7.2.1)

We say a list of positive numbers is lopsided if one of the numbers is greater than the sum of all
the others. This definition can then be applied to f{x}.

It is then natural to define the following [274]:
Definition 7.2.2. Given a Newton polynomial P, the lopsided amoeba is
LAp :={x € R"| P{x} is not lopsided}. (7.2.2)

For some cases, such as P = z; + 20 + 1, LAp = Ap. However, in general, they do not need to
coincide. Nevertheless,
Ap C LAp , (7.2.3)

so that LAp can be constructed as a crude approximation to Ap. This can be made precise as
follows.

Let n be a positive integer, € R", and P(x) a (Newton) polynomial, define P, to be ?
~ n—1 n—1 ) .
P, (x) := H H P (e%ml/”xl, . ,e2ka/nmr> . (7.2.4)
ki=0 k=0
Clearly, P, = P. Such P, is in fact a cyclic resultant

P, = res,, (resu,_; (- -resy, (P(urzy, ..., upzyp),uf — 1) ..., ul_y — 1), ul — 1) (7.2.5)
where res, (f, g) is the resultant of f, g with respect to the variable w.

The lopsided amoeba LAp  for P, approximates Ap itself [273]:

Theorem 7.2.1. For an r-dimensional Newton polytope A(P), with polytope coordinates p; for each
it" direction in the Z" lattice which the polytope is defined in, one defines ¢; ;= max(p;) — min(p;)
over the polytope vertices; then ¢ = max(c;). Suppose x € R" \ Ap is a point in the amoeba
complement whose distance from Ap is at least € > 0. If n is large enough so that

ne > (r —1)logn + log((r + 3)2"¢), (7.2.6)

then P{x} is lopsided® and LAp  converges uniformly to Ap as n — o0.

’In [274], a faster algorithm was proposed to compute LAp  at level k where n = 2% using the properties of cyclic
resultants. The time complexity is O(kd?) with d being the degree of P(z1, z2).
3In this paper, as r is always 2, we have ne > logn + log(8c).
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A consequence of this is one way to solve the membership problem:

Theorem 7.2.2. Let I C C [zl,zl_l, .. .,zr,zfl] be an ideal. The point x € R" is in the amoeba
Ar if and only if f{x} is not lopsided for every f € I.

Therefore, to fully determine the boundary of an amoeba, we need to consider all the Laurent
polynomials in the ideal generated by our Newton polynomial. Equivalently, we need to take
n — oo for the cyclic resultant. As a result, we often approximate the boundary with some finite
large n in practice. This would also be our basic strategy to study the genus using neural networks
later, although unlike finding the boundary, sometimes we can count the genus in other ways, as
we will see.

Example For instance, consider the Newton polynomial P = 23 + w3 + 2zw + 1 whose amoeba
is plotted red in Figure 7.2.1. The dark blue points (plus the red ones) form the lopsided amoeba
LAp, . while the chartreuse points (plus the red and dark blue ones) give the region of LAz .

FIGURE 7.2.1: It is clear from this example that the lopsided amoeba contains the amoeba
as a subset. Figure taken from [274, Figure 1].

7.2.1 Lopsided Amoebae: n =1

As discussed above, we will use lopsided amoebae since they are more amenable to computation.
We begin with the simplest case of n =1 where P, = P by definition, so that LAp = LAp.

For a fixed Newton polynomial P(z,w) = Y cpz'w’, the input is the vector composed of the
coefficients, i.e., {c1,ca,..., ¢y}, and the output is the genus. In other words, we have labelled data
of the form

{61,02,...,0n} — g . (727)

Example 1: Fy We start with our simple running example Fy whose toric diagram is No.15 in
Figure 4.0.1. Some plots of the amoebae can be found in Appendix B. As the Newton polynomial
is

P(z,w) =c1z+ cow + c3z V4 cqw™t + s (7.2.8)
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our input is {c1, 2,3, ¢4, ¢5}. Since the resulting lopsided amoeba could have at most one genus
(corresponding to its single interior point), this is a binary classification where the output is either
g =0 or g = 1. For this simple example, one can analytically derive (see Appendix K) the genus g
as a function of the coefficients:

0, fes] < 2leres] /2 + 2leacal /2
g:{’ les] < 2leves| 7=+ Zfezey] (7.2.9)

1, |es| > 2leres| 2 + 2|caeal /2

Now, the actual accuracy of classifying g, albeit very high, is not important here. Our purpose is
to see whether we can recover these conditions from unsupervised learning.

To see how well the neural network (NN) is learning the above equation for g, we can a perform
principal component analysis (PCA) projections, as visualized in Figure 7.2.2(a). With the help
of the Yellowbrick package, we can use multi-dimensional scaling (MDS) manifold projection to
make the two types of data points further separated as in Figure 7.2.2(b). For a brief introduction
to different methods of manifold learning, see [7, Appendix B] and references therein.

Using...5...features

(B) (c)

FIGURE 7.2.2: (a) The kernel PCA projection for an NN. (b) The MDS manifold projection

which gives a better separation of the two classes of points. (c) Ideally, the blue and green

regions would be separated by y = +x. In practice, due to the complication of square roots,

the NN would get shifted. This shift, i.e., the actual separation of the blue and green points,
is indicated by the red lines here.
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To get an idea about how these data points are distributed in the projection, let us define’ = = c5
and |y| = 2|e1es|'/? 4 2|caeq|/2. Then the inequalities in (7.2.9) has the boundary lines y = 4z. As
depicted in Figure 7.2.2(c), the two lines divide the projection plane into different regions, where
in the blue region we have genus zero while in the green region we have genus one. The equivalent
separation coming from our NN in Figure 7.2.2(a,b) is represented by the red lines in (c), although
we can see that they do not intersect at the origin and the g = 0 region would occupy some of the
g = 1 parts.

Why is there a shift of the boundary lines? We believe that this is due to the non-trivial expression
of y (especially the square roots therein). Although it is possible for an NN to learn such expression
in principle, it could still be too complicated for a simple NN to fully simulate this.

There is another useful projection in this example, that is, the spectral embedding visualization as
shown in Figure 7.2.3(a). As we can see, this gives a distribution in a parabola shape. We argue

Spectral...Embedding...Manifold...(fit...in...0.16...seconds) Spectral...Embedding...Manifold...(fit...in...0.17...seconds)
L1 Y]
1 1
* 7 | .
X 4
y- L 9
\ & 5
Using...5...features Using...5...features

(&) (B)

FIGURE 7.2.3: (a) The spectral embedding manifold projection of the dataset for Fy. For

the input vectors, ci2,34 range from —5 to 5 while ¢5 ranges from —20 to 20. (b) To

verify our explanation for (a), we generate a dataset whose two classes are separated by

c? = 4|cich| + 4|chcy| 4+ co (with ¢ the same range as c;), where co = 4 x 2 x 2.5% as 2.5 is
the average of the possible values for ¢1,2,3,4.

that this comes from squaring y = £z, i.e., Y (= 3?) = 22. However, again due to the complicated
expression, it would be very hard for a simple NN to fully recover Y. Hence, there could still be
some mixing at the boundary parts. As a validation, we generate a dataset whose binary classes
are separated by the bound ¢ = 4|c]c}| + 4|chc)| + 50 and plot its spectral embedding as in Figure
7.2.3(b). Indeed, we obtain a similar parabola-shaped projection.

Example 2: L332 Let us consider a non-reflexive example with two interior points, viz., L33?
whose toric diagram is
(7.2.10)
The Newton Polynomial is
P(z,w) = c1z + cow + csz Vw4 52 + . (7.2.11)

Hence, our input is {c1, 2,3, ¢4, ¢5,¢c6}. Since the resulting lopsided amoeba could have at most
two holes (corresponding to its two interior points), this is a ternary classification where the output
can be ¢ =0,1,2.

*As discussed in Appendix K, (7.2.9) works for all complex coefficients. However, we are only using real input
vectors here, and more importantly, only the absolute values would matter in the condition. Hence, we can set
¢s =z € R in the projection.
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As with Fy, we can analytically find the boundary decisions, though the expressions are much more
complicated. The details are presented in Appendix K, and we summarize them here:

0, |e1] < aq and |cg| < ag
g=1<1 (Jei| > a1 and |cg| < az) or (e1] < a1 and |cg| > a2) , (7.2.12)
2, |e1] > a1 and |cg| > aq

where a1 := |e2|wo/z0 + |es| /28 + |eal/(zowo) + |es]20 + |cs] /20 and ag := |c1|2h + |ca|wo + |es|/ 2 +

. 2 2 /2 3
lea| /wo + |es|2f such that z = i’/—% + VA + f/—% — VA, with A := — %,

and z{ is the positive root of 2|cs|zfd + |e1]2f2 — |cs| = 0. Again, let us see to what extent the
unsupervised learning can recover this.

&1
C5

Again, we can plot different manifold projections to visualize how the NN is simulating the above
condition as shown in Figure 7.2.4(a,b,c). We can see that different projections give similar data

MDS...Manifold...(fit...in...1695.49...seconds) Isomap...Manifold...(fit...in...65.38...seconds)

Using...6...features
(a) (3)

t-SNE...Manifold...(fit...in...114.67...seconds) 9=

a  »

Using...6...features

() (D)

FIGURE 7.2.4: (a) The MDS embedding manifold projection of the dataset for L*%2. (b)

The Isomap embedding manifold projection. (¢) The t-SNE embedding manifold projection.

For instructions on these manifold projections, one is referred to [275]. (d) The sketch of an
ideal separation of the data points.

separations. To understand such decision regions, let us first write the two bounds as

\01\:a1£|66|/z0+b1, (7213)
lcg| = ag = |e1|2( + b, o

where b; > 0. In other words, when g = 2, the region is bounded by |cg|/20+b1 < |c1| < |cg|/ 2 —ba-
This corresponds to the red region in Figure 7.2.4(d) whose horizontal and vertical axes are z =
+|cg| and y = +|cq] respectively. Notice that zg, 2, b; are not constants, but we can always draw
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some boundary lines (in yellow) as a sketch (assuming that the changes of the boundary lines are
small compared to different coloured regions®).

Likewise, it is straightforward to find the regions for ¢ = 0 (in blue) and g = 1 (in green). Indeed,
this is the decision regions we get from those different projections. As zp, z{, and b; are not
really constants and have some complicated expressions, it is natural to see some mixings in the
projections.

7.2.2 Genus From Data Projections

One may also consider other toric diagrams. We may also consider lopsided amoebae for n > 1
(including n — oo where one recovers the orignial amoebae). Such analysis with more examples
can be found in [7]. Of course, the analysis would be more difficult for larger polygons as can
be seen from the theorem on lopsidedness. Here, let us use data projections to see if we can also
recover the conditions for the genus. For simplicity, we shall only consider the Fj example as an
illustration.

For instance, let us take Figure 7.2.2(b) for Fi where MDS manifold projection was applied. Each
point (x,y) in the plane represents one input vector as (ci, ca, ¢3, ¢4, ¢5) — (z,y). By checking the
coordinates of (x,y), it is possible to recover the conditions in (7.2.9), i.e.,

0, < .
g= sl <4 ith a1z |eres[? + 2|caeq|'/?, as follows.
1, les|>a

251

a-26

(a)

FIGURE 7.2.5: For the projection (c1,cz,cs3,ca,c5) — (x,y) for Fy, we plot (a) x versus cs
and (b) 2|y| versus a — 2§.

We plot = against ¢ in Figure 7.2.5(a) and find that the average of (¢5 — ) is —0.172 +1.054. We
also draw the line = = ¢5 is in red to show a good fit. Indeed, we see that x is essentially recovering
the left hand side of the above inequalities. For y, it is more complicated and we find that there is
a nice fit with [c1 2,3 4]:

lyat| = 0.141|c1c3| 4+ 0.166|cacy| + 2.411. (7.2.14)

In fact, this fit actually contains a typical linear approximation of square roots, v/m =~ (0.1k+1.2) X
10™ for any real k € [1,100) and n € Z such that m = k x 102", Here, c1,2,3,4 are random reals
generated in the range [—5, 5] and the right hand side is approximately (0.1|cic3] +1.240.1|caca| +
1.2). This agrees with the linear approximation for square roots when m = k and n = 0. In other
words,

Iyl = /l|cres| + V/|caca] = a/2. (7.2.15)

°For instance, here ci¢ are generated in the range [—20,20], and the means are u(1/2) = 0.31,u(1/2) =
2.01, pu(b1) = 6.48, pu(b2) = 9.18 with standard deviations o(1/29) = 0.18,0(1/2) = 0.77,0(b1) = 3.72,0(b2) = 3.07.
We will not restate this explicitly for the examples discussed below. The complicated expressions for b; and the
standard deviations could account for the mis-classifications in machine learning.
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We show this in Fig. 7.2.5(b). The blue points are the pairs (a — 26, 2|y|) and the line 2|y| = a — 26
is in red, where we have defined 0 := |yg¢| — |y|. Comparing the fitted results of (x,y) and Figure
7.2.2, we find that this indeed gives the bound |c;| = a for Fj.
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Appendix A

The 45 Lattice Polygons with Two
Interior Points

Below is the list of all inequivalent lattice polygons with two interior points as classified in [123]:

5 Triangles:

Y/
/. / NG NG

(1) (2 (3) (4) (5)

19 Quadrilaterals:

N N N .
~ N
(6) (7) (8) (9) (10) (11)
N N ~~
N\ N\
(12) (13) (14) (15) (16) 17)

N N

(18) (19) (20) (21) (22) (23) (24) .
)

16 Pentagons:

(25) (26) (27) (28) (29) (30) (31)
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/
" — P
7
(32) (33) (34) (35) (36) (37)
/ il
7
(38) (39) (40),
5 Hexagons:
(41) (42) (43) (44) (45)
A.1 Volume Functions
For reference, we list all the 45 volume functions and their minima in Table A.1.1.
# \4 bT b; ‘/min [L : Q]
18 1
1) - (b2+3) (=361 +2b3.46)(—3b1 +452~6) 0 0 § 1
(2) 12 A (0 b2 0 (51 702 13) 2 0 H 1
®3) (b2+3)(—2b1+62163)(2b1+3b2—9) 2 -1 § 1
(4) (b2+3)(7b1+b2673)(2b1+3b279) 1 -1 Tlo 1
(5) 2 BTy 500525, 2 -1 12 !
+ + 1 4
(6) BT (T2 +3) (b1 1362 —0) (51 =2(5573) 3(=6+3V6) 0 705 (9 +4V0) 2
6(b1+ba+12) 3 /aa 1 /a9
(7) <b1+3)(b1*b2*6>1(b1i2b2+3)<b1+3b2*6> 2 ( 33 — 5) 0 648 <63 +11 33) 2
81 3 16
®) G =0) G -3 0 (3025 2 0 s !
2 —9 3
©) - (52—3)(52+3)(b1ib2+3)(51+2b2—6) 3 (\/g -1 3-2V3 18 2
2(by—15) 1 1
(10) - (bz—3)(b2+3)(b142—b2+3)(2b1 +3by—9) 2 (5‘ﬁ - 11) 5+2V7 m(lo + 7\ﬁ) 2
2(by +4(by—6)) 1
(1) (52361 T 52 13) (g 265 6)(51 262 73)) 0 4-V13 515 (46 + 13v13) 2
6(by—5 1 1 1
(12) (52=3) (23] (261 15 +3) (b1 ¥25—6) 3 (1+5v13) 3 (5-2vI) | — k(35— 13V13) 2
2(2b +by+15)
(13) (b2+3)(—b1+b2—31)(}1)712+b)2+3)(b1+2b2—6) 3.27464 —0.831239 0.112571 4
8 —6 1 4
(14) ~ a3 b2 43) (201 152 +3) 1 F35=9) 2 (Q\ﬁ - 1) 2-V7 55 (—10 + 7V7) 2
2(3by +2bg+24)
(15) (b2+3)(_b1+b2231)(%£bi§>(2b1+3b2_9) 2.19488194 —0.760489 0.142613 4
(16) - (b1+6)(b2+3%1§)b1?%bzéi)(bﬁ%r?)) —2.8546585 —0.17276 0.156243 4
(17) _ (b2+3)(b17222(53)(;;2%32&)3) e 1.8379935 —0.95469 0.0974795 4
(18) - (b2+3)<b1_bng6§<21611}b+23+93>(b1+3b2_6) 1.2608787 —0.21349 0.184633 4
(19) — TR T R e (T 5 =0) 0.8345102 —0.93610217 0.120498 4
18—4b 3 1 4
(20) T =B 2T (b1 Fha—H 1752 =6) 2 3 (3-val) | ghs(2r+7val) 2
_ 3(b1—15) _ 1 _ 2
(21) Br=0) (61 +3) (1+3) (51 5302 =0) 3(2 3\/5) 5 (v3-3) 53 2
(22) r=0)5;49) (5 =352 9) 2 0 8T 1
(23) - (b2+3>(72b1+b27}3)&31%#6)@1”,)276) 1.201348202 —0.4914321 0.1645004 4
(24) (bz—3)Z(b2+3)(—2b1+b2—(3)(z—2b1+b2-;9) 2 0 27 1
b2 —2by (4by+15)+4(by 2 —6bg —45
(25) ~ B2 (51 b 73) (51 26 —6) (b 2053 79)) 0.746501345 —0.1982794 0.17226 11
b2 —4by (bo+3)+4by?2 —30by—207
(26) - (bl+3)<b21+%>(b11722b2+3)(bf+§2762)@172<b2+3)) 1.11941442 —0.21197378 0.178752 8
2b1“—4b (b +6)+2bo“ —3bo—171
(27) - (b1+3)(b2(1+32)(b1713276)(b12§b2+32)(b1;r2b276) 0.9337514 —0.449691462 0.15542 8
2(by2 by (ba+3)+by2—3by—99
(28) - <b1+3)(b2+3>((b1E%ﬁg)(bl7b27)6)<b1+b276) 1.26614895 —0.4677020986 0.158756 3
3(b12—6b1 +6(by—9)
(29) ~ O ()51 T 5172 1.32269853 —0.70067002 0.136079 8
4b1“+4b (b 73)72b +39b5—153
(30) — T T (75 (e s a5 —) 1.939465 —0.8789301 0.116367 3
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2(ba? —3by —36) —3by (ba+5)
(31) ~ TSR B T8 b1 2 £3) (51 30> 7)) 2.9071583 0.6850367 0.106224 9
32) - —2b1 (b +6) +4by” —90 3.0926707 0.479773042 0.121782 7
( T 20 £y =2 ) : : :
6(ba“+bo—18)—bq(ba+9)
(33) — (b1+3)(b2_3)((b2+3)(b12_3b2+3>()b1_2(b2+3)) 2.97485275 0.22750743 0.135851 9
2(3b1 —4by® —6bo+63 1 14341957
(34) T B 2= (5-273) (61~ 463 F3) (b1 =2(579)) 1 (9v57 - 57) 0 e 2
—by1 (ba+15)+ba?43by—72
(35) - (b1+3)(b271(3)(2b2+3)(21)127b2726)§b1—b2+3) 2.2242667 0.26148655 0.112411 7
2(—6b1+by2+6by—45 1 1
(36) IR R i (0v33 - 33) 0 o (59+11v33) | 2
3(ba? —2by —39) —4by (by+6)
(37) - (b1+3)(b27(3)(21,#3)(1,1)7[,%3)(%173(b2+3)) 1.84403082 0.57573193 0.133134 9
6(bg2+by—24)—2b1 (ba+9)
(38) - (b1+3)<b273)(<b2+3)(b%72b2+3)32b173<b2+3>> 1.9049613 0.28929897 0.154554 9
3(4b1 —3by? —6by+57 1 347429145
(39) (0143163 -3)(52+3) (b1 302-+3) (201 ~3(0343)) 16 (15V 145 — 153) 0 T 2
—24b1+ba?+12b5—117 1 83413165
(40) ~ T30 3) (53 139051 b5 13) (261 529) 35 (15v65 - 81) 0 B 2
6b1° —by (—4by”+6by+72)—2by° +27by > +36b3—513
(41) <b1+337(b22(?5)(b2>~;»3)(bb1 *(11772‘5’3))(171‘{22;6)(;7172()bg+3)) 0.97912771 0 0.160827 3
1 2+9))—18by (b2 +3)+18(bo” —2by —27
(42) bl76)(b1+3)((b2,23)<b2+3>(b)17b2t3>(b1;2(b2+3)) 1.3830544 0.2588732 0.145643 17
2b12 (ba+6)—2b1 (2b2%+15b34+18)+2b2 3 +9b5% —108by —459
(43) (517916 —3) by 3) (51 ~b3 —0) (5, b3 7551 ~2(62-F3) 2.02070885 0.52070885 0.126977 3
44 6(b1%—2b1by —3b1+6b%+3by —99) 3 0 10 .
e N | TR) (] e R T T ) 3 243
(45) 3(4by2—4by (b +3)+3(ba?+2b2—51)) 3 0 32 1
(b1 —6)(b1+3)(b2—3)(b2+3)(b1 —b2—6)(b1 —b2+3) 2 243

TABLE A.1.1: Volume functions V, critical Reeb vectors b; and their corresponding volume
minima Viin, with b3 = 3. In the last column, we list the degree of the extension L (of Q),
where L = Q(b7, b5) = Q(b7).

As a matter of fact, all the minimized volume functions of Sasaki-Einstein manifolds Y are algebraic.
When Viin € Q, Y is said to be regular. If Vi, € Q(v/¢) (¢ € N), viz, quadratic irrationals, then
Y is quasi-regular. In Fig. A.1.1, we plot the 1/Vi,i, against x, with regular and quasi-regular Y’s
highlighted.

12 .
= 10 - : °
§ ° °
~ °
o8l : :

° ]
:
6] o : :
s
4 | | I | | | |
4 5 6 7 8 9 10
X

FIGURE A.1.1: The red points correspond to regular Sasaki-Einstein manifolds while the
quasi-regular ones are in orange. We omit the first-grade points in the plot.

A.2 Higgsing the Parent Theory

The Higgs-Kibble mechanism states that by turning on a non-zero vev of a bifundamental and
integrating out the quadratic mass terms in superpotential, we would get a theory with a different
moduli space. This corresponds to removal of an edge in the brane tiling and merger of two gauge
nodes in the quiver. In terms of toric diagrams, it is easy to identify the parent theories by blowing
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up/down points. For instance, No.5 is the parent of all the triangles and the pentagon No.35 is the
parent of all the hexagons here. As a simple example, we consider higgsing (2.2.1) to the theory of

dP():

The superpotential of the parent theory is

W =X1,X05 X2 + X715 X33 X351 + X33 X3, Xuo + X5, X5 X553 + X5 Xoy X14
— X1 X05X3) — X5 X33 X351 — X3 X35, Xuo — X3, X35 X53 — X5 X5 X1a.

We first give a non-zero vev to Xs3, viz, (X53) = 1:

W =X1,X05 X2 + X715 X33 X531 + X33 X3, X2 + X3, X5 + X35 X5, X14
— X1 Xos X3 — X5 X33 X31 — X3 X3,Xuo — X3y X35 — X4 X2 X4

Integrating our the quadratic terms yields

W =X, X535 X3) + X7 X553 X3) + Xup X33X3, X14
— X7p X33 X3 — X{o X5 X35) — X4 X33 X3 X4

Finally, by turning on a vev of Xyo such that (X492) = 1, the superpotential becomes

W =X1,X55X3) + X7p X535 X3) + X33 X35, X7,
— X1h X5 X3) — X{p X535 X3 — X33 X5 X7y,

which is exactly the superpotential of the dPy theory. In terms of quivers, we have

1 1 1

5 S s o S 2

Merge Merge
nodes nodes
4 3 3&5 4 3 2&4 3

(A.2.1)

(A.2.2)

(A.2.3)

(A.2.4)

(A.2.5)

(A.2.6)

As a matter of fact, the 45 polygons can be higgsed from a same parent theory. This theory can be
C3/(Zg x Zg) (1,0,5)(0,1,5) such that there is only one corresponding quiver in the toric phase. It
is a huge quiver with 36 nodes and 108 bifundamentals. The R-charges of the bifundamentals are
all 2/3, and hence the three GLSM fields corresponding to the extremal points all have R-charge
2/3, with others vanishing. If we only want the minimal parent toric diagram, then we would have

C/(ZG X Zg) (1,0,0,5)(0,1,1,0).
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We can compute the Mahler measure for any Newton polygon/polynomial directly from the defi-
nition. Let us use (3.1.6) to perform the integration. As an example, let us consider the familiar

Fo whose Newton polynomial is P(z,w) = —z — 2~! —w — w™! + k. Then its Mahler measure is
1 dz dw
m(P):,/ loglk— (z4 2 ' +w+w )| ——
(278)2 J |2 =jw|=1 zw

1 dz dw
_ - 1 _ 1 w2221
—Re<(2 1)2/|z et oglk—(z+ 2z +w+w ))z w>

The log part can be expanded as

_ _ = (242 Mt w+w )
log(k — 1 R N C "
og(k = (z4+ 2z "+w+w™")) =log ; - :

where |k| >4 or k=4 as max |p(z,w)| =4.

|2]=[w|=1

For each summand in the above sum, they can be further expanded as

+z'+wr+w ) = z": (n) (242 Y (w+w )"

. 1
=0

200 &)

(B.0.1)

(B.0.2)

(B.0.3)

As the only contribution to the integral, its constant term satisfies i = 2j,n — i = 2[. Therefore,

we can write the constant term as
" /n ) n—1
—1 —1\n1 __ -
(42" Hwrw™)o =) () () (0 2)
% e;en

where [@Q]o denotes the constant term of ). Equivalently, this can written as

n . .

2n\ (2¢\ (2n — 2t

—1 —1\2n7 __
(242" +w+w™) ]°Z<2z><z>( o )

=0
(e a0 ()

mn!2 mn!?

(B.0.4)

(B.0.5)
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while [(z + 27! + w + w™1)?"~ 1]y vanishes. Hence,

i (z+z 4w+ w‘l)"k_n] _ [i (z+z 4w+ w2 k—2n]
n 2n
n=1 0 n=1 0
_ o0 16”F2 (an-ﬁ-l) k72n (B06)
— n!? 2n
3 3
=2k 2%y (1,1,2,2;2,2,2,16k72 ) ,
2’2
where ,Fy is the (generalized) hypergeometric function. Therefore, we get
9 33 9
m(P) = Re | logk — 2k™*4F3 1,1,5,5;2,2,2;1&{ , |k >4ork=4. (B.0.7)
In this paper, we are mainly interested in the case k > 4. Therefore,
m(P) =logk — 2k~ F} 1,1,5,5;2,2,2; 16k , k>4 (B.0.8)

We may as well calculate the period ug(k) following the same manner. Recall that ug(k) can be
written as the integral

1 1 dz dw
ug(k) = —— _— B.0.9
o(k) (27i)? /|Z,w1 l1-k1z+z14Hw+wt) 2 w ( )
Then we have the series expansion

1
-k tz+z+w+w™

T = Z Em(z 4zt w+w ™) |k >4 (B.0.10)
=0

Since we are still dealing with (242"t +w+w™!)", the constant terms are still the same as (B.0.5).
Hence,

o0 16711—‘2 2n+1 2 11
uo(k) = (%5 )k—Z":K(4k—1):2F1< ;1;16k—2>, k| > 4, (B.0.11)

‘ mn!? T 272
n:

where K(x) = fol is the elliptic integral of the first kind. As we can see, ug(k) is

dt
VI—t2)(1—22t2)

simply a hypergeometric function and m(P) can also be expressed concisely using some hypergeo-
metric function. In general, there may not be such compact expressions for m(P) and ug(k). We
will then compute them perturbatively in terms of their series expansions as

nkn’

m(P) =loghk — Y In up(k) = 1+Z£—Z. (B.0.12)
n=2 n=2

In Figure B.0.1, we plot m(P) along the Mahler flow. We also plot several amoebae using Monte-
Carlo for different £ to illustrate how the amoebae would change along the Mahler flow.

Incidentally, we also plot the Mahler measures for negative k in Figure B.0.1(a) which give the
mirror shape of the positive Mahler flow. This shows a non-differentiable point at £ = 0. If we plot
the amoeba for k = 0 as in Figure B.0.1(b), we can see that it degenerates to two lines. In other
words, the amoeba retracts to its spine in this case. By definition, k¥ = 0 gives another tropical
limit.
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FIGURE B.0.1: The numerical m(P) along the Mahler flow in (a). The amoeba for P(z,w)
when (b) k=0, (c) k=3/4, (d) k = kiso = 4, (¢) k=5 and (f) k =¢".
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Appendix C

Dessins, Seiberg-Witten Curves and
Conformal Blocks

In this appendix, we discuss another aspect of dessins involving the connections to SW theories
and conformal blocks (CBs). We shall focus on six specific trivalent dessins with 4 punctures on
the sphere.

From these dessins, we obtain algebraic curves that we interpret as SW curves of 4d SU(2) N =2
Ny = 4, SYM theories. These curves are given in terms of six parameters, four mass parameters
(1, b2, pi3, pa), a parameter ¢ and a modulus U. We write these curves in the form that appears
in [276,277], and use their mirror map to translate the above parameters to those characterizing
the 4d instanton partition function of a 4d A/ = 2 gauge theory. In particular, we map the modulus
U to the Coulomb parameter a. Following that, we use the AGT dictionary [79,80] to interpret
the result in 2d CFT terms.

Let us take a closer look at the six parameters for the SU(2) gauge theory. With N; = 4, the
theory has an SO(8) D SU(2)* flavour symmetry. Then the mass parameters of the four hypers
could be indentified as the charges of the primaries in Liouville theory under AGT correspondence.
Following [278,279], the AGT map could also lead to diagonal minimal models by further restrictions
on the partition pairs. As usual, we would arrange the poles of the SW curves at z = 0,1, 00 and
¢. This ¢ is nothing but the UV gauge coupling 7 via ¢ = e*™7. For each dessin, we find that ¢
could have several different values but these values enjoy certain triality.

Recall that the Coulomb parameter a denotes the vev of the adjoint scalar ¢, or equivalently, a
could be obtained by integrating the SW differential along the so-called A-cycle on SW curve. Such
supersymmetric vacua can be gauge invariantly parametrized by u = (tr¢?)/2 = a® up to quantum
corrections. As we will discuss, the parameter U, which will appear in the parametrization of
the curve, is linear in the Coulomb moduli u. In fact, as we will see, each dessin gives a family
of solutions for the gauge theory parameters, and indeed, we would have the same corresponding
dessin under the change m; — km;, a — ka, U — k?U for k? € R. This is consistent with their
mass dimensions.

The above discussions can go the other way as well. Starting from the CBs in CFTs, we can write
down the Nekrasov partition functions under the AGT dictionary. This 4d partition function can
also be lifted to 5d, which leads to topological string partition functions and SW curves. As the SW
differential and the Strebel differential from the dessin side are both quadratic, the gauge theories
are naturally related to dessins.

Since the instanton partition functions with extra conditions on the Young tableaux pairs could
be mapped to conformal blocks in minimal models [278,279], we can then check whether (the
parametrizations from) the dessins could correspond to such CBs in minimal models. As we will
see, such map is not one-to-one. A dessin could correspond to one or more possible CBs in multiple
minimal models. These CBs, albeit in different minimal models, would satisfy certain (fixed) rules
for the dessin. There might also exist dessins that do not give rise to minimal models. On the
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minimal model side, it is still not determined whether this subset of dessins could recover all the
CBs or just part of them.

C.1 From Seiberg-Witten Curves to Dessins d’Enfants

Here, we shall only mention how dessins can arise from SW curves via the identification of the
quadratic differentials. The details on obtaining Nekrasov partition functions as well as 5d and 4d
topological string partition functions from conformal blocks can be found for example in [5, §2].

From Belyi maps to dessins Recall that we can associate a Belyi map S(z) to a dessin via its
ramification indices: the order of vanishing of the Taylor series for S(z) at & is the ramification
index 7g(z)e{0,1,00}(¢) at that ith point. By convention, we mark one white node for the " pre-
image of 0 with 7(i) edges emanating therefrom. Similarly, we mark one black node for the ;™
pre-image of 1 with 71 (j) edges. We then connect the nodes with the edges, joining only black with
white, such that each face is a polygon with 2r. (k) sides. In other words, there is one pre-image
of co corresponding to each polygon of D. Moreover, there is a cyclic ordering arising from local
monodromy winding around vertices, i.e., around local covering sheets that contain a common
point.

Following Belyi’s theorem, the existence of a dessin on X is equivalent to X admitting an algebraic
equation over the algebraic numbers. Moreover, the Galois group Gal(Q : Q) acts faithfully on the
space of dessins.

Quadratic Differentials A (holomorphic) quadratic differential ¢ on a Riemann surface X is a
holomorphic section of the symmetric square of the contangent bundle. In terms of local coordinates
z, ¢ = f(#)dz ® dz, for some holomorphic function f(z).

A curve y(t) C X can be classified by ¢ as
e Horizontal trajectory: f(y(t))¥(t)% > 0;
e Vertical trajectory: f(y(¢))¥(t)? < 0.

Locally, one can find coordinates so that horizontal tracjectories look like concentric circles while
vertical trajectories look like rays emanating from a single point.

Then we can define the Strebel differential:

Definition C.1.1. For a Riemann surface X of genus g > 0 with n > 1 marked points {p1,...,pn}
such that 2 — 2g < n, and a given n-tuple a;—1... , € RY, a Strebel differential q¢ = f(z)dz? is a
quadratic differential such that

e f is holomorphic on X\{p1,...,pn};
e f has a second-order pole at each p;;
e the union of all non-compact horizontal trajectories of q is a closed subset of X of measure 0;

e cvery compact horizontal of q is a simple loop A; centered at p; such that a; = fA' V4q. (Here
the branch of the square root is chosen so that the integral has a positive value with respect to
the positive orientation of A; that is determined by the complex structure of X.)

The upshot is that [280]

Theorem C.1.1. The Strebel differential is the pull-back, by a Belyi map B : X — P!, of a
quadratic differential on P with 3 punctures,

O S W C ) S (- S
=7 <47r2C(1—C)) o 4Am2B(1-p8) 4F25(1_5)d , (C.1.1)
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where z and ¢ are coordinates on X and P respectively.

Recall the definition of the SW differential

dz
=v—. 1.2
A=w . (C.1.2)
Then
2 2d22 . 2
g=X=v = ¢(2)dz (C.1.3)

is the quadratic differential on C.

SW curves and Dessins As mentioned above, the SW curve ¥ is related to the quadratic
differential q. Moving in the moduli space of the theory in question will alter the parameters
in the SW curve, thereby altering the parameters in ¢ [168]. Following [280], it was found in
[168] that at certain isolated points in the Coulomb branch U,,, where g is the genus of the
Gaiotto curve C with n marked points, ¢ is completely fixed and becomes a Strebel differential

d 2
g =)t = il

As examples for SU(2) with Ny = 4, we will discuss 6 Strebel points in U, , x R", for which
the Belyi maps are presented in Table C.1.1. These six Belyi maps are those found in [166, 281]

Graph B(t) Ramification Strebel ¢
13 (t+6)3(t2—61+36)° 416624 9t(t3+216)
I'3) 1728(t—3)3(2+3t+9)3 [3%12%[37] ~ A4Am2(3-27)2
(t*+224t7+256)3 4196(42 92 4t*+896t24-1024
Lo(4)NT'(2) 17282 (t—4) (t+4)" [3%2°47, 27 _ An%2(2-16)%
T1(5) (t2+248t3+4064t7+22312¢+40336)> [34|26| 52 12] _ t14-248t34-4064¢2+22312¢+40336
1 g7238(t+5)(2t37t731)5 . ’ 47r23(t+5)2gt27t731)2
(t+7)3 (83 +2371%+1443t+2287) 4106 (t+7) (#3+237¢% 41443t +2287)
I'o(6) . 1728(3t+3)2(t;r4)3(t75)6 . [3%12°[6,3, 2, 1] — Am2(t45)2(t43)2 (1 +4)2
(t*4-240¢3 42144+ +3840t+256) 4166 2 144-240¢3 +2144¢2+ 3840t4-256
L'o(8) TTOHAPEAT [3%12°18,2, 17 | — An22(12—16)?
6 2342 +756t+2160 6 2342 +756t+2160
To(9) (t+6)3 (3 +234t2+ 756t +2160) [34|26|9’ 13] — (t+6)(t3+234t%4756t+2160)

1728(t2+3t+9)(t—3)7 In2(BB—27)2

TABLE C.1.1: The list of the six genus-zero, torsion-free, congruence subgroups of the
modular group I', of index 12. The corresponding Belyi maps §(¢) and their ramification
indices, as well as the Strebel differentials are also shown. Note that the ramification indices
for all 6 are such that there are 4 pre-images of 0 of order 3 and 6 pre-images of 1 of order
2. The pre-images of oo (aka the cusp widths) all add to 12, as do the ramification indices
for 0 and 1. This is required by the fact that all the subgroups are of index 12 within I".

to be associated to the six genus zero, torsion-free, congruence subgroups of the modular group
I' = PSL(2,7Z) & Zy * Z3, where * denotes the free product’.

From the Belyi maps in Table C.1.1, we can compute the associated dessins as displayed in Figure
C.1.1. The dessins d’enfants associated to each Strebel point of the generalised quiver theory in
question turn out to have an interpretation as so-called ribbon graphs on the Gaiotto curve C. For
details, the readers are referred to [168,280].

C.2 From Dessins to Conformal Blocks

Let us now complete the cycle of the route map above by considering what gauge theory and CFT
data we can obtain starting from these 6 dessins.

Tt remains an open question whether dessins associated to other subgroups of the modular group, perhaps of
higher index, arise for other A/ = 2 generalised quiver theories in a parallel manner.
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To(4) NT(2)

I'(3) I1(5)
Lo(6) Lo(8) Lo(9)
FIGURE C.1.1: The dessins d’enfants associated to the six Strebel points of the SU(2),
Ny = 4 theory.

C.2.1 The SU(2) with 4 Flavours

Given that all our graphs in Figure C.1.1 are drawn on the Riemann surface (genus zero) with 4
marked points (one for each face), we can naturally interpret these as Gaiotto curves [168, 178],
and thence N' = 2 gauge theories.

To begin, the Seiberg-Witten curve ¥ for the SU(2) Ny = 4 theory in algebraic form is standard
[282]. For future convenience, we write the SW differential as [276,277]

4 4
Py(z) 2 2 4—i
Asw = ————+——dz, Py(z) =m, z—A)=m 25748, (C.2.1)
Z(Z*l)(Z*C) () OH( l) Oiz; 1
under the substitution
Asw = vdz/z, t = z,
p1 = mg -+ mo, H2 =M — Mg, [3 = M3+ M1, jiqg = M3 — My, (C.2.2)

The parameters S; are given in terms of the flavour mass and coupling parameters mg 123,(,U € C
so that Sy = 1 for the top coefficient and

mS1 = — (m +m3(¢ — 1) +mi¢ + 2mamsC + (1+¢)U)

mgSy = (m3 +mi —m3 + 2mam3)C +m3(¢ — 1)¢ + 2mamsC? + m3¢% + (1 4 ¢)*U,

mgSs = — ((mi — m3)¢ + (mf + 2mamz +m3)¢* + (1 +Q)U)

m(2)54 =mi¢%. (C.2.3)

Now the SW curve is of the form

2¢
0+0 (m2 + m3)v+ U>
+((v — (m1 +ms3))(v — (mg —my)) =0. (C.2.4)

22(v — (mg +m2)) (v — (mg —mg)) + 2(1 +¢) <1)2 +
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Now the SW curve is of the form

2¢
22(v — (mo 4+ m2)) (v — (mg — mo)) + 2(1 4 ¢) (—UQ + 0+0 (ma +m3)v + U>
+C¢(v = (m1+m3))(v — (mg —mq)) =0. (C.2.5)

On the other hand, the S-parameters can be written in terms of the ); as standard symmetric
polynomials,

Se= D ANy (C.2.6)

1<j1 <. <j<d

As derived in [5, Appendix E.1], we can then write

da(U) 1 1+¢ ;
AU~ mmey/ e ha) (O - AI)K( ), (C.2.7)

where
e (C.2.8)

(e =)A= A1)
and K (r) is the elliptic integral of the first kind. The right hand side of (C.2.7) implicitly depends

on U, through \; and thence S;, thus we only need to integrate it to obtain a(U) as a function of
U, which could be a daunting task analytically.

Let us nevertheless attempt at some simplifications. First, we see that the right hand side depends
only on the cross-terms in the four A;, which we will denote as A¢jy) = (A — Aj) (A — Ni)-
Combining with (C.2.6), let us see whether these can be directly expressed in terms of S;, and
thence, in terms of U. This is a standard algebraic elimination problem and we readily find the
following:

Lemma C.2.1. Consider the monic cubic polynomial,

?+ (=255 465155 — 2484) 2 + (S5 — 65159555 + 245453 + 95753 + 14457 — 7251555,) «
+278%5 + 45557 — 18555935,57 — 144855787 + 4555457 + 6555457 — 18592555 + 192593539,
18052535451 4 2753 — 25655 4 45552 — §25252 4 1285257 — 16555, — 14455525,. (C.2.9)

Then the squares of the 8 cross-products
1= )‘%12)(34)7 T2 = )‘%23)(41)7 T3 = )‘%13)(24) (C.2.10)

are the three roots of it.

Of course, we can substitute the S; parameters in terms of the m;, (,U parameters from (C.2.1),
though the expression become too long to present here. Now, we have

. 4¢P av Y (U)
a(Up) — a(U) = o mff(m> (C.2.11)

To determine the integral constant, we choose Uy such that a(Uy) = 0. We can find such Uy by
solving the discriminant of P;(z) where two branch points coincide and the A-cycle shrinks?. Hence,

a(U) = 16 voAr ( \ $1(U/)> . (C.2.12)

mo7i Ju \/-W \/W

2 Alternatively, we may also integrate from U to co as the large U behaviour can be determined as in [5, Appendix
E.2].



Appendix C. Dessins, Seiberg-Witten Curves and Conformal Blocks 180

In general, when we integrate from some U to Uy, the positions of branch points and cuts might
change. Therefore, this is really a sum of integrals:

/Uo /Ul / /UMUO (C.2.13)

such that z; does not change its expression for each integral on the right hand side.
Recall the definition of the Seiberg-Witten differential from (C.1.3), we have that
My = dsw(z)dz? (C.2.14)

is a quadratic differential. This is the above mentioned meromorphic quadratic differential on C.
Moving in the moduli space of the theory in question will alter the parameters in the Seiberg-Witten
curve, thereby altering the parameters in ¢ (cf. [168]). Following [280], it was found in [168] that
at certain isolated points in the Coulomb branch of the moduli space U, , of the gauge theory in
question, where g is the genus of the Gaiotto curve C with n marked points, ¢ is completely fixed,
which becomes a Strebel differential.

We therefore have two forms of the Strebel differentials, ¢3(t) coming from the dessin and ¢sw(2)
coming from the physics. Now, because dessins are rigid, they have no parameters. The insight of
Belyi and Grothendieck is precisely that the maps 8 have parameters fixed at very special algebraic
points in moduli space. Thus, ¢3(t) is of a particular form, as a rational function in ¢ with fixed
algebraic coefficients.

On the other hand ¢gw(z) from the gauge theory has parameters which we saw earlier, correspond-
ing to masses, couplings etc. Therefore, up to redefinition of the variables (¢, z) and identifying
¢sw(z) and ¢s(t) it is natural to ask how the special values of the parameters from the dessin per-
spective fix the physical parameters in the gauge theory and if a dessin implicates any interesting
physical theory.

We have now introduced all the necessary dramatis personae of our tale and our strategy is thus
clear. There are also some further details that we should be careful about in the calculations. We
will work through an example in detail to illustrate them in the following subsection.

C.2.2 Example: I'(3)
Let us take the dessin for I'(3), whose Belyi map is

t3(t + 6)3(t? — 6t + 36)3
1728(t — 3)3(t2 4+ 3t +9)3°
We can readily get the pre-images of 0, 1 and oc:

B(t) = (C.2.15)

] ‘ Pre-image ‘ Ramification ‘
B~1(0) —6 3
0
3—3iV3
3+ 3iV3
A1) 3(1-+3)
3(1 : f )

(C.2.16)

L W W WM NDNDDNDDNDNDWWW
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We can construct the corresponding dessin as in Figure C.1.1. Subsequently, using (C.1.1), we see
that the Strebel differential is ¢ = ¢g(t)dt?, where

9t(t3 + 216)

2 (C.2.17)

Pp(t) = —

We have marked ¢ with a subscript 8 to emphasize its dessin origin. On the other side, we have the
Seiberg-Witten curve and quadratic differential for SU(2) with Ny = 4 from (C.2.1) and (C.2.14),
to be
Py(2)
psw(z) =
(2(z = (= = Q))*
Py(2) = 2*m2 — 23 (mo +m3(¢ — 1) + m3¢ + 2mamsC + (1 + Q)U)
+ 2% ((m +mi —m3 + 2mams)¢ +m3(C — 1)¢ + 2mamsC® + m3¢* + (1+¢)*U)

—z ((m% —m32) + (m? + 2mams +m2)¢C2 4+ C(1 + QOU) + mac2. (C.2.18)

,  where

Here, likewise we have marked ¢ with a subscript “SW” to emphasize its Seiberg-Witten origin.
We have also explicitly written the differential coming from the Seiberg-Witten side in terms of the
parameters mo.1,2,3,¢,U.

We need to match (C.2.17) with (C.2.18), up to an PGL(2,C) transformation on the complex
variable z. The reason for this is that we are dealing in this example with a quadratic differential
on the sphere. For curves of higher genus, such PGL(2,C) transformations are generically not
permitted, as they will not preserve the structure of the poles and zeros of the quadratic differential.

We can therefore write fb
z = &, a,b,c,d e C (C.2.19)
ct+d

and solve for complex coefficients a, b, c,d as well as the parameters mg1,23,(,U so that we have
identically for all ¢ that

at+b
¢6@)::¢Swf<ct+_d>- (C.2.20)

There are actually continuous families of 2 x 2 matrices solving this equation for a given dessin.
As the elliptic curve is the same up to an overall factor, it turns out that each continuous family
would simply scale the SW differential by ¢gw — k2psw with k2 € R, where the square comes from
the A%W in the differential. Obviously, equating the numerators of ¢3 and ¢gw as well as equating
their denominators would give a solution. For future convenience, such solution will be referred to
as the “basic” values of the parametrization. Then other parametrizations would simply follow

dsw = k> dsw basic- (C.2.21)
There are two points we should pay attention to:

e As we will try to relate this to minimal models, due to modular invariance, we can only allow
primary states with pure imaginary charges [283]. The AGT relation in terms of m; is

mo Q my Q ma ms a Q
9 ~ o o T == a3, e = g, = Qe (C.2.22
@—1—2 ay \/@—1—2 o NG ag NG Q2 \/@4—2 Qint- ( )

In fact, €12 are not completely free once Q = (e1 + €2)/\/€1€2 is chosen. Moreover, to have
real conformal dimensions, m;’s and a should only be real or pure imaginary (depending on
€1,2). This is also the reason why k2 should be real.

e One may easily check that an SW differential/elliptic curve would have the same j-invariant
under ¢ — k?¢. As a result, the parameters, based on their mass dimensions or by looking
at Py(z) and a(U), would follow

m; — km;, a — ka, ¢ — ke;, U — kU,
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¢ = ¢, Qijnt = Qijint, @ — Q. (C.2.23)

Therefore, rather than discrete parameters, we would have families of differentials. Impor-
tantly, we can see that the coupling ( is invariant. Following the AGT map, the dimensionless
CFT parameters, o;in; and @, are also invariant under the scaling though we still have the
freedom to choose /€jéz.

Now expanding the above and setting all the coefficients of ¢ to vanish identically gives a complicated
polynomial system in (a,b,c,d, mo123,¢,U) for which one can find many solutions. For example,
the following constitutes a solution (with k? = 1),

1
2\/§7T7

. i L[4 3/4 4 3/4 1—)33/4
with (a,b,¢,d) = (\/%32/47 (% . 3%) + 4 4 8 0, U2 ) The numerator of the SW

differential takes the form

62* — 4i (V3 — 31) 23 + (6 + 6iV/3) 2% — 8iv/32 + 3iV3 -3
272 ’
We now need the roots A; of Py(z) as given in (C.2.1):

mog = —mjp =mg = —MN3 =

+2 0 U=— (C.2.24)

Py(z) =

(C.2.25)

At (—2 - jlg) 24 (1 + i\/§) 2 jigz + %i <\/§+ i) - Zﬁl(z ). (C.2.26)

The SW curve itself is genus 1 and is in fact an elliptic curve. We can recast (C.2.18) as
y? = 2tmg — 2% (m§ +m3(C — 1) +mi¢ + 2mamsC + (1 + Q)U)
+ 22 (m§ +mi — m3 + 2mam3)¢ + m3(¢ — 1)¢ + 2mamsC® + m3¢% + (1 + ¢)*U)
— 2z ((m} —m3)C + (m] + 2mamg + m3)C2 + (1 + QU) + mi¢?, (C.2.27)
where the redefinition y? = (2(z — 1)(z — {))?¢sw(z) = P4(z) is used. Using the formula derived

in [5, Appendix D], one may check that the j-invariant we get from the parameterization (C.2.24)
agrees with the one directly from the Strebel differential (C.2.17):

7 =0. (C.2.28)
Indeed, j = 0 corresponds to a special elliptic curve with Z/3Z-symmetry, much like the dessin for
I'(3) itself.

In this case, we can integrate (C.2.12) numerically to obtain a(U) = ﬁ 3. Now we can use the

AGT relation (C.2.22) to get the parametrizations for CBs. If we take @ = 0, we have

i i

] =g = —Q3 = —Qg = ——, Qipt = ——, C.2.29
1 2 3 4 53n t 3v3n ( )
where we have chosen —e; = €5 = 1 as an example.
We can also have pure imaginary m;’s and a for the above example such as
i 1 V3 1 i
mp=—-my=me=-mg=————,(==-+—,U=——5, a= ———. C.2.30
0 1 2 3 2\/37_‘_ C 2 2 02 3\/§7r ( )

Then we can still get the same CFT parameters for @ = 0 as in (C.2.29) with the choice —e; =
€0 = 1.

3Numerical integration would often give decimals rather than precise values. For instance, here we get a ~
0.06125877. In some cases like here, we give exact values for a with the help of minimal models. This can be done
by checking multiple minimal models and finding certain €12 so that A; would fit into their Kac tables. Then the
correct closed form of a can be obtained if Ajn¢ also lives in these Kac tables for all these minimal models. (To get
the correct CBs under AGT map, we further need the fusion rule, but even if the corresponding Aint does not satisfy
the fusion rule for some CB, this could still be regarded as a verfication of fine-tuning a as long as Aing, along with
A;, belongs to the Kac table.)
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C.2.3 Matching Parameters

Here, we report all parameters from the six dessins in Table C.2.1~C.2.6. Notice that we are only
giving solutions coming from (=£)@sw basic With pure imaginary m;’s and a. There is actually a
family for each parametrization following (C.2.23).

o
¢ =e?m7 mo my mo ms3 U | Xm | a= Jie + g
i
— — i 3 1 i — 4
2\/§7r 2\/§7r 2\/§7r 2\/571’ 2 \/§ 3\/577
1 . 7 7 7 [ 1 7
2 (1 Z\/g) 2\/§7r 2\/§7r 2\/§7r 2\/§7r 92 3\/§7r
i I i i 1 0 i
2\/§ﬂ' 2\/§7r 2\/§7r 2\/571’ 2 3\/§7r
7 7 1 [ 1 7 7
2v/3w 2v/3w 23w 23w 972 3 3v3w
7 7 7 7 1 7 1
2\/§7r 2\/§7r 2\/§7r 2\/571' 2 \/gﬂ‘ 3\/§7r
1 . 7 7 1 [ 1 7
2 (1+ Z‘/g) 2v/37 2v/37 2v/37 2v/37 92 0 331
) 7 7 7 1 4
2v/371 2v/31 23w 23w 9m2 3v/3x
7 7 1 7 1 7 7
23w 23w 23w 23w 972 V3 3v/3x
TABLE C.2.1: The parameters obtained from I'(3). Using (C.2.22), we can get the values
for a;’s.
C=e7 | my | m1 | mg | mg U > m; a
i
4 | 4 | 2 | 2 | __1 3 i
81 Y Y 81 19272 Y 81
i S S (R S R S R S i _ i
8 4 4 8w 19272 27 8
S S IR S R i __3 i .
8T 47 47 8T 6472 2 8T
_ i - & | & | __1 i -
8 47 47 8 19272 47 8
& N B i __3_ o _
81 Y Y 81 6472 Y 81
N i _ __3 i i
8 47 47 8w 6472 4 8
. . 4| | 1 0 _ i
8w 47 47 8w 19272 8w
1 _ - _ i 4 __3_ 0 .
2 8T 47 47 8w 6472 8w
S _i | i i -3 | o0 |-
8T 47 ir 8t 6472 8T
N i i _ 1 0 i
8 4 4 8 19272 8
i - _ i i __3 _ i _ i
8w 47 47 8w 6412 47 8w
_ - - _ __3_ _ i -
8t 4 4 8 6472 4 8T
i _ i i i _ 1 _ i _ i
81 % % 81 19272 s 81
i i i _ __3 _ _ i
8 47 47 8w 6472 2 8T
_ i - o i __1 _ i .
8w 47 47 8w 19272 27 8w
. - - L __1 _ 3 .
8 4 4 8t 19272 4 8
S I S R S B 1 30 i
4 27 4 2 672 21 21
i S S R S R 1 i _ i
4 21 4 27 672 T 21
N B i _ i 1 i .
47 27 47 27 672 s 27
- _ - _ i 1 i _
4 2T 4 2 612 2 21
S I S R i 1 i i
% 21 % 2 672 21 27
_ i i | & 1 i -
47 2 4 27 672 2 2T
i i N 1 0 _
s 27 47 27 672 21
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[ ) % A 1 4
2 s 21 4r 2 672 0 21
i _ | i i __1 _ i
4 21 4 27 672 21
“i i | & | i | L 0 i
47 27 47 27 672 27
i _ i i 1 _ i _ i
4 2T 4 2 672 2 21
A A A _ i 1 _ i _ i
4 27 % 2 672 2 2T
_ i i _ i i 1 _ i i
47 2 4 27 672 27 2T
i i _ i i 1 _i _ i
A 27 47 21 672 s 21
_ i i i 1 _i i
47 2T 4 2 672 ™ 2T
A A A i 1 _ 3 _ i
4 2 % 2 672 2 2T
| | i i i
4 4 21 2 2
_i| i K _ i &
47 s 2 2w 2
N (R T [ A 0
47 47 2 21
) ) ) 7
1 47 s 2 21 Al’ly 0 0
7 7 ) 7 4
s EYs 21 2 value 0
_ v L L _ v 0
47 47 21 21
i b _ i 4 _ i
47 47 21 21 21
A A A _ i _ i
4 % 2 2 21

TABLE C.2.2: The parameters obtained from I'g(4) NT'(2). Using (C.2.22), we can get the

values for a;’s.

As the size of the table increases, we will give a more compact version for the remaining cases
below. For each ¢, there are usually 2* = 16 possibilities. For a, as the sign of a only depends on
the sign of mg (in the following sense), “+” in @ means that a has the same sign as mg while “F”
in a indicates that mg and a have opposite signs.

’ ¢= e2miT mo mi ‘ mo ms U a
4iv5 +iv5 i/5 /5 (=607+85v/5) +iv6
507 107 107 507 6275072 25T
1 _11./5 _ Vb _i/5
27 50 107 507
NG + V5 /5 _ /5 9(—69+20v/5) iv/5
507 +Tox 10 50 3137572 Fao5r
_ivb iV
107 507 f) 7
/5 /5 /5 iv/5 (—607—85v/5
552 +7or Tor S 6275072 Fo52
1,15 iV i
2 T 50 107 507
+iv5 +iv5 iv/5 _ivh 9(=69—20v/5) /5
507 107 107 507 3137572 357 251
_ Vb /5
: : : 107 507 :
iz(sx/f:n) izs(mﬁﬂl) 1(5\/45:11) (5f+11) 100.010534 i12(5\275?@1)
125 4 55, /5 ~i(5v/6+11) 15(5\/_—1—11)
i1(5\/457r+11) 115(5\13“1) (5\/_+11) _25(5\2751-4»11) 38200625 :l:l2(5\zf_’r+ll)
1(5\f+11) i5(5v/5+11)
4
iv5 +ivh f iv/5 +ivh
j:1507r 15071' 110\71'[ ZlT\fr[ —0.000843 Z2571'
123 55 iv/5 iv/5
+3V5 ~Tor ~Tor

“Here, any complex number can be a basic value for U since all the terms of U in Py(z) contain (1 + ¢) as well.
Moreover, the integral for a always vanishes.
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_iv5 iv/5
7 7 g s 7
NG : , :
+&5 +36 ’57\7}_ ZIT\T;_ —0.001278 Forr
125 _ 55 iv/5 iv/5
Y T T .
T L5 Lo — s —0.003346 +L/5
_iv5 iv/5
V5+11) (5v/5+11) 5(5\/550:11) 5(5\1/05111) 2(5v/5+11)
i(5v/5+11 j i i i
+ 16V {6V 2 2 303.899917 | +2(OvE+1L
123 _ 55, /5 _5(5VE+11) | i5(5v/5+11)
’ ? i(5v/5+11) i(5v/5+11) ‘5(5\/%:11) ‘5(5%“1) i2(5v/5+11)
5 7 7 7 i
+ 16V +{6vE 2 — 86y —10.195921 | + 2041
—i5(5V5+11) i5(5v/5+11)
4 4

TABLE C.2.3: The parameters obtained from I'; (5). Using (C.2.22), we can get the values

for a;’s and Q.

’ ¢ =e2m7 ‘ mo ‘ mi ‘ mo ‘ ms U a
7 v 109 2¢ 271 595 :
T | B0 = e 182 +0.30258:¢
1 2 274
2 s 4m
7 v/ 109 21 271 269 :
ZI:E + o P —ar 4872 +0.30258:
_2 270
s 4m
i 2i iv/100 271 —665+108+/109 -
+4- + o s 182 +0.741431:
1 ~i\/109 ~ 2
2 27 s
7 29 1v/109 271 —665—108+v109 :
+i- + 5 Ir 182 +0.741431:
—iy/109 274
27 4m
7 v/ 109 271 40 455 .
9 27 4
27 s
7 v/ 109 271 40 23 .
271 4
21 s
+oe | +E n A0S I20V109 | 4] 4828632i
T g jus s 3
9 ~27i | __ia/109
21 s
) 44 271 V109 125—54+/109 .
t5- + Sr - 3.0 +1.4828632¢
271 iv/100
2 s
TABLE C.2.4: The parameters obtained from I'g(6). Using (C.2.22), we can get the values

for a;’s and Q.

(=" [ mo [mi[me[ms [ U [
o2 | 2| e | shL; | £0.0528623
; 5 | T
toi |2 | & | 1 | gt | £0.0528623
~5: | Tox
i |22 | & | -2 Tz +0.1057
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_ 4 i
81 s
% 7 ) ) 23
T | T4 = = TR +0.1057
_ | _i
81 s

TABLE C.2.5: The parameters obtained from I'o(8). Using (C.2.22), we can get the values

for a;’s and Q.

(=T mo | o | e [ my | U |
i i i VB | _i38i425V3) | | :
y to | e | i V3 | 1 (—0.1402495 4 0.03154414)
1—1v/3 7 V3
A | 6Vsm | o |
to | | S | B8 [ EEED (—0.0887502 4 0.03620710)
__d iv/3
A , 6/3x | 2|
s | | | B8 [ YD) [ (0.1402495 — 0.03154414)
1+iV/3 _ i _iV3
. . 6/3m | 2m |
(| e | -8 HE38VE) | 1 (—0.0887502 — 0.03620714)
i V3
637 2w

TABLE C.2.6: The parameters obtained from I'g(9). Using (C.2.22), we can get the values
for a;’s and Q.

Based on the above calculations, there are some remarks we can make:

e One may check that the elliptic curves parametrized by these m;, ¢ and U have the same
j-invariants as in Table C.2.7 for the six Belyi maps. Moreover, there are two cases with

I'(3) 0
To(4)NI(2) | 2252
LE | e
T'o(6) —3072
['o(8) 22
T'o(9) 0

TABLE C.2.7: The j-invariants that correspond to the six index-12 Belyi maps.
¢ = (14 1iv/3)/2, which are the cusp points for the fundamental diagram of SL(2,Z). They
are exactly the dessins whose Belyi maps have j-invariant 0.

e [t is obvious that for each dessin, the parametrizations for different (’s are related by triality

o (=g e =1

This is explicitly listed in Table C.2.8. Modular invariance of the curve also leads to the
following transformations of mass parameters:

(C.2.31)

1
(mo, m1, ma, m3) <> — (mo, m1, ms3, ma);

€]

1
C<—>E.
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C —1-— C : (mg,ml,mg,mg) — (mo,mg,ml,mg). (C.2.32)

In particular, the two rows for I';(5) are also related by triality: 1 — (% + 5—25\/5) = —% —

’ Dessin ‘ ¢ ‘ ¢’ ‘ ¢” ‘
'(3) 11+iV3) | LaFiv3) | LA FivB)

To(4)NT(2) 2 : —1
NG | 3-BV5 | B EE | T+
L'o(6) 2 3 -
I'o(8) 2 3 -
T'o(9) (1 +iV3) - T(1FiV3)

TABLE C.2.8: The parametrizations for each case are related by triality. The hyphens
indicate that such ¢ either gives no solution to mass parameters (I'o(6) and I'o(8)) or does
not satisfy the transformations of masses (I'g(9)).

C.2.4 Minimal Models and I'(3)

As an example, let us match the parametrizations for I'(3) obtained above to 4-point CBs in minimal
models. In fact, as we will see, such CB first appears for the tetracritical Ising model when p’ = 6
and p = 5, that is, ¢ = 4/5. As usual, we can write the 4-point CB as

(6] a3

-

ai Qint Qy (0.2.33)

Then the intermediate field ¢y ; should satisfy the fusion rule

min(m+r—1,2p—1—m—r) min(n+s—1,2p’ —1—n—s)

¢r,s X ¢m,n = Z Z qbk,la (C234)

k=|m—r|+1 I=|n—s|+1
k—m+4r—1€27Z l—n+s—1€27Z
where the entire conformal family of a primary is implicit in the above abuse of notation. Let ¢,,
correspond to a4 and ¢, », correspond to g3 (i = 1,2). Then the fusion rule for the 4-point
CB is
(z)k,l S ¢r1,51 X ¢m1,n1, ¢k,l S (brg,sz X ¢m2,n2 (0235)
with constraints on k,! indicated in (C.2.34).

Before we insert the specific values of the parametrizations, we can make some simplifications:

e Recall that the mass parameters are real or pure imaginary. If we have some parametrization
with m; € R, without loss of generality we can choose €; < 0 < e2. Then since f}% =@ =

i (\ /% — /I%), we have \/e1€5 = —iey \/g. Likewise, for some parametrization with m; € iR,
without loss of generality we can choose €;/1 < 0 < e2/i. Such two cases related by m; — im;
should give the same €12 up to a factor of i.

e If we make the choice in the above point for some specific m;, then m; — —m; should give
the same CFT parameters with €12 — ie;2. If we only have mg — —mg or m; — —my,
then we should always get the same parametrization even without changing €; 2 since the

corresponding conformal dimension is - —
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e Swapping mg <> m3 and swapping mg <> m; simultaneously should give the same CFT
parameters (for same €1 2) due to the AGT map. This simply corresponds to read the CB
(C.2.33) from the left or from the right.

In light of these points, it suffices to only contemplate one parametrization®, say mg = —m; =
mo = —Mm3z = —#, for T'(3). When p’ = 6,p = 5, we find that there is only one possibility for A,
and Ay, that is,

1
A=Ay =—. C.2.36
1 1= 15 ( )
There are two possible solutions for the remaining mass parameters (and deformation parameters):
2 1 1
, = = —: C.2.37
. NELs 2T 40 TP 8 ( )
2 1 1
- _ LAy =—, A3 =—. C.2.38
Y Ty (C.2.38)
Moreover, for the intermediate channel,
1 1
a=————, Ajpt = (C.2.39)

337 40°
Hence, the intermediate channel (k, ) obtained from I'(3) corresponds to (2,2) or (3,4) (and another
(k,1) satifying the fusion rule but not from the dessin is (2,4) or (3,2)). It is not hard to see that

the above two solutions both give the 8 CBs in Table C.2.9.

A3 23 (23 (23 (33 (33 (33 (33
Ay | (22) (22) (34) (34) (22) (22) (34) (3.4)
As | (1,2) (44) (1,2) (44) (1,2) (44) (1,2) (44)
Ay | (33) (2,3) (2,3) (33) (2,3) (3,3) (3,3) (2,3)
A | (34) (34) (22) (22) (2,2) (22) (34) (34)

TABLE C.2.9: There are 8 possible combinations. Each column gives a CB. In the leftmost

column, A;’s follow the nomenclature correpsonding to (C.2.37). For (C.2.38), it just swaps

2 <> 3 (and Ay = Ay). Therefore, it essentially gives the same CBs. In other words, the two
solutions just correspond to reading the 4-point CB (C.2.33) from left or from right.

In fact, this corresponds to not only a CB in the tetracritical Ising model, but also CBs in many
other minimal models. In Figure C.2.1, we give the Kac tables for a few examples.

By looking at these examples, one might see some patterns of the minimal models and the positions
of conformal dimensions in cyan appeared in the Kac tables. Now, we are going to show

Proposition C.2.2. The dessin I'(3) gives rise to the charges/momenta of the states in 4-point
conformal blocks, where the corresponding weights of the primaries satisfy the conditions in Table
C.2.10, in minimal models.

Following the specific values for m; and a, we can define My := \/Tl% so that

2M,
ay = —My + %7 ag = —My, ag = My, ay = My + 50 Ctint = TO + % (C.2.40)

There are two possible choices for A; in the Kac table. For future convenience, let us denote them
as Ay, 5, and A, 5,. Then
Wri—psi) =W -p?® _Q@ o @-p° o

— TP ap C.2.41
4p/p 4 0 4p/p 0 ( )

®Since A; = Ay, when considering ¢ ¢ 1/, it is equivalent to swapping both mg <+ m3 and mg <+ mi. Therefore,
¢ = (144+/3)/2 should give the same parametrizations. Even if |¢| # 1, as long as A; = A4, swapping 2 <+ 3 always
gives same CFT parameters as the extra factor of 1/|¢| can be absorbed into \/€1€z.



Appendix C. Dessins, Seiberg-Witten Curves and Conformal Blocks 189

-
w

413 8 2 1 9 4L L 33 2L 0
s l v
sz 4 11 T O N T RS i1
15 4 35 35
2 g ﬂ L) ﬁ % 2 ﬂ 140 _;)3 540 151)7 280
0 15 4 2 35 14 35 14
- T R S - T
8 3 8 28 7 28 7 4
1 2 3 4 5 12 3 4 5 6
(a) (B)
22 12 5 1
515 = = 7 2 0 .
49 89 29 2 L 2 2 29 s &l L N
4 23 85 33 5 1 3 4 9 95 7 27 1 1 0
56 56 2 4 32 4 2
21 1 P T ow i L4 & & F 4 Pz
21 21 21 21 3 160 20 160 20 160 1
o 3 02 3 o8 8 & o, W W0 iy R
56 56 1 160 2 1 20 1
e TEBEBE Y (T OPW YW
7 7 7 7 32 4 32 4 32 2
1 2 3 4 5 6 12 3 4 5 6 7
(0) (D)
6| 1 165 13 57 3 5 0
2 2 4 32 4 32
5| 34 60 3 3 5
7 224 )L 28 224 14
4| 39 5 T Y9
14 28 224 28 224
3 99 1 15 15 39
224 928 224 28 14
9|5 53 675 34
14 224 28 224 7
110 &2 s 20 13 1656 15
32 4 32 4 32 2
1 2 3 4 5 6 7

—

)

FI1GURE C.2.1: Here we list the first five possible examples of CBs that I'(3) corresponds

to: (a) p' =6,p=5,(b)p =7,p=5,(c)p =T,p=6,(d)p’=8,p=5,(e) p =8,p=T.

Those appeared in the CBs are in cyan in the Kac tables. For (e), we also have another
combination of CBs in green.

Therefore,
/... 2
a2 - Wi psi) (C.2.42)
0 Ap'p
It is also immediate from (C.2.40) that A; = A4. Hence, we can denote Ag o 3 as Ay, n, without
specifying whether (mq2,n12) corresponds to Ay or As. We can plug this into A, n, = Az =
—Mg + QMy and get

(p'mi — p'ng + ang)? — 2 = (p'r; —p'sj + xsj)z —2x(p'r; — p'sj + ws;), (C.2.43)

where z := p’ — p is some positive integer. Its expansion gives

P2 (mi—n;) 2420 (mi—ng)enitaini—a? = p?(rj—s;)2 420 (rj—s;) (s;—1)z+a 32 20%s;. (C.2.44)

Cases ‘ Conditions

All (Tlasl) = (pi 7’2’]9/ - 52) € 3(Z’ Z)
r1,51), +1,s1+1),(r1 — 1,51 — 1), (r1, 51
r1,51),(r1+ 1,81+ 1), (ra+ 1,82 + 1), (12, 52 ry < 3(‘04_1),81 < 3(p4_1),
7'1,81,7'1—1 81—1,?"2—1 82—1,7“2,82 k:%Tl,ZZ%81

r9,82),(r1 +1,s1+1),(r1 — 1,51 — 1), (ra, 59

re,s2), (r1+1,s1+1),(ra+ 1,50+ 1 Or%ﬁﬁé T Ol“p:27"1>
and (similar relations® with p — p’, 71 — s1)

andk‘:p—%rl,l:p’—%sl

Y

82,7’1—1 81—1
r1,51), (re + 1,50+ 1

=
\}

,(re— 1,890 —1),(r1, 81
,’1“2—1 82—1,(T1,81

| =~ =~ |||
=
)

), (r1
), (
), (
s9),(ro + 1,82+ 1
), (
), (
), (
), (

~— | — ~ | ~ |~ |—— | ~—

( ), (r1,51)
( ), (12, 52)
( ), (r2, 52)
,(ro — 1,890 — 1), (12, 52)
( ), (12, s2)
( ), (r1,51)
( ), (r1,81)
( ) )

TABLE C.2.10: The possible CBs of minimal models that I'(3) corresponds to.
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Since this is for general p/, by comparing coefficients at different orders of p’, we have
mi —n; = +(rj —s;), ni=%(s; — 1), nf —1= s? — 2sj, (C.2.45)

where + can be seen from the symmetry of p”2 and p’ terms in (C.2.44). Due to a similar symmetry
for (mi,n;) <+ (p — m4,p’ — n;), it is possible to replace (m;,n;) with (p — m;,p’ —n;) or (rj,s;)
with (p —r;,p" — s5) in (C.2.43). It turns out that they also give the same set of equations. The
third equation is actually redundant, and hence we have

m; —n; = :t(?"j — Sj), n; = :t(Sj - 1). (C.2.46)

Strictly speaking, in (C.2.43), we should really have |p/r; —p’s;+xs;| on the right hand side. Taking
this into account, we would obtain another set of solutions with —1 replaced by +1. Therefore,

mi; =T — 1, n; =585 — 1, (0247)

or m;=rj+1, n=s;+1 (C.2.48)

As we also have similar relations for Ay and we have seen that Ay, », # Apyn, for Q@ # 0, we
learn that

(mi,ni) = (rj,85) £ (1,1), (m1,n1) # (ma,n2), (m1,n1) # (p — ma,p’ — na). (C.2.49)

For the intermediate channel, using \/572 = %, we have

/ / 2 _ 4 /.. /. 2
Wk =pl+1)"= g —p'sj+55)7, (C.2.50)
so likewise,
2 2
k= 57“1, | = 551, (0251)
2 2

or k=p=gr, l=p —gs1, (C.2.52)

where without loss of generality we have chosen j = 1 for convenience. As k,[ are integers, we must
have 71,51 € 3Z (or in other words, (p — r2), (p' — s2) € 3Z). As p =p’ — 1, it is straightforward to
see that k,l € 2Z for (C.2.51) while (k,l) € (2Z,2Z + 1) or (k,1) € (2Z + 1,2Z) for (C.2.52).

We also need to take the fusion rule into account. In general, there are 2% x (g) = 24 possible
choices of external legs, where 22 is the number of choices of A; and A, and (;1) corresponds to
the choices of Ay # Ags. Therefore, we can discuss these possibilities case by case. Here, we will
provide the details for three representative cases as examples’.

Example 1: ri,71 + 1,71 — 1,71 In such case, the fusion rule gives

2 < k < min(2ry,2p — 2r; — 2);

2 <k <min(2r; —2,2p — 2rq). (C.2.53)
Putting them together, we have
2 <k <min(2r —2,2p—2r; —2). (C.2.54)
Therefore,
rn>2, p—r >2 (C.2.55)

In fact, we can omit 71 > 2 as we already have r; € 3Z. Furthermore, we also require k — (r1 +
1)+r —1 € 2Z, that is, k € 2Z. We can write similar conditions for [. In particular, [ should also

"Below we will use the correpsonding r’s for external legs to denote each case.
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be even, so (k,1) should obey (C.2.51). Therefore, we also need to plug (C.2.51) into the above
inequality. This gives
3(p—1 -1
< 3= 3¢ 1)
4 4
Comparing p — 2 with 3(p — 1)/4, we find that p — 2 < 3(p — 1)/4 only when p < 5 (with equality
at p =5). However, for p < 4, we cannot have p —r; > 2 as r; € 3Z. Hence, 1 < min(p —2,3(p —
1)/4) = 3(p — 1)/4 and likewise for s;. In all, the conditions for this case are
3(p—1) 3(p' —1) 2

2
r < 1 51 < -4 k= §T1, | = 581. (C.2.57)

s1 < (C.2.56)

Example 2: ry,7r1 + 1,71 — 1,72 In such case, it is not hard to see that k and [ should satisfy
(C.2.52). Besides, the fusion rule gives

p—2r1 —1|+1<k<p-2
p—2r+1|+1<k<p-—2. (C.2.58)

Putting them together, we have
max(|p —2r — 1|+ 1,[p—2r +1[+1) <k <p-2. (C.2.59)

Since p — 2r; — 1 < p — 2r; 4+ 1, there are three possibilities:

1.p—2r —1>0: If
p=>2r+1, (C.2.60)

then
p—2r+2<k<p-2. (C.2.61)

Plugging k = p — 2ry into (C.2.61), one may check that (C.2.60) and (C.2.61) are indeed
consistent (they give the conditions r; > 2/3 and 71 > 3 which are automatic as r; € 3Z).

2. p—2r1 +1<0: If
p<2r—1, (C.2.62)

then
2ri—p+2<k<p-—2. (C.2.63)

For this inequality to hold, we need p > r; 4+ 2. Plugging k = p — %7’1 into the inequalities,

we need r| < @. Following the above same reasoning, it suffices to keep r; < w.
3. p—2r1 =0: If
p=2r1, (C.2.64)
then
2<k<p—2. (C.2.65)

Plugging k = p — %rl into the inequalities, one may check that these inequalities are indeed
consistent (they give the conditions r; > 2/3 and 71 > 3 which are automatic as r; € 3Z).

The disussion for p’, [, s1 is the same.

Example 3: ri,71 + 1,71 — 1,70 In such case, the fusion rule gives

2 < k < min(2ry,2p — 2r; — 2);
2<k<min(r; +ry—2,2p—7r1 —7r2) = min(p — 2,p) = p — 2. (C.2.66)

Putting them together, we have

2<k<min(2r; —2,2p—2r; —2,p —2). (C.2.67)
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Therefore,
r>2,p>4, p—ry>2, (C.2.68)

where we can omit the first two conditions as we already have ry € 3Z. Furthermore, we also
require k — (r; + 1) +r; — 1 € 2Z, that is, k € 2Z. We can write the similar conditions for .
In particular, [ should also be even. However, we also have k — (ry — 1) + ro — 1 € 2Z, that is,
k—ri—ro=k—p=k—p +1¢€2Z. Likewise, | —p’ € 2Z. This means that k,! cannot be even at
the same time (i.e., they should satisfy (C.2.52)). Hence, we reach an contradiction and this case
is not possible.

In fact, we can still reduce the number of cases to be checked. Since 71 = p — ro, we have
r1£1 =p— (ro F1). Therefore, we can rule out the cases where we choose r; + 1,73 F 1 from
the (3) possibilities as Ay # Ag. Hence, there are 16 cases (including the above three examples)
overall. Moreover, just like in Example 3, we see that it fails to satisfy the fusion rule due to the
parity of k,l. This can also be used to reduce the number of possible cases. One may check that

r=r,m=r;x1,i=j = (k) €2Z72);
r=r,m=r;x1,i#j = (k1) € (2Z,2Z + 1) or (2Z + 1,2Z). (C.2.69)

This further reduces the number of possible cases (including the first two examples) to 8. Although
there are 8 distinct cases, there are only two conditions as in Example 1 and 2. This is because for
the combination r;,r; &= 1,7; & 1,r;, we always have

2 <k <min(2r; —2,2p — 2r; — 2), (C.2.70)
and for the combination 7, 7; £ 1,7,,7.2, £ 1, we always have

max(|p —2r1 — 1|+ 1,[p—2r + 1|+ 1) <k <p—2. (C.2.71)

This completes the proof, and the above conditions are summarized in Table C.2.10. We can also
see why the tetracritical Ising model is the one with smallest p’ for I'(3). One way is to compute
p' = 3,4,5 (with possible p) case by case, and none of them would give parametrizations from I'(3).
Alternatively, it is straightforward to use the above conditions as well. Likewise, we can deduce
that the smallest possible p is 5. Moreover, this also tells us why we cannot have r; =6 or s1 =6
for p’ = 6,7 and why s1 = 6 is not allowed for (p/,p) = (8,5) as in Figure C.2.1 etc.

If a minimal model has CBs corresponding to I'(3), then (r1,s1) = (3,3) (and hence (ra,s2) =
(p—3,p' — 3)) must be one solution. It is not hard to find that (k,1) is (2,2) or (p —2,p' —2), and
either Ag or Ag corresponds to (2,2) or (p — 2,p’ — 2) for all the eight cases. Therefore, we may
use this to solve My and €; 2. Suppose Ay, = Az, then

2
4
T §M02 = — M2 + QMy. (C.2.72)

Hence, My = % or 3¢ with Q=

5 If we consider Ajpy = Ag (which we have seen that

VP -1

this would give no new CBs), then we have the opposite values, that is, My = —% or —%. Using
My = \/Z% and /€162Q = €1 + €2, we may also solve € 2.

C.2.5 Minimal Models and I'g(4) NT'(2)

Let us now discuss one more example, I'g(4) N T'(2). We first focus on the cases when ( =1/2. In

terms of the simplifications we can make as above, there are only two cases we need to consider.
mo

Again, we set My = NGR In particular, one can find that the two cases only differ by As. However,

after some calculations, the fusion rule would always lead to p’,p € 27Z, which is impossible for
coprime p’ and p.
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Next, for ¢ = 2, it is very similar to = 1/2 but with a swap of mg, m3 and an overall rescaling. We
also have two distinct cases. For (+, 4+, —, —) %, using the same method yields the CBs in minimal
models with conditions in Table C.2.11.

Cases ‘ Conditions
2rg,2rg £ 1,79 £ 1,79
2r0,2ro = 1,p — (ro = 1),p — 19 ro < EE
p—2rg,p— (2ro £ 1),r0 £ 1,79 k= 2rg
p—2ro,p—(2ro£1),p—(ro+1),p—ro

p—2r0,2r0 £ 1,p— (ro£1),7g (ro<% or
p—2rg,2rot 1, rot1,p—1g % <rp < pi_l/?l/? or rg = _1>
2ro,p— (2ro £ 1),p — (ro £ 1), 70 and k = p — 2rg
2rg,p— (2ro £ 1),ro £ 1,p—ro

TABLE C.2.11: One set of possible CBs in minimal models that I'g(4) NT'(2) corresponds to.
There are similar relations for so, [, p’ by a simple substitution of the corresponding letters,
where we have set as = oy, sq-

Likewise, the other case with (—,+, —,+) gives the conditions in Table C.2.12.

Cases ‘ Conditions
2rp,2ro £ 1,70 F 1,70
2rp,2ro £ 1,p—(roF 1),p— 10 TOS%,
p—2rg,p— (2ro = 1),r0 F 1,79 k= 2rg
p—2ro,p— (2ro£t1),p—(roF1),p—ro
p—2ro,2r0 £ 1,p— (ro F 1), 70 (7«0<% or
p—2r9,2rg 1,70 F1,p— 19 %ST()S%OI‘T():I%I)
2ro,p — (2ro £ 1),p — (ro F 1), 70 and k = p — 2r¢
2ro,p— (2ro £ 1),70 F1,p — 1o

TABLE C.2.12: The other set of possible CBs in minimal models that I'g(4)NI'(2) corresponds
to. There are similar relations for sg,l,p’ by a simple substitution of the corresponding
letters, where we have set s = airg,s0-

It is not hard to see that for (+,+,—, —), the first CB appears in the minimal model with p’ =

5,p = 4, viz, the tricritical Ising model. For (—, 4, —,+), the first CB appears in the minimal

model with p’ = 4,p = 3, viz, the (critical) Ising model. The Kac tables and corresponding CBs

are shown in Figure C.2.2.

(' —p)*
4p'p

that is, p'/p = 1/k. However, as ged(p’,p) =1 and k < p,l < p/, this is impossible.

Finally, let us consider ( = —1. Since a always vanishes, A,y = %2 = - . Hence, p'k—pl = 0,

Now that we have found two dessins that corresponds to CBs in minimal models, we can consider
their CBs in the same minimal model. Such example would first appear when p’ = 6,p = 5 as in
Figure C.2.3.

8Here, it is still sufficient to choose two representatives for the two distinct cases. As different parametrizations
of the masses would only differ by signs of m;’s, we will only use their signs to denote (mo, m1,ma, ms).
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FI1GURE C.2.2: Here we list the first possible examples of CBs that I'g(4) N I'(2) corre-
sponds to: (a) The first CB for (4, +, —, —). For reference, the one in grey is the CB from
(=, 4+, —,+) for this minimal model. (b) The first CB for (—, +, —, +).
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F1GURE C.2.3: The CBs from I'(3) (cyan) and I'o(4) NT'(2) (green) in the tetracritical Ising
model. The ones in orange appear for both of the dessins. The three CBs, from left to right,
come from I'(3), (+,+, —,—) and (—,+, —,+) in I'g(4) N T'(2) respectively.

C.2.6 Minimal Models and General Dessins

Following the above steps, we can derive the results for any dessin in general.

Proposition C.2.3. Suppose for a dessin, we have the gauge theory parameters with relation

my = £/ F kimg, mo = £/ F kamg, mg = £/ F kamo, a = £/ F kinemo,

(C.2.73)

where k; o > 0. Then the dessin corresponds to the states of 4-point CBs satisfying conditions in

Table C.2.13 in minimal models.

Cases

Conditions

kirg,koro £ 1,ksro =/ F 1,79

kiro,koro £1,p — (ksro =/ F1),p — 10

p— klro,p — (k?gT‘() + 1), kgT’g + / + 1,7‘0

p—Fkiro,p — (karo £1),p — (ksro £/ F1),p — 1o

max(|A £1[,| A £1])+1
< kintro < 2 min(d — 3,4p — 3 — %),
and k = kintro

p— kiro, karo £ 1,p — (ksro £/ F 1),70

p— kiro, karo £ 1,ksro £/ F1,p— 1o

kiro,p — (karo £ 1),p — (karo £/ F 1), 19

kiro,p — (karo £ 1), ksro F1,p — 1o

max(|(k1 + ko)ra £ 1], (ks + D)ra £1]) + 1
< kingro < min(p — 2 — [A[,p—2—| A ),
and k = p — kintro

TABLE C.2.13: The set of possible CBs in minimal models that a general dessin corre-
sponds to. There are similar relations for sg,l,p’ by a simple substitution of the corre-
sponding letters, where we have set a4 = aug,s, and A = (k2 — k1)ro, A= (1 — k3)ro, %k =

—|k1 + k2 — ks — 1]+ > k‘1> ro. In particular, k; int70 € N™ is a necessary condition.
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In fact, we may further make the following conjecture.

Conjecture C.2.4. For a dessin satisfying the conditions in Proposition C.2.6, it corresponds to
a family of 4-point CBs whose states follow Table C.2.135.

So far, we have already discussed how a dessin can reproduce the charges/momenta of the states in
a 4-point CB of a minimal model. However, as ( is fixed for each dessin and we are only obtaining
¢ by relating the Strebel and SW differentials rather than describing it as a concrete mathematical
object in the language of dessins, further study on whether/how dessins could fully recover the CBs
and the spectra is required.

With the conditions in Table C.2.13, we can check what CBs in minimal models we can obtain
from a dessin. For instance, when ( = % + %\/5 for T'1(5), we have ko = 1,k1 = k3 = 5, kit = 2.
It is not hard to find that the first CB it corresponds to appears when p’ = 7,p = 6 as in Figure
C.2.4.

505 2 2 2 L0 ETHE:
4§£é£i§ 56 56
85()‘3()‘?(338‘8
L5
110 7 7 7 7 5
1 2 3 4 5 6

FIGURE C.2.4: The CB on the right has conformal dimensions coloured cyan in the Kac
table.

Examples not giving minimal models From Proposition C.2.6, it is straightforward to see that
there could be dessins that do not correspond to CBs in minimal models. Besides the inequalities
in Table C.2.13, a necessary condition is that k;;ntro and k; jnts0 should be positive integers. Let
us verify this with some examples.

For I'y(6), there are two big classes of parametrizations. If mg or ms has the factor V109, then
we cannot get the rational conformal dimensions for all the external legs. If instead m; has the
factor v/109, all the conformal dimensions can be rational since A; = %2 - Mg. However, if we
now express My in terms of the labels (rg, s2) for A4 and insert this into Ay, we find that

(p'ry ,p51)2 =4 x 109(p'ry — p82)2, (C.2.74)

where 109 is not a square number, and hence no integer solutions (except when 0 = 0 which is

excluded for minimal models). Therefore, it is not possible to get CBs in minimal models for I'g(6).
For T'y(8), m; and a are non-zero and cannot simultaneously be real/pure imaginary as in Table
C.2.5. Without loss of generality, suppose \/% is pure imaginary and then \/372 is real. This
yields

Q4 a2 Q
Ay = % — — < =, C.2.75
¢ 4 €1€9 < 4 ( )
Therefore,
k—pl)2—(p —p)? Q2 ' —p)?
(Pk=p)? =@ -p? _Q _ (-p?* (C.2.76)
4p'p 4 4p'p
In other words,
W'k —pl)* < 0. (C.2.77)

Hence, it is not possible to get CBs in minimal models for I'y(8).

For T'5(9), since the a’s are not real or pure imaginary, it should not give CBs in minimal models.
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Minimally Tempered Newton
Polynomials

In Table D.0.1, we list all the maximally and minimally tempered Newton polynomials for the

reflexive polygons.

Polygon Maximally tempered polynomial Minimally tempered polynomial
2 2 2 2
No.1 w2 Bw_ 3 _ 1 g, 3_ 3, 3 —wl 22 1
z w z w wz w z w wz
3 2 3
No.2 p—w _dwr bw oz 1 9, 2 _ 4 o w oz _ 1
z z z w wz w z z w wz
2 2
w® 3w oz 1 2_,_3 _wt oz 1
No.3 k_z z w we 2w w z z k z w Wz z
— —z_w_ 1 2 _9,_ 2 _ —z_w_ 1
No.4 k—wz 2w 2z k—wz
z wz w z z wz
2 2
No.5 p—w 3w _ 1 o9, 1 _ . _ 3 w1 1 _
z z wz w z z wz w
2 2
wr 2wz 1,1 w2z 1, 1
No.6 k— % 2w— o —z2— k= —2— 0 —2—
2 2
No.7 p—w _3w_ 1 o9, ,_3 w1 _
z 4 wz z z wz
2 2
No.8 E—w 2w gy L 51 F-w _1_,_1
z z w z z w z
w_ 1, 1, 2 w1, 1
No.9 k=% —o—w— o —2— % k=% -2 —w— o —2
No.10 k—2-2_ oLt _,_1 E—2-w_ oLt _,_1
w z w z w z w z
w 1 1 2 w 1 1
No.11 k= —wr—w %% k=2 —wr —w ?
1 1 1 1 1 1
No.13 k-v-L _,_2 [
z wz z z wz
1 1 1 1
No.14 l{f—w—w—a—z k—w—w w—Z
1 1 1 1
No.15 k—w— o —2—7 k—w— o —2—2
No.16 k—z—w—ﬁ k—z—w—ﬁ

TABLE D.0.1: The maximally and minimally tempered Newton polynomials for reflexive

polygons.

D.1 Elliptic Curves for Minimally Tempered Coefficients

Although not as physically interesting as the maximally tempered coefficients, let us list the results
for minimally tempered coefficients for comparison and reference. As the reflexive polygons No.10,
12, 14, 15 and 16 do not have any boundary points other than vertices, the minimally tempered
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coeflicients coincide with the maximially tempered coefficients. Hence, we will not repeat their
results here.

As shown in Table D.1.1, the elliptic curves for minimally tempered coefficients are not the same
for specular duals. The reason is that these coefficients do not encode all the information of the
corresponding (numbers of ) perfect matchings.

Polygon No.1 No.2 No.3 No.4

a(k) 9, 4 -3 1p2 16

5 27 2 3 114 4 128

b(k) —3g3 — 21 —2k? —3k2 -2 —aekt — Sk 4 12

(ke k3 (k34-216)3 (k*4192)3 (k*4-144)3 (k*—16k4256)3

j(k) (k3—27)3 (kT—64)2 E2(k2—16)(k2+9)2 E1(k2—16)2
Polygon No.5 No.6

112 1 5

b(k) —%k@—k—l —%k“—ik?’—%k?—% —%g

(ke (k*—48)3 (k*—8k?—24k—80)3

J(k) 7K+ kI —72k3 —504k2—864k—496 (k2+4k+5)2 (k3—6k2+12k—35)
Polygon No.7 No.8 No.9

a(k) 0 k2 +k 24+ k+ 2

b(k) ~1 Ly e e e B e L a1

(ke 12 (k*—8k2—32)3 (k*—8k2—48k—32)3

(k) K0—432 kS —11k1—32k2—256 (k+ D2 (K —8k2—64k—48)
Polygon No.11 No.13

1

b(k) —a k3 — Lk + 1 — 5k

. (k*—24Kk—48)3 (k*—48)3

j(k) 5+ kA +k3—30k2—96k—91 =64

TaBLE D.1.1: The data of the elliptic curves y*> = 2® 4+ fx + ¢ and j-invariants for reflexive
polygons (with minimally tempered coefficients). Again, we have f = fék‘l + a(k) and
g = g5 k° + b(k) here.
In Figure D.1.1, we list the plots obtained from j(k)/1728. As we can see, this is not a Belyi map
for No.8, and hence the plot is not dessin or even a bipartite graph. Moreover, although the graph
for No.9 is bipartite, it is not connected, and hence the map is not Belyi as well.

One may also compute the Mahler measures for the Newton polynomials P(z,w) = k — p(z,w)
with those minimally tempered coefficients as series of k. We will not list them here, but we would
like to point out two properties:

e There are several (but not all) reflexive pairs giving the same Mahler measures. These pairs
are No.1&16, No.2&13, No.4&15 (plus the self-dual ones). The reason is that the vertices
of the polygons in each pair are related by some GL(2,7Z) transformation (while the other
reflexive duals are not). This can be seen by quotient gradings on the lattice or direct
computations of Pliicker coordinates. As the minimally tempered coefficients only contain
the vertices, this then follows from the fact that Mahler measure is GL(2,Z) invariant.

e There are four classes of polygons whose Mahler measures can be expressed compactly using
some generalized hypergeometric functions 4F3. Likewise, their ug are also simply some
hypergeometric functions 9 F7. These four classes are classified in [50]. It turns out that the
four classes are precisely No.1&16, No.2&13, No.4&15 and the self-dual No.7.
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Although not all dessins (or just graphs) are associated to congruence subgroups, we may still com-
pute the modular expansions for the k£ parameters and check if they give rise to any Hauptmoduln.
Here we give three examples of different types. The detailed steps can be found in [183, 185].

Example 1: No.1 As this is the same as the case for dPy (No.16), we have computed that

12
k3 =27+ (7;7((3:))> . This is a Hauptmodul for I'g(3). In particular, the congruence subgroup

associated to the dessin in this case is I'(3), which is a subgroup of T'y(3).

Example 2: No.13 We have

24
kY = ¢! £ 40 + 276¢ — 2048¢% + 11202¢3 + - - = 64 + < ”((27))> , (D.1.1)
7’] T

where the second equality is checked perturbatively. This is a Hauptmodul for I'g(2). On the other
hand, the crossing dessin does not correspond to any congruence subgroup. By removing the white
vertices (or black vertices), this does not even seem to be a coset graph for any group either.

Example 3: No.7 We have

kS = 864 (1 ~ E?:’%Z)) , (D.1.2)

n

— are the Eisenstein series. This is not

(0.0 n (o)
where Ey(r) = 1+240 3. =0 and Fo(r) = 1540 3. -4
n=1 n=1

known to be a Hauptmodul of any genus-0 congruence subgroup. On the other hand, the flower
dessin does not correspond to any congruence subgroup either. By removing the white vertices,
however, it could be viewed as a coset graph associated to any group with 6 generators (and the
subgroup being itself). Incidentally, there are two things worth noting:

e As given in [284], we have

1 5 1728

5 D-]..:;
12712777 5 ( )
in terms of j-invariant (cf. §4.2.2).

e The g¢-series expansion for F4(7) has a,, = 240 for n > 1. It turns out that 2a,, = 480 are the
GW invariants in the first row of Table 1 given in [192] (cf. §4.3.2).
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(A) No.1: I'(3) (B) No.2 (¢) No.3: Tg(4) NI(2)
(D) No.4: To(4) NT(2) (E) No.5: T'o(9) (F) No.6: T'o(9)

O

) o
s

11,
e

() No.7 (1) No.8 (1) No.9: T'p(3) x I'n(4)

b

|
|

(3) No.11: T'o(9) (k) No.13

FIGURE D.1.1: The dessins (or just graphs from j/1728) for reflexive polygons with min-
imally tempered coefficients. As listed, some of them correspond to certain congruence
subgroups (as coset graphs).
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Appendix E

Quivers for Generalized Conifolds

Given any generalized conifold with M + N > 1, its toric diagram is

M

N . E.0.1

Its quivers in different toric phases can be obtained from the triangulations of the lattice polygon
[285,286]. These triangulations can in turn be encoded by a sequence of signs ¢ = {¢,|a € Z/(M +
N)Z}, one for each simplex in the toric diagram. There are M minus ones and N plus ones.
When two simplices are glued side by side, they have the same sign. When they are glued in the
alternative way, they have opposite signs. An illustration can be found in Figure E.0.1.

AN ‘

(a) (b) (c)

FIGURE E.0.1: In these examples, we have (a) ¢ = {—1,41}, (b) ¢ = {—1,—1} and (c)
¢={-1,-1,+41,4+1,—1,+1,4+1,+1}.

The quiver is constructed as follows. First, there is always a pair of opposite arrows connecting
node a and node a + 1 (a € Z/(M + N)Z). Then the node a is bosonic/even and has a self-loop
if ¢o = Sa+1. If o = —Gu+1, then it is fermionic/odd and has no self-loops. Hence, the resulting
quiver is essentially the double of the untwisted affine 5[y Dynkin quiver with extra loops on the
bosonic nodes. The superpotential W can be fully determined in the toric quiver gauge theory and
is composed of the terms

{gatr(Ia,aIa,a—IIa—l,a - [a,aIa,a+IIa+l,a)7 Sa = Sa+1, (E 0 2)

gatr(Ia,a+1Ia+1,aIa,a71[a71,a)7 Sa = —Sa+1;
where I, denotes the arrow/field from node a to b.

Recall that from the superpotential, we have the loop constraint

Y & =o, (E.0.3)

Iel

for any closed loop L in the periodic quiver. Furthermore, there are also vertex constraints:

> sen,(I)er =0, (E.0.4)
Ica

where the sign function sgn,(I) is equal to +1 (resp. —1) when the arrow I starts from (resp. ends
at) the node a, and 0 otherwise.
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Following the above rule of toric duality, it is straightforward to see that we can only dualize
fermionic nodes in the toric phase. This would just change the parity of the two nodes connected to
the dualized node by adding or removing the adjoint loops. Correspondingly, the Dynkin diagrams
of the underlying affine Lie superalgebra are related by odd reflections.

A generalized conifold with a larger polygon can be higgsed to one with a smaller polygon. This
can be decomposed into a sequence of higgsings. For each single higgsing, the leftmost or rightmost
simplex is removed. In the quiver, we merge two adjacent nodes. The two nodes can be either
bosonic or fermionic. Suppose that the nodes a and a + 1 are merged, then |d/| = |a| + |a + 1],
where a’ denotes the corresponding node after higgsing. Let us list how the Cartan matrices would
change for the three possible cases:

2 -1
al - -1 2 —1 ... e 2 =1
la| =1la+1=0: at1 o109 ... » Y] R R L
19 12
, (E.0.5)
2 -1
ol =0Ja+1f=1: L of g | EEp | L0
1 —-92... 1 =2
, (E.0.6)
2 —_1...
al 210 1 AU J
la| =la+1] =1: a+1 100 =1 --- » al---—-12 —1--
19 . 12 .
(E.0.7)

Therefore, the quiver Yangian constructed therefrom is a two-parameter algebra'. The general rule
of the parameter assignment to the arrows is summarized in Figure E.0.2.

Now, according to the definition of quiver Yangians, the defining relations for the cases of generalized
conifolds can be written as follows.

Definition E.0.1. Given a quiver Q = (Qo, Q1) and its superpotential W (with M + N > 2),
the non-reduced quiver Yangian is generated by the modes eﬁf), ffla) and @ZJSL) (a € Qp, n € N)

satisfying the relations

v, w0 <o, (E.0.8)
[, 1O} = bali . (E.0.9)

n §5.7, we discuss the connection of quiver Yangians to W-algebras. These W-algebras only depend on the
ratio € /ez [69]. However, the two parameters are independent for generic quiver Yangians. This is also reflected in
the condition on €12 in Theorem 5.7.4.
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(0a +0at1)e3/2

Oat1€1

(a) (b)

FIGURE E.0.2: The values of €; associated to bifundamentals and adjoints subject to the loop
and vertex constraints for generalized conifolds. We have (a) ¢ = o+1 and (b) ¢ = —Ga+1,
where €123 are parameters of the quiver Yangian.

:%(ﬁpeiﬁ)] - [wﬁﬂ, £2+1} = ot p{Vel) + ofbell) i), (E-0.10)
W 0 = [0, 10 = ot f) — ot By, (E.0.11)
e} = [0 50 =0 (ot =0), (.0.12)
ey e} = el el ) = atele® + (—1)llMofteele (o1 £ 0), (E.0.13)
:an,fm } [f fm+1} = —gbpla) pO) _ (_p)lallblgba p®) pla) (50b 20y (E.0.14)

The generators e;“) and fT(Za) have the Zy-grading same as the corresponding node a while zpﬁf) 18
always bosonic. In the above relations, we also allow ¢(_a1) :=1/(e1 + €2) so that

[0, e0) = (o + o) el [0l 0] = (o 4 ol) £ (E013

€1 + €2

can be deduced from the e and Y f relations.

Notice that for convenience, we have rescaled the generators compared to the convention in §5.2.
The two sets of modes are related by e%a) = (e1 + 62)1/26%@, fﬁf‘) = (e1 + 62)1/2f7(la) and 11)%“)
(e1 + eg)zpff) (including 1|)@1)), where for clarity we have used e, £ and { to denote the ones using
the convention in §5.2.

To correctly recover the BPS degeneracies, we also need the Serre relations.

Definition E.0.2. Given the above quiver data, the (reduced) quiver Yangian Yqw is the non-
reduced quiver Yangian with the Serre relations given as follows. When M N # 2, we have

SYM,y, s [egfl), [622), 5,‘;*1)]} =0 (la| = 0), (E.0.16)
Symy,, 1, [67({11), {e,(ﬁjl), [e%‘?,e%;l)}}} =0 (la| = 1), (E.0.17)

and the same relations with all e replaced by f. When (M,N) = (2,1) (or equivalently, (M,N) =
(1,2)), namely for the suspended pinch point (SPP), we have

Y15, [0 [0, [0, [e2). eV 11 })
¥, €520 [e): [€82, (e} 1 1}

and the same relation with all e replaced by f, where the node (1) is taken to be the single bosonic
node.

(E.0.18)

For toric CYs, as the superpotential can be unambiguously determined for a given quiver, we shall
abbreviate Yo as Yg or even Y if it would not cause confusions. Moreover, since the quiver
Yangian is always a two-parameter Yangian algebra, we will omit ¢; as well.
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Appendix F

BPS Partition Functions, Plethystics
and Kac Polynomials

In this chapter, we discuss the BPS partition functions for all the toric CYs without compact 4-
cycles as well as (tripled) quivers from affine type (including non-toric ones). One may check that
the resuls agree with those from topological strings such as in [202,287-291]. All of them can be

expressed using (generalized) MacMahon functions!:

M(p,q) =] (1—1%1’“)’“’ M(q) = M(1,q), M(p.q) = M(p,q)M(p".q). (F.0.1)
k=1

In the above, M (q) is the standard MacMahon function [292]. We can then also use these expres-
sions to study the gluing process beyond two trivalent vertices in the web diagram and identify the
bosonic and fermionic generators.

When studying wall crossings, it is convenient to introduce the shorthand notation

0o ko
1
M (p, ¢; ko) H o MNpogsko) =[] ok (F.0.2)
ko 1—Pq i (1= pg®)

as the truncated MacMahon functions from below and above. For different chambers separated by
the walls of marginal stability, we shall discuss their possible crystal descriptions. For chambers
C described by M”, the model could be constructed by combining a union of (sub-)crystals. For
chambers C described by Mx, the model could be constructed by peeling semi-infinite faces off the
crystal.

We will also write these generating functions in terms of plethystic exponential (PE) of a multi-
variable analytic function f(t1,...,t,):

> k kY _
PE[f(t1, ... )] = exp <Z f(tl"“’tr)k f(o""’0)> . (F.0.3)
k=1

As the PE computes the character of the symmetric algebra, this indicates that the quiver Yangians
are symmetric algebras. They can then be endowed with Hopf algebra structures as one may expect.

For some cases, we shall also discuss the PE expressions in the context of (nilpotent) Kac poly-
nomials [293] and consider the connections to different quantum algebras. More specifically, for
C3, the partition function agrees with the Poincaré polynomial encoded by Kac polynomials for
some nilpotent (sub)stack. For (tripled) affine quiver cases, the double of such Poincaré polynomial
contains the partition function as a factor, and it seems that there exists some subalgebra structure.
All these will be checked for both unrefined and refined expressions. It could be possible that the
other cases may as well have certain interpretations in their PE expressions.

!For refined partition functions, we will use refined (generalized) MacMahon functions.
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Crystal Partition Functions In this appendix, we are considering toric diagrams without inter-
nal points. Therefore, we will count the D2 and DO states bound to a single D6. As the dimensional
reduction from 4d A/ = 1 gauge theory, the effective supersymmetric quantum mechanics on the
D-branes is a quiver theory. Recall that a quiver Q is a graph (Qp, Q1) with Qy denoting the set
of nodes and Q; its edges, and the crystal model can be thought of as the 3d uplift of the periodic
quiver.

Given a molten crystal configuration €, we can write the crystal generating function to enumerate

the possible configurations:
¢(
crystal Q] Z H | ])|7 (F.0.4)
¢ jeQo

where |€(j)| denotes the number of atoms with colour j in €. For BPS states counting, we have
the BPS partition function

[Qol—1
ZBPS q, Z Q no,nz o H Q?M, (F.0.5)
i=1

no,n2

where € is the Witten index for the bound states of ng DOs and na D2s inside a single non-compact

D6 with ng; the number of D2’s wrapping the it 2-cycle. Note that ng € Z>q is a non-negative

integer and ng = (ng,;) € Z‘Q(" is a vector, where |Qp| — 1 is the number of compact 2-cycles in
the CY3. In topological strmgs, these fugacities ¢ and Q = (Q;) are related to string coupling g

and Kéhler moduli respectively [131].

Roughly speaking, the partition functions for crystal and BPS states are related by a change of
variables ¢ = :tT‘Ll:[l ¢, Qi = £Q; for n = |Qp| and i = 1,...,n — 1. To determine these signs, we
first introduce tﬁgo(Euler—)Ringel form?

(di,do) = Y diadra— Y diaday (F.0.6)
a€Qop Xap€Q1

for the dimension vectors dj 2. Then the sign of the term g™ = [] ¢/ is given by (—1)mo*{mm)
,ii
294].

In general, we need to check the signs term by term. However, for toric diagrams without internal
points, we simply have
Z Ma
(—1)mot(mm) — (_1)aes (F.0.7)
where S = {ao} U {a|p X, € Q1}. Notice the disjoint union sign here. This means the initial
node is counted twice, one from {ag} and one from {a|} Xu, € Q1} (if it does not have a loop).
Therefore, the signs of variables can be determined as follows:

(F.0.8)

bo, ﬂ Xaa S Ql . Di,y = Xaa c Ql
4o = ; i£0 = .
—DPo, = Xaa € Ql —Pi, 39 Xaa € Ql

e
We shall call this the crystal-to-BPS map. Then we can obtain Zgpg(¢, Q) via ¢ = [[ pj, Qi = p;
§=0

For convenience, especially when writing the sign-changed expressions, we have simply denoted the
crystal-to-BPS map as ¢; — +£¢; in the followings, with the understanding of the signs according
o (F.0.8).

?Recall that X, denotes an arrow from node a to node b. Moreover, the node ag corresponding to the initial
atom always uses the variable qo.
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Kac Polynomials As our partition functions can also be expressed in terms of PE, we would like
to see whether they could be related to Kac polynomials. Given a locally finite quiver @ = (Qq, @1),
the Kac polynomial A4(F,) is the number of absolutely indecomposable representations of the
quiver over a finite field [}, of dimension d € Z|>01| (and hence the name dimension vector). This is
called a polynomial because there exists a unique polynomial A4(t) € Z[t] such that A4(F,) = Aa(p)
for any I, [293].

One can then define the doubled quiver @ = (Qo, Q1 UQ7) where an arrow X* in opposite direction
is added for each arrow X in the quiver (). The preprojective algebra Ilg is defined as the path

algebra CQ quotiented by the ideal generated by . [X, X*]. The stack of representations of Il
Xe1
is an abelian category denoted as Repllg = | |Repgyllg. A representation M is called nilpotent if
d

there exists a filtration {0} = M; C --- C My C M such that HZS(Ml) C M1, where HCS C Ig

is the augmentation ideal [295,296]. The substack of these nilpotent representations is called the

Lusztig nilpotent variety Ag =| |Ag.4. One may also introduce some semi-nilpotent and strongly
d

semi-nilpotent conditions to define the Lagrangian substacks A% and Ab respectively. We shall not
expound the details here, and readers are referred to [295,297] for these conditions. As their names
suggest, Ag C Ab C A%.

Consider the T-equivariant Borel-Moore homology HI (Repllg, Q) = @ HI (Repgllg, Q) [298]. Its
d
Poincaré polynomial®, as shown in [295,299)], is encoded by the Kac polynomial:

Po(t,z) = Z P(Repyllg, t)t'dd) 24 — PE
d

where P(Repgyllp,t) = > dim Hay;(Repgllg)tt and (di, ds) is the Ringel form. Likewise, for the

1_71#1 ZAd(t_l)zd] : (F.0.9)
d

(2
Borel-Moore homology of Ab (b =0,1), we have®

1 Z _
d

One can introduce algebra structures on these homology spaces. These “2d” COHAs are closely
related to the “3d” COHAs/quiver Yangians discussed in the previous subsection. For instance,
consider the Jordan quiver @, that is, one single node with one loop X. Its tripled quiver @ is
given by Q with a loop w added to the node. The (super)potential is then W = w[X, X*]. Then
the 2d COHAs are the dimensional reductions® of the corresponding versions of the 3d COHAs

associated to quiver Yangian Y (gﬂ) of Cj [208,301, 302].

More generally, given a quiver @, its tripled quiver @ is the doubled quiver Q with a loop w, added
to each node. The superpotential is then W = " w,[z, 7*]. For example, the quivers for C x C?/Z,,

a,x
are tripled quivers @ of the affine A-type quivers (). As the expressions here associated to both @
and Q are in the form of PE and the Kac polynomials encode certain graded characters, it would
be natural to compare them and expect some relations between them. In general, for other toric
CY 3-folds, the quivers are not tripled, but it might be possible that they could also have some
interpretations in terms of something similar to Kac polynomials and lead to possible connections
between various algebras.

3Since we have infinitely generated homology, this should really be a series, but we shall always refer to it as
Poincaré polynomial.

4Similarly, AI&(P) gives the number of absolutely indecomposable representations satifying the corresponding
nilpotency condition over a finite field F,, [295].

®This dimensional reduction is in the sense that the 3d COHAs were defined in the framework of 3-dimensional
CY categories in [300] while the 2d ones come from 2-dimensional CY categories in [86].
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F.1 Examples Galore

We now discuss the BPS partition functions for all toric CY3 without compact 4-cycles and some
non-toric examples, along with various relevant aspects. Let us start with the simplest case C3
which is most well-studied in literature.

F.1.1 Plane Partition: C?

The toric diagram for C? is the simplex with vertices (0, 0), (1,0) and (0,1). Its dual web is just the
trivalent vertex. There is no compactly supported D2-branes in this case. The generating function
is enumerated by plane partitions, given by the MacMahon function [303]:

00
Zcrystal = qO = H 1 q (Fll)
k=1 — 40

The BPS partition function of DO-branes follows the map ¢ = —qo, that is, Zppg = M(—q). For
future convenience®, let us also introduce the variable z = —¢, and then Zgps = M(x). The

MacMahon function is precisely the vacuum character of the affine Yangian Y (g/[\1>

It is straightforward to write the generating function as

M(z) = PE [(1—2)2] . (F.1.2)

It is curious to see that the Hilbert series (HS) for C?, namely 1/(1—x)?2, appears inside PE (rather
than C3). Incidentally, C? frequently appears in relevant study of instantons and VOAs. The

COHA of the C? quiver is also isomorphic to the positive part Y+ ( ) of the affine Yangian [302].

2

Although similar features are not observed in other cases, the factor 1/(1 — x)* is universal in all

the examples we consider’.

We may now use the method in [26,304-306] (see also [12, Appendix B| for a short summary) to get
the asymptotics for the generating function. For plane partitions, this is a well-known result [307].
At large n, the asymptotic expansion of MacMahon function has coefficient

7.~ ijg/j <g>—25/36 exp (3C( 3)1/3 (2>2/3 n g’(—l)) . (F.1.3)

Since PE[1 + f] = PE[1]PE[f] = PE[f], we may also write the expression as

M(z) = PE [1 + (F.1.4)

x
=k
Now the expression inside PE is purely an HS whose Taylor expansion starts from 1. In fact, this
is the HS for the complete intersection defined by X + X3 + C2 = 0. By virtue of PE, this gives
a one-to-one correspondence between the BPS states labelled by boxes in the plane partition and
single- /multi-trace operators generated by X 23. Nevertheless, it is not clear whether this does
imply anything non-trivial in physics and mathematics®.

Tt seems to be redundant to write M(qo) (or M(—q)) as M(z), but this notation would be easier for our
discussions on cases with more variables g;.

"Here, we use x instead of g as it stands for different (but patterned) products of variables for D-branes in different
cases.

8It is worth noting that this defining equation could be labelled by Eio following [308] though it does not fit in
the usual McKay correspondence or belong to the exceptional unimodal singularities. This could probably be in line
with the McKay correspdence as equivanlence of derived categories [309, 310]. Moreover, (1 — z 4 22)/(1 — x)? was
also studied in [311] in the context of Hasse-Weil zeta functions and Dirichlet series.
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Kac polynomials and Poincaré polynomials On the other hand, we find some connections
to certain Kac polynomials. Consider the Jordan quiver @ whose doubled quiver Q leads to the
preprojective algebra Il = CQ/[X, X*]. The tripled quiver Q is then the quiver for C3 having one
node with 3 loops X, X*, w and superpotential W = w[X, X*|. For the T-equivariant Borel-Moore
homology H*T(AZ?, Q), we have [295]

P)(t,z)=PE |——— F.1.

ot ) [(t—l l—x] HHl—t Fpd (F.1.5)
d=1k=0

with Kac polynomials A%(t) = 1 for both b = 0 and b = 1. In this case, Ab = A%. Under the

unrefinement ¢t = 2!, we find that this agrees with the MacMahon function M (x) = PE[z/(1—z)2].
This reflects [297,312] the fact that the COHA of the moduli stack of coherent sheaves on C2 with

zero-dimensional support is isomorphic to Y+ <§[\1) One may also check that in this case the

Poincaré polynomial [86] of YT is PE [(pl?ﬁ} . For reference, we also have

Po(t,z) = PE [(t_ll_x] HH — kxd (F.1.6)

dlkl

with Kac polynomials A4(t) = t.

F.1.2 Conifold

Instead of directly move on to C? orbifolds, we shall first consider another very well-studied case,
that is, the conifold C. The toric diagram is the square enclosed by the four vertices (p1,p2) with
p12 = {0,1}. As the quiver has two nodes with two pairs of opposite arrows, the atoms in the
crystal (aka pyramid partition) should have two colours ¢p 1. The generating function is well-known
from [202,203]:

M (qoq)? . .
- = M(qoq1)"M(—q1,q0q1) - (F.1.7)
M(=q1,9091) M (=1 ", qoq1)

Z crystal =

We may write this in terms of PE as

ko, ,
Zerystal =PE | ) ki (L+ )l | PE | Y Sy (=1+ 201+ 4g7 + 247 — a1)g

k€2Z>¢+1 k€2Z>0
_pp [%((1 +q1)” + 454t (1 + q1)° + qo(—1 + 2q1 + 4 + 247 — Qi*))] .
(1 —q0q1)?
(F.1.8)
Setting qo = q1 = q, we get the pyramid partition without any colouring;:
2 3 4 45 46
7 PR q(1 +q+39° +49° + 39" + q° + q°) . (F.1.9)
(1—g%)?
This has asymptotic behaviour
P (G LI ( acent (2)° +2¢(-1 >) (F.110)
n X . 1.
n /7377 p 9

We can use the map ¢ = —qpq1 for DOs and Q = —¢q; for D2s to obtain the BPS partition function:

Zpps(q,Q) = M(—q)*M(Q, —q) L. (F.1.11)
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In terms of PE, we get

0 _ 9 B 9 9
Zgps(q,Q) = PE Z (_1)k+1quk PE Z _7;3(1 Q)1+4Q+Q )qk

wiZr2 ¢ kedZz0+2 v
_pp |11 - QP(Q (1 +4Q+ Q%) +3¢°Q —4¢°Q +3¢'Q — °(1 +4Q + Q) + ¢°Q) |
L Q*(1 —¢*)?

(F.1.12)

The expressions in PE are rather tedious in this case. Besides, it is not easy to instantaneously
transform between the MacMahon expressions and the PE ones. However, if we change the signs
properly, namely getting rid of the minus signs in the arguments of (generalized) MacMahon func-
tions, we can easily get

Ze = M(q0q1)*M(q1,q0q1) " = PE [_qo(l—ql)z] : (F.1.13)
(1—qoq)

where Zc is the sign-changed expression from Z ysa1. As we will see, when writing the generating
functions in terms of PE, the patterns are more straightforward for generalized conifolds with the
signs properly changed. The coefficients in the expansions of Z. and Zerystal also agree up to
signs. One can simply multiply (—1)""" for the terms ¢(°q¢}" in Z, to recover? the correct signs
in Zerystal. Alternatively, one may consider the twisted PE introduced in [313]. We find that in

general given Z, = PE[g], the twisted PE of g is precisely Zcrystal-
Likewise, using * = —q = qoq1, we have
o - 1-Q)°
z = M(z)2M 1_pp | 21ZQ° ] F.1.14
ors (. Q) = M2 (@) = PE |- HL = (k114
In general given Zppg(z, Q) = PE[g], the twisted PE of g is precisely Zppg(q, Q). Henceforth, we

shall always abbreviate Zpps(z, Q) as Zpps.

Gluing operators In [314-316], the vacuum character for the A/ = 2 affine Yangian and its
generalization were studied through certain gluing process. Likewise, we may also identify the
gluing operators for the affine Yangians discussed in this paper. For the u(1) & W£:2 algebra, it
contains two copies of affine Yangians of gl; as subalgebra. Therefore, in its vacuum character

x(z,y) = M(:L‘)2M(—y:vp,x)_1, (F.1.15)

the factor M (x)? is identified with the generators contributed from the two Wi« with 't Hooft
couplings \,, Ap and central charges c,, cp. Then the factor

o
M(—yzf, x)~ H (1 4+ yzhtP)F(1 4 y~Lakte)k (F.1.16)

can be interpreted as gluing operators whose conformal dimensions are controlled by the shifting
modulus p. More precisely, we have A = 1 + p. For the N/ = 2 affine Yangian, p = 1/2.

Compared to the vacuum character of affine Yangian of gl;|; for the conifold, we find that M (z)?
with x = goq1 = —¢ (and y = ¢1 = —Q) again comes from the two trivalent vertices while their

9Since the coefficients in the expansion of Zerystal are all positive as they simply count the numbers of atoms, this
is equivalent to just taking absolute values for the coefficients in the expansion of Z..
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gluing yields the gluing operators with contribution M (—y, x)~! with no shift, viz, p = 0. Therefore,
we may write the character identity

[T +yah) }:gm ol () (), (F.1.17)
k=1

where the representation R runs over all Young tableaux and R* := RT is the conjugate of RT.

Moreover, X%’P‘] (x) is the wedge part of the character for representation R of Wi y[)\], that is
(314,317,

A AJA AN
XB%] (x) = pr(x)XR[ ](a:) = M(m)xR[ }(x),. (F.1.18)
where Xpp = Xplane partitions 15 the MacMahon function M (z). With a similar decomposition for the
second part in M (—yz”, z)~!, we arrive at

Xvac,C('Za y) = M(:L‘)Q.Z/\Z(—y, x)_l

_pr Zlel\ /\P\a] (z)x /\P\b}(x) ny|R2| Al )\a] (2)x /\[/\b](x) (F.1.19)

R’y
_ pr(x) + Zy|R1 X%;z] [/\b] )+ Zy IRz R )X%\;] () +....

In particular, the fermionic gluing generators transform as (R, R}) & (R%, R2) under the left and
right Wi algebras'’. This is reflected by the negative power on M and the minus signs of the
arguments therein, as well as the minus signs in the sign-changed Zc,b. The ways of triangula-
tions/gluing simplices in the toric diagrams are also in line with this. It will become more obvious
when we discuss those with bosonic generators in the next subsection.

F.1.3 Coloured Plane Partitions: C x C?/Z,

In such cases, they are all plane partitions but with multiple colours, one for each node. Therefore,
we have n variables g 1,... n—1, and the generating function would reduce to the MacMahon function
under g = -+ = @n_1.

The other bicoloured crystal: n =2 Let us start with the simplest case C x C2/Zy. When
writing the generating functions for the conifold, we observe that they are of form PE[qo(1+ ¢1)%g1]

and PE [% gg}, where g1 o have expansion 1+ .... In particular, the two extra factors satisfy

q0(1+q1)? = ¢(1—Q)?/Q under the matching of variables for conifolds. As one of the only two cases
with two colours, it is natural to wonder whether C x C?/Zy would also follow the same pattern with
the same extra factor go(1+q1)? or ¢(1 —Q)?/Q. Recall that we have PE[zg;] with g; = 1/(1 —z)?

for the plane partition with extra factor x. Replacing this extra factor with go(1 + ¢1)?, we obtain

2 —~
??(3;2531;2] = M(q001)*M (1, 9001), (F.1.20)

Zcrystal =PE [
where we have also substitute x in the denominator with ggq; similar to the conifold expression.
Indeed, one may check that when taking g0 = ¢1 = q, we get M(q) = PE[q/(1 — q)?] and recover
the plane partition with single colour. As there are no minus signs to be removed in (F.1.20),
Ze = Zerystal in this case.

For C x C2?/Zs, the D-brane variables follow ¢ = —qgq; and Q = ¢;. Therefore, the extra factor
should be —q(1 + Q)?/Q = qo(1 + qoq1)? instead of ¢(1 — Q)?/Q in this case. Either applying this

%Tn [315], this was denoted as (R1 ® R, Rf ® Rs), where the notation R ® S* indicates the representation has
“box” part described by R and “anti-box” part described by ST. In [316], it was denoted as (Ri @ R3, R} @ R»).
Here, we shall use the notation which resembles the branching rule.
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extra factor to PE[z/(1 —x)?] (with q in the denominator changed to ¢) or directly writing (F.1.20)
in ¢, @Q, we can get

s (0:@) =P | I Q141 - a1 +20-+ 607 +20° + Q") +3°Q(1 + @

—4*Q(1+ Q)* +3¢"Q(1 + Q) — ¢*(1 +2Q + 6Q* + 2Q* + Q*) + ¢°Q(1 + Q)?))]

.- 2 kE(1—0Q)? 2 3 4
—=PE| (—1)k+1k(1+QQ)qk PE| 3 E(1-Q) (1+2Q526Q +2Q°+Q )qk
k;4:Zl+2 kedZ>0+2

=M(—q)*M(Q, —q).

(F.1.21)

In fact, the generating functions for C x C?/Z,, were obtained in [287,288]. One can check that
(F.1.20) and (F.1.21) do give the correct expressions.

As before, it is more concise to use r = —¢:

z(1+ Q)Z} . (F.1.22)

Zgps = M(2)*M(Q,z) = PE [Q(l—x)Q

More importantly, comparing Z; for C x C2?/Zy with the ones for the conifold, or equivalently their
Zerystal BPS 0 (generalized) MacMahon functions, we can see that they only differ by certain minus
signs. This is in fact consistent with the analysis of bosonic and fermionic gluing operators. In
terms of toric diagrams, they correspond to the two different ways of gluing two simplices. More
specifically, here we have

[e.e]

1

= F.1.23
Xvac,(CX(C2/ZQ ]}_{ (1 — :L'k)Qk(l — yl’k)k(l — y71$k)k’ ( )
where x = qoq1 = —q and y = ¢ = Q). This leads to the bosonic gluing operators with character
identity
o
[T+ Z Yy Xl (), (F.1.24)
k=1
As a result, the vacuum character decomposes as
A Aa A, A — Al A
Xvae.£x€2/25 (@, ¥) = Xpp(® Zy*Rll M@ (@) Zy P (@ e )
Aa A Aa] A
= Ypp(2)? —i—Elel‘x%l] [ b] —I—Zy |R2|X[R2 xg%g](:rﬂ—....
(F.1.25)

In particular, the bosonic gluing generators transform as (Ry, R1) @ (R2, Ro) under the left and
right W11~ algebras.



Appendix F. BPS Partition Functions, Plethystics and Kac Polynomials 211

General n We may generalize the above discussion to any n. The extra factor now becomes
o(l+a+qae+-+ag. . gn-1)1+ -1+ @-1¢n—2+ "+ Gn-1¢n—2...q1). Therefore,

(1 +n21 f[ qy) (1 +n,§ H qn—j>
PE i=1 j= — ;:1]:1
<1 - 13 qz‘) (F.1.26)

(i) g (et

0<r<s<n

Z crystal =

As a sanity check, this reduces to the MacMahon function M (q) under g, ,—1 = q. More generally,
if m|n, then Zppg for n can be reduced to the one for m by identifying all ¢; = ¢; when i =
J (mod m).

n—1

Now that the crystal-to-BPS map reads qo — —qo, ¢iz0 — ¢, we have ¢ = — [ ¢; and Q; = ;.
i=0
Thus,

Zgps(q, Q) = L (HQ’H_ ) (F.1.27)

0<r<s<n

One may check that (F.1.26) and (F.1.27) agree with the results in [287,288]. By using z = —g,
we can also get a simpler PE form for Zgpg:

Zgps = M (2)" ] M(H%)

0<r<s<n

z (1 +7§ 1 Qj> 1+le_1 1 Qn_j> (F.1.28)
PE — :

Remarkably, it was observed in [313] that

Zcrystal = PE

(1 ) (n 4 Z qc >] , (F.1.29)

acV¥y

n—1
where x = [] ¢; and & H ¢;" while ¥ is the root system of the Lie algebra of type A,—;. In
i=0

particular, (n + > qf‘) is the character of the adjoint representation. This reflects the enhanced
acd
gauge symmetry when the target spaces of type ITA strings have A,_; singularities [318].

General gluings Given the vacuum characters for affine Yangians Y QT[:L , we are now able to

generalize the gluing process to n trivalent vertices. In (F.1.26), the factor M (z)™ arises from n
disjoint trivalent vertices. This corresponds to the subalgebra of n copies of Wi1. Hence, the
remaining product of generalized MacMahon functions are contributions from the gluing operators.

Suppose we only have the first two vertices and glue them. Then we obtain

r R Ma A —|R JIA
M(x)QM(ql, pr Z \ 1|X}Q21 | )X%I[ b](:B) qu | 2‘X2[ }( )X%i b](x)
Ra

(F.1.30)
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as in the C x C?/Z,—s case, where the blue part corresponds to the two bosonic gluing operators.

Now let us glue a third vertex. We should expect different non-trivial factors as this is not a gluing
of two trivalent vertices any more. According to the vacuum character in the n = 3 case, we should
get

r T T R —|R
M (2)*M (g1, ) M (g2, ) M (q12, ) =3, Zq‘ XX Zq el X,

| Rs| —|Ra
Zq ixR*XRg ZQQ 4X%4X%4
Ry

x Z(QIQQ)|R5‘XR5XR, > (q1g2)” ‘RGIXROXRG ;
Rs Rs

(F.1.31)

where we have omitted the superscripts coming from the three copies Wi oo [Agp.c] in x” for brevity.
In particular, the red part corresponds to the bosonic operators when the second and third vertices
are glued together (ignoring the first vertex). On the other hand, the purple part indicates that
there are new bosonic generators arising from blue and red ones. For convenience, we shall refer
to the generators like those in blue and red as “basic” gluing operators while the ones like those in
purple as “derived” gluing operators. The vacuum character can be decomposed as

|
Xpps pr + Z aQ o XRi X7, Xpp T Z q1 XRQXRszp

R2
\ |
+ Z @ " XppXRsXT, + Z q2 prXR4XH1 (F.1.32)
Ry
+ Z (q192) xR X, Xpp + D (0102) X5 X ro Xpp + - -+
Rs Ry

where pp,, denotes the n-coloured plane partitions. Here, some generators transform as (R, R1,1)®
(Ry, R2,1) and (1, R3, R3) @ (1, Ry, R4). The remaining ones transform as (Rs, Rs, 1) ® (Rg, Rg, 1)
under a subalgebra composed of three different copies of Wi, (which can be thought of as a
mixing of Wiyoo[Aap,c]). We shall illustrate this gluing in the shorthand notation

Qi 192 ©1g2 ) (F.1.33)

where those in the dashed box correspond to the new bosonic gluing operators.

Moving on to n = 4, we further glue another vertex. According to (F.1.26),

Xpp, = M(x)4M(q1, x) M (qo, J})M((HQQ, x) 37((12(13. x) . (F.1.34)

As we can see, gluing the third and fourth vertices (while ignoring the other two) leads to the
bosonic operators of the green part. Then the blue and green operators give rise to the new cyan
bosonic gluing operators while the red and green parts yield the new yellow ones. The character
decomposition can be obtained likewise as before. In the above shorthand notation,

q1 d2 1492 ;3 G293 19293
| . (F.1.35)
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As we can see, we have g1 23 corresponding to basic operators while g1¢2 and g2¢3 corresponds to
derived operators arising from basic ones. Furthermore, we also have derived ones that are derived
from both basic and derived generators.

We can thence get the gluing operators for any n. For instance, at the next level, in the shorthand
notation we have

| L
91 492 q192 J3 42493 Q1QQQ3‘(}4 4344 429394 41424344

(F.1.36)

Here, we only have bosonic gluing operators, so we do not need to worry about their Zs-gradings.
When considering any generalized conifolds, we will also have fermionic gluing operators. Although
the process is the same, we will discuss the way to determine their Zs-gradings for multiple vertices.

Kac polynomials and Poincaré polynomials As in the C3 case, let us view the quiver for
C x C?/7Z,, as the tripled quiver @ of some quiver . Then the quiver @ is simply the cyclic affine
A, —1 quiver with arrows in the same orientation. From [295], we know that

tqd ntq5 tqd+5
KA PI PE |35 =77 °E 2 g |

n—1
where ¢4 = ] q;ii. Here, let T = @ﬁe U @fm denote the set of positive roots with real and
i=0

imaginary roots @, = {®F + 6Z>o} U {®; + 6Z~0} and O]} = 8Z~( respectively, where & is the
minimal positive imaginary root. For affine A-type, we simply have § = (1,...,1) = 1,,. Then ®,
is the root system of the underlying finite type quiver Qg C @. For reference, we also have

] tq? (14 (n-1t)q° tqdto
Fatta) = Pta) =P | 3 i | PE | G | P | g
ded] dedy
(F.1.38)
The Kac polynomials are
Ag(t) = A%(t) =1, d e of, (F.1.30)
Aq(t) = AL(t) =t+n—1, A%Yt) = n, dedf o

To compare this with the character of the affine Yangian, let us further introduce a “negative”
counterpart of the COHA associated to AOQ such that the Poincaré polynomial takes the sum over
O~ = P, U Py, with @5, = {®) — 6Z>o} U{®{ — 6Z>0} and @1, = —0Z~¢. This simply takes
g — q; Yin (F.1.37). Notice that Ag is independent of ¢, and the ¢ dependence in Pg only comes
from the factor 1/(1 —¢~1) in (F.0.10). Therefore, we also treat t as a formal variable and take
t —t~1. Then

~ [ —1g—d nt-1q-3 (1 g-d—o
Pt =PE| 2 )= 9) e ke 2 T oni-a)
B [ qd ané qdﬂs
R PRy P [ i P 2 i=ni-a9)
B [ qd+5 n qd
B P A ] ek 2 i)

(F.1.40)
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Consider the product
d d+6

PY(t,q)B3(t.q) =PE | ¥ —— 1 PE[W]PE st
e ded] (t=1)(1-¢° (t—1)(1— g% o (t—1)(1 — g%

tqd qd+5 n
PR aona— | TR 2 eona e PE[(H)@@]

ded] ded;
d d
q ntr txq
e (¥ . g =
t—1)(1— t—1)(1— t—1)(1—
Lo 000 ) T T A -0
tqd n qu
x PE Z + + Z — )
t—1)(1— t—1)(1— t—1)(1—
2o 000 ) TG0 T\ A 0
(F.1.41)
n—1
where we have again used x = [] ¢;. Henceforth, we shall abbreviate the second PE in the last
i=0
equality as an ellipsis. As before, taking t = 271, we get
0 B0 _ x d
PY(1/z,q)PY(1/x,q) = PE e gt x.... (F.1.42)

dedg

Recall the character of the affine Yangian Y (g/[;) in (F.1.26) and especially in (F.1.29). Inside PE,

we have the root system W of A, 1 while ®¢ here is the root system of A,,. Hence, ¥ is the subset
of &g with dy = 0. As a result, we obtain

0 50 _ z Z d z Z d
dedg decdg
do=0 do#0

x d

dedg
do#0

(F.1.43)

Therefore, it is tempting to conjecture that the double copy of the COHA associated to A% contains
(the positive part of) the affine Yangian as a subalgebra. We will also check this with the refined
partition functions below.

Let us illustrate this with a concrete example. Consider n = 2, then we have

(1 +Q1)2:| Q001 ( )
Xpp, = PE [ =PE F.1.44
L [ (1= oa)? (F1.44)
while
0 50 _ q091 -1 1 1
PQ(l/qu)PQ(l/lUQ)—PE |:(1—Q()Q1)2 +q +4q +9n+q ¢ ):| X

(F.1.45)
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F.1.4 Generalized Conifolds

The generalized conifold is defined by xy = z2™w™. Its crystal melting partition function will give
the vacuum character of the affine Yangian Y (g[m‘n) From the information of the (triangulations

of the) toric diagrams and their quivers in Appendix E, we can deduce that the crystal-to-BPS

on+o 0a—0gq
map reads qo — (—1) “2 g and g, — (=1)7 = = qa for a # 0. Now we can write our ansantz
for Z. which recovers Z.,ysta1 under the crystal-to-BPS map. The sign-changed expression is Z. =

m+n—1
PE {(1 )2}7 where z = 'Ho gi- The extra factor g is
1=
n m+n—1 o i m+n—1 —— i
0 T1TTit1 am noizo
g=(-1D"2z @1+ > (-1 = J]ao| |1+ Z L amins
=1 j=1 j=1

(F.1.46)
In the expansion of Z., the coefficients are equal to the numbers of atoms given by Zcystal up to
signs. As Zgystal always has positive coefficients in its expansion, the correct signs are recovered
simply by taking absolute values.

Write Z, using (generalized) MacMahon functions and apply the crystal-to-BPS map, we find

9r—0s41

(=1

m+n—1 m+n . —— s m+n—1
Zcrystal =M < H Qz> H M <_1) 2 HQj, H qi . (F147>
=0 0<r<s<m+n Jj=r =0

As we can see, such expression in terms of (generalized) MacMahon functions also follows a nice
pattern. One may check that all the cases discussed before obey this expression.
m+4n—1 oj—0iy

Now from the crystal-to-BPS map, we obtain ¢ = — [[ ¢, Q; = (—1) T g;j. Therefore,
i=0

Or —09s+1

-~ 2
Zpps(q,Q) = M(—¢™ ] M(HQ“ ) : (F.1.48)

0<r<s<m-+n

In terms of x = —q, Zgps = PE [ﬁ}, where the extra factor g reads

m+n—1 o1 — U7+1 i m+n—1 Um+n i—90
33<1+ Z (-1 HQ]) (1‘1’ Z: (-1) HQm+nJ>

N i=1 1=0
g= —_—— . (F.1.49)

I Qi
=1

One may expect that these expressions agree with the topological vertex formalism in [290, 291]
as well as the results in [319] from a more mathematical approach. They should also satisfy the
following properties:

e The perturbative expansion would recover the number of configurations at each level in the
crystal in light of the melting rule.

e As a self-consistency check, we can make identifications among the variables qo,... y4n—1. This
should reduce to Z.;ysta1 With fewer colours of the same crystal configuration.

e The general gluing operators should be consistent with the factors in the character.
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The gluing process Let us explain the gluings in more detail. When gluing two “free” ver-
tices, there will be fermionic or bosonic generators depending on the way of gluing them. More
generally, when there are multiple vertices glued together, the Zs-gradings of the basic generators
are determined via o. In other words, if o, = 0,41, the basic gluing operators are bosonic for
Ga- If 04 = —0441, the basic gluing operators are fermionic for ¢,. As a result, we cannot sepa-
rate the two triangles/trivalent vertices and treat them as two “free” building blocks to determine
the Zs-grading of the basic generators. Therefore, for the conifold C, we have fermionic gluing
operators since 07 = —o9=g. On the other hand, we only have bosonic ones for C x C? /2y, since
01 =02 —="""=0p-1 = 0n=0-

Recall the criterion of adding adjoint loops to quiver nodes. We find that a yields bosonic gluing
operators when it has an odd number of adjoint loops while it gives fermionic ones when it has no

adjoint loop'!. This is exactly the same as the grading rule in [57] for determining whether e%a)

a . . .
and f,g ) are bosonic or fermionic generators.

Moreover, there will also be derived gluing operators as discussed before. These extra generators
can be simply determined by the usual Zs-grading, namely, b x b=fxf=Db and b x f =f. One
may check that the generalized MacMahon functions in the characters do follow the discussions
here.

Example: SPP As an example, let us consider the SPP as in Figure F.1.1; this corresponds to
m = 1,n = 2 from the above.

FIGURE F.1.1: The toric diagram with two different triangulations is shown in (a), (b).

They give the same quiver as in (c). In the crystals, (a) has the initial atom corresponding

to the node with an adjoint while (b) has the initial atom corresponding to one of the nodes
without adjoints.

For the crystal from Figure F.1.1(a), the crystal partition function reads

Zerystal =M (009192)M (—q1, 90q192) "M (=2, 0q192) M (9142, 9041 42)
q0
2 2 2\2
(1-dgddia3)
F @+ (R +e—90(@ -3 -3e+1)d+ (Co+D)@E+20p+3)e+1)a

=PE (9045 (q0q2 (g2 + 1) — 1) qf + q0a5 (¢045 + 3q0a2 + 242 + @0 + 2) ¢}

—q0@3 + g2 +1)

(F.1.50)
The sign-changed expression is
Ze :M(CIOCI1CI2)]\7((11, goq1a2) " M (g2, qoqra2) " M (q1qe, q0q192)
b [(IO (0241 — @20f — @3 + 320 —@ —@2+1) | (F.1.51)
(1 - qoqa2)’

"Here, the “odd number” is used to include the C3 case. We can likewise extend the fermionic case to even
number of adjoints. Of course, for generalized conifolds, this even number can only be zero. It seems that a non-zero
even number of adjoints does not exist for physical quiver theories [57].
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They have perturbative expansions

Zexystal = 1+ qo + (68 + qoq1 + q0q2) + (g6 + g3 q1 + ada2 + 3q0q192) + - - . (F.1.52)
and B
Ze=14qo+ (45 — oq — q042) + (6 — 601 — g2 + 390q1q3) + - - - (F.1.53)

Indeed, the terms only differ by signs. We may take q = g9 = ¢1 = ¢2 to get the monochrome
crystal'?:

7 — pp |90+ 20+ 30° + 207 + 597 + 6g” + 54° + 297 + 3¢° + 20° + qlo)]
(1 —q%)? (F.1.54)
=1+q+3¢°>+604>+....
As a byproduct, its asymptotic behaviour is
S0P ()5 ¢(3) T
es3 3) 108
2y~ @(3;) §C( )18 = exp (63¢(3)3n?) (F.L.55)
25135476

Under ¢ = —qoq192 and Q1,2 = —q1,2, we have

Zips(¢,Q) =M (—q)* M(Q1, —q) " M(Qa, —q) " M(Q1Q2, —q)
=PE M(—QGQ:{’Q% +¢°Q1Q3 + ¢°Q1Q3 — 3¢°Q1Q3

+0°Q1Q3 +¢°Q1Q2 — A1 Q2 + ¢°Q1Q2 — °Q1Q> +20°Q1Q3 — 20°Q1Q;
— ¢°Q} — ¢°Q1Q3 — 2¢°Q1Q3 + 9¢°QTQ3 — 26°Q1Q3 — ¢°Q3 — 24°Q1Q:
+2¢°Q1Q2 + ¢° — 3¢"Q1Q3 + 3¢ QTQ3 + 3¢"QIQ3 — 94" Q1Q3 + 3¢ Q1Q5
+3¢'Q7Q2 — 3¢"Q1Q2 + 4¢°Q1Q5 — 4¢°QIQ3 — 44°QTQ3 + 124°Q1Q3 — 44°Q1Q3
—4¢°Q1Q2 + 4¢°Q1Q2 — 3¢°Q1 Q5 + 3¢°Q1Q3 + 3¢°Q1Q3 — 9¢°Q1Q3 + 3¢°Q1Q3
+3¢°Q1Q2 — 3¢°Q1Q2 + qQ1Q5 — QI Q5 + 2¢Q7Q3 — 2¢QTQ5 — ¢QF — ¢Q1Q3
—2¢Q7Q5 + 99Q7Q5 — 2¢Q1Q3 — qQ5 — 2qQ7Q2 + 2¢Q1Q2 + ¢ — QTQ5 + QTQ3

+Q1Q3 — 3Q1Q3 + 1Q3 + Q1Q2 — Q1Q2)

1 1 1
—1+(—3+Q1+Q2+Q1+Q2—Q1Q2—Q1Q2>Q+....

(F.1.56)
More concisely, with x = —q, we have

(1 — Q1+ Q1Q2)(1 — Q2 + Q1Q2)
Q1Q2(1 — x)?

Zups = M(2)*N(Qr,2) " M (Qy, 2) " N(Q1Qs, 2) = PE [
(F.157)

From the generalized MacMahon functions, it is straightforward to find out the gluing operators. In
particular, the basic generators for M (q1,qoq1q2) ™' and M(q2, qoqiq2) ™! are both fermionic. This
is consistent with o1 = —o9 and 09 = —03=9. Their derived gluing operators M (192, 90q1G2) are
thus bosonic as expected. The shorthand notation is simply

—n _52 N2 (F.1.58)

I

120f course, Zc(q) =1+q—q%>+2¢°+... would have different coefficients.
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where the minus signs indicate the fermionic generators.

Likewise, for Figure F.1.1(b), we have

Zerystal = M (q0q193)* M (—q1, q0q192) "' M (g2, 909102) M (—q102, qoq1¢2) "

F.1.59
=1+ q + (@1 + 9092) + (Bqqg2 + G + 45q2) + - - ( )
and
Zpps (4, Q) = M(—q)*M(Q1, —q) ' M(Q2, —q) M(Q1Q2, —¢)
—1+<3+Q CQut A A QU ) + (F-1.60)
= 1 2 0. 0, 1Q2 0,0 q+....

One may also check that the gluing operators follow our discussions above.

As another check, let us consider for instance two copies of the (triangulated) trapezia in Figure
F.1.1(a) glued together. This is SPP/Zy with action (1,0,0,1). Its defining equation is zy = 2%w?.
Its crystal has four colours with generating function
Zrps =M (2)° M (~q1,2) "' M (~q2,2) "' M (g3, 2)M (=4, 2) ™ M (~q5,2) " M (12, )
X M(—qags, ©) " M(—q3qa, ©) "' M(qags, ) M (q14243, ) M (424344, ©) M (4345, =)

X M(—q1¢2q3q4, ) "M (—q2q3qags, =)~ M (q142q3445, ),
(F.1.61)

5
where x = [] ¢;. One may check that under gy = --- = g5 = q, this reduces to the SPP partition
i=0
without colouring as in (F.1.54). Moreover, taking gy = g3, ¢1 = ¢4 and g2 = ¢5, we get the crystal
partition function (F.1.50) for SPP, that is, the SPP partition with three colours.

F.1.5 The Remaining Case: C?/(Zy X Z)

Besides generalized conifolds, there is another one which does not have compact four cycles, that
is, C3/(Zy x Zs) as shown in Figure F.1.2. We have

(a) (b) ()

FIGURE F.1.2: (a) The toric diagram for C3/(Zs x Zz). (b) Tts dual web diagram. (c) The
corresponding quiver (the Mercedes-Benz quiver).

Zergstal =M (q0q1023)* M (—q1, q0q19203) "M (—q2, 09102q3) " M (—q3, qoq142q3)

= o = N (F.1.62)
X M(q192, 90919293) M (4143, 90916293) M (4243, 90919293) M (—q16293, 90919293) ~

and

Zpps (¢, Q) =M (—q)*M(Q1, —q) " M(Q2, —q) "M (Q3, —q) "M (Q1Q2, —9) M (Q1Q3, —q)

x M(Q2Q3, —¢)M(Q1Q2Q3, —q) ™.
(F.1.63)
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The expressions in terms of PE are rather tedious. Hence, we shall not list them here. Instead, by
removing the minus signs, the sign-changed expression Z. is more concise:

> q0

Z.=PE {2(—q§q§qf + PG + GBI — RBE + BBO — RBO
(1 - q0q19243)

(F.1.64)

— 01 — BB+ 4000 — o+ @+ g — ¢+ g3 — 1)

Likewise, again with x = —gq,

X

Q1Q2Q3 (1 — z)*

+ Q2Q3Q1 + Q2Q1 + Q3Q3Q1 +4Q2Q3Q1 + Q3Q1 + Q1 + Q2 + Q2Q3 + Q3 + 1)
(F.1.65)

Zups —PE [ (QRO2QP + 0D + QD+ D05 + R0

One may check that Zgystal reduces to PE {ﬁ} , namely the (monochrome) crystal for C3, when
taking qo1,2,3 = g

Moreover,

Zpps = PE

4
@) e
=1

where Q4 := Q1Q2Q3. In particular, it contains the fundamental representation of SU(2)%. Physi-
cally, the web diagram decribes the T[Ayx_1] theory where N M5-branes wrap a sphere with three
full punctures when N = 2 [320]. Therefore, it should have SU(2)? flavour symmetry [321], which
is reflected by the factors with @Q12,3. On the other hand, the ()4 part should indicate the Zs3 action
on the brane web which reduces the above SU(2)3 to a single SU(2) as discussed in [322]'%.

The gluing process As shown in Figure F.1.2, there is one trivalent vertex glued to each leg of
the centre one. As a result, the gluing operators in this picture would also be different'®. This is
again indicated by the vacuum character. From (F.1.62), we see that the basic gluing operators
are all fermionic. Furthermore, we have gluing operators associated to g;q; for all pairs (¢, j) with
1 < j and ¢1q2q3 all derived from the basic operators. In our shorthand notation, we have

—q1 —q2 —q3 Q192 Q193 G243 —q1G2Q3

) \

F.1.6 Some Non-Toric Examples

(F.1.67)

Based on the discussions on A-type singularities, we may try to generalize to D- and E-type
singularities. Now, C x C?/I' are not toric, where I' € {Dic,, BT, BO,BI} is the binary dihe-
dral/tetrahedral/octaheral /icosahedral group, i.e., the D, and Eps7g subgroups of SU(2). Never-
theless, they should still admit quiver descriptions which are the tripled quivers @ of the affine
D-/E-type quivers @ [323].

13Notice that the full flavour symmetry under gauging this Zj discrete symmetry would further have an extra
SU(3) factor.

4 However, we should emphasize that the gluing process here is essentially in line with the ones for generalized
conifolds. The algebraic gluing rules we have still consist of the corresponding holomorphic curves on the geometric
side for topological string amplitudes.
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Similar to (F.1.26) and (F.1.29), we may conjecture that the parititon function in such case is

i (T +3 a )] , (F.1.68)

acVy

xr = PE

r—1 r—1
where z := [] qfi and ¢& = [] ¢ while ¥ is the root system of the Lie algebra of type D, or
=0 i=1

Eg75. In particular, <7‘ + > qf) is the character of the adjoint representation.
acd

T—
Notice that here we let the convention to be x = H qz due to the non-trivial minimal positive

imaginary root d. For the affine ADE types, § are the Dynkln labels (dual Coxeter numbers) [324]:

1
1
; -\< :;2 ::2 2 ::2 ::3
1 1 1 1 1 2 2 2 1 1 2 3 2 1 1 2 3 4 3 2 1 1 2 3 4 5 6 4 2

(F.1.69)
Then dy,... —1 should take the values associated to the nodes of the underlying finite quiver.

This is in line with the discussions on Kac polynomials. For affine DE’s, the Kac polynomials
are [295]

Aq(t) = A%(t) =1, dc of
alt) = 44(t) Re (F.1.70)
Ag(t) = AL(t) =t +r, de o
The Poincaré polynomials are
tq? (1+rt)g° tqdto
P (t,q) = Po(t,q) = PE B S PE[ PE B
Q@) =Folta) =FB | D 5= | PP [eona- 9] 7| 2 o=
ded] ded;
_ (F.1.71)
Again, the double copy Pg(t, q)P(g(t, g) contains y, as a factor:
PY(t,q)PY(t,q) = PE (ﬁ r+ Y gt || x = (F.1.72)
cdlE‘Po
0

under the unrefinement ¢~! = z. This seems to indicate some subalgebra struture. In §F.2.1, we
will check this with the refined partition functions.

It is worth noting that the partition functions Zpt and Zpr for DT and Pandharipande-Thomas
(PT) invariants were obtained in [325,326] for ADE singularities C x C2/T" with T' C SU(2) finite.
One may then verify that (F.1.68) agrees with these results under wall crossings discussed in the next
section. More generally, one may also consider all the other affine quivers as classified in [324, Table
Aff 1-3]. Although the 3-fold geometry may not be clear, it would be natural to conjecture that
(F.1.68) would still give the partition functions for the tripled quivers of these affine quivers.
Moreover, the Kac polynomials and Poincaré polynomials would again follow (F.1.70)~(F.1.72).

F.2 Wall Crossings

Having presented in detail, in the previous section, explicit expressions for Z. ysta1 and Zgpg for a
variety of examples, let us now move on to discuss the wall-crossing phenomena which have been
intensively studied for such partition functions.
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It is well-known that there are walls of marginal stability of codimension 1 in the moduli space
of the quiver theory. When BPS particles cross a wall from one chamber to another, they might
decay due to the stability conditions. So far, we have only focused on the BPS states in the NCDT
chamber [202]. Tt is related to the toplogical string amplitudes by Zpps = Ziop (7, Q) Ziop (T, Q1).
On the other hand, the BPS parition function in the core chamber is trivially Zgpg = 1. There
are many other chambers between these two where the (anti-)D2s on different 2-cycles form stable
states with various numbers of DOs.

For example, the most well-studied conifold case has the chamber structure which can be depicted
as'® [44,45]

D2 + Do D2+ 2D0 D2+ 3D0 DO D2 + 3D0 D2 + 2D0 D2 + DO
| 1 | 11 | [l |

o T o o T T _

NCDT DT PT Core

(F.2.1)
The BPS partition function Zgpg in the NCDT/Szendréi chamber is the one discussed above while
ZBps = ZpT = Ziop(2, Q) in the DT chamber. Therefore, one loses a factor (1 — Q)% when
crossing the wall from the chamber Cy_; to C. In the other half, if we start from the core chamber,
one obtains a factor (1 — zFQ)* when crossing the wall from the chamber Cy_; to Cy, and in the
PT chamber, we have Zgps = M(Q,z)~! such that the BPS invariants are identified with PT
invariants. Let R denote the inverse DO-brane central charge (up to some complex constant)'®,
and let B denote the NS-NS B-field through the 2-cycles wrapped by the D2s in the CY manifold.
Then R > 0 from NCDT to DT chambers while R < 0 from PT to core chambers. The B-fields
satisfy k—1 < B < kand —k—1 < B < —k respectively. In fact, there is another half with flopped
geometry going from NCDT to core chambers. Together the two pieces form a closed circle.

More generally, for any toric CYs without compact 4-cycles, one would obtain/lose a factor (1 — kuil) £

every time we cross a wall of marginal stability similar to the conifold case. Here, Q = <H Qi>

ieJ
where J refers to the set of indices for any possible combination of @;’s that would appear in
ZNCDT-

For generalized conifolds xy = 2™w"”, the BPS partition function in any chamber can be written
as [285,327]

)kNg : (F.2.2)

ZBPS = H (1 — J}kQB
(k,B):Z(k,8)>0
where Z denotes the central charge and NV g is the genus-0 Gopakumar-Vafa invariant specified by

the 2-cycle B = Y. o with o the basis of 2-cycles. Therefore, N) = |Qy| — 1 = m + n and
i<I<j

NOB = Ng. The central charge is Z = (k + B(8))/R where B(3) is the B-field flux through the

2-cycle B. Recall that 0 = {0} denotes the signs of simplices in the triangulation. Then [285, 286]

Ng _ (_1)14-#{16[1',]']: aq is an O(—1,—1)-curve} _ (_1)1+#{le[i,j]: Jl;éal_,_l}. (F.2.3)

The BPS partition function is therefore

Or—0s+4+1

s s I
Zgps = M(z)"* ] (M (H Qm) M, (H Q! z; B)) (F.2.4)

o<r<s<m-+n

'5This can be understood as follows. Starting from the region where only the D6 itself is stable (which is known
as the core chamber), every time one crosses a wall labeled by D2+ NDQ, an arbitrary number of D2+ NDO can bind
to the D6. Then one encounters the DO wall where any number of DOs can bind to the D6. After that, D2 + NDO
particles start to bind to the D6 every time one crosses a D2 + NDO wall.

5This notation R comes from the Taub-NUT circle in the M-theory uplift [327].
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or

or —0s+41

s (71
Zpps = H M <H Qi, x; Br,...,s) (F.2.5)

0<r<s<m+n

based on the chamber, where B, := [B(a, + -+ ay)], which labels the chamber, is the integer
part of the value of the B-field through the 2-cycle 8 = a,. + - - - + a.

The remarkable result in [286] says that [B] are not completely independent and can be determined
by the map 6 : %Zodd — %Zodd such that (h +m + n) = 6(h) + m + n for any half-integer h and
m-+n m+n

> 03— %) = > (i— %) If(1/2) <6(3/2) < --- <f(m+n—1/2), then

i=1 i=1

[Bo(ay + -+ + )] = #{k € Z|O(r — 1/2) < k(m +n) < 6(s + 1/2)}. (F.2.6)

If 6 is not increasing, then we can choose a permutation 7 € &4, such that 0(7(1/2)) <
0(1(3/2)) < --- < O(t(m + n+ 1/2)) and replace § by 0 o 7. For instance, in the SPP exam-
ple in Figure F.1.1,if 0(1/2) = 11/2,0(3/2) = 3/2,0(5/2) = —5/2, then [Bygo,(1)] = [Bgor(a2)] =
1, [Bgor (a1 + a2)] = 2 where 7 = (132). This specifies the truncations of MacMahon functions in
(F.2.4) and (F.2.5). Notice that 0(1/2) = —5/2,0(3/2) = 3/2,0(5/2) = 11/2 gives [By| of the same
values, but generically they parametrize different chambers [286].

It is also straightforward to write Zgpg in different chambers using PE. This simply follows from

00 ko
Mn(p,q;ko) =PE | > kpg® |,  M"(p,q;ko) = PE kaqk] : (F.2.7)
k=1

k=ko

along with PE[f]PE[g] = PE[f + ¢g] and PE[f]~! = PE[-f].

F.2.1 Refined Partition Functions

For any chamber C, the refined BPS index/(protected) spin character is (no, n2;y; C) = Try, .. (c)(=¥)

where H is the (reduced) Hilbert space of BPS states and y tracks the spin information J3. In the
limit y — 1, one recovers the unrefined index. In the following, it would be more convenient to
take t; = qy and to = q/y.

It is fairly straightforward to refine the partition functions discussed above:

or—0s41

s (1) 2
Zgps = Mp(ti, )™ [ M= <H Qi;tl,t2> (F.2.8)
o<r<s<m+n i=r
for the generalized conifold zy = z™w™ [328,329] and
(=ni
Zgps = Mp(t1,t2)* [ M= (H Qi§t1>t2> (F.2.9)
1eP{1,2,3} iel
for C3/(Zy x Zs) where P{1,2,3} is the power set of {1,2,3}. Here,
i 1 ptl :|
Mg(p:tits) = || ———— =PE :
nitit) = 1] 7= ey = (F.210)

Mg(t1,ta) = Mg(1;t1,t2), Mg(p;ty,ta) = Mp(p;t1, t2) Mp(p~ i t1,t2)

are the refined (generalized) MacMahon functions. In terms of PE, we have Zgpgs = PE[g], where

0<r<s<m-+n
(1 —t1)(1 —t2)

" <m+n+ > (_1)w_gs+l <iﬁQi+iﬁ~Q;1>>

g= (F.2.11)

J3

I
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for the generalized conifold and

th <4+ > (=Dl <H Qi + HQZ-l))
IeP{1,2,3} iel iel
(1 —t1)(1 —t2)

g= (F.2.12)

for (C3/(ZQ X Zg).
Recall that in the unrefined case, one would obtain/lose a factor of (1 — N Qil)iN when cross-
ing a wall of marginal stability, where Q = <H Qi> for a set J of indices whose combina-

e
tion would appear in Zncpr. Likewise, in the refinement, one would obtain/lose a factor of

+1
[T (1—ihgth every time we cross a wall'”.
kHl+1=N

We can also directly compare the refined partition functions with the previous discussions on Kac
polynomials and Poincaré polynomials. Indeed, the refined C3 partition function is Mg(t1,t2),
which is exactly (F.1.5) under the change of variables x = t; and t~! = t3. One may also check
that the results for all the affine ADE quiver cases still hold. The partition function is

t N
(1 —t1)(1 — t2) <""+ >.Q )] : (F.2.13)

acv

xr = PE

This is precisely a factor of Pg(t, q)ﬁg(t, q) under x = q® =t1, t7! =t and ¢; = Q;.

A comment of D4-D2-D0 bound states Based on [152,330-333], it would be straightforward
to write the generating functions for certain D4-D2-D0 brane bound states similar to the above
discussions. Mathematically, they are related to curve counting on surfaces in the CY 3-fold
[289,334].

As argued in [152], the D4-D2-D0 bound states can be enumerated by 2-dimensional crystals as
opposed to the 3d crystals for D6-D2-D0 bound states. As a result, they should be counted via 2d
Young tableaux instead of 3d plane partitions. Indeed, it turns that the (generalized) MacMahon
functions should be replaced by the inverse (generalized) Euler functions ¢(z, ¢)~! counting integer
partitions. See [12, §5] for more details.

7Tt is conjectured that there does not exist walls invisible to unrefined indices such that only refined indices would
jump [45].
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Appendix G

Examples of R-Matrices Acting on
Higher Levels

Here, we shall consider some examples at higher levels using the contour integral expressions for
the matrix elements of T.

G.0.1 Example 1: Conifold

Let us first consider the conifold whose 2d crystal description can be found in [152, Figure 29 and
30]. In particular, there is one atom of colour a (or b # a) at the first level and only one atom of
colour b (or a) can be added at the second level. Following the R7 T relation, we can write

(€0), D(e)|Ri2(u — ) Ti (w) T2(0)|D(a): D(e) = (€(a)s D(0)| T2(v) Ti (W) Ra2(u — v)|D(a), D(e))s (G.0.1)

where c is either a or b and €, here stands for the 2d crystal with two atoms whose initial atom
is of colour a. Based on the first part of contour integral conjecture (§5.3.2), the right hand side is

then .
To0) 20 (V) Te w00 =

21

dzF (2)h() (0) f®) (2) £ (u) AP (u), (G.0.2)

co+U

where we have used the fact that 75, o, (u) = @ (u)h(@ (u). Suppose a = ¢ # b. After applying
the current relations, we have

Cu— 1
(€a), D ()| R12Ti T2|D (), D(a)) = <U S 6%) f dzF(2) fO (2) ) (u) R (w)h(?) (v)
oco+u

vV —u 27
(u—v)eg 1

(u—v)es 1 CF() O (AR () £ ()@ (1
$ IS A FE @R )00 ),
(G.0.3)

The first term clearly leads to a bra vector (€4, @ (4| For the second term, suppose the contour
integral gives

7{ d=F(2)f®(2) = P(u) £ +ZQ (G.0.4)
oo+u

where P(u) comes from —Res,(F(z)f®)(2)) = P(u)f® (u) + ... with the ellipsis denoting terms
only with modes of f®) (if F(z) has a higher order pole at z = u). The terms with Q;(u) then
include both such terms and those from the residue at infinity. Thus, using the Af relation and
writing the modes as contour integrals of the current, the second term in (G.0.3) becomes

I ( 1O0)+ 5 @(u)ff“) fORI@).  (G03)
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However, since this must become some matrix element(s) composed of allowed states/2d molten
crystal configurations (with levels no greater than 2), we propose that @;(u) must vanish or equal
P(u). Therefore,

me PR O O 0 o), (G06)

u— v — €3 2mi P(v)

Hence, we get

(€ (), D) R12 = (€(a), D a)] <”_v:€3 - eg) (D), € o) (( : _)6531)”1(3(1}). (G.0.7)
Now let us consider the case b = ¢ # a. Then (G.0.2) becomes
% N A2F(2) " 275 O () 1) ()b () ), (G.0.8)
The residue of the contour integral would be
Plu)——=fO(w) + 3 Qj(w) ", (G.0.9)
J
Therefore, Q’;(u) should be equal to either P(u)(v —u — €3)/(v — u) or 0. As a result,
(€a), D) R12 = (€a) g(b)|%P(“)- (G.0.10)

As the two-atom configuration is ‘30 eO )]@( ) (and (@(a) \fo (a) féb)) for a # b, we can use the second
part of the contour integral conjecture (§5 ) to write!
(@) +(b) 1 u—z—e3(u—z—e)(u—z+eg) ) ()
%] 6] —1-
w1 TIow) =g § e (1= SR U BRI 00 0 1))

Qf () £ () A (w).

(G.0.11)
Therefore, P(u) = €3/} (and indeed Q;, @ vanish). Hence,
(€ B (25 — &) + (D), Qo) ey, a="b
(€ B[ Ria =4 @ ( 3) @ O umv=es) (G.0.12)
<Q:(a ’ Gu uv+v€3> a 75 b.

G.0.2 Example 2: C x C?/Z;

Now, let us discuss C x C2/Z3 with the specific state, say, eg )eé 601)@ 1))- At level 1, we simply

have T3, 0, = A (w)e® (u). At level 2, we have

< 1)‘7'60 60 |® ) 17{ dzl <1_U—z—63’u—2—61>h(l)(u)e(l)(u)e(fi)(z)
oco+u

211 €3 U—2z U— 2+ €
— DO (w)e® (u)e® (u).

€2

(G.0.13)

Then at level 3, recall that
@_ 1 1@ 17 @\ @
e]’ = 5e; [1/11 5 (wo ) , €0 } (G.0.14)

!Notice that here the convention of f is the one for YB instead of Y.
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following the results in §5.4. Therefore,

1
ePe® Mg ) = 5 (wf) wo Vil — e 4~ Pyl W) 12 ))-
(G.0.15)

By considering the action of the current 11}(2)(2) and taking the contour integral around oo, we get

%%%w> ma@&&mmwhﬂwu@wmﬁﬁﬁmm

1111 60 60 |®( ) = (8u2—863u—|—e§) e(()s)e(()l)w(l)), @ZJI eo)eo 6’0 |® y) = 18u e(())eo 61)‘® ))-
(G016)

Moreover,

(| TeP e el |12y

_i —€1 U Z—-@BU—Z—€U—Z—€ (1) (1) (3) 2)
o et (1 PSS T 0 eV e ) (G0
= — 20 (w)e® (1)e® (u)e® (u).
€2
Hence,
[T (u w)elPelPell) |z 1)) = — B pO ()M (1)e® ()@ (u). G.0.18
1 € 0

2€9

One can then obtain, for example, Ri2(u — v) (652)683) eél) \®(1)>> ® [D(q)) using the RTT relation

and the relations among the currents.
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Appendix H

Rectangular VW-Algebras

In literature, the rectangular W-algebra (of type A) is often defined based on the distinguished case
for the Kac-Moody superalgebra where the number of fermionic nodes is minimized. Nevertheless,
we can certainly consider W-algebras with any underlying root systems/Dynkin diagrams as we
are going to discuss now. Proposition 5.7.2 then ensures that they are isomorphic for a given
generalized conifold.

In this appendix only, we will use g to denote the algebra gl(MI|NI) for some positive integer [.
We shall choose the convention such that the basis matrix E;; has entry (—1)PU) at position (4, j)
with all other elements being zero'. Notice that we have used

. 0, ¢ is bosonic
p(i) = { (H.0.1)

1, ¢ is fermionic

so as to distinguish it from |a| in the quiver Yangians. Given a parity sequence ¢ composed of

(=1)P@ the Zy-grading of E;j is p(i) + p(j). In particular, Ej j, Eiyj, = (—=1)PUV§; 0 By, and
Str(Ehleizjz) = (*1)p(]1)5j1i25i1j2' Then
0= P CEimi—) (N (H.0.2)
1<i,j<M+N
1<r,s<l

and B _1)(M4N)+i,(s—1)(M+N)+j = Bij ® Eps as g is isomorphic to gl(M|N) @ gl(l) as a vector
I-1 M+N
space’. We shall take the bosonic nilpotent matrix z= = 231 Zl Ey(M4N)+i,(s—1)(M+N)4i Which
S= =
M+N -1 '
can be written as < > E”> ® <Z E57S_1>. This nilpotent matrix is of Jordan type with the
i=1 s=1

rectangle Young tableau (l(M IN )) (and hence the name rectangular W-algebra). Given a complex
number k, there is an inner product of g given by

(ulv) = kstr(uv), - u € sl(MI|N1) or v € sl(MI|NI) (H.0.3)
kstr(uv) + (=1)PO+P0)(1 —¢), u = Fj; ® By and v = Ej; ® Egq
for some c € C.
Now, g has a good grading in the sense of [76] for the nilpotent element with
Gr = @ CES(M+N)+Z',(5+T’)(M+N)+]" (H.0.4)
1<ij<M+N
0<s<l—1
0<s+r<i-—1

! Another convention often adopted in literature would naturally be 1 at entry (i, j).
*Notice that the gl(l) part (with subscripts 7, s) is always bosonic.



Appendix H. Rectangular WW-Algebras 228

We then have an sly triple (h, 2", 27) such that g, = {y € g|[h,y] = ry}. Define the subalgebras

b=g<o= D gr and go = gr—0. We have an inner product on b which reads
r<0

5(u,0) = (o) + 3 (g1, ) — gy (pr(u), pr(v))) (H05)

for any u,v € b, where kg (resp. rKg,) is the Killing form on g (resp. go) and pr : b — go is the
projection map. Recall that in general, the Killing form is rgasn)(z,y) = 2(M — N)str(zy) —
2str(x)str(y). Then

K(Epy (M4N)+i,81(M+N) 410 Bry(MAN)+iz,50(M+N)+j2)

20i) (H.O.ﬁ)
:57”1,5267"2,5152'1,]'252'2,]'1 (_1) 7+ 57‘1781 5T27526i17j15i27j2 (57“1,7“2 - C)?

where 5 := k + (I — 1)(M — N). Consider the affinization b = b [t¥1] © C1 (with 1 central). The
commutation relation reads [at™,bt"] = [a,b]t" " + §,, _,mk(a,b)1. The associated (universal
affine) vertex algebra V*(b) is defined to be U (b)/U(b)(b[t] & C(1—1)) = U(b) Ry s[yect) C. Here,
C denotes the one-dimensional representation of b[t] & C1 where b[t] acts trivially as 0 and 1 acts
as 1. This is isomorphic to U (b [til] til) as a vector space by PBW theorem. Here, we shall take
the mode expansion of a current a(z) in the vertex algebra depending on its spin s:

a(x) =y A, (H.0.7)

neL

where we have denoted at™ as a[n] to avoid potential clutter of subscripts later on. In this paper,
we use the normal ordered product with the convention?®

ca(2)b(z) : = a(z)<b(z) + (—1)p(a)+p(b)b(z)a(z)>,

B a[n| B a[n] (H.0.8)
where a(z)< = nts and a(z)s = Z s
n<—s n>-—s
In terms of modes, we have
aln|blm], n<—s
a[n)blm] : = i [(a)]+ ®) (H.0.9)
(=1)PTPOp[m]a[n], n > —s.

In the main context and below, we shall use (ab) instead of :ab: to denote the normal ordering for
convenience when it would not cause confusions. Of course, different conventions of the normal
ordered product would not change our results in §5.7. For instance, if we “split” the normal ordering
at the zero modes, one may check that the homomorphism ® from Y to W would remain the same.

Let us also consider the Lie superalgebra a = (@ (C.A(“)> &) ( D (C.A(u)> with p (.A(“)) = p(u)

u€b u€g<o
and p (A(u)) = p(u) + 1. The commutation relations are

[Am),A(v)} = A (A, A} =0,

[ AEii) A } —5 A — 8,y (—1)PEDFPG (i) +p2)+1) g (H.0.10
'Y HEiyjy) 1,01 Eiy s) i1,J2 (Eig,j1)"
30ne can also define the n-product given by
(60B)(2) = a(2) () = {11‘”)(“’ g =
as well as the A-bracket [axb] = > %a(n)b which enjoys certain properties such as the noncommutative Wick

neZy
formula. See for example [335] for more details. The pair of fields is local if (a(,)b)(z) vanishes for sufficiently large
(positive) n. It is clear that the (—1)-product coincides with the normal ordered product.
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Suppose u = ZamZ (a; € C), then A is Za . A®) (and similarly for A(w)).- We can write the

inner product determmed by
Ka (A(u),A(U)> = Rp(u,v), Kq (A(u),A(v)> = Kq (.A(u),.A(v)) =0, (H.0.11)

and likewise consider the affinization of a. Then the associated vertex algebra V*(a) contains
V*(b) as a subalgebra. Both of the vertex algebras can be regarded as non-associative algebras
with respect to the normal ordered product.

The W-algebra is then the collection of elements in V*(b) that are annihilated by the BRST charge.
More specifically, the BRST cohomology has fermionic derivation @ : V¥(a) — V¥(a) commuting
with the translation operator 0 of the vertex algebra. The other commutation relations ) should
satisfy can be found for example in [336, §3] and in [224, §3] (with the convention therein).

Definition H.0.1. Given the above data, the rectangular VW-algebra is W* (gl(M|N), (Z(M‘N))) =
{v e Vk(b) c VF(a)|Qu = 0}.

Notice that we have omitted the parity sequence ¢ in the notation as different ¢ give isomorphic
W-algberas by Proposition 5.7.2. For our discussions, it would be of great help to obtain the
generators of the W-algebra. This can be constructed by considering the non-associative free algebra
T (gl(l)<o [t7] 1) ® C[7] with the even element 7 commuting with 1 and |7, y[m]] = —my[m — 1]
for y € gl(l)<o. We then have an algebra homomorphism T : T (gl(l)<o [t7'] t7') ® C[r] —
gl(M|N) ® V*(b) ® C[r] such that

M+N -
T(z) = Z (—1)POPDE; @ Ti(x), (1) =T, (H.0.12)
3,j=1
where
Tij(x) =2 @ Ej € gll)<o [t ]t @ gl(M|N) = b [t71] 7L, (H.0.13)

Since T(zy) = T(x)%(y), we find that

M+N
Tijley) = > Tin(2)Trj (y). (H.0.14)
r=1
Let us now consider the [ x [ matrix
%T—l—EH[—l] -1 0 0
Ezl[—l] T + EQQ[—].] -1 ... 0
B = : : : : (H.0.15)
El_lvl[fl] El_lg[*l] ee. xTH+ El_u_l[*l] —1
Ell[_l] Elg[—l} o El’lfl [—1] »T + Ell[_l]
and compute its column determinant
cdet(B) = Y 5800 bo(1)1 (be2)2(bo(3)s - - - (bo-1),0-1bo@)1) - -))- (H.0.16)

geG,;

As the entries by of B are in T (gl(l)<o [t7!] t71) ® C[r], we can write
l ~
Tij(cdet(B)) =Y U7 (er) " (H.0.17)

We then have the remarkable results from [224, 336]:
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Theorem H.0.1. The rectangular W-algebra W¥ (g[(M|N), (l(M|N))) is freely generated by ﬁi(;)
for1 <r<landl <i,j <M+ N. Moreover, when M # N, M + N > 2 (and » # 0), it is

generated by I?Z.(jl) and ffi(f)'

Following [336, 337], the projection b — [ = (gl;)o ® gly v induces an injective algebra homomor-
phism ¢ : W* (gI(M|N), (l(M|N))) — V(1) known as the (quantum) Miura transformation. Under
the Miura transformation, we have

l
S u (ﬁ}?) (er)' ™" = Tyj (Ger + B [~1))Ger + Bm[—1)) ... Ger + Ey[~1])).  (H.0.18)
r=0
Let us write®

Tii = —Es—1y MmNy i (s— )M+ N)+i [~ 1 0T = —E(s—1y(M+N)+i,(s—1)(M+N)+5—2].  (H.0.19)

This gives the same convention as in [69]. The generators of the WW-algebra can be written as

! S 2 s $1 78
vy =3 T U == > s-nazs+ Y (Taa). (H.0.20)
1<s<i 1<s<i 1<s1<s9<l
1<n<M+N

By definition of the vertex algebra, the OPE of 7 reads

T ( ) $2 ( )NH<E(31_1)(M+N)+i17(31_1)(M+N)+j1’E(Sz—l)(M‘f'N)""in(sl_2)(M+N)+j2)
inj1 \F)igja \W (z — w)?

[E (51— 1) (M+N)+i1,(s1—1) (M+N)4j1 0 B(s3—1)(M+N) iz, (51— 2) (M+N)452) [— 1] (w)

Zz— W
:681825j1i252'1j2(_1)(p(jl))% + 5i1j1 5i2j2 (58182 - C)
(2 —w)?
. (_1)p(i1)p(j1)+p(i2)p(jz)+p(j1)p(iz)581525i1j2j£;1 — (_1)p(j1)581525i2j1 281;2
zZ— W

(H.0.21)

The OPEs for Ug) can then be obtained from this, as well as the commutation relations for their
modes via

1 _ _

u) (m), U, [n]} = @ f{) dw f dz 2™ L) (U (w). (H.0.22)
w

In this paper, we shall focus on the case when the parameter ¢ = 0. The commutation relations

used in this paper are listed in Lemma 5.7.1.

To relate the non-associative W-algebra with the quiver Yangian, we shall consider the universal
enveloping algebra U(W). In general, for any vertex algebra V, its universal enveloping algebra
U(V) is an associative algebra topologically generated by ut™ (or ut™**~! depending on the con-
vention) for u € V and m € Z which correspond to the modes u[m] in the vertex algebra. Therefore,
we shall slightly abuse the notation and write u[m] as well for the elements in U(V). For more
details on vertex algebras and their universal enveloping algebras, see for example [338].

4Notice that we could have also started with —E;; as our basis matrix from the very beginning.
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Appendix I

Conventions of Heisenberg Modes

In the main context, we introduced the modes k;, (and l,) for the 1+ currents. Here, we mention
some alternative convention to define these Heisenberg modes. It could be possible that this would
be more convenient when considering certain aspects of the algebras such as their representations
and the AGT correspondence.

Let us consider the toroidal algebras for non-chiral quivers as an example. The other cases can be
redefined in a similar manner. First, we rescale the e, f modes as
_1n1/2 —1\1/2
ef) =(a—q ") e, [ =(a—a") £, (L0.1)

where we have suggestively written q = exp(fhy) = Hj. Notice that this does not change the ee
and ff relations. Then the e fj relations (as well as the e, f_, relations) would become

k(()a) _ 7](:(()0,)

q

[e(()a)’f((]a)} _ 5abq - q_1

. [k:(()“)]q. (L.0.2)

—x

_9"—q

Here, []q is the standard g-number. On the other hand, the kge, (resp. kof,) relations

9-q~
remain the same as the ones for ke, (resp. kofn). As we can see, the relations among the zero
modes resemble the ones appeared in quantum groups.

Likewise, we can write

(V) = v exp ((q —q ) k(f,)lUjF"> (1.0.3)

n=0

such that k,(,a) = (q — qfl) k&“). Therefore,

n —1\m
a a q - q a a a
MOREN ol il S0 M SRRV OIN I (10.4)

m=1 T1yeeeyTm >0
rit-+rm=n

The commutation relations involving kffl) can be obtained with the substitutions

cr-cr

i = HU s Ay, O = €7 > = — = = —lre/llg (105)

in the relations for k,(ua).

Sometimes, it is also conventional to define the Heisenberg modes with signs inside the exponentials.

In other words, we have exp <:|: > kinU :F”> in the expressions for v.. This is simply a redefinition
n

of k_p = —k_p.
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Appendix J

Grobner Bases & Hilbert Series

Since our chiral rings can be realized as quotient rings of polynomial rings over C by defining
ideals arising from the likes of polynomial F-terms, it is important for us to systematically study
such objects. The first step toward any serious investigation of an ideal I within a graded ring is
the establishment of its Grobner basis GB(I); constituting the pillar of computational algebraic
geometry [339,340] (cf. [341] for recent advances and applications in the context of gauge/string
theories).

Briefly [339,342], for the polynomial ring R = C[z1, o, . . ., #,] to any monomial 2% := = x{tzy? .

with each a; € Z>¢ (the short-hand notation of raising the exponent is standard) in R, we can
associate the exponent vector &; this defines a monomial ordering > such that

1. >~ is a total order on R, i. e, for any elements @, [3 , one and only one of the three possibilities
a>6,or6>a ora—,@occurs

2. for any ¥, if @ - /3, then d’+7>5+’7;
3. > is a well-ordering in that any nonempty subset has a smallest element.

Of course, these properties are no more than the axiomatization of how we usually manipulate
n

degrees in monomials. Indeed, we will denote total degree of a monomial as |@| = ) «.

We emphasize that there are many possible choices of this ordering and the most typical are

e Lexicographic: this is just dictionary ordering, i.e., @ >1ex E if the leftmost nonzero entry of
a — 3 is positive;

e Graded Lexicographic this is sorting by total degree first and then by lexicographic, i.e.,
Q >grlex 3 if |@ > || or, when |@| = ||, we have @ =1 3. There is a reverse version of
this where one sorts by total degree first and then if they are equal, then @ >greviex ,8 if the
rightmost nonzero entry of & — 5 is negative;

e General Weighted Lexicographic: ~ We can weight each variable x;. For example, choose a
weight vector W = (wy,wy,...,w,) for the variables x;. Usually, the weight is taken to be
w; € Z>o. This weight can, for example, be prescribed by the R-charges. Here, the total
degree is obviously |a@] = w - &.

In fact, one is not restricted to just weighting each variable by some non-negative integer but
in general by some vector, say of length £ < n, so that we have some weight matric Wiy,,.
Then we could sort as: @ = B W a spex W- B This multi-weighting can be used as a
refinement of possible charges and variables thus graded are called fugacities [26, 28].

An example, taken from [339], would illustrate the above. Suppose R = Cl[z,v, 2], and we weight
x,y, z with the standard base vectors (1,0,0), (0,1,0) and (0,0, 1), then = =1 yz? since (1,0,0) —
(0,1,2) has the leftmost entry 1 which is positive. On the other hand, yz? ~grLex T since the
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degrees are |z| = 1 and |yz?| = 3; this graded lexicographic ordering is one perhaps most familiar
to us.

Having fixed a monomial ordering > on R, then we have
Definition J.0.1. For any multivariate polynomial f = 3 cg@® € R, the initial monomial in(f)
a

is the largest (with respective to ») monomial term in f. We can always make the coefficient of
this term to be 1 so that f is monic.

Thus prepared, we are finally at the crux of our subject:

Definition J.0.2. A subset {g1,92,...,9m} for an ideal I is a Grébner basis GB(I) for I if the
ideal generated by the initial monomials of the elements of I is generated by {in(g1),...,in(gm)},

n.e., if
in(f) = (in(g))-
Computationally, we have the important result that
Theorem J.0.1. A set G is a Grébner basis iff the S-polynomial (or syzygy pair) defined as

. lem(in(g:), in(gy))  lem(in(g:), in(g;))
B 1) N TP

reduces modolo G' for all pairs g;,g; € G.

This gives a practical - albeit exponential-running-time - algorithm, the so-called Buchberger algo-
rithm for computing GB([) given an ideal I = (f;)i=1,... n:

1. Set G = {fi,..., fn} and compute S(f;, f;) for each of the pairs with respect to a chosen
ordering >;

2. Compute the remainder of each S(f;, f;) upon division by each of the elements of G. If the
remainder is not zero, then include this S(f;, fj) as a new element of G

3. Repeat until all remainders with respect to all elements are 0; this final list (which could have
much more than N elements) is a Grobner basis for 1.

J.0.1 Hilbert Series: Revisited

In light of the discussions above, more properties, especially from a computational perspective, of
the HS emerge. Most importantly, we have a the classical result of Macaulay [343] that

Theorem J.0.2. The Hilbert series of in(I) is the same as that of the ideal I itself.

Thus explicit computation of the HS reduces to finding the Grobner basis: given the ideal I, we
simply (1) compute its Grobner basis GB(I) = {g;} with respect to some monomial ordering; (2)
find the initial ideal (in(g;)) (this is a Grobner basis guarantees that this ideal is equal to in(I));
(3) importantly each generator in(g;) is monomial and we thus only need to compute the basis of
monomials modolo these monomials at each degree and sum the generating series to obtain the HS
for in(7), which by the above theorem is then the HS for I.

Moreover, one can refine the HS: this means we can assign not just a single weight to the variable
t, but, instead, a vector of weights for multi-variables ¢;. In other words, the polynomial ring will
be multi-graded. For example, for C3, the (unrefined) HS is HS(¢; C3?) = (1 — ¢t)~2 and the refined
series can be, for instantce, HS(t1, ta, t3; C3) = ((1 — t1)(1 — t2)(1 — t3)) .
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Appendix K

Genus for Lopsided Amoebae

Using lopsidedness, we can write the conditions for the number of genus for any EAIsn. We now
derive such conditions for some lopsided amoebae where n = 1.

Example 1: Iy As one of the simplest examples, let us determine the genus of the lopsided
amoeba for Fy with P(z,w) = ¢12 4+ cow + c327 1 + c4w™ + ¢5 which could have at most one genus
corresponding to its sole interior point!. Straight away, we can find the centre of the amoeba,
which always lie in the hole if g = 1. We can find the spectral curve (spines) by considering the
asymptotic behaviour as

e z,w— 00,z/w ~ O(1): this yields Log|w| = Log|z| — Log |

e 1/2,1/w — 00, z/w ~ O(1): this yields Log|w| = Log|z| + Log | &
e 2,1/w — 00, zw ~ O(1): this yields Log|lw| = —Log|z| — Log | |.
e 1/z,w — 00, zw ~ O(1): this yields Log|w| = —Log|z| + Log | 2|.

In particular, the first two lines are parallel to each other, and so are the other two. The remaining
4 pairs give rise to 4 intersection points (which may or may not coincide). In other words, we
have obtained the equations for the four spines of the amoeba and how they surround a rectan-
gle with these 4 intersection points as vertices. One can check that this rectangle is centred at

(3Log ).

In general, to determine the genus, we should find all possibilities for the lopsided lists. Here,
using (7.2.1), we have that P{z1,z2} = {|c12], |cow], |e3/z]|, |ca/w], |c5|}. Suppose |cs| is the largest
number, then we have the lopsided condition:

, sLog

=3
c1

4
c2

|C5| > |clz|+\02w|+\03/z|+\04/w|. (KOl)
However, the right hand side reaches a minimum when |c1z| = |e3/z], |cow| = |ea/w], ie., |2| =
les/c1|Y2, |w| = |ea/ea|'/?, which is exactly the aforementioned centre of the amoeba. Therefore,

|cs| should at least be greater than this minimum for genus 1, and this bound is precisely |c5| >
a = 2|ere3|Y? 4 2|cacq|/2. In other words,

0 <
gz{’ les| < (K.0.2)

1, otherwise

In particular, the centre point is precisely the point where the right hand side of (K.0.1) reaches
its minimum.

'Here, all the coefficients can be any complex numbers. To avoid degenerate cases, we also require c1,2,3,4 # 0.
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For completeness, there are four more possibilities for P{x1, z2} to be lopsided, but we can see that
they would not lead to a non-zero genus by the same argument. For example, suppose the largest
is

lc1z| > |caw| + |es/z| + |ea/w| + |es). (K.0.3)

Let us now fix |w|, viz, contemplating a horizontal line on the Log plane. If we keep increasing |z| (or
equivalently Log|z|), this inequality would always hold. Therefore, this region, as a complementary
component of the amoeba on the Log plane, would go to infinity. Hence, it is not bounded and
cannot be a hole of the amoeba. Likewise, the other three inequalities would not give a hole either
by considering the asymptotic behaviour of |w| (or |z|) going to infinity or zero while keeping |z|
(or |w|) fixed. This also verifies that the lopsided amoeba for Fj can have at most genus 1.

Example 2: L332 Let us now consider L33?2 as it is a non-reflexive polytopes (see [2]) and hence
has more interior points. Its Newton polynomial is P = ¢12 4+ cow + 32 + cqw™ + 522 + ¢ = 0.
Therefore, P{z} = {|c12|, |cow], |c3/z|, |ca/w], |c52%|, |c6|}. One possibility for these numbers to be
lopsided is

lc1z| > |eaw| + |e3/z| + |eajw] + |e52?| + |cs|- (K.0.4)
As |z| cannot be zero, we can divide both sides by |z| and then find the minimum for the right

hand side. For |w|, it is easy to see that this requires |w| = wy = (|es/ca|)'/2. Then for |z|, we have
the cubic equation

o521 = (2leaca|*/2 + o] ) [2] = 2les]| = 0. (K.0.5)
Write
(2’0204‘1/2-1- ‘CGD C3
P |cs| ’q:_QCE’ (K.0.6)
\ 0.
S (24 () <o - G )
2 3 Cs 27’65’3

Based on the sign of the discriminant, we have three different cases. If A > 0, or equivalently,
3 . . .
27| cBes| > (2|eacal*? + |cg|)”, then there is only one real root to this equation:

z0:§/—3+\/ﬁ+§/—g—\/ﬁ. (K.0.7)

Since g < 0, zg is always positive. If A = 0, there are three real roots. Again, due to negative g,
we always have a positive root
q

20 =-2{/7. (K.0.8)

If A <0, then we would have three distinct roots, 21 23. Since z1 + 22 + 23 = 0, there must be at
least one positive root, which we shall still call zp. Hence, there would be (at least) one hole if

le1| > a1 := |ea|wo /20 + ]03]/,28 + |eal/(zowo) + |es|z0 + |cs|/ 20- (K.0.9)

It is also possible that these numbers are lopsided as

lcg| > |erz| + |cow| + |e3/z| + |ea/w| + |es2?). (K.0.10)

1/2

Likewise, the right hand side reaches its minimum when |w| = wg = (|c4/c2])'/# and |z| = z{, where

/- o . . . 2
2y is a positive number satisfying

2les|z + |er1|z — |es| = 0. (K.0.11)

20ne can show that there is always a positive root for this cubic equation. A quick way to see this is to consider
the function y = 2%(2|cs|z + |c1]), which is a cubic curve tangent to the z-axis at the origin (and always increasing
for positive ). It also crosses the negative z-axis once while increasing. Then we can simply move this curve down
along the y-axis to get y = %(2|cs|z + |c1]) — |ca|. Hence, this would always give a positive root. Using this method,
one can also check that both zp and z{ give local minima in the two cases.
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Then there would be (at least) one hole if

lcg| > ag :== |61|Z(/) + |ea|wo + \03\/2'6 + |ea| /wo + \05\262. (K.0.12)

One may check that other ways for P{x} to be lopsided would lead to unbounded complementary
regions. To summarize?,

0, |e1] < ap and |eg| < ag
, (le1] > a1 and |eg] < ag) or (|e1] < aq and |cg| > az) - (K.0.13)

—_

g:

[\)

, |e1] > a1 and |cg| > aq

The punchline is that in this example, we are dealing with cubic (and quadratic) equations. Hence,
we can always write down a full analytic condition for the genus. In general, for most of the
polygons (even including reflexive ones) as well as P,, we can always write certain equations to
determine the genus for any coefficients, but there may not be general formulae to solve them
analytically.

3If different holes combined with each other, then there would be a point (i.e., fixed |z|, |w|) in the hole satisfying
more than one inequality. However, this is not possible for fixed |z], |w].
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