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Abstract

Cumrun Vafa proposed in [17] a new unifying model for the principal series of
FQHE which predicts non-Abelian statistics of the quasi-holes. The many-body
Hamiltonian supporting these topological phases of matter is invariant under four
supersymmetries. In the thesis we study the geometrical properties of this Landau-
Ginzburg theory. The emerging picture is in agreement with the predictions in [17].
The 4-SQM Vafa Hamiltonian is shown to capture the topological order of FQHE and
the tt* monodromy representation of the braid group factors through a Temperley-
Lieb/Hecke algebra with ¢ = +exp(mi/v). In particular, the quasi-holes have the
same non-Abelian braiding properties of the degenerate field ¢; » in Virasoro minimal
models. Part of the thesis is dedicated to minor results about the geometrical
properties of the Vafa model for the case of a single electron. In particular, we
study a special class of models which reveal a beautiful connection between the
physics of quantum Hall effect and the geometry of modular curves. Despite it is
not relevant for phenomenological purposes, this class of theories has remarkable
properties which enlarge further the rich mathematical structure of FQHE.

Part of the thesis is based on the following publication:

R. Bergamin, “tt* Geometry of Modular Curves”, arXiv:1803.00489[hep-th],
published in JHEP 1908 (2019) 007.
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1 Introduction and Overview

The theory of topological phases of matter is one of the most interesting subject
in theoretical physics. The remarkable discovery of these quantum states showed
the limit of the Landau-Ginzburg theory of phase transitions. The topological uni-
versality classes cannot be classified with the concepts of symmetry and symmetry
breaking: we can have either states in the same topological class but with different
symmetries, or states in inequivalent topological classes but with the same symme-
tries. These quantum phases of matter encode a new kind of order, the topological
order, which is not associated to any local order parameter, but rather to global
non-local observables [13]. From these considerations one can understand the im-
portance of the discovery of quantum Hall effect. A system of interacting electrons
moving on a 2d surface in a strong magnetic field at low temperature exhibits very
surprising properties like the quantization of the Hall conductivity
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Uzy = ﬁy.

Initially v was found to be integer. The quantization of a physical quantity is not
new in quantum mechanics, but in this context it acquires a new meaning. The
robustness of the conductivity under deformations of the magnetic field within a
certain range reveals the topological nature of the Hall states. Subsequently, it was
found that v can also assume very specific rational values. The most prominent
fractions experimentally are v = 1/3 and v = 2/5, but many others have been
observed. This quantum number has the interpretation of filling fraction of the
lowest Landau levels. It is for a rational v that the most interesting phenomena of
the quantum Hall effect happen. It turns out that the charged excitations of these
systems, the quasi-holes, carry a fraction of the charge of the electron, and, more
remarkably, they behave like particles of anyonic statistics. From a theoretical point
of view what provides the connection between quantum mechanics and geometry is
the Berry’s connection. The definition of this mathematical object arises from the



Schroedinger equation when we study the adiabatic evolution of quantum systems.
The Berry’s holonomy induced by taking a quasi-hole around another one contains
the informations about the statistics of these quantum objects. In chapter 2 we
briefly review the theory of quantum Hall states and the relation between topologi-
cal order and anyonic particles.

Despite the discovery of FQHE [2] dates back more than thirty years ago, saying
if the quasi-holes are abelian or non-abelian particles still represents a challenging
problem for both theorists and experimentalists. From the theoretical point of view,
many models have been developed to explain the observed filling fractions. Among
these, the Laughlin’s proposal [3] and the idea of hierarchy states of Haldane and
Halperin [4, 5], as well as Jain’s composite fermion theory [6], predict abelian any-
onic statistics for the principal series of FQHE. Also the possibility of non-abelian
statistics has been explored by several models for other filling fractions [7, 8, 9, 10].
More recently, C.Vafa proposed in [17] a unifying model of FQHE which leads to
new predictions for the statistics of the quasi-holes. He claims that the effective
theory of FQH systems with

(1.1)

can be realized in the framework of the AGT correspondence [19]. The compactifi-
cation of the six dimensional N' = (2,0) theory of A; type on a punctured Riemann
surface leads to a correspondence between the Nekrason partition functions [42] of
certain SU(2) gauge theories and the correlators of the Liouville CFT. In this set
up the punctured Riemann surface is identified with the target manifold of FQHE,
where the punctures correspond to insertions of quasi-holes, and the Liouville con-
formal blocks are the wave functions of FQHE. In Appendix C we provide a short
review about the Gaiotto theory and the relation between topological string ampli-
tudes and Liouville chiral blocks which inspires the Vafa proposal. This construction
motivates in addition a microscopic description of FQHE states in terms of a A = 4
supersymmetric Hamiltonian. Choosing the plane as Riemann surface, we have a
Landau-Ginzburg model with superpotential

W(z) = Z (Z log(z; — x,) — Zlog(zi - Ck)) + % Zlog(zi — %), (1.2)
‘ k=1

1<j

where z;,¢ = 1,..., N are the electron coordinates and z,,(, are respectively the
positions of quasi-holes and magnetic fluxes. The term log(z — x,) is the two di-
mensional Coulombic potential which describes the interaction between an electron

and a point-like source at z, with charge 1, while the term ) ._.log(z; — z;) keeps

1<j



track of the Coulomb repulsion between electrons. In order to reproduce the large
macroscopically uniform magnetic field we have to consider a uniform distribution
of the flux sources (; in C.

In this thesis we want to study the geometrical properties of the model 1.2 and verify
the predictions of [17]. In chapter 4 we analyze the Vafa Hamiltonian in relation to
microscopic physics of FQHE. We show that the degeneracy of the lowest Landau
level of an electron moving on a generic Riemann surface in a uniform magnetic
field B can be mapped to the degeneracy of a supersymmetric system with four
supercharges. Considering the complex plane as an example, in the holomorphic
gauge a generic state in the lowest Landau level can be written as

U(2) = f(z)e BlP, (1.3)

where f(z) is an holomorphic function. In the correspondence the holomorphic part
of the wave function defines canonically an element of the chiral ring R = C[z]/0W
of a N = 4 LG model with superpotential W. This space has the structure of a
Frobenious algebra and its elements label the vacua of the supersymmetric system
[32]. Moreover, we argue that any Hamiltonian describing the motion in a plane
of many electrons coupled to a strong magnetic field is described (at the level of
topological order) by Vafas N' = 4 Hamiltonian independently of the details of
the interactions between the electrons. This result implies that the LG model with
superpotential 1.2 represents the correct universality class of the fundamental many-
electron theory.

Varying the parameters in W we get a Berry’s connection D on the bundle of vacua
which satisfies a set of equations called ¢* geometry [28]. One can define in terms
of D the tt* Lax connection

1 — — _
Ve=D+20, ¥ =D+, (1.4)

where C,C denotes the action of chiral and antichiral operators on the vacua and
¢ € C* is an arbitrary parameter. The tt* equations can be rephrased as flatnees
conditions for V¢, V. This connection admits flat sections ¥; which satisfy [41, 29]

Vel =Vl =0. (1.5)

The advantage of having a 4-susy Hamiltonian in the same universality class of
FQHE is that we can use the tools of tt* geometry to study the statistics of the
quasi-holes. According to the Vafa’s program, the topological order of FQHE is
captured by the parallel transport of the flat connection V.. We can project the



coupling constant space of the model on the configuration space of N identical
particles on the plane

Y, = Cy/S,, (1.6)

where

Cn ={(z1,....2,) € C"|x; # xj for i # j} (1.7)

is the space of n ordered distinct points and S, is the permutation group of n objects.
Hence, the tt* Lax connection restricted to the vacuum bundle

V=Y, (1.8)

provides a monodromy representation of the braid group of the quasi-holes B, =
m1(Y,). In the chapters 3,5,6 we discuss all the necessary tools to compute the ¢t*
monodromy representation of the Vafa model. The chapter 3 contains a review of
supersymmetric quantum mechanics and basics of tt* geometry that the reader can
find in literature. The chapters 5,6 cover more advanced topics in tt* geometry
which are relevant for our problem. In chapter 5 we discuss the concept of statistics
in tt* geometry. In particular, since the electrons are fermionic particles, we study in
full generality the fermionic sector of a LG model of N identical particles. We also
discuss the formulation of ¢¢* geometry in models with a non simply connected target
manifold and multivalued superpotential. The Vafa superpotential 1.2 belongs to
this family of theories. In order to treat properly these models one has to introduce
the concept of covering spaces and extend the vacuum space with the so called “6-
sectors”. The common denominator of the chapter is the ¢t* functoriality, which
turns out to be a very powerful tool to generate isomorphisms between quantum
theories. In chapter 6 we study a special class of tt* geometries which we call “
very complete”. These models are quite peculiar. In the language of 2d N' = (2,2)
theories, being very complete means that all the operators in the chiral ring of the
UV conformal fixed point are IR relevant or marginally non-dangereous and there
are no wall-crossing phenomena. We show that in this case the UV limit of the Berry
connection is an SL(2,C) Knizhnik-Zamolodchikov connection [75, 77| on C,, with
global coordinates given by the critical values of the superpotential w;. The UV
limit consists in rescaling the critical coordinates w; — fw; and taking § — 0. In
this regime the Lax connection and the Berry connection coincide and, if the model
is symmetric under permutations of the w;, the UV Berry connection provides a
representation of the full braid group B,,.



In chapter 7 we study the ¢t* geometry of the Vafa Hamiltonian. We show that the
model is very complete and symmetric. The corresponding UV Berry connection
takes the form of a Kohno connection

- d(w; — w;
D:d+2AZs;s;M, (1.9)

i<j ¢ J

acting on the space V"™ = @,V; with V; ~ C*i = 1,...,n+ M and s}, ¢ = 1,2,3 is
the su(2) generator acting on the V; ~ C? factor, namely

4 1
Sz:1®....®1®§(7@®1®....®1. (1.10)

It is shown in [75] that the monodromy representation of the flat connection above
is a Hecke algebra representation of the braid group B,, ;s which factorizes through
the Temperley-Lieb algebra A,,;/(q) with

q = exp(mil). (1.11)

One can restrict to the monodromy representation of B, with the projection p :
Y,im — Y,. It turns out that the parameter A is related to the filling fraction v by

q2 _ 627ri/1/7 (112)

which gives the two possibilities ¢ = +e™/¥. It is believed that 3d topological
Chern-Simons theories are effective description of FQHE states. Since the braiding
of conformal blocks in 2d WZW models is the same of the Wilson lines in non-
Abelian Chern-Simons theories, it is natural to require the UV Berry connection
to be a Knizhnik-Zamolodchikov connection for SU(2) current algebra with level &k
quantized in integral units, namely

2
A=+——  keELZ. 1.13
k+2 (1.13)
This condition leads to the allowed values of filling fraction for the Vafa model. In
the case of ¢ = e'™/¥ we get
beN b b odd (1.14)
v=—— V= —— :
%+ 1’ ’ 2b+1) 2%



where the first one corresponds to the principal series of FQHE. From point of view
of [17], the element o? of the pure braid group for the principal series has two
distinct eigenvalues, in correspondence with the two different fusion channels of the
¢12 operator in the minimal (2n,2n £ 1) Virasoro model. The ratio of the two

eigenvalues is

2 _ exp[27ri(h1,3 — 2h172)]
exp[2mi(hy 1 — 2Ry 2)]

= exp(27i/v). (1.15)

As predicted in [17], the quasi-holes have the same non-Abelian braiding properties
of the degenerate fields ¢; o in Virasoro minimal models. On the other hand, the

less natural solution ¢ = —e™/” gives other two series of filling fractions. These are
respectively
I/:L, m=k+2€eN2>2, v mn m=k+22>2  (1.16)

m+ 2 T 3m—2

where the first series contains the values of v corresponding to the Moore-Read [§]
and Read-Rezayi models [9].

The reader can find in appendix other minor results about the geometrical properties
of the Vafa model for the case of a single electron. In particular, in E we study a
special class of models which reveal a beautiful connection between the physics of
quantum Hall effect and the geometry of modular curves. The analysis is based on
[64]. Despite it is not relevant for phenomenological purposes, this class of theories
has remarkable properties which enlarge further the rich mathematical structure
of FQHE. Among the main results, the theorems about the cusps counting and
classification are recovered in a physical language. From our investigation of this
family of models, the algebraic properties of the modular curves emerge in an elegant
manner.

2 Topological Order, FQHE and Anyons

2.1 A New Kind of Order

The fractional quantum Hall effect opened a new chapter in condensed matter
physics. For a long time, before the discovery of the quantum Hall states, Lan-
dau’s symmetry breaking theory defined the fundamental paradigm of many-body
physics. We know that at sufficiently high temperature matter is in form of gas. In

10



this regime the particles are weakly interacting and the motion of a single constituent
is not influenced by the other ones. When temperature decreases the particles be-
come more and more correlated and start to develop a regular pattern. In this
regime we observe an emergent collective behaviour revealing an internal structure,
which we also call order. The concept of order allows to classify different states
of matter and is intimately related to the concept of phase transition. One says
that two many-body states has the same order if we can change one states into
the other with a smooth deformation of the Hamiltonian. If this is not possible we
encounter a phase transition. The definition of order organizes the states of matter
in equivalence classes which are said universality classes in the Wilsonian language.
According to Landau’s theory there is a deep relation between order and symmetry.
Different orders are associated with different symmetries, which are described by
local parameters, and a phase transition involves the breaking of some symmetry.
This picture is able to explain a large class of experimentally observed states of
matter and predict the existence of gaplessness excitations in the materials due to
symmetry breaking. The existence of the quantum Hall states reveals the limits of
Landau’s paradigm and shows the existence of a new type of order, usually called
topological order [13]. These states of matter are created by confining electrons on a
2d interface between two different semiconductors under strong magnetic fields and
low temperature. In this regime the electrons are strongly correlated and behave
collectively like a quantum liquid. The topological phases are not classified by sym-
metries and cannot be described by local order parameters. Indeed, all the quantum
Hall states have the same symmetries and a phase transition between them does not
involve any symmetry breaking. One can define a topological universality class as a
family of Hamiltonians with gapped spectrum which can be smoothly deformed to
each other without the emergence of gappless excitations. The topological order can
be characterized by global, non-local observables, which are robust under any local
perturbations that can break symmetries. These are essentially the degeneracy of
the ground state, which depends only on the topology of the target space, and the
non-local behaviour of the quasi-hole and quasi-particle excitations.

2.2 The Quantum Hall Effect: General Setting and Phe-
nomenology

We recall some basic facts about the phenomenology of quantum Hall effect. More
details can be found in [13, 12] and references there. The Hall effect was originally
discovered by Edwin Hall in 1879. The physical set-up is very simple to construct:
one has to take a bunch of electrons, restrict them to move on a two dimensional
plane and turn on an electric field E and magnetic field B respectively parallel and
orthogonal to the plane. The classical Hall effect is simply the consequence of the

11



motion of charged particles in a magnetic field. In a static regime the electric force
acting on the charge carriers is balanced by the Lorentz force of the magnetic field.
In natural units we have the condition

¢.E = q.7 x B, (2.1)

where g, = —e is the charge of the electron and v is the velocity of the particles.
Denoting with n the density of the electrons, a current j = n# is made to flow in
the normal direction to the electric field. Moreover, the norms F, j are related by

B h 1
E=j =j—=— 2.2
T gy (2.2)
where h, ¢ are respectively the Planck constant and the speed of light, while
nhc n  number of particles (2.3)

V= q.B - B/®; number of flux quanta

is the filling fraction. In the above equality we introduced ¢ = % as the quantum
unit of magnetic flux. Recalling the Ohm’s law

—

E=pj (2.4)

where

h— (pm pxy> (2.5)

—Pzy  Pyy

is the resistivity tensor, from 2.2 we obtain the relations

i

= -
qc v

According to the classical theory, the Hall resistance p,, is proportional to the
magnetic field at fixed electron density. Indeed, experimentally one finds that p,, o
B at weak fields. However, in the early 1980s it was found that for strong magnetic
fields (~ 10 T) and very low temperatures (~ 1 K) the Hall resistance develops a
plateau structure as in Figure 1. In particular, the filling fraction v is quantized
in this regime and labels the different plateaus. These new states of matter behave

12



like an incompressible fluid of uniform density. Initially v was found to be an
integer. This phenomenon is called integer quantum Hall effect (IQHE) and was
discovered by von Klitzing in 1980 [1]. In the experiment the electrons are confined
on an interface between two different semiconductors which play the role of 2d
plane. The quantization of a physical quantity is rather common at the microscopic
level, but the case of the filling fraction is different from the usual quantization
phenomena in quantum mechanics. The profile of the resistivity shows that the
quantum Hall states are robust under deformations of the magnetic field within a
certain range. Moreover, the plateau spectrum turns out to be indipendent from
the local, microscopic details of the material. These features reveal the topological
nature of these phases of matter.

Figure 1: Plateau structure

Subsequently, it was found that v can also take very specific rational values. This
phenomenon is called fractional quantum Hall effect (FQHE) and was discovered
by Tsui and Stormer in 1982 [2]. The most prominent fractions experimentally are
v = 1/3 and v = 2/5, but many other fractions have been seen. The majority
of them has odd denominator and can be recasted in the so called principal series
It is in these states that the most remarkable things happen. The charged

_n__

PRES
excitations of the Hall fluid, the quasi-holes, carry a fraction of the charge of the

V=

electron, as if the electron split itself into several pieces. It is not just the charge
of the electron that fractionalises: this happens to the statistics of the electron
as well. It is known that quantum particles in two spatial dimensions can have
statistics which does not correspond to the classical bosonic or fermionic one. After
the braiding of two identical particles the wave function of the many-body system
picks up a phase €?, where the parameter # determines the statistics. The statistics
of the particles in two dimensions are

13



=0 boson
0<f<m anyon (2.7)

0=m fermion

In more complicated examples even this description breaks down: the resulting ob-
jects are called non-Abelian anyons and provide physical realization of non-local
entanglement in quantum mechanical systems. In this case the Hilbert space of the
system is degenerate and a braiding operation induces a unitary transformation on
a generic state. While the fractional charge of quasi-holes has been measured exper-
imentally, a direct detection of their statistics is more challenging. It is confirmed
that the quasi-holes of the fractional Hall states do not posses classical statistics,
but if they are Abelian or non-Abelian anyons is still an open question.

2.3 Landau Levels

The quantum Hall effect is based at the microscopic level on the dynamics of charged
particles in a magnetic field. The Hamiltonian of a quantum particle in a constant,
uniform magnetic field has discrete spectrum. The structure of the energy levels,
known as Landau levels, allows to describe the plateaus at integer values of the filling
fraction [13]. In particular we are interested in the lowest Landau level, namely the
ground state. We ignore for the moment the Coulomb interaction and assume the
electrons to be spin polarized. An electron of mass m in a uniform magnetic field is
described by the Hamiltonian

1
0 A), h=e=1, (2.9

where we choose the symmetric gauge

B
(A 4) = S(-y.2),  B=0,4,-8,A.. (2.9)

To find the energy levels is convenient to introduce the complex coordinate z = z+1y
and the holomorphic and anti-holomorphic derivatives

0, = %(ax - Z-ay)a 0; = %(aﬂf + Zay) (2'10)

One can rewrite the Hamiltonian in complex coordinates as

14



1
m

where D,, D; are the covariant derivatives

1 B
DZ = az - iquza Az = _(Agc - ZAy) = —Z,
2 43
1 B (2.12)
D; = 0; —iq.As, Az = §(A$+Z'Ay) =57
)

One can exploit the commutation relation [D,, D;| = %mw B, where wB = ¢.B/m is
the cyclotron frequency, to simplify the expression of H as

2 1
H=—-——D,D; + —wp. (2.13)
m 2
The constant Ey = %wB is the energy of the first Landau level. A wave function

U(z, z) in this subspace satisfies the condition

D.U(z, %) = 0. (2.14)

Assuming g.B > 0 we introduce the magnetic length /g defined by

2 = 2.1
b= (2.15)

which represents the characteristic length scale governing the magnetic phenomena
in the quantum regime. The Hamiltonian above is conjugated by the relation

2

H = e AP/ fetlzl/ (2.16)

to the operator

- 2 . .
H=--D.D,+E, (2.17)
m

where

15



D, = et p o h — g L5
205 (2.18)

2 /472 C1212/472
D, = eIl /41131)236 |2[#/4lF Ds.

We note that the non unitary transformation e**”/45 makes the anti-holomorphic
part of the gauge connection vanishing. Rewriting a generic state in the Hilber space
as

U(z,2) = U(z, z)e FF/4%E, (2.19)

where ¥(z, %) is a smooth function, the condition to be in the lowest Landau level
becomes

D:U(z,2) = 0:W(2,2) = 0, (2.20)
namely ﬁl(z, Z) must be an holomorphic function on the complex plane. A natural
basis of holomorphic functions is given by the monomials z* with & > 0. Hence, a
basis of vacua is

Wy = 2Fe 1P/ (2.21)

These wave functions have a circular shape and k-th state is peaked at the radious
e = V2klg. Noting that the ring of the k-th vacuum encloses m flux quanta
dy = 2ml%, we learn that there is one state for every flux quantum. Hence, the
number of states in the lowest Landau level is equal to the number of flux quanta
®/dy, where ® is the magnetic flux of B. One can obtain the wave functions
corresponding to the n-th excited Landau levels as follows

U, = D"y, (2.22)

where the energy of the n-th state is £, = (% +n)wpg. It is clear that all the Landau
levels have the same degeneracy.

In the case of N free electrons in a uniform magnetic field one has to fill the Landau
levels with Fermi statistics. It is not difficult to guess that for a quantum Hall state
at an integer filling fraction v = n € N the first n Landau levels are completely filled.
The finite gap A = wp for the excitations explains why at low temperature we ob-
serve these plateau, while the Pauli exclusion principle explains the incompressibility
of the Hall fluid. The wave function for the v = 1 state is

16



21 Z2 ... _ .Zi2 2 _ ‘Zi2 2
\Ij(zlv 7ZN) = Z% Z% € i =l /4 = H(ZZ - Z])G 2l /4l (223)
1<J

where N must be equal to the number of flux quanta. The above wave function
describes a circular droplet with radious R = 27 NI% and uniform density. Indeed,
each electron occupies an area 7ry,, —7ry = 2wl; and so the density has the constant
value p = 1/27l%. For magnetic fields B ~ 1T we have {5 ~ 107®m. In quantum
Hall effect experiments the length scale of the sample is of order R ~ ¢m and so the
typical number of electrons is N ~ 10'2.

2.4 The Laughlin Wave Function

In order to describe the fractional states one can try to apply the logic that we
used in the integer case. Let us consider the states with 0 < v < 1. For such
values of the filling fraction we naturally conclude that the lowest Landau level is
partially filled by the electrons, whose number must be N = v, where N' = ®/®,
is the capacity of the lowest Landau level. It is immediate to see that the free
electrons description cannot work in the fractional case. Indeed, if we fill a fraction
of the lowest Landau level with Fermi statistics, in the thermodynamical limit we

get a hugely degenerate ground state. The number of states is ('/X/,), which is
v
approximately (%)VN (ﬁ)(l_y)/\/ ~ 101" for A" ~ 10'2. Hence, it is clear that the

fractional quantum Hall states are strongly correlated system in which the Coulomb
interaction plays a fundamental role. This partially removes the degeneracy of the
lowest Landau level in such a way that we can observe plateaus at fractional valules
of v. Solving the Schoredinger equation and find the exact wave function for these
systems is hopeless. The first approach to describe these plateaus is due to Laughlin
[3]. He proposed a wave function for the v = - states, with m an odd integer. His
guess is based on some physical considerations. First of all, any wave function in
the lowest Landau level must have the form

(21, 2n) = f(21, 0, 2y )e Zi 240 (2.24)

where f(z1, ..., zy) must be holomorphic and anti-symmetric under the exchange of
any two particle positions because of the Fermi statistics. Moreover, this wave func-
tion should describe a fluid of uniform density on a disk of radious R = v2mNlg,
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compatibly with the fact that the number of states in the full Landau level is
N = mN. The Laughlin proposal is

Uz, 2y) = [ [ (2 — 2y)me 200700, (2.25)

1<J

We see that the highest power for each electron coordinate appearing in f(z1, ..., 2x)
is m(N — 1). This means that the maximum radious for each particle is R ~
V2mNlpg, where we can replace N — 1 with N in the thermodynamical limit. Cor-
respondingly, the area of the droplet is A ~ 2rmNI% and the density of the Hall
fluid is p = ﬁ The Laughlin wave function captures the relevant physics of the
fractional quantum Hall states at the filling fractions v = 1/m, but is not the exact
ground state of the many-body Hamiltonian. However, it is possible to construct
an Hamiltonian whose ground state is precisely given by the Laughlin state [12].
According to the Laughlin proposal, this Hamiltonian should be in the same univer-
sality class of the FQHE Hamiltonian for N = v electrons and support the same
topological phase as ground state. This motivates why one can use the above wave
function to describe the v = 1/m states rather than the exact one.

Following the Laughlin proposal, other models have been developed to explain and
describe the other filling fractions, such as the construction of Hierarchy states pro-
posed by Haldane and Halperin [4, 5]. We will explain this idea in section 2.9.

2.5 Berry’s Connection

Topological phases encode the non trivial low energy dynamics of certain gapped
systems below the energy scale of the minimal excitation. By definition they cannot
have local propagating degrees of freedom and what distinguish them from the trivial
phase are their geometrical properties. The mathematical object which puts in
relation quantum mechanics with geomery and topology is the Berry’s connection
[14]. Since it plays a central role in the study of FQHE we briefly recall its definition
(see [12, 15] for a more detailed review). Let us consider an Hamiltonian

H(zs: ) (2.26)

where x; are the degrees of freedom of the system, as for instance the positions and
spins of the particles, and A; is a set of parameters determined by some external ap-
paratus that an observer can vary. These parameters can be thought as coordinates
on a space of couplings M which parametrizes a family of theories. We assume that,
apart from some isolated critical points, for every choice of A\; the spectrum of the
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Hamiltonian is gapped and the ground state has degeneracy N > 1. One defines
the vacuum bundle V — M where the fiber V) at a point A; is the vacuum space of
H(x;; Aj). Let us a set a local frame

la; \), a=1,..,N. (2.27)

The definition of the Berry’s connection arises when we study the adiabatic evolution
of the system. The adiabatic theorem states that, if we prepare the quantum system
in a certain vacuum |a; A) for certain \; and vary slowly the parameters compared
to the energy gap of the excitations, at every point A; of the path in the space of
couplings the perturbed state [i,(\')) is in the ground state V,,. More precisely,
the adiabatic ansatz for the evolved state is

[a(X)) = Uap(X) [b; X) (2.28)

where U € U(N) since time evolution in quantum mechanics is unitary. We see
from this formula that a vacuum state is parallely transported along a certain in
path in the space of couplings. Plugging the adiabatic ansatz in the Schoredinger
equation provides the definition of a unitary connection on the vacuum bundle which
generates the time evolution. This is the Berry’s connection

(Ai)oa = —i{a; A| Oy,

b; ). (2.29)
The unitary matrix introduced in 2.28 contains also the dynamical phase e¢~%/ @ Fo(})
which we always have in the time evolution of a quantum state. One can ignore this
contribution or simply set E,(A) = 0 by adding a constant to the Hamiltonian. It is
interesting in general to evaluate the transformation of a state after a closed loop in
the space space of couplings. The associated unitary matrix is the Berry’s holonomy

U=Pexp (—ij{AidAi) , (2.30)

where P stands for path ordering. In the case of degenerate ground state the Berry’s
connection is non-Abelian and the associated holonomy group is a subgroup of U (V)
with N > 1. If the system has a unique vacuum state |\), the Berry’s connection
is Abelian and the holonomy 2.30 reduces to the Berry’s phase

e = exp (—z'j{Ai(A)dX’) : (2.31)
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with A;(\) = —i(\| 9y, |\).

2.6 Anyonic Particles

Topological phases are beleaved to support anyonic particles. These has not to be
thought as fundamental particles existing in nature. Indeed, they are artificially
realized as charge excitations of quantum liquids. The fusion and braiding rules of
anyons are among the geometrical observables which characterize the topological
order. Moreover, as we will discuss in the next section, the existence of anyonic
particles is deeply related to the topological degeneracy of the ground state. Given
their importance in the phenomenology of topological phases, we spend some words
to recall some basic properties about a theory of anyons. We know that in d = 3
spatial dimensions we can have only fermionic and bosonic statistics. This is related
to the topology of the configuration space of N identical particles in three dimen-
sions. Denoting with r;,i = 1, ..., N the positions of the particles in R?, the space is
(R3M\ {r; =r;}) /Sy, where Sy is the permutation group of N objects. The funda-
mental group of this space is Z. This means that all the possible ways to exchange
two particles are topologically equivalent, while a double exchange is topologically
trivial. In quantum mechanics the exchange of particles acts as unitary operator on
the wave function v (ry,79,...,7n). Hence, the statistics are in correspondence with
unitary irreducible representations of Zy. These are one dimensional and the unique
possibilities are given by

w(Tl,TQ,...,T’N) ::l:w(Tg,Tl,...,TN) (232)

where £1 corresponds respectively to the bosonic and fermionic statistics.

In two spatial dimensions the classification of statistics is much richer. Let us
consider N particles on the plane sitting along a line and order them. The image
in space-time of the particle worldlines under an exchange of their order is called
a braid. One distinguishes braids by their topological class, which means that two
braids are considered the same if we can smoothly change one into the other without
crossing of the worldlines. Such braidings form an infinite group called braid group
By. This coincide with the fundamental group of the confirguration space of N
identical particles on the plane. This is (CV\ {z; = z;}) /Sy, where z; are the
coordinates of the particles in C. The braid group of N objects is generated by
N — 1 operators Ry, ..., Ry_1, where R; exchanges the i-th and (i 4+ 1)-th particles
in an anti-clockwise direction. These satisfy the defining relations
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and the Yang-Baxter equations

RiRi+1Ri = Ri—i—lRiRi—&-l)Z‘ = 1, ceey N —1. (234)

Different statistics in two dimensions are associated with unitary irreducible repre-
sentations of the braid group. Particles that form a one dimensional representation
of By are called Abelian anyons. In this case the braid matrices act on the wave
function as phases

R; = e, (2.35)

The Yang-Baxter equations for these operators require that €% = e™i+1 implying
that all identical particles have the same phase. If a = 0,1 we recover the classical
statistics, while for 0 < a < 1 we have fractional statistics.

The most general case is given by non-Abelian anyons. The Hilbert space of these
objects is a non-Abelian representation of the braid group and can be characterized
in an abstract way with the idea of fusion. One introduce a set of variables a, b, c....
which denote the different type of anyons in our theory. These objects satisfy a
multiplicative algebra, usually called fusion algebra, which reads

axb=> Nic (2.36)

where N, are non-negative integers telling how many different ways there are to
get the anyon ¢ when we bring together two anyons a and b. The fusion algebra
is commutative and associative, implying that the order in which we fuse anyons is
irrelevant. Each anyonic species identifies an irreducible representations of the braid
group. Hence, the Hilbert of two anyons a,b decomposes in irreducible representa-
tions of dimension N, corresponding to the fusion channels ¢ appearing in a % b.
The anyons are said non-Abelian if NS > 2 for some c¢. The vacuum of the theory
corresponds to the identity element of the algebra 1 and satisfies

axl=ua (2.37)

for any a. This relation implies that the Hilbert space of a single anyon is always
one dimensional. Hence, we see that a single anyonic particle does not have any
internal degree of freedom. The information contained in the Hilbert space H,, of
two non-Abelian anyons a, b is a property of the pair and cannot be associated to a
single particle. We learn that anyonic particles are mutually non local objects and
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the corresponding Hilbert space is said topological since the stored information is
related to global properties of the system, namely how the anyons braid.

2.7 Charged Excitations of The Laughlin State

The Berry’s connection allows to study the topological properties of the quantum
Hall states and in particular the physics of the charged exctitations. One can intro-
duce M quasi-holes in the Hall fluid at positions (,,a =1, ..., M. These are created
experimentally by inserting thin solenoids in the fluid and have a three dimensional
nature of magnetic fluxes. However, from the 2d perspective they behave like point
like particles. A Laughlin state v = 1/m with M quasi-holes is described by the
wave function

U(21, ..., 2n; zetay, ...,y ) = H(ZZ — Ca) 1_[(2Z — z;)Me i 24l /40 (2.38)

ia i<j

A remarkable property of the quasi-holes is that they carry a fraction of the electron
charge. If the elecron has charge q. = —e, these particles have charge e* = e¢/m. An
euristic justification of this fact is that putting m quasi-holes in the same position is
equivalent to fix the position of one electron, making it non-dynamical and creating
a hole in the fluid. Hence, if we inject a hole into the quantum Hall fluid, this splits
into m independent quasi-particles.

A more rigorous way to show the fractionalization of the electron charge requires
to compute the Berry’s connection associated with the Laughlin state. One can
interpret the positions of the quasi-holes (; as coordinates in the space of cou-
plings and denote with |[(y,...,{a) a frame on the vacuum bundle which satisfies
(21, ooy 2N|C1y s Cr) = V(21,4 0y 285 C1y -or, Q). The calculation of the Berry’s con-
nection is done in detail in [12] in the normalized frame

1) ooy Car) (2.39)

1
- ﬁ ’Cla

where Z = ((1,...,Cu|Ch,y -, Car). It is assumed in the computation that the quasi-
holes are not brought too close to each other. The Abelian connection over the
configuration space of M quasi-holes is

i 1 iG;

_ + ,

Ay =—

7

As = A, (2.40)

From the Berry connection one can exctract several informations about the physics
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of these particles. If we move a quasi-hole ¢ along a closed path C' which do not
enclose any other particle the corresponding Berry phase is

e = exp (—17{ Acd¢ + Agd{) = exp (z%) , (2.41)
c

where ® is the magnetic flux enclosed by C. In this case the phase v has the in-
terpretation of Aharonov-Bohm phase v = e¢*® picked up by a charged particle in a
magnetic field. Hence, we see that a quasi-hole carries fractional charge e* = e/m.
Another remarkable property of the quasi-holes of the Laughlin state is that they
behave like Abelian anyons. The statistics is encoded in the flat part of the connec-
tion. The corresponding Berry phase provides a representation of the braid group of
M quasi-holes. Ignoring the Aharonov-Bohm contribution, if we take a quasi-hole
in ¢; along a closed loop C' encircling another quasi-hole in (; we get the following
phase

1 1 dCl 21
1T ] . 7r7,/m‘ 242
© P ( 2m f; Cl - C? C) € ( )

Mooving a particle around another one is equivalent to exchange them two times.
Hence, the phase picked up by the wave function after a single braid is

o= (2.43)

In the case of m = 1, namely the integer plateau at v = 1, the quasi-holes behave
like fermionic particles, while in a generic Laughlin state with m > 1 the quasi-holes
have Abelian fractional statistics.

An important property of fractional quantum Hall states is also the topological
degeneracy of the ground state, namely the number of ground states depend on the
topology of the manifold. This is one of the main future of topological phases and is
deeply related to the existence of anyonic particles. This feature becomes manifest
if we put the system on a compact manifold of non trivial topology. Let us put the
system on a torus and consider the following process. We create from the vacuum
a quasi-particle quasi-hole pair, where the quasi particle is a charged excitation of
the Hall fluid with opposite charge e* = —e/m. We then separate the particles and
take them around one of the two different cycles of the torus before making them
annihilate. We denote with 77,75 the operators which implement the process for
the first and second cycle of the torus. Composing these operations one can see
that TYToT; T, ' is equivalent to take one anyon around another. Hence, the torus
generators satisfy the algebra
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T\Ty = *™MT,Ty. (2.44)

The Hilbert space must be an irreducible representation of this algebra and has
dimension m. The generalisation of this argument to an arbitrary genus-g Riemann
surface shows that the ground state must have degeneracy m#. This number depends
only on the topology and not on the local details of the manifold. One can also
construct the analog for the Laughlin states on the torus using the Jacobi theta
functions, checking that there are exactly m ground states. We note also that the
integer plateau given by m = 1 corresponds to the trivial topological phase.

2.8 Effective Theory of Laughlin States

Different quantum Hall states support inequivalent theories of anyonic particles,
with different fractional charge and fractional statistics. This means that, despite
these states have the same symmetry, they belong to different quantum phases and
have different topological order. An efficient and systematic way to study topolog-
ical order is to construct an effective low energy theory for the FQH states. This
captures the topological properties of FQH liquids and provide a universal character-
ization of topological order. To construct this theory one follows the hydrodynamical
approach [13]. Below the scale of the minimal excitation, electrons in a strong mag-
netic field and low temperature form a quantum liquid which we describe with a
vector field J#, u = 0, 1,2, where JY is the electron charge density and J*,i = 1,2
are the components of the electron current density. A Laughlin state v = 1/m has

charge density J' = —e/27l% = e¢*vB/27 and the charge current induced by an
external electrostatic field E; is J* = 0,,€Y E;, where o, = ‘;—f is the Hall conduc-

tance. Hence, the vector field J, has the following response to a variation of the
electromagnetic field

§J" = 04,€"0,0Ay. (2.45)

We want to write an action giving the above equation as equation of motion. The
electron density can be parametrized in term of a U(1) gauge field a,, as

62

JH = %8,,a>\e“”/\. (2.46)

This current satisfies automatically the conservation law 9, J* = 0. The gauge field
a, is the emergent topological degree of freedom of the FQH liquid. The Lagrangian
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describing the dynamics of this field and reproducing the above equation of motion
is

e?m 2

Llay A) = = a,d,ard + S—WAﬂayaAeW. (2.47)

The first peace of the Lagrangian is the well known Abelian Chern-Simons term. As
one could expect, the effective theory describing the geometrical properties of FQH
states is a topological field theory in 2 + 1 dimensions. The identification of the
inverse filling fraction % = m with the Chern-Simons coupling, which is quantized
by the requirement of gauge invariance at quantum level, leads to a correspondence
between Chern-Simons levels and FQH states.

To provide a complete description of the FQH liquids one has to include in the
Lagrangian the quasi-hole and quasi-particle excitations. This requires to introduce

another current j, which couples to a,. The Lagrangian gains a new term

AL = a,j*. (2.48)

The gauge invariance of the action is preserved if the current is conserved: 9,j5* = 0.
Turning off the electromagnetic field A,, the equation of motion is

62

1 .
%f/“, = EGHVPJP' (249)

Let us place a static quasi-hole in the origin. The current is given by j° = ed?(z), j' =

3% = 0. The equation of motion becomes

1 1
%fm = %52(95)- (2.50)

We see that the effect of the Chern-Simons term is to attach a magnetic flux

_27T

) (2.51)

em

to a particle of charge ¢ = e. Consequently, If we take a quasi-hole around another

one we get an Aharonov-Bohm phase ¢“® = 2™/™ which we interpret as the
statistical phase generated by a double exchange of the particles. This result agrees
with the fractional statistics that we find for the the Laughlin state v = 1/m. Using

the definition of electromagnetic current density in 2.46 we also get the equality
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. © 5(x) (2.52)
- 27‘(’ 12 — m ) .

from which we correctly the recover the fractionalization of the quasi-hole charge
e
<.

Recent reviews about the Chern-Simons approach to FQHE can be found in [12, 16].

e* =

2.9 Other Filling Fractions

So far we discussed only FQH liquids at the fractions v = % As we anticipated in
section 2.4 one can describe the other plateaus with the idea of hierarchical states
proposed by Haldane and Halperin. One starts with a Laughlin state at v = 1/m
and vary the magnetic field to make the system change the plateau. Given their
nature of magnetic fluxes, we can increase or decrease the magnetic field by injecting
respecticely quasi-particles or quasi-holes in a v = 1/m state such that they form
themselves a Laughlin condensate. The effective Lagrangian of the model is modified
as follows [12, 13]. Let us set e = 1 for simplicity. One writes the quasi-holes current
as

: Looa -
Ju = %EH pauam (253)

where a, is another emergent Chern-Simons field describing the quasi-hole conden-
sate. The current couples to a, and the new Lagrangian reads

~ 1 A m VA 1 ~ N m . ~
L(a,,a,)s = %Auaya,\e“ — Eau&,a)\e“ + %auaya,\e“ — Eauaya,\, (2.54)

where m is an integer. To compute the Hall conductivity one has to solve the
equations of motion for a, and then for a,. One finds that this theory describes a
Hall state with filling fraction

(2.55)

We can compute the charge and statistics of quasi-holes in this new state. There
are two type of excitations for this fluid, the ones which couple to a, and the ones
which couple to a,. For the first type we find
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mfio — fra = 216% (), i fia — fra =0, (2.56)

from which we get

27
Ji2 = 0% (). (2.57)
m— =
For the second type we have
mf12 - f12 == 0 + mflg — f12 = 271'62(.1') (258)
which gives
2T
= — . 2.59
he= e (2:59)

If we set for instance m = 3 and m = 2 we find the state v = 2/5, which is among
the most prominent among the observed plateau. The resulting charges of the quasi-
holes are e* = 2/5 and e* = 1/5, which have been measured experimentally. One can
now repeat this construction: the quasi-particles of the new state form a condensate
described another gauge field, for which we introduce a new Chern-Simons term and
current of type 2.53 which couples to a,. Iterating this procedure we obtain Abelian
quantum Hall states with filling fraction

v=—" T : (2.60)

P —

Using the idea of hierarchy one can write down the most general Abelian quantum
Hall state [13, 12]. We consider N emergent gauge fields az, withi=1,..., N. The
effective theory for these fields is

L(a!) = % ,-je“””aib&,af) + %tie“”pAu&,ai (2.61)
where the K matrix specifies the Chern-Simons coupling and the ¢ vector tells which
linear combination of currents play the role of electron current. So far we only
considered the so called single-layer FQH states, where the electrons are confined
a single 2d interface. This setting is described by the choice t = (1,0,0,...,0),
namely we have a single charge carrier. However, one can also make samples with
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multiple layers of interfaces. The electrons confined on different layers under a
strong magnetic filed form a multi-layer FQH state. The topological properties of
the model are encoded in K and t. The Hall conductance can be computed by
integrating out the gauge fields and is given by

(K1) t:t,, (2.62)

while the charge of the quasi-holes which couple to aL is

(€)' = (K7, (2.63)

The statistics between quasi-holes which couple to a' and a’ is

o' = (K17 (2.64)

Moreover, one can show that the degeneracy of the ground state on a surface of
genus-g is |[detK'|9. When can recover the single-layer model given in 2.54 with the
choice

m —1
K = <_1 m) t=(1,0). (2.65)
It is possible to write down a wave function for the hierarchy states, also in the
multi-layer case, which extends the Laughlin proposal to more general filling frac-
tions. The interested reader can refer to [13] for the details of the construction.
An alternative way to describe the hierachy states is given by the composite fermion
theory proposed by Jain [6]. The basic proposal is that FQH states for electrons
can be thought as integer Hall states for new weakly interacting degrees of freedom.
These are the composite fermions, namely electrons bounded to magnetic flux vor-
tices. One can find a discussion about this alternative model in [12]. Despite the
approach is very different from the hierarchy theory, the composite fermion approach
reproduces the same filling fractions. Among these we get in particular the principal
series

n

" 2.
Yot (2.66)

also known as Jain’s series. As the hierarchy model, the composite fermion theory
predicts Abelian fractional statistics for the quasi-holes.
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The possibility of non-Abelian statistics has been explored for certain FQH states
at higher Landau levels [7, 8, 9, 10]. Among these the most prominent is observed
at v = 5/2, which consists of fully filled lowest Landau level for both spin up and
spin down electrons, followed by a spin polarized Landau level at half filling. This is
also known as Moore-Read state and is believed to support non-Abelian anyons of
Ising type [12]. One can construct effective low energy theories also for non-Abelian
quantum Hall states. These naturally involve emergent non-Abelian Chern-Simons
fields associated with certain non-Abelian gauge groups.

2.10 Theory of Edge States

It has been noticed in [8] a remarkable connection between wave functions of FQH
states and correlators of certain 2d conformal field theories. Let us consider a v =
1/m Laughlin state with N electrons at positions z;,7 = 1,..., N and M quasi-holes
at positions (,,a = 1,.., M. We consider the ¢ = 1 theory describing a free scalar
field ¢(z) and associate to electrons and quasi-holes respectively the chiral vertex
operators V(z;) = exp (i¢(z)/v/v) and W((,) = exp (iv/v9((,)). The holomorphic
part of the Laughlin wave function is captured up to a prefactor depending on the
C.) by the correlator

IV Ew @) =TT =) [ ] =), (2.67)

i,a 1<J

The contribution of the magnetic field can be included in this set up as follows. To
be compatible with the holomorphicity of the correlator, instead of a uniform B
field, one considers a lattice of fundamental units of magnetic flux ®(a) = a?/2nl%
at positions (p,,(a) = am +ian, m,n € Z, where a is a real parameter. One has
to insert in the correlators the vertex operators

[T exp (—i®(@)vrd(Guala)) . (2.68)

A(a)ND(R)

where the lattice A(a) = aZ + iaZ is contained in a disk D(R) of radius R =
v2mNlg. It is manifest in this language that a point-like charge and a magnetic
flux unit have the same nature in the two dimensional physics. Hence, the FQH
wave function gains the new term
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11 ;:exp ~®(a) Y log(zi = Cunla) | . (2.69)

i,A(a)ND(R) (2 = Gmn(a)) i,A(a)ND(R)

We know that a correlator of chiral primaries (][], ¢*¢*)) is non-vanishing only if
the neutrality condition ) . oy = 0 is satisfied. With the inclusion of the magnetic
lattice in the correlator one finds the relation

N = v\ = M), (2.70)

where N' =37 (. ap(r) Pa = R?/213 is the number of flux units contained in D(R),
namely the capacity of the lowest Landau level. In this framework the magnetic
field plays the role of neutralizing background charge for the correlator. We see that
the above equality reproduces the correct relation between the number of electrons
and the magnetic flux, including also the contribution of the quasi-holes.

In order to recover the uniform constant B field one should take the continuous limit
of the lattice and then omit terms suppressed by |z;|/R < 1. The immaginary part
of the sum —®(a) > _ ) np(r) 108(2 — Gnn(a)) oscillates very rapidly for @ <1 and
the average of the oscillations is vanishing in the limit @ — 0. Instead, the real part
coincides with the 2-dimensional electrostatic potential generated by a discrete set
of charges, which tends to a continuous distribution for a < 1. So, we obtain the
limit

a—0, R—oo
—®(a) Y log(z — Guala)) T =Y |24l (2.71)
A(a)ND(R) i

which reproduces the non-holomorphic part of the FQHE wave functions.

The relation between FQHE and 2d CFT is not accidental. The ¢ = 1 chiral theory
describes the edge excitations of the Chern-Simons theory [13, 12]. Contrary to the
bulk topological theory, which is gapped by definition, the edge theory is a conformal
chiral liquid with gapless excitations. This bulk to boundary correspondence is one
of the main property of topological phases and apply also to non-Abelian quantum
Hall states. The physics of the edge modes is a reflection of the topological order in
the bulk and provides the most powerful way tool to classify topological universality
classes. It turns out that the edge excitations have the same spectrum of the quasi-
particle and quasi-hole excitations of the fluid. The role of the different kinds of
anyons is now played by the different representations of the conformal algebra that
appear in a given conformal field theory. Each of these representations is labelled
by a primary operator O;. In classifying topological order we consider rational
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conformal field theories, since they have a finite number of primary operators. The
CFT algebra encodes also the concept of fusion. Given two operators O;, O;, the
operator product expansion (OPE) between them can contain other representations
labelled by some Of. The OPEs are naturally interpreted as the fusion rules satisfied
by the anyonic particles. One can write the OPE as

k

where N} are integers.

The CFT description of FQHE provides also the definition of braiding matrices. In
general a CFT contain both chiral and anti-chiral modes. A correlation function of
primary operators can be written as

<H Oz, 7)) = )1 Fp(=)P, (2.73)

where F,(z;) are multi-branched holomorphic functions of the z; depending on the
set of operators inserted in the correlator. These are also known as conformal blocks
and provide a basis of quantum Hall wave functions. As we exchange the positions
z; of the quasi-particles the conformal blocks will be analytically continued onto
different branches. The result can be written as some linear combination of the
original functions, from which one derives the braiding properties of the anyons.

2.11 A New Proposal

According to the previous discussion, to study the topological properties of FQHE
is enough to identify the correct CFT. This encodes all the necessary physical infor-
mations to characterize the universality classes of FQH states, such as fusion and
braiding rules of the quasi-particles excitations. Moreover, it provides a systematic
way to construct the quantum Hall wave functions without any guesswork. Fol-
lowing this approach, it has been recently proposed by Vafa a new unifying model
for the principal series of FQHE systems with v = 5"~ [17]. The identification of
the CFT describing the Hall states comes from consistency conditions between the
above description and the CFT paradigms. The starting point is again the Laughlin
state v = 1/m, which according to the previous models is described by the ¢ =1
CFT. The wave function interpretation of the correlators implies that we have to
integrate them over the electron positions z;. However, in the context of a CFT this
is allowed only if the vertex operator exp(i¢(z;)/1/v) has dimension 1. This can be
achieved by modifying the ¢ = 1 theory with the addition of a background term
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Q"R to the scalar action, where R is the Ricci curvature and Q' is the background
charge. This is given by

G —q=g+o=i(va- ). 2.74)

where

(2.75)

Hence, it turns out that FQHE systems are described by a Liouville theory with
action [20, 21]

1 _
S:/f4§ww+wﬁ¢. (2.76)
The central charge of the theory reads

(2v —1)*

c=1+6Q*=1-3 (2.77)

We relax the restriction v = % and consider a generic rational filling fraction v = .
We obtain

(2n — m)?

=1—-6
¢ 2nm

(2.78)
which is the central charge of the 2d CFT minimal model (2n,m) [23]. Here m
needs to be odd in order to have 2n and m relatively prime. Moreover, since the
edge modes in the FQHE are supposed to have correlations which fall off with the
distance (see [11]) we should restrict to unitary CFT’s [11]. This puts the further
constraint m = 2n + 1, from which we recover the Jain’s series v = 3I=. The

operator algebra of the (2n,m) minimal models is realized by the degenerate fields
22].

D, =exp |i(r— 1)% +i(s — 1)\/vo (2.79)

for 1 <r < 2n, 1 <s < m, which satisfy the relations [24]
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k=r1—ro—1
l=r1—ro—1

D, X Bry sy = > Dy, (2.80)

k=1+|r1—r2|,k+r1+r2+1=0 mod 2
I=14+|r1—r2|,l4+r1+7r2+1=0 mod 2

In particular, the ® ; are identified with the quasi-holes operators, where @ 5 is the
minimal excitation, and generate insertions of (z;—()*~! factors in the wave function.
This leads to the main difference between this model and the previous ones, where
the quasi-holes of the states v = 55 are predicted to be Abelian anyons. On the
contrary, in this theory the quasi-holes should have the same fusion rules and non-
Abelian braiding properties of the (2n,2n 4+ 1) minimal models. The embedding
of minimal models in Liouville theory allows also to identify the bulk topological

theory, which turns out to be a Chern-Simons theory based on an SL(2,C) gauge
group.

2.12 The Vafa’s Hamiltonian

Among the several proposals of Vafa in [17], there is a connection between FQHE
and supersymmetric N = 2 gauge theories in four dimensions, which arise from
compactification of six dimensional (2,0) theories on a punctured Riemann surface
¥, the so called Gaiotto curve [18]. These are labelled by semisimple Lie algebras
in the ADE classification. Picking an ADE group, the rank r of the corresponding
Dynkin graph is identified with the number of layers of FQHE. We associate to each
node in the graph an integer N,,a = 1, ..., which denotes the number of electrons
in the a-th layer. The worldvolume of FQHE is identified with ¥ x R, where R is
the time direction and the Riemann surface ¥ is the target space of FQHE. For each
node we assign also a meromorphic (1,0) form W,(z)'dz on 3. The meromorphic
functions W,(z)" encode the interaction between an electron of coordinate z in the
a-th layer and the quasi-holes in the quantum Hall fluid. We focus on the case
of target space P!, where W, (z) are just rational functions on the complex plane.
Finally, we introduce for each node of the graph the set of chiral superfields z,,,
k, =1,...,N,, which play the role of electron coordinates for the different layers of
FQHE. Hence, with the ingredients defined above, a Dynkin diagram of ADE type
identifies a 4-SQM Landau-Ginzburg theory with superpotential

r Ng r
W(zak,) = Z Z Walzan,) + B Z Z log(Zak, — Za,ha)2
a=1 ko=1 a=1 1<kq<ha<Ng (2 81)
—p Z Z Lo p108(Za ke — 2bha)s
a,b=1 kq,hq
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where C,, = 204 — 1, is the Cartan matrix of the chosen ADE group and /3 can be a
generic complex coupling. We are mostly interested in the case of single layer FQHE.
This corresponds to pick the A; (2,0) six dimensional theory. In the single layer
case we have a unique rational function W’(z) containing the interaction between
electrons and quasi-holes. It is natural to describe the quasi-holes with simple
poles. Indeed, the function W'(z) has the physical interpretation of electrostatic
field generated by the quasi-holes and the two dimensional Coulomb interaction
between point-like particles decays with the inverse of the distance. This is also the
most general case, since higher degree poles can be obtained by confluent limit of
simple poles. Hence, denoting with (y,¢ = 1,..., M the positions of the punctures
on P!, the holomorphic superpotential corresponding to this setting is

N
W(ziG) =Y W) +8 Y log(zi — )%, (2.82)
i=1 1<i<j<N
where
M
W(z:¢) = aglog(z — (). (2.83)
=1

This model can be defined for general residues «y. However, as we are going to
discuss in section 4, if we want to identify the punctures at positions (, either with
the quasi-holes or the magnetic fluxes of FQHE one should set respectively o, = +1.
In [17] Vafa makes the following predictions:

e The degeneracy of the lowest Landau level can be mapped to the degeneracy
of ground states of a supersymmetric system.

e The N = 4 Hamiltonian prescribed by the above superpotential is in the same
universality class of the principal series of FQH states and capture the same
topological order.

e The minimal quasi-holes of the FQHE states have the same braiding proper-
ties of the primary field ¢; » in minimal models, or equivalently of the spin 1/2
Wilson line operator in SU(2) Chern-Simons theory. Moreover, the Berry con-
nection of the quantum mechanical model corresponds to the SU(2) Knizhnik-
Zamolodchikov connection. This provides a Hecke representation H,,(q) of the
braid group of n quasi-holes, where the parameter ¢ = +e' is function of the
filling fraction v labelling the FQH states.

e There is a distinguished state among the ground states of the supersymmetric
Hamiltonian of Laughlin type. This canonical vacuum corresponds to the
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configuration in which the electrons are as spread out as possible among the
lowest Landau levels. Moreover, it is the most symmetric one with respect to
the permutation of the quasi-holes and magnetic fluxes.

The main goal of this thesis is to show that these predictions connecting FQHE and
N = 4 supersymmetry are correct. The superpotentials 2.81 and 2.82 are motivated
by the relation between topological string amplitudes, partition functions of ADE
matrix models and chiral blocks of Toda theories [25, 26, 27]. Focusing on the Ay_;
case, the topological string amplitudes are the objects which connect the Nekrasov
partion functions of N' = 2 SU(N) gauge theories [42] and the chiral conformal
blocks of Ay_; Toda theories in the context of AGT correspondence. In particular,
one can specialize to the case of minimal models, which admit an embedding in
the AGT set up with an appropriate refinement of the Nekrasov partition functions
[52, 53, 54]. In the case of single layer FQHE, the A" = 2 four dimensional theories
arising from the compactification on ¥ are SU(2) gauge theories with a matter sec-
tor which depends on the structure of the punctures [18]. According to the original
formulation of AGT correspondence [19], the Nekrasov partition functions of SU(2)
gauge theories compute the chiral blocks of the Liouville CFT. In Appendix C we
provide a short review about the Gaiotto theory and the relation between topological
string amplitudes and Liouville chiral blocks which motivate the Vafa Hamiltonian.
Once identified the effective theory for the principal series of FQHE, Vafa proposes
also a microscopic Hamiltonian that in principle may support the topological phases
described by the minimal models as ground states. This Hamiltonian is N' = 4 su-
persymmetric and is motivated by string theoretical considerations. The key idea of
this program is that with extended supersymmetry we have several techniques at our
disposal, such as hyperKahler geometry, isomonodromic deformations, triangle and
cluster categories, mirror symmetry, integrable and Hitchin systems, etc..., which
we may use to understand the phenomenology of FQHE. These condensed matter
systems seem to hide a rich mathematical structure beyond Chern-Simons theory
and 2d CF'T, which involves all the main recent developments in string theory and
supersymmetric QFT.

3 Supersymmetry and {t* Geometry

3.1 Supersymmetric Quantum Mechanics

Before exploring the connections between FQHE and supersymmetry, we need to
recall some basic knoledge about supersymmetric quantum mechanics and related
tools to study the geometry of vacua. We begin with the case of two supercharges.
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3.1.1 N =28SQM

N = 2 supersymmetric quantum mechanics is essentially the Witten’s reformulation
of Morse theory [37, 40]. The theory has a graded Hilbert space H = H*@H ™, where
H* are spaces of bosonic and fermionic states respectively. These are eigenspaces
of the Fermi parity operator I = (—1)f which counts the fermion number F of a
state modulo two. This operator is Hermitian and satisfies 1> = 1. By definition
of N = 2 supersymmetry, the theory has an Hermitian operator Q (and its adjoint
Q') which maps bosonic states to fermionic states and viceversa. The susy charges
Q, O and the Fermi parity satisfy the algebraic relations

{o.1}={<Q\1} =0
QQ _ QTQ _ {Q, QT} —0 (31)

Since they are symmetry operators of the system, the susy charges commute with
the Hamiltonian H. In particular, the Hamiltonian is the “Laplacian”

H=-(99"+9'9). (3.2)

N | —

The operators Q, QF, F', H generate the supersymmetry algebra of the N' = 2 theory.
Since it is a nilpotent operator, one can define the cohomology of Q in the Hilbert
space. The cohomology classes of Q are in correspondence with the ground states
of the theory. The vacuum wave functions |¥) are eigenstates of the Hamiltonian
with zero energy and coincide with the harmonic representatives of the cohomology
classes

H[U) =0« QU) = Q|T) =0. (3.3)

We consider a smooth compact manifold X of dimension dimgX = n, with a local
coordinate system x;,7 = 1,...,n. To each coordinate z; we associate a couple of
creation-annihilation operator ¢, 1); which satisfy the Clifford algebra

{7} = {0} =0

{v', 05} =65 4

The Hilbert space is a representation of this algebra and a general wave function
reads
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=) b(@)i,..0 0" " |0), (3.5)

k

where |0) is the Clifford vacuum and the functions ¢(x);, are totally antisym-

yeensll
metric in the indices. The commutation relation between creation and annihilation
operators can be read as the pairing between forms and vectors da’(d;) = d5. The
identification ¥ — dz' allows to rewrite the above wave function as a differential
form on M. Hence, the space of differential forms Q*(X) plays the role of Hilbert
space, where the Hermitian scalar products between states coincides with the Hodge

inner product of forms

(®|W) :/X\IJ/\*<I>*. (3.6)

In this representation the susy charges act as differential operators on the space of
forms, while the degree k of a wave form has the interpretation of Fermi number.
Moreover, the Hermitian conjugation of operators is defined with respect to the
inner product 3.6 and has the usual expression of Hodge theory.

The easiest realization of N' = 2 supersymmetric quantum mechanics is a sigma
model on a Riemannian manifold. The supersymmetric charges Q, Q' are given by
the exterior derivative d and the adjoint d' = (—1)¥ =1 dx. The corresponding
Hamiltonian is the usual Laplacian on a Riemannian manifold

1 1
H=5A= 5(de + dd"). (3.7)

The vacuum of this theory is isomorphic to the de Rham cohomology H*(X; C) and
the Witten index coincides the Euler character of X

n

Iy = Try(—1)" =) (=1)*br = x(X), (3.8)

k=0

where the Betti numbers b count the number of vacua with degree k.

One can deform the sigma model by introducing a smooth real superpotential V'
on X. The susy algebra generators of this theory are the generalized differential
operators
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dy =d+ dVA, di, = (=1)% «7 (d + dV A\)x
(3.9)

§AV = - (A + g7,V O,V + 0;0;V[xdx', da’]) ,

where g;; is a Riemannian metric on the target manifold. The susy charge dy is
conjugated to the exterior derivative by the relation dy = e~Vde". It follows that

the cohomology classes [¥] of dy are in one to one correspondence with de Rham
classes [¥] through the map

U =c V0. (3.10)

The isomorphism Hyacqum =~ H*(X;C) implies that on a compact manifold the
dimension of the ground state depends only on the topology of the manifold and
not on the choice of the superpotential.

One can study the ground states of the theory also with a perturbative approach.
We introduce the planck constant A and rescale the superpotential as V' — %V.
In the semiclassical limit A < 1 the potential energy h—lgg"jaiVﬁjV becomes very
large except around the critical points of V. For small & the eigenfunctions of the
Hamiltonian are concentrated around the classical vacua and can be computed with
an asymptotic expansion in terms of local data. This is the essence of Morse theory:
we reconstruct the cohomology from the local data of a smooth function around its
critical points. We consider the case in which V is a Morse function. This implies
that the critical points of V' are isolated and non degenerate, namely det 0;0;V # 0.
Since the set of Morse functions is open and dense in the space of functions, these
properties are very general. One can associate to each perturbative vacuum a Morse
index I; which counts the number of negative eigenvalues of the Hessian of V' at the
critical point. The Morse index has the physical interpretation of fermion number.
Since the Witten index is invariant under smooth deformation of the theory, one can
perform its computation also in the classical limit. Denoting with ¢; the number of
classical vacua with Morse index k, one has

n n

Iy =) (—Dfer = > (=1 (3.11)

k=0 k=0

The classical computation of vacua is exact at every order in perturbation theory, but
is in general not correct at the non-perturbative level. Indeed, instanton corrections
can lift some of the classical vacua. Hence, the true quantum vacua are generically
less than the classical ones and we have ¢, > b;. Since the Witten index must be
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preserved, bosonic and fermionic vacua can be lifted by instantons only in pairs.
One can extend N' = 2 SQM to a non compact Riemannian manifold. In the non
compact case the Hilbert space is the space of differential forms whose coefficents
are L? functions on X. In absence of a superpotential, the vacua are harmonic
representatives in cohomology classes of L? forms. These states are exact in the
absolute cohomology of X and one can write for a vacuum ¥ the relation

U = do. (3.12)

However, ® is not square integrable on the target space and so the wave form ¥
defines a non trivial cohomology class in the Hilbert space.

As before, we can introduce a real superpotential V' on the target space which
generates a potential term in the Hamiltonian. Differently from the compact case,
now the structure of vacua depends on the choice of the superpotential. Morse
theory admits an extension for non compact manifolds and one can show that the
space of vacua is isomorphic to the relative de Rham cohomology H*(X, Xy;C),
where

Xy ={reX|V <-A; A— oo} (3.13)

is the asymptotic region of X where the superpotential tends to —oo. In particular,
the relative de Rham classes in H*(X, Xy; C) are mapped to dy-cohomology classes
in the space of L? forms by the map 3.10. We can consider as an example the
polynomial superpotential on the real line

V = ax® + lower order terms, r eR. (3.14)

The structure of the ground state depends on the sign of the coefficient a in fron of
the highest power of the polynomial. If a is positive the superpotential is bounded
from below and so we have X, = @. The vacuum space is isomorphic to the de
Rham cohomology of the real line

(3.15)
One can easily check that the eigenfunction of the Hamiltonian is the zero form

¥ =ce", (3.16)
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where ¢ is some normalization constant. If a is negative the superpotential is
bounded from above and tends to —co as * — 4oo. In this case the vacuum is
isomorphic to the cohomology with compact support on R. This is Poincare’ dual
to the de Rham cohomology and reads

H'R)=0
HI(R) = () (3.17)
H!(R)=C
The corresponding vacuum is the fermionic state
Y = ceVdx. (3.18)

3.1.2 N =4SQM

Supersymmetric quantum mechanics with four supercharges has the same structure
of Hodge theory on a Kahler manifold X [32, 37]. For any neighborhood of the
manifold one can choose a set of holomorphic coordinates z;,7 = 1,...,n = dim¢X
and a local Kahler potential K. This defines also the corresponding Kahler metric
Gij = &-SjK and Kahler form wxg = ¢ gijdzid,?j . The fermionic partners of the bosonic
degrees of freedom z;,z; are four creation and annihilation operators ¥?,1;,0°,1;
which satisfy the Clifford relations

e N GO0 S Uy S IS
{v' 5} =4 {05} = 9.
Similarly to the case with two supercharges, one can identify the creation and an-
nihilation operators with forms and vectors on the target space. The map ¢* —
dz', " — dZ’ realizes the isomorphism between the space of L? smooth forms on X,
endowed with the inner product 3.6, and the Hilbert space H of a N' = 4 theory.
Compared to the Riemannian case, the richer structure of Kahler geometry leads
to a larger supersymmetry algebra. The Hilbert space can be decomposed in irre-
ducible representations of the Lefschetz SU(2) symmetry group, whose algebra is
generated by the Lefschetz operators

L = wgA, A= (—1)"*"" Lx (3.20)

and the shifted Fermi number F = k — n, where k = p + ¢ is the degree of a form

40



which decomposes in holomorphic and anti-holomorphic degree p, q. These operators
satisfy the algebraic relations

[F,L] = 2L,
[F,A] = —2L, (3.21)
[L,A]=F

The Lefschetz group has the physical interpretation of R-symmetry group of the
supersymmetry algebra.

The easiest realization of N' = 4 SQM is a sigma model with target space X. In
this theory the supercharges are given by the Dolbeault operators on the Kahler
manifold

Q =90, Q =0,
_ —t (3.22)
of =4, Q' =o.
The susy charges are nilpotent and anticommuting operators
P =0"=0 90 +00 =0
s = _ _ (3.23)
0 =6=0 00 +06 =0
and with the R-symmetry generators satisfy the Kahler identities
0.1)=[0.0)=0  [5",A] =[0",A] =0
(0%, L] = i0 (0", L] = —i0 (3.24)
—_ - 1
H=00"+0'0=00"+0'0 = 5(ddT +d'd),

where H is the Hamiltonian. The four susy charges, the R-symmetry generators
and the Hamiltonian provide a complete basis of generators for the supersymmetry
algebra.

If the Kahler manifold is non compact we can add to the theory an holomorphic
superpotential W. A N = 4 theory with a superpotential is called Landau-Ginzburg
(LG) theory. In presence of W the supercharges become the generalized Dolbeault
operators
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Ow = 0+ dWA, Ow = 0+ dWA,

, } 3.25
ow = Oy, S = . (3.25)

One can check that these operators satisfy the same algebraic relations of 9,0. In
particular, the Hamiltonian is the generalized Laplacian

= = = = 1
H = 0wy, + 0,0w = dwdl, + 0l 0w = 5(dvcﬂv +dldy), (3.26)

where dy = O + O is the generalized exterior derivative of V.= W + W.

We are interested in the space of supersymmetric vacua of a N' = 4 Landau-Ginzburg
theory on a non compact space. By the Kahler identities 3.24, we can study the
cohomology in the Hilbert space of one of the two Dolbeault derivatives. For con-
venience, one typically considers the complex of Q@ = Oy . Similarly to Hodge
theory, the vacuum wave forms coincide with the harmonic representatives of the
Ow-cohomology classes. There exists a subclass of manifolds that are very com-
mon in the applications in which this problem simplifies considerably, namely Stein
manifolds. There are several characterizations of this type of spaces, in particular
capturing the property of having “many” holomorphic functions. Denoting with
O(X) the ring of holomorphic functions on X, the following two conditions are
satisfied:

e X is holomorphically convex, namely for every compact subset C' C X, the
so-called holomorphically convex hull

C = {= € X||f(2)] < supexlf(w)] Vf € O(X)} (3.27)

is also a compact subset of X.

e X is holomorphically separable, i.e. Vz,y € X with x # y there is an holo-
morphic function f such that f(x) # f(y).

Examples of Stein manifolds are C", as well as its holomorphic domains, and all the
non compact Riemann surfaces. Among the properties of a Stein space, we have
that X is holomorphically spreadable, i.e. for every point z € X there is a set of
n = dimcX globally defined holomorphic functions which form a local coordinate
system when restricted to a neighborhood of x. Another relevant property is that
the Dolbeault cohomologies H2“(X) have a simple structure, i.e.
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- )0, qg=>1
HYM(X) = {QP(X)’ —0 (3.28)

where QP (X) is the space of holomorphic p-forms on X. The cohomologies H5(X)
have a similar structure and can be obtained by complex conjugation. This result
implies that a Stein space admits a globally defined Kahler potential K, since the
corresponding Kahler form is exact in the Dolbeault cohomology and can be written
globally as w = i00K .

In order to describe the ground states of a Landau-Ginzburg theory it is relevant to
define the BRST cohomology of Q in the space of operators. The supercharge acts
on an operator ¢ as

(Q,9], (3.29)

where the brackets denote respectively a commutator or anticommutator if the op-
erator has even or odd fermion number. An operator is closed if the commutator
with the susy charge is vanishing, while it is exact if there exist an operator ¢ such
that ¢ = [@, 90}. The BRST cohomology of Q forms a ring under multiplication of
operators, also known as chiral ring [32, 37]

R Q — closed opers

— ) 3.30
Q — exact opers ( )

In particular, R is a unital associative algebra defined over C. Let us consider an
operator which multiplies a wave form by a smooth function x. This operator is
closed if

[Q,x] =9x =0, (3.31)

namely if y is holomorphic. Moreover, the operator is exact if there exists an
holomorphic section v of the tangent bundle on X such that

{t,, @} =v'OW, (3.32)

where ¢, is the contraction of differential forms by the vector field v. It turns out
that the chiral ring is isomorphic to the commutative quotient algebra

R ~ O(X)/Jw, (3.33)
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where Jy = (1 W, ..., 0, W) is the Jacobian ideal generated by the partial derivatives
of W. It is know from singularity theory that if the critical point of W are isolated,
the quotient algebra is finite dimensional and localizes around the critical points.
Denoting with p;,7 = 1, ..., N the set of critical points, we have the isomorphism of
complex algebras

N
R~[[R: Ri =0, Jy ~ CH (3.34)
=1

where O,, are the germs of holomorphic functions at p;. The dimension of the local
ring p; = dim¢R; is called Milnor number of the critical point p; and is equal to
the degeneracy of p;. The dimension of the algebra is computed by the sum of the
Milnor numbers dim¢R = ) . y1;. If W is non degenerate at the critical points, the
chiral ring is a semisimple algebra and can be written as product of simple factors
R ~ HZJL C; ~ CV. In particular, we have R; ~ C; and p; = 1 for each non
degenerate p;. One can introduce a basis of orthogonal idempotents ¢;,i = 1,..., N
in which the chiral ring is completely diagonal. This is defined by the condition

and provides a canonical isomorphism between R and CV as complex algebra. This
basis can always be constructed if X is a Stein manifold and the set of non degenerate

critical points has no accumulation points. An holomorphic operator ¢ is identified
by this map with its set of critical values

d(p1)

b — ] (3.36)

o(px)

One can introduce a non degenerate symmetric pairing between chiral operators

(Digj) = mij (3.37)

which is defined by the Grothendieck formula [28]

1 ¢ dzy...dz,

(9) = @2ri)r | OW..0,W

(3.38)
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where the integration contour encircles the critical points of W. Endowed with the
above pairing, the chiral ring is a symmetric Frobenius algebra.

The structure of the vacuum space V of N' = 4 Landau-Ginzburg theory is described
by the following theorem [32, 33]. Under the condition that X is a Stein manifold,
with dimcX = n and the critical points of W are isolated

e The supersymmetric vacua V; are invariant n-forms under the Lefschetz sym-
metry group, namely

LU, = AT; =0 (3.39)

e The vacuum wave forms are “essentially independent of the Kahler metric”.
Denoting with ¥y a wave function for a Kahler potential K, given another
potential K the corresponding wave function is

[n/2]
U=Uo+ Y ax LA, (3.40)
k=0

. . ,0 0,
for some coefficients ay,. In particular U0 = (" and WO = ¥;".

e The Hamiltonian is compatible with complex conjugation: if U, is a basis of
vacuum wave functions, also the Hermitian conjugates

U = M, (3.41)

form a complete basis, where the complex conjugation is defined by the real
structure M of the ground state.

e The space of vacua is isomorphic to the chiral ring as vector space

YV ~TR. (3.42)

Denoting with ¢; a basis of R, the vacuum wave function ¥; representing the
¢;-class reads

U, = ¢;dzy A ... Ndz, + Q — exact term. (3.43)

We make a few comments about this result. The vacuum wave functions can be seen
as representatives of the Oy-cohomology in the Hilbert space. One can show that

45



if the O-cohomology has the structure 3.28, which is guaranteed by the fact that X
is a Stein manifold, the Oy -cohomology is concentrated in the middle cohomology
group ng, which is isomorphic to the vector space

Q’VL

IV A T (344)

H; ~TR=
namely the space of holomorphic n-forms modulo those that can be written as dW A«
for some n — 1 holomorphic form. The map ¢(z) — @(z)dz....d2" makes explicit
the isomorphism between R and the chiral ring

R~R (3.45)

as modules over R. Moreover, ng has the same local structure of the chiral ring.
The fact that the map dWA : Q"1 (M) — Q"(M) fails to be surjective only at
the critical points p; of W, which are assumed to be isolated, implies that the
cohomology is localized around the classical vacua. Indeed, one can prove that

S 0y

R ~ R, R, = : , 3.46

E@B dW A QP H(M) ( )

where QF(M) are the germs of holomorphic n-forms at p;. Moreover, each space R,
is isomorphic to the local ring

R = 2 (3.47)

as module over R;. It is proved in [32] that each Oy-class has representatives
with compact support, hence in the Hilbert space, and viceversa a class in the
Hilbert space determines a class in the space of smooth forms A*(M). Therefore,
the cohomology Hj,, (M) is equivalent to the cohomology in the Hilbert space and
we have the isomorphism of vector spaces

Hy, (M) ~ Hs, (H) ~R. (3.48)

The vacuum space has vanishing Lefschetz angular momentum £ and forms a trivial
representation of the R-symmetry group. In particular, the Witten index Iy =
TrH(—l)F " counts the number of vacua up to the sign and is given by the sum of
the Milnor numbers
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y = (=13 . (3.49)

If W is a Morse function, all the critical points are non degenerate and the dimension
of the ground state is equal to the number of classical vacua. Indeed, since they have
equal fermion number, the classical vacua cannot be lifted by instantons corrections
and, differently from the case with two supercharges, the perturbative computation
is always exact.

By the Frobenius structure of the chiral ring, the space of vacua is naturally endowed
with a symmetric pairing

1 ¢l¢j le...dZn
nZ] (27'('2)” / 7 N * J (91”’8nﬂr <¢Z¢J>7 (3 50)

where ¢;, ¢, are representative in the chiral ring of the vacua ¥;, ¥;. Viceversa, the
scalar product of the Hilbert space allows to define an Hermitian pairing between
chiral and anti-chiral operators, also known as tt* metric [28]

95i = (Dl dj) = (W;|¥;) = /‘I’j A W7 (3.51)

Using the identities 3.41, 3.50 one finds that the ground state metric g, the real
structure M and the symmetric pairing n are related by

g5 = M / U; AWy, = MY (3.52)

Moreover, since the real structure satisfies M M* = 1, where M* denotes the complex
(not Hermitian) conjugate matrix, one can write an identity between 7 and ¢

ntg(nlg) =1 (3.53)

also known as reality constraint.
A Landau-Ginzburg theory with four supercharges is in particular N' = 2 super-

symmetric. In the N' = 4 supersymmetry algebra one can define a family of ' = 2
subalgebras parametrized by an angle 6 as

dy, = d + (eOW + e POW)A, Ony = di,, (3.54)

where the real superpotential Vj is the harmonic function
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Vo = 2Re ("W). (3.55)

On a Kahler space the complex structure is compatible with the Riemannian struc-
ture and one can see the vacuum space also as L?-cohomology of dy;,.

The cohomology classes which label the vacua of the supersymmetric system are
defined over the complex numbers. However, it is possible to endow the vacua also
with an integral structure. By Morse cobordism, we have an isomorphism between
the vacuum space and the relative de Rham cohomology [28§]

V = H*(X, XRe(ewW);C)7 (356)

where the set Xge(ioyy C X is defined according to 3.13. The vacuum wave forms
¥, are conjugated to some closed n-forms w; in the relative de Rham classes by

T, = e Re(@W),, i=1,..,N. (3.57)

The classes in the dual homology group H,, (X, Xge(cisw); C) are represented by non
compact cycles with boundary in the region Xgewoy). This space has a natural
integral structure given by the homology with integer coefficients

V\/ >~ H*(X, XRe(eiBW); Z) Xz C. (358)

In case of Morse superpotential a canonical integral basis is given by the Lefschetz
thimbles B,(6),a = 1, ..., N describing the gradient flow of the superpotential eV
29, 37]. These are special Lagrangian middle-dimensional submanifolds of X which
arise from the critical point of W. The images of these cycles on the W-plane
are straight lines stretched in the e? direction starting at the critical values of the
superpotential. The relative homology is also called the space of branes, because
in 2d the corresponding objects have the physical interpretation of half-BPS branes
[29]. In particular, the angle 6 specifies which linear combinations of the original
4 supercharges leave the brane invariant. One can use the above formula and the
standard pairing between cycles and forms to introduce the so called tt* brane
amplitudes

(Ba(0)|W;) = W, 4(0) = / n S 7 (3.59)

which define a non-degenerate N x N matrix whose components are not univaued

as function of the couplings and the phase e®.
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3.2 it Geometry
3.2.1 {t* Geometry in SQM

Once we solve the Schroedinger equation for the zero energy level, it is interesting
to study the evolution of the ground states as we vary the parameters of the theory.
We consider a family of Landau-Ginzburg models W(z;,t,) parametrized by a set
of holomorphic couplings t,. These are local holomorphic coordinates on a complex
manifold P. We assume for this family of theories that the target manifold X is
a Stein space and the critical points of W are isolated. Omne defines a complex
vector bundle H — P, also called Hilbert bundle, where the fiber is the Hilbert
space H. This is a trivial bundle and can be written globally as H x P — P. The
vacuum bundle V — P is the subbundle of the Hilbert bundle whose fiber is the
space of vacua Ha.. Differently from the Hilbert bundle, the bundle of vacua is non
trivial, since the ground state of the Hamiltonian vary non trivially as we change
the couplings of the superpotential. The canonical trivial connection of the Hilbert
bundle induces by projection P : H — Hyac a non trivial connection on the vacuum
bundle, which is by definition the Berry connection. The equations which prescribe
the curvature of the Berry connection are known as tt* equations [28, 32]. We recall
that a generic wave form V¥ in the Hilbert space has a unique orthogonal Hodge
decomposition

U =g+ dywa + 0,8 (3.60)

where Wy is W-harmonic. The operator P projects the state along the vacuum
space, namely

P:U — 0, (3.61)

The vacua ¥, k =1, ..., N, satisfy the equations

(0 +dWA)T, =0,

_ 3.62
(0 +dWA) Ty, = 0. (3.62)

We take the derivative of these equations with respect to some coupling t,. Denoting
W, = 0,,W, we find
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O, [(O+ dWA)T,] = 0w (0, Vy) + d(0.W) Ay,

_ (3.63)
= 6W(6ta\11k) -+ 8w(Wa\I/k) = 0.
and
O, [0+ aW N, = (9, 94) = 0. (3.64)
We introduce the forms A, ; which satisfy
v Aas = Woli, — P(W, W), Ay Aak = 0. (3.65)

In particular, the first equation is consistent with the fact that W, U, is Oy -closed.
One can rewrite the equations 3.63 and 3.64 as

aW (atalpk - aW)\a,k) = 07

L (3.66)
Bl (00, V% — O Aak) =

So, we see that 0;, U, — Ow gk s in the ground state and can be written as linear
combination of W;. The coefficients of the linear combination defines the Berry
connection

O, Vi — Owdar = —(A,)L. (3.67)

One can introduce the corresponding covariant derivative D, and rewrite this rela-
tion as

DoUs, = Oy Aa g (3.68)

We can repeat the same steps also for the other vacuum equations

(8 + dW/\)\Ifk =0,

__ 3.69
(0 +dWA) Ty, =0. (3.69)

We find the definition of the antiholomorphic part of the Berry connection
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Ea\];llc = 5W5\a,k (370)

where )\, are wave forms satisfying

O dar = Wolyy — P(W,0;), Oy Aas = 0. (3.71)

The bundle of vacua has a natural structure of holomorphic vector bundle. A basis
of holomorphic sections is given by the operators in the chiral ring R, which are
holomorphic representatives of the vacua in the Oy-cohomology. The holomorphic
operators provide also a basis for the tangent space of the couplings manifold. In-
deed, the deformations of the superpotential W, are elements of the chiral ring.
Denoting with ¢, a basis for R, the chiral ring algebra is encoded in the relation

¢ip; = Cl o, (3.72)
where the numbers ij are the structure constants of the ring. These matrices

describe the action of the chiral operators on the vacua. Projecting on the ground
state the action of W, on a wave function ¥, one finds

PWoWUy) = Wodp dzy A . Ad2™ + 0w (...) = CLyp dzy A ... Adz" + 0w (...). (3.73)

The curvature of the Berry connection can be computed in terms of the chiral ring
coefficients (C, )} with Hodge theoretical arguments. One gets the tt* equations [28]

[Em Db] = _[Caa Cb]
[Da, Dy] = [Ca, ] = 0 (3.74)
[Ea’ﬁb] = [Ua,ﬁb] =0

In addition, the chiral ring coefficients satisfy

D,Cy = D,Cy, =0 D,Cy = DyC, D.,Cy = DyC,. (3.75)

The structure of the tt* equations depends uniquely on the holomorphic data of
the chiral ring, while there is no dependence on the Kahler metric of the target

o1



space. In general, once the topology of the target manifold is fixed, the geometry
of the vacuum bundle is completely determined by the superpotential. From the
above equations one can see that the Berry connection preserves the holomorphic
structure of the bundle and is compatible with the metric. In particular, only the
(1,1) component of the curvature is non vanishing. Hence, the Berry connection is
the unique Chern connection of the bundle of vacua. In an holomorphic trivialization
the coefficients of the connections read

Al = gu(dag )Y, AL =0, (3.76)

where g,; = (¢;|¢x) is the ground state metric. One can express C, in this basis in
terms of C, and g as

(Co)f = 95 (CMYig™ = (9CTg™M)F. (3.77)

Plugging the expression 3.76 in the tt* equations one obtains a set of differential
equations for g

52-(983-9_1) = [C],UZ} . (378)

Solving this equation with the appropriate boundary conditions and the reality
contraint 3.53 allows to determine the geometry of the vacuum bundle.

We specialize the analysis to the class of Landau-Ginzburg models in which the
critical points of the superpotential p;,2 = 1,..., N are non degenerate. In this
case, as we said in the previous section, the chiral ring is semisimple and factorizes
as product of simple factors R =~ Hf\il C;. Moreover, one can introduce a basis
of orthogonal idempotents e; which provide a canonical isomorphism between R
and CV. This is also called ‘point basis ’, since the operators satisfy the property
e;(pj) = 0;;. In this basis the chiral ring algebra diagonalizes completely

eiej = 0ij€;, (3.79)

and a generic operator ® = YV ®(p;)e; can be identified with its set of critical
values ®(p;). It is convenient to rescale the generators e; in order to normalize the
symmetric pairing 7;; of the chiral ring to the identity. For a Morse superpotential
the Grothendieck residue 3.38 becomes

= (¢id) = Y _ ¢ib; (detpO W)™ (3.80)

pi
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In the basis of orthogonal idempotent we have

ni; = (detdp W (p:)) ™" 65, (e;) = (detdROW (p;)) " (3.81)

The symmetric pairing can be normalized to the identity with the rescaling e; —

det0,O,W (p;)e;. The so redefined basis is called canonical basis and is unique
up to the sign. Since the Berry connection is compatible also with the symmetric
pairing, in the canonical basis we have

/—— (3.82)

namely the Berry connection takes value in the algebra of the orthogonal group.
The LG theories with a Morse superpotential posses a natural system of coor-
dinates in the coupling constant space. The critical map w : P — CV given
by to — (wi(ta),...,wn(t,)) is a local immersion and the set of critical values
w;(ty) = W(ps;t,) form a local coordinate system on the Frobenius manifold of all
couplings of the theory which contains the physical coupling space P as a subman-
ifold. These are usually called canonical coordinates [30, 48, 49]. In the canonical
basis, the chiral ring coefficients associated to the variations of w; have the simple
structure

(Cz)f = 5il5lk' (3.83)

In these coordinates the tt* equations become universal and inequivalent physical
systems are distinguished by different boundary conditions.

It is known that the vacuum bundle of a N' = 4 Landau-Ginzburg theory and its
two dimensional counterpart have the same tt* geometry [28]. Even if the physi-
cal interpretation is different, the formulas are exactly the same and one can use
the language of 2d N’ = (2,2) quantum field theory to study the tt* geometry of
the model. The usual strategy to solve the tt* equations requires to rescale the
superpotential W — SW and consider variations of the overall coupling 8. In two
dimensions this is equivalent to study the RG flow of the theory [28]. Even though
the superpotential is protected by non-renormalization theorems, the F-term picks
up a factor due to the rescaling of the superspace coordinates. From z — Sz and
6 — B2 we get

/ d?0d>z W — 3 / d*0dz W. (3.84)
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Variations in the overall factor J generate a flow which has UV limit for # — 0 and
IR limit for g — oo.

We denote with P € P the dense open domain in the space of couplings in which
R is semisimple and w; # w; for @ # j. In other words, P is the domain in which
W is strictly Morse. A quantity of great interest is the Berry’s connection in the
direction of the RG flow [30, 3§]

Q=1A=) w'A, (3.85)

where ¢ = Y, w'd,, = 3803 is the Euler vector in P. The equations D;C; = D;C;

in the canonical coordinates become

4.C)) = (4,0 (3.86)

From this equality and the definition of ) we find

(A, wCy] = [Aju?,Ci] = [Q, Cy]. (3.87)

The k,l component of the above expression is

(A" — w*(Ai)u = Qui — Qui, (3.88)

which allows to write the Berry’s connection in terms of @ only as [48]

d _
(gag_l)kl = QMM
Wy — Wy

(3.89)
where we used the fact that @) is antisymmetric in the canonical basis. Hence, it is
enough to know @) in order to specify completely the solution of the tt* equations.
In 2d (2, 2) models Q);; is a pseudo-index which plays two roles [38]. First, it captures
the half-BPS solitons with boundary conditions given by the 7, j-th vacuum repsec-
tively at x — +oo. In the IR limit the ¢t* solution can be written in the form of
soliton expansion, with the boundary condition represented by the soliton spectrum.
The IR region in canonical coordinates is identified by large masses m;; = 2|w; —wj|
of the kinks interpolating the i-th and j-th vacua. In the canonical basis the IR
expansion (8 — o0o) of the metric and @Q;; are [30]
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1
9ij = 0ij — — i Ko(my;3)
; m (3.90)
Qij = _%Nz’jmijﬁK1<mijﬁ)

where Ky, K; are the modified Bessel function and p;; is the soliton matrix which
counts with sign the number of soliton species in the 7,7 sector. The existence of
regular solutions requires p;; to be real, although they are integral in the physical
case. Moreover, the CPT invariance imposes ji;; = — ;.

The second role of @Q;; is that it captures the U(1)g charges of the Ramond vacua
at the UV fixed point. As we said, the UV fixed point is reached when g — 0. If
there are no Landau poles along the RG flow and the UV theory exists, the model
can flow to a SCFT or an asymptotically free theory. In this limit the operators in
the chiral ring are the chiral primary fields of the conformal theory [28, 30]. It is
known that a generic Landau-Ginzburg theory at the critical point gains the U(1)y
R-symmetry, which is broken off-criticality by the superpotential. The associated
charge is the scaling dimension of the conformal fields. One can choose a basis of
chiral primaries for the chiral ring and order the R-charges ¢;,i = 1,..., N = dimR
in a non-decreasing sequence

0=q<q<..<qyv = ¢/3 = Gumax (3.91)

where c is the central charge of the CF'T. In particular, there is always an operator
with 0 charge in the spectrum which is given by the identity operator. The Berry
connection in the direction of the RG flow has the same eigenvalues of the generator
of the U(1)g symmetry @ of the (2,2) SCEFT [28, 30, 38]. In this sense, the Berry’s
connection associated to the RG flow can be seen as an off-criticality definition of
the U(1)g generator. The eigenvalues of ) at the critical point are the Ramond
charges of the vacua [2§]

a4 = a4 —¢/2, (3.92)

which are symmetrically distributed between —¢é/2 and ¢/2.

3.2.2 The Integral Formulation of t{t* Geometry

We previously introduced D-branes to provide the vacua with an integral structure.
One can define a dual bundle whose fiber is the lattice of relative homology cycles
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which pair with the vacuum wave functions. This bundle is parametrized by a phase
¢ € PY|¢| = 1 which defines which half of supersymmetry is preserved by the D-
branes. The pairing between D-branes and vacua in the Hilbert space allows to
define a basis of sections for the vacuum bundle

Vi = (¢ Ba(C))- (3.93)

We remind that, because of the integral structure of D-branes, these amplitudes are
locally constant in the couplings w; and the spectral parameter (. We can define a
family of flat connections parametrized by ¢ [30]

VS =0, + (997 ") — CC
(3.94)

anso known as tt* Lax connection. The tt* equations for the Berry connection can
be rephrased as the flatness conditions for the above connection, i.e.

(V6)? = (vC)Z SR /S VAN vAl v QY (3.95)

The D-brane amplitudes are horizontal sections of the Lax connection

VEW(¢) = Vwe(¢) = 0. (3.96)

Differently from the Berry connection, the Lax connection is not compatible with
the ground state metric and provides a non unitary representation of m;(P). Let
U(w;, () be a N x N matrix whose columns are linearly independent solutions of
the above linear equation. Taking the analytic continuation of the solutions along a
non trivial loop 7 in the space of couplings we obtain the monodromy p¢(y) defined

by

W (w;, ¢) = W(wy, ()pe(y)- (3.97)

Since the Lax connection is flat, the matrix p¢(y) depends only on the homotopy class
of v. The ¢t* monodromy representation p; in GL(N, C may be conjugated such that
it lays in the arithmetic subgroup SL(N,Z). Since the branes are representatives of
integral homology classes, for each ¢ € P! they define a local system on P canonically
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equipped with a flat connection, the Gauss-Manin one. Dually, the brane amplitudes
define a P!- family of flat connections on the vacuum bundle which is naturally
identified with the P!-family of ##* Lax connections. Hence, modulo conjugation we
have

Since the entries of the matrix p¢(y) and its inverse are integers, they are locally
indipendent from the couplings and the spectral parameter (. This implies that the
tt* monodromy representations is indipendent from the point t € P and (.

The tt* geometry is a set of isomonodromic equations for the Lax linear system and
admits a reformulation as Riemann-Hilbert problem [30, 49]. It is known that the
solution is captured by the monodromy of the flat sections around the movable sin-
gularities. These are poles for the equations and have the 2d physical interpretation
of UV fixed points in the parameter space. A condition we need to incorporate in
this setup is the indipendence of the ground state metric from an overall rotations
of w;. Indeed, an overall phase can always be absorbed in the fermionic measure of
the superspace. We can consider the dependence of ¥, on the RG scale 8 € Ry
and a phase e by redefining the canonical coordinates as

w; — Bew;. (3.99)

After the identification ¢ = €?, the Lax equations become

(oW = (BCC+Q—p¢'C) v,
(3.100)

Bog¥ = (B¢C+Q+ B¢'C) W

The compatibility of these equations automatically implies the indipendence of the
tt* solution from the angle @. Indeed, Q,C, C are consistently indipendent from (.
The identification of the overall phase with the spectral parameter allows to extend
its domain to whole complex plane. Thus, the equation above has two singular

2miqp,. In this case

points in ( = 0,00 and ¥((, w;) undergoes monodromy as w; — €
there are two Stokes sector which can be chosen to be the upper and lower half
(-plane. The solutions on these two half planes W, , W_ overlap on the real line and

are related by
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U _(y) =V, (y)S
(3.101)

V_(~y) = Vi(-y)s’

where y > 0. The stokes matrix S is given by the phase-ordered product of the
Stokes jumps

Mz'j = 51']' — Az’j (3102)

which are generated when ( crosses the BPS central charge Z;; = 2(w; — w;) of
a primitive soliton connecting the j-th to the ¢-th vacuum. The matrix A;; has a
unique non vanishing coefficient in the 75 entry. In the basis of Lefschetz thimbles
this is equal to the BPS multiplicity A;; = p;; of the ij sector. When ¢ spans the
whole upper half plane in the anticlockwise sense we find the definition of the Stokes
matrix

S= JI My (3.103)

O<arg Z;; <m

where we are assuming that there are no solitons with central charges aligned with
the Stokes axes. This can always be achieved with a rotation of the axes.

One can solve the Riemann-Hilbert problem 3.101 imposing the correct boundary
condition at the infinity of the (-plane

lim ¥(z)exp [B (zC +27'CT)] = 1. (3.104)

(—o0

Using this boundary condition and the known identity

1 1
— =P
T — Y Fe rT—y

+imo(z — y) (3.105)

one rewrites the Riemann-Hilbert problem as the integral equation

1 & dy —15
D) = 05 + — § — 7 ®(y)ip A —B(Ydkj+y~ " Oy

1

0 " (3.106)
T B(y)ip Al e Pkt
2“izk:/ooy—6+ie Wadie ’

+
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where 0;; = wy — w;. The Riemann-Hilbert problem has a unique solution given by
the piecewise constant function ¥ = (¥, ¥), where

Uy (z) = ®(z)exp [-B (CC+¢'CT)]. (3.107)

The solution ¥ = (¥, W) satisfy [30, 49]

t
Y@¥(=e) =1 (3.108)

U(1/z) =g~ 0 (x),
where the second relation means that in the canonical basis the complex conjugation
acts on the vacuum wave functions as the ground state metric. Indeed, in this basis
we have n = 1 and so the ground state metric and the real structure coincide. From
the above relations and the boundary condition 3.104 one can extract the ground
state metric

9i5 = él_fg@(x)ﬁ- (3.109)

The object which specifies the tt* solution is the monodromy of the D-brane states
around the singular point { = 0, also known as the quantum monodromy [30]

H=5(S")"". (3.110)

According to the theory of isomonodromic deformations, the monodromy group of
the Lax connection is invariant up to conjugacy under deformations of the parame-
ters and can be computed in the limit that we prefer. The eigenvalues of H are the
phases ¢®™4" which encode the Ramond charges of the chiral primary fields at the
UV conformal point. Given the dependence of the Stokes matrix on the BPS mul-
tiplicities, the quantum monodromy puts in relation the spectrum of solitons and
chiral primaries, providing a map between IR and UV fixed points. The quantum
monodromy is an element of SL(N,Z) and may have non trivial Jordan blocks. It
is known that a non trivial Jordan structure is related to logarithmic violations of
scaling and reveals that the theory is asymptotocially free in the UV [30].

3.2.3 Computing the tt* Monodromy Representation

Our main problem is to compute the SL(N,Z) monodromy representation of m(P)
given by the ¢t* Lax connection. We are mostly interested in the case in which
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the chiral ring of the theory is semi-simple. As we mentioned before, since tt* is
an isomonodromic problem, we have the freedom to deform continuously the model
in the coupling constant space. The monodromy groups we find will be related by
an overall conjugation. In particular, the Jordan block structure and the eigenval-
ues of the monodromy matrices are invariant under finite continuous deformations.
However, the useful limits in which the computations really simplify are typically
singular limits in the coupling constant space. The monodromy representation that
we find in these limits may be related to the original by a singular conjugation ma-
trix. The eigenvalues of the matrices will not be modified, but the Jordan blocks
may decompose in smaller ones. Indeed, having a certain spacetrum is a closed
condition in the matrix space, while having Jordan blocks of dimension > 1 is a
closed condition. Therefore, the monodromy eigenvalues are typically easy to com-
pute, while knowing the Jordan structure is subtler. However, in many situations
we know a priori that the monodromy matrix is semi-simple and so we do not loose
any information. For instance, as in the case relevant for the FQHE, when 7 (P)
is a complicated non-Abelian group the Jordan blocks are severely restricted by the
group relations and so it is plausible that they can be recovered from the knowledge
of the eigenvalues. The limits that are relevant for our purposes are the so-called
asymmetric limit and the UV limit (in the 2d language). In the first approach we
rescale the critical values

so that the ¢t* flat connection becomes

Ve=D+ §C, Ve=D+(BC, (3.112)

while the Berry curvature changes as
F=-p*[C.C]. (3.113)

The asymmetric limit consists in taking the unphysical limit § — 0 and ( — oo
with /¢ fixed. The Berry curvature vanishes in the limit, so the metric connection
A is pure gauge. The tt* linear problem 3.100 reduces formally to

(@ + A; + ?C) U =0,V = 0. (3.114)

A basis of solutions to this equation is given by the integrals
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U = di(2)e PV ED L A A d2, (3.115)
[q

where the cycles I', are an integral basis of branes and ¢;(2) is basis of the chiral ring.
The homology classes of the branes with given ( are locally constant in coupling
constant space, but jump at loci where (in the 2d language) there are BPS solitons
which preserve the same two supercharges as the branes [30]. The jump in homology
at such a locus are given by the Picard-Lefshetz transformations of the forms 3.102.
In the canonical basis of branes, namely the Lefshetz thimbles, the Stokes jumps
can be written in terms of the soliton multiplicities computed in the IR limit of the
2d theory. Taking into account all the jumps in homology one encounters along the
path (controlled by the 2d BPS spectrum), one gets the monodromy matrix which
is automatically integral of determinant 1. The full monodromy representation is
given by the combinatorics of the PL transformations. This approach is convenient
from the practical point of view and the monodromy matrices computed is this
limit are manifestly integral. On the other side, the fact that we consider a limit
which do not correspond to any unitary quantum system tends to make the physics
somewhat obscure. For our present purposes the UV approach seems more natural.
As discussed before, this just requires to send § — 0, while the spectral parameter
¢ remain fixed and can be taken in the unitary locus |(| = 1. One can see that in
this limit the Lax connection reduces to the Berry one

Vet Ve 25 D4 D. (3.116)

Hence, the Berry connection becomes flat in this limit. Since the monodromy of
the flat connection is independent of /3, the flat UV Berry connection should have
the same monodromy modulo the subtlety with the size of the Jordan blocks. This
concept can be clarified by comparing the quantum monodromy computed in the UV
and IR limit of the theory. The holonomy on the (-plane of the UV Berry connection,
which corresponds to the Lax connection in the same limit, is conjugated to the
unitary matrix e>™@. On the other hand, as we discussed previously, the quantum
monodromy is computed in the IR limit in terms of the Stokes matrices as H =
S5t The two matrices have the same unitary spectrum, but for asymptotically free
theories the IR monodromy has non trivial Jordan blocks. It is clear in general that
the monodromy representation computed in the UV limit is unitary, since the Berry
connection is metric, but differently from the homological approach the integral
structure of the matrices is not manifest. In order to give an explicit description of
the holonomy representation of the UV Berry connection we need additional details
about the tt* geometry that we want to study.
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4 The Vafa Model and the Microscopic Physics
of FQHE

4.1 The Supersymmetric Structure of Landau Levels

In this section we start to explore the connections between supersymmetry and the
physics of quantum Hall effect. It turns out that the structure of the lowest Landau
level naturally admits a A/ = 4 supersymmetric description. One can describe
the Landau levels of a single electron on a Riemann surface ¥ of arbitrary genus
by rephrasing the construction in section 2.3 in a more geometrical language. We
consider a complex line bundle £ — ¥ with first Chern class ¢;(£) = ® /27, where
® > 0 is the total magnetic flux through the surface ¥. The complex structure of
the Riemann surface is irrelevant in the discussion and we can choose it according to
convenience. A state of the system is represented by a smooth section ¢ : ¥ — L of
the line bundle. Every complex line bundle over a one dimensional complex manifold
is holomorphic and so one can always find a local holomorphic trivialization. The
line bundle is endowed with an hermitian metric A which allows to define an inner
product on the Hilbert space

(laba) = / dzdzh s, (4.1)

The lowest Landau level is defined as the kernel of the Hamiltonian operator

H = -D.D: + E, (4.2)

where D is the connection with respect to the U(1) structure group of the bundle.
More precisely, D is the Chern connection associated to h. In an holomorphic
trivialization one has

D, = —hd.h ™, D; = 0;. (4.3)

The magnetic field is encoded in the curvature of the connection, which is a closed
and real (1,1) form

F), = 00log h, (4.4)

where 0,0 are the Dolbeault operators of the complex manifold. Choosing natural
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units, in the case of the complex plane one has h = e~ Bl1*/2 and F), = %dzdé. The
Riemann surface ¥ endowed with the curvature of the line bundle, which is positive
for B > 0, is naturally a Kahler manifold. The fact that the configuration space of an
electron in a constant magnetic field is a Kahler manifold, in particular a Stein space
with a globally defined Kahler potential K = logh, provides a first important hint
that quantum Hall effect may be related to N' = 4 supersymmetry. Isomorphism
classes of line bundles over a compact Riemann surface are in correspondence with
the divisors of the surface modulo linear equivalence. These form a free abelian group
on the points of the surface. We write a divisor D as a finite linear combination of
points

where p; € ¥ and n; are integers. We demand the divisor to be effective, namely
with n; > 0. Since the electrons are particles with spin, in this discussion we have
also to endow the line bundle with a spin structure. This is associated with a divisor
S on the Riemann surface such that 25 is in the class of canonical divisors. The
divisor identifying the twisted line bundle is the sum D + S and is unique up to
linear equivalence. The vacuum wave functions satisfy D;¢ = 0 and so we have the
definition

Hiin = F(Z, ﬁ(D + S)), (46)

where Hypr, is the lowest Landau level and I'(X, £(D+.5S)) is the space of holomorphic
sections of the twisted line bundle £(D + S). The Riemann-Roch theorem for a

compact genus-g Riemann surface states that the dimension ¢(D + S) of the vector
space I'(X, L(D + 9)) is

UD+8)=deg(D+S)—g+1 (4.7)

where deg(D + S) is the degree of the divisor. This result holds as long as D + S
has degree at least 2g — 1. For definiteness we put the system in a finite box with
periodic boundary conditions. This is equivalent to choose an elliptic curve F as
target manifold for the electron coordinate. It is convenient to pick an even spin
structure associated to a divisor S = py — ¢, where pg, ¢ are distinct points on the
elliptic curve which satisfy 2pg = 2¢. The choice of py does not affect the discussion
and we can translate it as we prefer. In the case of a genus-1 surface the above
relation becomes
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(D + S) =deg(D +S) = > n;. (4.8)

Since S has vanishing degree, the dimension of the lowest Landau level is entirely
determined by D. This is consistent with the fact that the spin of the electrons in
FQH systems is a frozen degree of freedom and is irrelevant for the physics of the
ground state. From this equality we see that the divisor D parametrizes topologically
the magnetic flux of the system. In particular, the degree of the divisor is equal to the
total magnetic flux ® /27 which defines the degeneracy of the lowest Landau level.
The divisor D+ S has a defining meromorphic section 1y with zeros of order n; at p;,
a simple zero at py and a single pole at g. The map ¥ — /1)y provides a canonical
identification between holomorphic sections in I'(E, L(D + S)) and meromorphic
functions on the elliptic curve with poles at most given by D, = D + py and
vanishing in q.

Taking the limit of infinite volume we recover a system of electrons moving on the
complex plane. In this case the spin structure is associated to a divisor S = —gq,
where ¢ is a generic point on the plane. The contribution of degS = —1 cancels the
+1 factor in the Riemann-Roch formula and we have again

U(D —q) = degD = Z n;. (4.9)

The states in the lowest Landau level are represented by elements v € T'(P', £(D —
q)), which are canonically associated by the map 1) — /1y to meromorphic func-
tions on P! with poles at most given by D and vanishing at gq.

In order to get the Hilbert space of the N electrons system we simply need to take
the antisymmetric tensor product of the single particle space

Mo = /\T(Z,L(D + 9)), (4.10)

o /2
where the dimension is given by Fermi statistics ( 5V7T>

We can show that the problem of studying the Landau levels of a charged particle in
magnetic field is equivalent to find the vacua of a N/ = 4 supersymmetric Hamilto-
nian. In particular, the holomorphic structure of Landau levels require to have four
supercharges. As we recalled in the previous section, a theory in supersymmetric
quantum mechanics with four supercharges is specified by the choice of a Kahler
potential K and an holomorphic superpotential V. The Kahler potential prescribes
an hermitian metric on the target space. Once the topology of the Riemann surface
is fixed, the choice of the Kahler metric does not affect the structure of the vacua,
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which depends only on the superpotential. Hence, we can choose K = logh as
globally defined Kahler potential on the Riemann surface. The number of vacua is
given by the Witten index, which is equal to the number of zeros counted with mul-
tiplicitly of the 1-form dW. In order to compare this description with the previous
one we choose as target space the manifold = E \ supp F, where E is an elliptic
curve and F' is an effective divisor on E. As we discussed above, a divisor identifies
up to linear equivalence a line bundle with its set of holomorphic sections. However,
for a linear combination of points on the Riemann surface one can associate also a
N = 4 supersymmetric system. Given an effective divisor D = ). n;p;, we assign a
closed meromorphic 1-form dW on E with zeros in p; of order n;. We choose W'(z)
such that its polar divisor is given by F’ and in making a precise dictionary between
the two models we can set py € supp F. The ground states of a N’ = 4 theory are
in correspondence with cohomology classes of the susy charge Q = 9 + dW A in the
space of differential forms, which are labelled by holomorphic operators of the chiral
ring R. The meromorphic functions /1 defines canonically a basis of wave forms
for the supersymmetric vacuum space V' through the map

N8 W
G e+ Q). (4.11)

Despite we can write %W’ dz = @(%), the 1-forms above define non trivial repre-
()

sentatives in the Q@ cohomology, since the meromorphic functions 7o are singular at
the zeros of the superpotential and so are not elements of the chiral ring.

When the electrons move on the complex plane the corresponding N' = 4 Landau-
Ginzburg model is defined by a one-form dW which is a rational differential on the

plane with a pole of order > 2 at oo and zero-divisor D = ). n,z;, namely

ng

AW (z) = H(;% degP(z) < Zn - %. (4.12)

The prescription about the behaviour of dWW at oo implies that the scalar poten-
tial |W’|? in the supersymmetric hamiltonian is non vanishing at infinity for all the
complete Kahler metrics on the complex plane. This condition ensures the normal-
izability of the vacuum wave functions and the existence of an energy gap between
the ground state and the first excited level of the Hamiltonian. Moreover, it guar-
antees the absence of run-away vacua in the 2d N' = (2,2) version of the theory.
In the correspondence with the Landau description we choose the reference point
of the spin structure such that ¢ ¢ Supp D U {oo}. As in the case of periodic
boundary conditions, the meromorphic functions %W’ define a basis of the chiral
operators labelling the supersymmetric vacua of the model. In conclusion, we have
the isomorphisms of vector spaces
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N
P¢ZHLLL:>V, Pq;ZH@:)VN:/\V (413)

which confirms the first prediction in the list 2.12.

4.2 Comparison of the Hermitian Structures

The correspondence between the lowest Landau level and the vacuum space of the
LG model does not guarantee that the two systems have the same geometry of the
vacuum bundle. One can conclude that the vacuum sector of a supersymmetric sys-
tem and the lowest Landau level are two equivalent description of the same physical
system if the above isomorphism is also an isometry between Hilbert spaces. If the
norm of the Hilbert space is preserved by the above map, the Berry connection in-
duced on the vacuum bundle and consequently the topological order of the ground
state are the same in the two systems.

We focus on the case of the complex plane as target manifold and consider a system
with a single electron. The generalization to the multi-particle case is straightfor-
ward. In the Landau description the probability of finding an electron at a position
z is given by

P(2)is, = | f(2) P BEF, (4.14)

where f(z) is an holomorphic function and B > 0. In the macroscopic limit of the
system the probability measure satisfies the relation

log P(2)LL, = —B|z|* + subleading as |z| — oo. (4.15)

An exact identification between the hermitian structures of the Hilbert spaces is a
too strong requirement. What we can ask is an equivalence in measure, i.e. measure-
ments of long range observables on small but macroscopic domains U C C give the
same answers on the two sides. This is enough for our purposes, since the long range
observables are the ones that characterize the quantum topological order. According
to the previous discussion, the supersymmetric representation of the Landau levels
requires to introduce a meromorphic 1-form dW on the plane, whose primitive plays
the role of superpotential. We consider a differential form dW (z) with ® /27 zeroes
and polar divisor of the type F' = Fy + 200. This has the form
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/27

AW (=) = [+ - fC dz, Fr=3 ¢ (4.16)
i=1 ’ i

where p,a; € C* and (; are all distinct. In order to reproduce a macroscopically
uniform magnetic field we should take the residues a; all equal and consider a uniform
distribution of the flux sources (; in C. The typical separation of the punctures
should be much smaller than the size of the macroscopic domain U C C on which
we want to measure observables. In the present context being macroscopic means

B
Flux through U = / o = #{GeU} >1, (4.17)
U 2w

namely the domain U contains a large number of fluxes. The supersymmetric wave
functions have the form

U(2)susy = ®(2)dz 4+ ®(2)dz (4.18)

and the corresponding probability distribution is

PSUsy(Z) = |(I)(Z)’2 + ‘&)(2)|2 (419)

We can choose a real basis of wave functions such that ®(z) = ®(z). Then, the
Scrhoedinger equation for the zero energy levels is [32]

> |aw
020z dz

An asymptotic behaviour of the solution in the macroscopic limit which is consistent

2\ @
) 7 =0 (4.20)

with the Schroedinger equation is

d (Z) _ eiQReW(z)Jrsubleading terms7 (421)

where the subleading terms are smooth and bounded functions in the domain U
which ensure that the wave function is single-valued and normalizable on the whole
complex plane. We notice that the function

2ReW = pz +pz + Z a;log|z — ¢|? (4.22)

=1
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is the electrostatic potential of a system of point charges of size a; at positions
(; superimposed to a constant background electric field . When averaged over a
macroscopic region U, it looks like the potential for a continuous charge distribution
with density o(z) such that

/Ud2z o(z) = Z a; (4.23)

Geu

for any U € C. The conclusion is that for any macroscopic domain U C C we have!

% / 00 log Psysy(2) = =i / 00(2Re W) = F21 > a;, (4.24)
U U

GeU

where in the last equality we used the Poisson equation of 2d electrostatics. It is clear
that the background electric potential does not contribute to the magnetic flux of the
system. We see that the behaviour of log Psysy (z) matches the one of log Prir(z) in
4.15 when averaged on any macroscopic domain U if we set resepctively a; = —1 or
a; = +1 for all (;. We fix conventions so that the external magnetic field is modelled
in the susy side by 4.16 with a; = —1 for all i.

4.3 Including Defects and Interactions

It is very natural to introduce defects on the supersymmetric side. One just need
to flip the sign of the residues a; for a bunch of punctures. Now there is a small
mismatch between the number of vacua and the effective magnetic field measured
by the fall-off of the wave function at infinity: we have two extra vacua per defect.
The extra vacua are localized near the position of the corresponding defect in the
plane and may be interpreted as internal states of the defect. We identify these
defects with the quasi-holes of FQHE.

We have shown in the previous sections that the low energy physics of a system of
charged electrons in a uniform magnetic field is described at large B by a quan-
tum system with Hilbert space He. Moreover, this system admits two equivalent
descriptions which are related by the isomorphism Pg in 4.13. In particular, the
original FQHE Hamiltonian Hpqur = Py Vi Pg is mapped to some Hamiltonian H
which can be seen as a deformation of a 4-SQM model. The free part of the Hamil-
tonian si supersymmetric and the corresponding superpotential is given by the sum
of N copies of the single particle superpotential describing the interaction between
a single electron and the punctures. The interacting part of the Hamiltonian can

'Recall that volume form of R? is dz A dy = Ldz A dz.
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be splitted in two groups: the interactions which preserve supersymmetry and the
ones which are susy-breaking. Including the susy-preserving interaction we get a
differential dW of the form

i

N h N
dW = <dW(ZZ-) + Z dz ) + Z Ui(z1, ..., 2n)dz;. (4.25)

The term dW (z) models the interaction between the electrons and the macroscopic
magnetic field. The Vafa proposal for this term is

d/27—h

dWVafa(Z) - - Z

k=1

dz

Z_Ck’

(4.26)

where (;, form a regular lattice. Working on the plane is convenient to add a constant
to dWhvaa(2) in order to regularize the double pole at infinity. This may be seen as
integration constant for the electrostatic Poisson equation satisfied by 2ReWW and
does not affect the magnetic flux of the system. Hence, one obtains

AW (z) = dWyaga(2) + pdz (4.27)

where 1 # 0. The meromorphic 1-form U;dz; describes the Coulomb interaction
between an electron and the other ones. As a function of the position z; of the i-
electron at fixed z;4;, this form can have poles only when z; = z;. Generically U;dz;
has only simple poles and the residues must be entire bounded functions on the
plane, namely they are constants. Since VW must be symmetric under permutation
of the electron coordinates, the most general interacting part of the superpotential
reads

dWint = 25 Z Mu (428)

1<i<j<N 7 J

where [ is some complex coupling. We are mostly interested in FQHE on the plane
and in such case B can be left a generic coplex parameter. However, if we put the
system on a finite box with periodic boundary conditions [ gets quantized to a
rational number. In this case dV is a meromorphic 1-form on EV, where F is an
elliptic curve. If we project the model on the target space of a single electron z; by
fixing the positions z;, j # ¢ of the other ones, we obtain a meromorphic differential
on I with poles at (; with residue —1, at x, with residue +1 and at z;,j # ¢ with
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residue 2. Since the sum of the residues of an elliptic function must vanish, we
have the condition

0=— (%—h) +h+28(N —1) z(Qﬁz/—l)zg, (4.29)

™

where in the last equality we have used N > 1 and the FQHE relation N = v®/27.
Hence, we obtain the quantization condition

28 =1/v € Quy, (4.30)

which is the value given in [17]. So, the Vafa model on EV is described by the
differential

dW = Z (Z U(zi,zq) — Z Uz, Ce) + % Z U(z, ZJ)> , (4.31)

k i<j

where

o (w/2)dz
oz —w/2) — p(w/2)

U(z,w) = (4.32)

4.4 Emergence of a Single Vacuum

The isomorphism Pg maps the original Landau Hamiltonian to the new Hamiltonian

H = Hyy + Hyypr, (4.33)

which provides an equivalent description of FQHE systems. The piece H,y is the su-
persymmetric Hamiltonian associated to the superpotential W discussed previously,
while Hg, ), is the susy-breaking part. For large magnetic fields H,y is of order
O(B), while Hg,, is of order O(1) and represents a small perturbation. However,
this does not mean and we can neglect it when we study the topological order of
FQHE. Indeed, the supersymmetric part alone cannot be in the same universality
class of FQHE states. As we are going to discuss in the next section, the vacuum sec-
o /2m

V)

The vacuum bundle of the theory is an holomorphic vector bundle of rank d which

tor with Fermi statistics Vg, of the Vafa Hamiltonian has dimension d =
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is endowed with the tt* flat connection V which extends holomorphically the Berry
connection D. In particular, the topological order of Hyy is captured by the mon-
odromy representations of V. According to the Laughlin argument in the original
description of FQHE, the degeneracy of the ground state is lifted by the Coulomb
interactions which select a single vacuum. In a similar way, the susy-breaking part
of the Hamiltonian should select a unique ground state |vac) in the Hilbert space
Hg which encodes the topological quantum order of FQHE. The sub-bundle over the
coupling constant space with fiber spanned by |vac) is endowed with two canonical
sub-bundle connections VY2, D¢ which are induced from V and D respectively.
In general the sub-bundle curvature is different from the curvatural of the original
one and the monodromy of VY?¢ is a priori neither well defined nor simply related
to the one of V. Hence, a priori there is no relation between the topological order
captured by Hy, and the FQHE one. In order to have such relation the following
two conditions must be satisfied:

e The monodromy representation of V must be reducible with an invariant sub-
bundle of rank 1. The fiber of this eigenbundle defines a unique preferred
vacuum for the A/ = 4 Hamiltonian.

e The physical vacuum |vac) is mapped by the isomorphism Pg to the preferred
vacuum of the susy Hamiltonian.

The first question is purely related to the supersymmetric model. It is suggested in
[17] that such a preferred vacuum exists and should correspond to the identity oper-
ator. While this sounds as a natural guess, it is in general not true in tt* geometry
that the identity operator spans an invariant subspace of the flat connection. This
is an extremely non trivial fact that we have to check by studying the monodromy
representation of V. The validity of the second point is based on the fact that the
preferred vacuum, if it exists, should be the most symmetric one under permutations
of the quasi-holes. Then one may argue euristically that [17], indipendently from
the details of the interactions between electrons?, as long as the susy-breaking part
Hg, 1 respects the permutation symmetry of electrons and quasi-holes, the unique
vacuum |vac) will also be the maximally symmetric one. This state should corre-
spond to the preferred vacuum of the susy Hamiltonian.

The conclusion is that, under our mild assumptions, the quantum order of the FQHE
is captured by the 4-susy SQM model proposed in [17]. In the present discussion
we are actually arguing more than this. Since our considerations do not depend on

2 A fundamental requirement that the interactions between electrons should satisfy is to vanish
in the limit |z; —z;| — oo. This ensures that the dynamics of the system at large |z| is governed by
the magnetic field B, so that on any macroscopic domain the probability of finding the electrons at
positions z; satisfies log P(z;) ~ —B ", |2i|%. The interaction term may diverge when two particles
become closer. This is not an issue, since the hyperplanes z; = z; are not part of the configuration
space of N identical particles and the wave functions of the Hilbert space are vanishing there.
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the details of the interactions between the electrons, we claim that the supersym-
metric model represents the correct universality class of any multi-particle system
in a strong magnetic field.

5 Symmetry and Statistics

5.1 {t* Functoriality

Supersymmetric quantum mechanics is functorial with respect to branched cover-
ings [28]. Let us consider a Landau-Ginzburg theory with target space X; and
superpotential W (z; \) depending on a set of couplings A € P. We denote with
f : Xo — Xy an holomorphic but not globally invertible map between a covering
space X, and X;. We assume that the map is indipendent from the point of the
coupling constant space. One can use f to pull-back the LG model on X5. Denoting
with z;,vy;, ¢ = 1,...,n a set of coordinates on Xy, X5 respectively, the superpoten-
tial of the covering model can be obtained by making the substitution z; = f;(y;),
namely

F W) = W(fi(y;) = Wiy;). (5.1)

For the susy charges we have

Q= f"Q=0+dWy, Q= f"Q=0+dW;, (5.2)

while the Lefschetz operators can be defined by pulling-back the Kahler form on the
cover space. The algebraic relations satisfied by the generators of the supersymmetry
algebra are preserved by the pull-back operation. The pull-back of the vacuum wave
forms of the original theory are not in general ground states for the covering model.
Given a basis of vacuum wave functions W,, k = 1,..., Ny, the pulled-back forms
f*¥; are cohomologous to the true vacua on X,. Indeed, the conditions solved by
the vacua which are compatible with the pull-back are

Dpw U, = f*(Ow¥y) =0
JfWA e = ff(wATy) =0,

(5.3)

where f*w is the pulled-back Kahler form. The vacuum equations involving the
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charges QT,QT depend D-term and in general are not preserved by the pull-back.
The covering theory has generically more vacua than the original LG model. The
number of vacua in the new theory N, is related to N; by

Ny = degf - Ny + #zeroes of Jy, (5.4)

where degf is the degree of the cover and J; is the Jacobian of f. From the pulled-
back expression of the vacuum wave functions

[0 =1 (dr(zi)dz A oo Az + O (...))

" (5.5)
=on(fi(y;) 7 dyr A oo A dyy + Ow, (...

one can read how the chiral ring roperators of the vacua transform by pull-back

Fi(dn) = f*(on) . (5.6)

The linear map f*: Ry — R, is an isometry for the topological metric

(f9r), [H(5)) xo = (s ) x,- (5.7)

and is compatible with the R;-module structure

S - ¢5) = [7(B%) - [H(0)) € Ro. (5.8)

The chiral ring Ro decomposes as direct sum

Ry = f(R1) @ fA(R1)", (5.9)

where (-)* denotes the orthogonal complement with respect to the t¢* metric. The
tt* functoriality is the statement that f*: R; — R is an isometry also for the tt*
metric. In order to show this fact one has to check that the two t¢* metrics solve the
same equations and satisfy the same boundary conditions. Since the classes in Ry of
the operators O\WW belong to the subspace f*(R;), the chiral ring coefficients C) are
functorial by 5.8. Since also the topological metric 7;; is functorial by the 5.7, we
conclude that the ¢t* equations are preserved by f*. The boundary conditions which
select the correct solution to the tt* equations are encoded in the 2d BPS soliton
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multiplicities. The BPS solitons are the connected preimages of straight lines in the
W-plane ending at critical points [30, 37]. Since the map Wy : Xy — C: factorizes
through W : X; — C, so do the counterimages of straight lines, and therefore the
counting of solitons agrees in the two theories.

tt* functoriality preserves also the integral structure of D-branes. If B C X5 is a
D-brane for the LG model on X, then f(B) is a D-brane for the model on Xj.
In particular, B is a special Lagrangian submanifold of X, and this property is
invariant under pull-back and push-forward operations by smooth functions. The
functorial property of SQM regards also the integral pairing between branes and
vacua

(f(B)|¥)x, = (B|f*¥)x,. (5.10)

One gives in general the following definition: a t¢*-duality between two 4-susy the-
ories is a Frobenius algebra isomorphism between their chiral rings R — R which
is an isometry for the ¢¢* metric and so for the brane amplitudes. ¢t* functorial-
ity produces several interesting tt*-dual pairs and for an appropriate choice of the
respective D-terms implies the equaivalence of the full quantum theories.

5.2 Covering Spaces
5.2.1 Abelian Covers

The functorial property of SQM is particularly important when we study Landau-
Ginzburg models in which the target manifold X is not simply connected and the
superpotential differential dWW is a closed meromorphic 1-form. Despite it is not
possible to define a primitive W on X, the model is still well defined, since the
Hamiltonian and the susy charges depend only on the derivatives of the superpoten-
tial. However, in these systems one can consider deformations of the theory which
are not described by operators in the chiral ring [31]. For instance, the chiral op-
erator associated to the RG flow deformation is precisely the superpotential, which
is not an holomorphic function on X. In order to write and solve the tt* equations
with respect to these variations we need to pull-back the model on the universal
cover C of the target manifold. This can be defined in an abstract way as the space
of curves
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K={p:[0,1] — X,p(0) =p" € X}/ ~,

5.11
_ a {p(l) =q(1), o1

p-q~' =0 in the fundamental group (X, Z).

We can pull-back dWW on this space and give a formal definition of superpotential:

W(p) = /dW- (5.12)

The fundamental group m(X) plays the role of Galois group of the cover and is a
symmetry group of the model on K. The action of a loop generator ¢ of 7w;(X) on
W is

W (p) = /e AW = W (p) + /Z qw (5.13)

Compatibily with the definition of symmetry, the superpotential is left invariant
up to a constant factor. The Galois group of the universal cover is generically
non abelian and may not have unitary representations. In the context of quantum
mechanics, since the symmetry transformations must be unitary, one considers tipi-
cally the abelian universal cover of the target space. We note that the action of
the fundamental group is abelianized at the level of superpotential and the model
naturally descends on the abelian universal cover. This space is the minimal simply
connected cover of the target space on which W is single-valued. The Galois group
of the abelian cover is obtained by dividing the fundamental group 7 (X) by the
commutator subgroup [m1(X), 7 (X)]. This subgroup is normal in 71 (X) and so the
quotient m(X)AP = 7, (X)/ [m1(X), 71 (X)] is still a Galois group. More precisely, it
is the first homology group H;(X;Z) of the target space. By replacing the funda-
mental group with the homology group in 5.11, one gets the definition of abelian
universal cover A of X. The first homology of the target space is an abelian group
with a freely generated part and a torsion part. It is clear by the above formula
that the torsion subgroup has a trivial action on the superpotential. Hence, one can
consider only the torsion-free part Hi(X;Z)/tor ~ Zb where by is the first Betti
number.

The vacuum space of the LG model on A decomposes in a direct sum of unitary
irreducible representations of the homology group:
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Va= &b Vy, dimV, = d, (5.14)

x€Hom(H1(X;Z),U(1))

where d = dimVy is the dimension of the vacuum space of the theory on X. Identi-
fying Hy(X;Z) with Z", the characters labelling the unitary representations V, can
be written as

Xg:71—e (5.15)

and we can call f-vacua the states in the eigenspace V, = Vj;. Since it is metric,
the orthogonal decomposition of the vacuum space in #-sectors is preserved by the
parallel transport with the Berry connection. However, it is not generically left
invariant by the t¢* Lax connection. The subrepresentation of the tt* monodromy
are associated with subgroups of the Galois group. Let H € (X )" a subgroup and
let Ay = A/H. We have an Abelian cover Ay — X with Galois group 7 (X)*"/H.
This cover is not simply connected and the fundamental group 7 (Ap) is the kernel
of the surjective homomorphism

B (X)AP — 1 (X)AP/H, (5.16)

which is precisely the normal subgroup ker = H. One can consistently formulate
the 4-SQM model on the target space Ay. The vacuum space of the LG theory on
Ay is identified with the H-invariant subspace of the theory on the universal cover

V= P N (5.17)

x:x| g=trivial

The covering map A — A/H allows to pull-back on A also the branes and the ¢t*
brane amplitudes of the A/H-theory. Hence, we know by ¢t* functoriality that Vg
must be preserved by the ¢t* monodromy. We conclude that for each subgroup H
of 71 (X)A? we have a monodromy subrepresentation Mony of the Lax connection.
Moreover, to a sequence of subgroups

. CH,CHy,C...CH CHy=m(X)"" (5.18)

there corresponds an inverse sequence of ¢¢* monodromy representations

Mong, C Mong, C .... C Mong, , C Mony, C ... (5.19)
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where Monpy, is the monodromy representation for the original model defined on X.
We can choose a subgroup H of finite index in 7 (X)*® in such a way that m (X)A?/H

is a finite Abelian torsion group. In this case the theory on H has finite Witten index

dg = [7(X)* : H] -d. (5.20)

A periodic character x of 71(X)A? is identified by theta angles

0 € (2rQ)". (5.21)

Denoting with J, the finite cyclic group generated by x and H, = kery € m (X )AD
the corresponding finite-index normal subgroup, we have

m(X)AP/H, ~ J,. (5.22)

In this case we may reduce from the infinite universal cover to a finite cover with
Galois group J,. From the physical viewpoint, torsion characters y have the special
property that they allow a consisten truncation of the chiral ring R4 to a finite-
dimensional ring R,. In this way the f-vacua become normalizable, which is a
basic requirement in quantum mechanics, while they are never normalizable for
non-torsion Y.

5.2.2 tt* Equations with #-Vacua

On the universal cover we have more vacua than on the target space, but also a larger
symmetry group to classify them. We denote with z;,7 = 1, ..., d the zeroes of dIW on
X, which we assume to be non degenerate. Choosing a representative p? of z; on the
abelian cover, all the critica points of W can be obtained by composing p? with the
generators (1, ..., {,, of the torsion-free part of the homology group Hy (X, Z)/torsion.
Hence, the points z; label equivalence classes of vacua which are isomorphic to the
Galois group of the cover.

A basis for the chiral ring of the theory on A can be constructed as follows. Since X
is a Stein space we can find a basis of holomorphic one forms py, k = 1,...,b; € Q(X)
dual to £}, whose classes generates H'(X,Z)/tor. Since the homology has an integer
structure, we can choose the one forms p; such that

/ pr = ¢ € Z. (5.23)
L
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Without loss of generality we can normalize the constants ¢; to 1. On A we can
find holomorphic functions hy such that dhy = pg. Let {¢,} € Rx be holomorphic
functions on X forming a basis for the chiral ring of the model, with ¢y = 1x and
relations ¢,¢p = CS¢p.. Then, let w : A — X be the projection map from the
abelian universal cover to the target space. The holomorphic functions on A

() = @'y €7, Gefo,2m)", (5.24)

form a basis for R 4 which is diagonal in the characters of the Galois group. Indeed,
the action of a generator of the homology ¢, on the above state is

—

Ek(w*gba X 67,9_'72) — w*qba X eie‘(h+.fek dh) — Gig’“w*gba X ei ‘h (525)
The product table of R 4 is

Do (0) - Pa(P) = Cap®e(0 + &) (5.26)
This equation implies that the Ramond charges of the chiral operators are piece-wise
linear functions of the angles. The same applies to the UV Berry connection A(g)UV,
which is function of the U(1)g charges. The discontinuous jumps of A(g)UV corre-
spond to gauge transformations. On the contrary, the characters of the monodromy
representation are continuous. For generic 0 the eigenvalues of the monodromy ma-
trices are distinct, and hence no Jordan blocks are present; at characters where we
have jumps typically a non-trivial Jordan blocks appear.

Let H a subgroup of m(X)A? and J the subgroup of characters which are tivial on
H. Then, the chiral ring Ry of the model on Ay is spanned by the chiral operators

—

{q)a<9)}§eJ' (5.27)

Using the fact that ¢, are symmetries of the model, one finds that the ground state
metric diagonalizes with respect to the angles:

— — — .
o i0-7

(@;(0)|@(07) = (0 — 0)g;(0),  gi;(0) 07 g . (5.28)

—

In presence of theta sectors, the complex conjugate operator g*(6) must be intended
as the Fourier series of the complex conjugated coefficients, namely
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9°(0) = [g(=0)]". (5.29)
Hence, using the fact that g( ﬁ) must be hermitian, the tt* reality constraint in the
canonical basis becomes

9(—0)" = 9(0)". (5.30)

We can use the action of the homology generators 5.13 to compute the critical values
of the superpotential. These reads

b1
W ) ph) = (B W) = W) + Y i, (531)
i=1

where w; = fg dW are constants in the chiral fields. We choose w; as the first
b, local coordinates on the coupling constant space P and denote with t, € P
the remaining couplings such that 0, W are well defined holomorphic functions
representing elements of Rx. The tt* metric can be thought as function of the
variables

(wi,9i> € (C X Sl)bl (532)

at fixed t,. One can consistently define the action of the chiral operator C,, asso-
ciated to the coupling w; on the theta vacua. This can be see as a U(d) covariant
derivative in the 0;-direction

= 0
i L0

— 0
+ M,,, Cy, = —Dy, = 50, g(()gig_l — gMj}ig_l, (5.33)

where M, is a d x d matrix. At fixed t,, the component of the t¢* flat connection
take the form

1—
DM + _Dﬁi — D(O

C 1,40 Eﬁi - CD191 = Déi) (534)

We can see the v; as complex coordinates with real part #; and introduce the new
complex coordinates (nf, é’f),i =1,..,0
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— 1
= w; — (Vs & =w; + 2191', (5.35)

which defines a P! family of complex structures parametrized by the twistor variable
¢ and a flat hyperKhaler geometry with holomorphic symplectic structures dff /\dnf .
The tt* Lax connection annihilates with spectral parameter ¢ all the holomorphic
coordinates (1, £°)

Di%]g = fo,?fjg =0, a=1,2 (5.36)

which means that, in the complex structure ¢, it is the (0, 1) part of a connection
A on the hyperkahler space (R? x T?). The Lax equations

DW(C) =0, a=1,2 (5.37)

say that the brane amplitudes ¥(() are holomorphic in complex structure ¢ and
independent of Im ¥; [31]. The tt* equations then say that the curvature of the
connection D(¢) on the flat hyperKahler manifold is of type (1,1) in all complex
structures, i.e. ¥(¢) is a section of a hyperholomorphic vector bundle [31]. The hy-
perholomorphic condition, supplemented by the condition on translation invariance
in Im(4;), is equivalent to the higher dimensional generalization of the Bogomolnji
monopole equations on (R? x S1)%.

The tt* geometry decomposes into an Abelian U(1) monopole and a non-Abelian
SU(d) monopole. Restricted to the Abelian part, the tt* equations become linear.

— —

Writing L(6) = — log(detg(f)), they read

o o )
(a%&@+kwﬁ@>Lw)_o

(5.38)
02 - o?
L(9) = —[(0) = 0.
815&8@- ( ) Ot 0ty ( ) 0
The Abelian part of the Berry connection is
AMY = OL(0) = 8, L(§)dw; + 0y, L(A)dt,. (5.39)

The tt* relation [A,,, Cy, | = [A:,, Cu,], together with 5.33, implies

80



691' Atu = [Ata’ sz] - [AW'L’ Cta]' (540)

Taking the trace gives 9p, A" = 0. Since A" is odd in 6 by 5.30, we conclude that
the t,-components of the U(1) connection vanish.

For the sake of comparison with the literature on representation of braid groups
and the Knizhnik-Zamolodchikov equation [71, 72] we state the above result in a
different way. We write ¢; = € for i = 1,...,b;. The Frobenious algebra R4 is a
module over the ring Clg*!] of Laurent polynomials in ¢i, ..., g,. The isomorphism
with the space of branes

R~ Bu(¢) = H.(A, ARe(CW)} Z) ®7C (5.41)

allows us to restrict the scalars to Z. Thus, we have that B({)4 ~ R4 ~ V4 is a
free Z[g**]-module of rank d. Moreover, the tt* Lax connection provides the group
homomorphism

p T (P) — Autz[qil}(BfO - GL(d, Z[qﬂ]) (542)

5.3 The Problem of Statistics

The concept of statistics is crucial in understanding the physics of FQHE. We want
now to discuss this problem in the context of N' = 4 SQM. We consider for simplicitly
the case in which the target space is CV. We suppose to have a superpotential
W (z, ..., zv) which is symmetric under arbitrary permutations of the coordinates
2; <+ z;. In other words, the particles of our theory are indistinguishable. Since
it is a symmetry of the model, the Hilbert space and in particular its subspace of

vacua V) must decompose in irreducible representations of the permutation group of
N object Sy

= V. (5.43)

n€irrep(Sn)

The relevant representation for physical applications are the trivial representation
Vs, which corresponds to symmetric wave functions, and the sign representation
V., which corresponds to antisymmetric wave functions. The symmetric group acts
also on the chiral ring R, whose elements labels the zero energy solutions of the
Schroedinger equation. Similarly to the Hilbert space, the chiral ring decomposes
linearly as
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R = R, (5.44)

n€irrep(Sn)

The space of symmetric chiral operators Ry is a ring, while all the other components,
as the space of antisymmetric chiral operators R,, are Rs-modules. One can see that
the map between chiral operators ¢ € R and vacuum wave functions

¢— ¢dn A.... Ndzy + 9Q(....) (5.45)

provides the isomorphism of Re-modules

Ry 2 Vi, (5.46)

This follows from the antisymmetric property of the fermionic operator dz; A .... A
dzy in the vacuum wave form. Counter intuition, we claim that Fermi (Bose)
statistics corresponds to have symmetric (antisymmetric) wave functions. To justify
our definition let us count the number of ground states in an important special case.
We consider the class of superpotentials which can be written as sum of single field
superpotentials

W(z1, ..., 2n) = ZW(ZZ.), (5.47)

where each superpotential W (z;) is defined on a target space C. We denote with R
the one-particle chiral ring and with d = dimR, the dimension of the single particle
ground state. The chiral ring of the N-particle model is given by the tensor product

R=Q)R:. (5.48)

The symmetric and antisymmetric subspaces of R are

N N
Re=(DRi,  R.=ARi (5.49)

which have dimensions respectively

dimR, = (N“l_l),

) d
N dimR, = (N) , (5.50)
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which correspond to Bose and Fermi statistics. The above relations remain true also
if we add to the superpotential an arbitrary supersymmetric interactions which do
not change the behaviour at infinity in field space, since the dimension of the chiral
ring is the Witten index [y = d. Using the isomorphism R ~ V we have

N N
V=V,  Ve=AW (5.51)

and the #t* metric, connection and brane amplitudes are induced by the single
particle ones.

Coming back to the general case, one can see that any antisymmetric operator
¢ € R, can be written as

o=0]](z—2) (5.52)
where qAﬁ € Rs. This provides the definition of chiral ring of the Fermi model

Rr = Rs/Zvan, (5.53)

where Zy,, C Ry is the annihilator ideal of the Vandermonde determinant A(z;) =
[1i;(zi — 2;). We have the linear isomorphism of Rs-modules

In order to study the fermionic sector of the theory we can use the functoriality
of tt* geometry. A generic superpotential W(z1, ..., zy) which is invariant under
permutation of the z; can be rewritten as function of the elementary symmetric
polynomials

Cp = Z Ry Rig e+ Rip €y — 1. (555)

1<i1 <. <in<N
Hence, the superpotential YW : CV — C factorizes through the branched covering

map F : zp — e, of degree N!. One can pull-back the vacuum wave forms for the
LG theory with superpotential W(e;) on the cover with coordinates z;
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Uey,...,en) = dler, ...,en)der A ... Adey + O(....)

= é(el, .., eyn)det <gei) dzi A ... Ndzy + 9(....)

= d(er, ..., en) 1_[(2z — z)dz A ... Adzy + 9.,

i<j

(5.56)

which defines non trivial Q-cohomology classes for the vacua of the theory with
superpotential W(z;). The above pull-back leads to a correspondence between the
chiral ring R. of the W(e;)-model and the Fermi chiral ring R of the W(z;)-theory.
We have

E*: |n), — |hd)., h € Re=Cle,...,en]/ (O, W, ..., ey W) (5.57)

which implies the isomorphism

FY(R.) ~ Rp. (5.58)
By tt* functoriality, the map E* is also an isometry for the tt* metric and sets an

equivalence between the Fermi sector of the original theory and the LG model with
superpotential W(e;).

5.4 tt* Geometry of the v =1 Phase

We want to study the fermionic sector of the N particles LG theory with superpo-
tential

W(z1, ...y 2n) = Z (uzi + Z aylog(z; + Cg)) (5.59)

i=1 (=1

where we let ay, pu to be generic complex couplings and take (, all distinct. The
coupling constant manifold of the theory at fixed ay, p is given by the space of N
distinct ordered points on C

Cn = {(G, o v € CV|G # Gui # 5} - (5.60)
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If we demand the residues ay to be equal, the manifold of couplings is naturally
projected on Yy = C/Sy, namely the space of N identical particles on C. In
parituclar, it is clear from the discussion in section 4 that if we set the couplings
apy = —1 we obtain the Vafa model for the v = 1 phase of quantum Hall effect.
Writing the superpotential as

W(z1, ..., 28) = Z [z + Z aylog <H(’Z”L + (g)) (5.61)
i=1 =1 1

1=

we note that the argument of the logarithm can be expanded as

N N

[+ = et ™ =P(¢). (5.62)

i=1 k=0

The polynomials P((;) are linear in the dynamical fields and depend holomorphically
on the couplings. Hence, one can do a linear redefinition of variables

€y — P(gg) = b, (563)

Rewriting the interaction 1), 2; as linear combination of Py, the superpotential as
function of the new variables reads

N

W(P(G1), s P(CN)) = Y (nePe + aglog Fr). (5.64)
(=1

We note that in the dynamical fields u, = P, the superpotential of the theory can
be written as sum of N copies of the single field superpotential

W(u) = pu + alogu. (5.65)

From this example we see how much powerful ¢¢* functoriality can be. In the starting
theory 5.59 we have a large number of punctures, equal to the dimension of the
lowest Landau level, and an equal number of electrons which are correlated by the
Fermi statistics. On the other hand, in the tt* dual we have just a unit of magnetic
flux concentrated in a single puncture and the particles are not correlated by the
statistics. The tt* functoriality ensures that we can study the Berry connection and
its holonomy representations in the #t* dual of the model. Since the Hilbert space
of the dual model is simply the tensor producs of single particle Hilbert spaces, it
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is enough to study the ¢t* geometry of the LG theory with superpotential 5.65.
The equation for the vacua dp, VW = 0 is given by a set of N indipendent equations

Qy

=0 5.66
Pe 7 ( )

fe +

which has unique solution

P =——. 5.67
‘ % ( )

As expected, the dimension of the Fermi chiral ring is dimRr = 1.

We want to study the tt* geometry of the vacua for this theory. The essential
couplings are the positions of the punctures ¢, which are coordinates on the space
Cy. Since we have a unique vacuum, the Berry connection must be Abelian. The
chiral operators which describe the deformation of the theory with respect to (, are

N

Qy

AVEDY m—t (5.68)
i=1

The chiral ring coefficients C, which represent the action of these operators on the
vacua are 1 x 1 matrices. Hence, all the commutators [Cy, C,,] are vanishing and
the tt* equations read

Ar(g0mg™") = 0, (5.69)

where the ground state metric g is just a real function of the couplings. This set of
equations is solved by

9= 1f(G e )1 (5.70)

where f((;) is an holomorphic function of the couplings ;. We also have to impose
the reality constraint

ntgn~lg) = 1. (5.71)

In the canonical basis the Frobenious pairing is the identity and we have gg* = 1.
Since ¢ is a real function we conclude that
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g=1. (5.72)

So, as expected for the v = 1 phase, the Berry connection on C'y is vanishing and
its monodromy representation in the UV limit is trivial.

We note that the target manifold is not simply connected and the theory admits non
trivial theta sectors. The solution that we found above corresponds to the sector of
the Hilbert space with trivial character. To study the dependence of tt* geometry
on the theta angles we have to consider deformations of the theory which are not in
the chiral ring. The corresponding couplings are the residues a, of dVV at the poles
(¢. The associated operators

N
0oV = log(z; + () (5.73)
=1

are not univalued functions on the target space so are not elements of R. By the
functoriality of t¢* geometry, the ground state metric of the full theory factorizes as
tensor product of metrics of the single field models with superpotential 5.65. This
superpotential describes in 2d a free chiral superfield with a twisted mass. The
corresponding tt* geometry has already been studied in [31]. The model is defined
on C\ {0} and the Galois group of the universal cover is generated by the loop which
encircles the origin. The universal cover A is Abelian and is simply the complex
plane. An explicit map between the covering space and the target manifold is given
by the exponential u = e¢¥. Pulling-back the model on the complex plane one has
the superpotential

W(Y) =e" +ay, (5.74)

where the action of the Galois group is given by the shift 7 : Y — Y 4 27wi. We
can easily construct the unique theta-vacua of this theory. We denote with |0)
the vacuum state corresponding to some idempotent element ey of R 4. Then, the
vacuum space is spanned by

) =¥ T |0), (5.75)

ne”L

where z is the theta-angle normalized in the interval [0, 1]. We see that the above
state is an eigenstate of T' with eigenvalue the character e 2™, Acting with the
generator of the Galois group T on the classical vacuum corresponding to |0) we
obtain all the vacua of the covering model. We can set to 0 the critical value
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corresponding to |0) by adding a constant to the superpotential. Then, the whole
set of critical values is simply

W,, = 2mian. (5.76)

We want to derive the tt* equation in the parameter o and study the critical limit
of the solution. The chiral ring operator C,, acts on the theta-vacuum as differential
operator in the angle

: 9,
2minx ; n —
Cq lz) = E eTMRminT™ |0) = p |z). (5.77)

nez

We define the ground state metric on the vacuum bundle

g(t,z) = (T|z) = L), (5.78)

where L(t,x) is a real function of the angles and the RG scale t = |a|. The tt*
metric can be expanded in Fourier series as

glx) =Y e (F|0). (5.79)

reZ

In order to solve the tt* equation we have to impose the reality constraint of the
metric. In presence of theta sectors the coplex conjugation of the metric must be
intended as

g'(x) = [g(==)]". (5.80)

Hence, using the fact that g is real, the ¢t* reality constraint in the canonical basis
becomes

g(=) =g~ (z), (5.81)

which implies

L(—z) = —L(x). (5.82)
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Thus, the tt* equation for ground state metric reads

82
<8aaa + @) L(t, $) =0. (583)

which is a U (1) monopole equation on R?x S* as expected from the general discussion
in 5.2.2. The solution can be expanded in terms of Bessel functions as

L(t,z) = i A, Sin(2mma) Ko (4mmt) (5.84)

m=1

where the coefficients a,, are determined by the boundary conditions. In the limit
t — 0 and for x # 0 we must have the asymptotics

t—0

L(t,z) ~ —2(q(x) —¢/2)logt (5.85)

where ¢(z) is the SCFT U(1) charge of the chiral primary e*¥ at the UV fixed point.
Since e¥ has charge 1, one has ¢(z) = z € [0,1] and ¢ = guax = 1. Therefore, from
the limit

Ko(z) "= —log(z/2) (5.86)

we get the relation

1 A
3 Z Ay Sin(2mma) = <% - 5) : (5.87)
m=1

From this equality we learn that the coefficients a,,, are those of the Fourier expansion
of the first periodic Bernoulli polynomial, i.e.

21
Ay = ———. (5.88)
™m
Consistently with the discussion in 5.2.2; also for non vanishing theta angles the
components of the U(1) Berry connection in the (,-directions are vanishing. In the
case of trivial character we recover the constant solution g = 1.
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5.5 The Vacuum Space of the Interacting Theory
5.5.1 The Heine-Stieltjes Problem

We consider a LG model with N chiral fields and superpotential differential

AW = 28 Z =) ZdW z), (5.89)

1<i<j<N Zi

where dW (z;) is a rational differential with d zeros and a pole of order 1 < ¢ < d+2
at co. In the most general case dW (z;) has p = d+2 — ¢ simple poles at finite points
{v1,...,yp} € C which are all distinct, namely

dW(z) = B<Z)dz, Az) = H(Z — Ys), (5.90)

s=1

for some polynomial B(z) of degree d coprime with A(z). In the case of the Vafa
model the residues are +1 and 28 = 1/v. The fundamental degrees of freedom of
this theory are not the fields z;, but the symmetric polynomials

e = Z Ziy oo -Ziy - (5.91)

1<i1 <. <ifg <N

Indeed the superpotential is manifestly invariant under Sy permutations of the z;
and can be rewritten in these coordinates. The target manifold of the theory is the
configuration space of N identical particles on C \ {(}, i.e.

My = {(21,...,2n) € (C\ {&H) |z # 2} /Sw- (5.92)

In order to find the classical vacua of the theory one has to solve the equations
O, W(e;) = 0. This algebraic problem can be mapped to a well known differential
problem [41]. One can encode a Sy-invariant vacuum configuration {X;}°~ in a
polynomial of degree N

P(z) = H(z - =N+ Z Yeey, 2N (5.93)

The equation for the configuration {X;}, is equivalent to the differential equation
for the polynomial P,(z)
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2BA(2)PY(2) + B(2)P4(=) = ful2) Pa(2) (5.94)

where a = 1, ...., d labels the vacua of the theory and f,(z) is a polynomial of degree
d—1 such that P,(z) solves the equation above. It is clear that counting the number
of such solutions is equivalent to count the number of vacua up to permutation of
the particles. The general problem of finding the couples (f,(z), P,(z)) which solve
a second order differential equation of type 5.94 is called in mathematical literature
the Heine-Stieltjes problem, and the generalized eigenvalues f,(z) are called van
Vleck polynomials. If dIW is a generic rational differential, with just simple poles in
P!, the equation 5.94 is a generalized d-Lamé equation. The d-Lamé equation [66]
corresponds to the special case in which we set § = 1 and dW = dlog Q(z), where
Q(z) is a polynomial of degree d. Taking the same differential dI¥ , but choosing
B = 1, the superpotential YW becomes the Yang-Yang functional [65, 67] (and its
exponential the master function [68, 69]) of the si(2) Gaudin integrable model on
V®d_ the Heine-Stieltjes equation is equivalent to the corresponding algebraic Bethe
ansatz equations, and the roots of P(z) are the Bethe roots [65, 70]. In the case of
the Vafa model, solving the Heine-Stieltjes equation is equivalent by construction to
solve the equation

23 1 1
aziwzgzi_zj+ZZ_%—Z€:Z_Q:0 (5.95)
JF a

where the solutions are counted modulo permutations of Sy. The above equation
is a generalization of the Algebraic Bethe Anzatz equation for the Gaudin model,
where the z; are the analog of the Bethe roots. The Gaudin model arises from the
semi-classical limit of the solutions to the Knizhnik-Zamolodchikov, and it is natural
to expect that the relation remains valid in the present slightly more general context.
The most relevant case for us is actually when the poles at oo in P! is double. As
we alrady observed, this is a very convenient limit. In this case the Heine-Stieltjes
equation is a confluent generalized d-Lamé equation. The ODE isequivalent to the
Bethe ansatz equation for the Gaudin model with an irregular singularity [65]. A well
known results from Heine-Stieltjes theory is that for generic couplings the number
of solutions (P(z), f(2)) is at most

d— (N Jﬁ - 1) . (5.96)

By definition, this is also the Witten index of the LG theory with superpotential W
on the target space My.

91



5.5.2 Fermionic Truncation

Following Vafa [17], we wish to interpret the SQM model defined by the superpoten-
tial 5.89 on My as a theory of FQHE where N electrons are coupled to d units of
magnetic flux and an external background electric field included in dW(z), while the
Vandermonde coupling describes the Coulomb interactions between the electrons.
We observe that the multiplicity of vacua given by the Heine-Stieltjes problem cor-
responds to the Bose statistics and not the Fermi one. It is clear what happens when
we take the limit of § — 0: in a classical vacuum configuration for W the z; are
close to the vacua of the single particle model and several of them may take different
valures in the vicinity of the same one-field vacuum. Since these values differ by
orders O(f), in the f — 0 limit the vacuum configurations are simply labelled by a
set of positive integers (IVy, ...., V) which denote how many particles we put in the
vacua of the single field model zq, ..., z4. A natural guess is that, in order to get the
correct FQHE phenomenology, one should consider only the subspace

Vie CV,  dimVye = ( ]‘O (5.97)

which contains the vacua that survive in the f — 0 limit. In this limit all other
vacua € Vg, escape at the infinite end of My where two or more z; coincide.
The fermionic truncation from V to Vg is geometrically consistent if and only if
it is preserved under parallel transport by the tt* flat connection, i.e. if Vg, is a
subrepresentation of the monodromy representation. Since the flat ¢¢* connection is
the Gauss-Manin connection of the local system on P provided by the BPS branes

(for a fixed ¢ € P'), this is equivalent to the condition that the model has (;\if)

preferred branes which remain regular as § — 0 spanning the dual space of Vge,.
The fermionic truncation has already been studied by Gaiotto and Witten in a
strictly related context [65]. They show that preferred branes with the required
monodromy properties do exist. We review their argument in our notation. We
assume that the rational one-form dW has a double pole at infinity of strength pu
and d simple poles in general positions. Then we can write

B(z) = pA(z) + lower degree. (5.98)
Hence, the Heine-Stieltjes equation becomes

2BA(2)P(z) + (nA(2) + ...) P'(2) = uf(2) P(2), (5.99)
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where f(z) = puf(z). The monodromy representation is independent of 1 as long as
it is non-zero. Taking 5 ~ O(1) and p finite but very large (the reasonable regime
for FQHE), the above equation up to a O(1/u) correction becomes

A(2)P'(z) = f(2)P(z) (5.100)

which implies that up to O(1/u) corrections the zeros of P(z) coincide with the
zeros of A(z), namely the positions of the punctures. At large p these approximate
also the zeros of B(z), i.e. the vacua of the single field model. The fermionic
truncation amounts to require that their multiplicities are at most one, namely
the polynomials P(z) and P’(z) are coprime. In this regime, the product of N
one-particle Lefshetz thimbles starting at distinct zeros of B(z) is approximatively a
brane for the full interacting model. While the actual brane differs from the product
of one-particle ones by some O(1/u) correction, they are equivalent in homology and
this is sufficient to study the ¢£* monodromy. Since it is dual to the space of branes of
the N-particles Fermi model, the fermionic sector Vg, € V defines by construction
a sub-representation of the tt* monodromy. So, differently from the case of non-
interacting electrons, the fermionic sector is selected by the ¢¢t* solution and not by
the statistics.

6 Braid Group Representations in {t* (Geometry

To compute the monodromy representation of the Vafa model in the UV approach
we need a more in-depth understanding of ¢#* geometry. It turns out that for a
special class of theories the UV Berry connection is a Kohno connection [72, 75].
This appears in the theory of the braid group representation [71, 74] as a solution
of the Knizhnik-Zamolodchikov equations [73]. In this section we go through the
details of this beautiful relation.

6.1 t* Monodromy and the Universal Pure Braid Repre-
sentation

Following the strategy discussed in 3.2.3 we rescale the critical values w; — fw;.
We consider w; € P, where P is an open domain in the space of couplings such that
the chiral ring is semi-simple. We note that if w; € P also fw; € P for all g > 0,
so the limiting point indeed lays in the closure P of the semi-simple domain. As
we approach the UV fixed point of the RG the #* equations imply that 0Q — 0.
Since ) is Hermitian, we have also @) — 0, so that limg_,o () is a constant matrix.
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Naively, to get the UV Berry connection we just replace this constant matrix in the
the basic formula 3.89. However, this is not the correct way to define the § — 0
limit. Indeed, the formula 3.89 is derived in the canonical trivialization, which
becomes too singular in the UV limit: the chiral ring R is believed to be regular
(even as a Frobenius algebra) in the UV limit but, since the limit ring is no longer
semi-simple, its generators are related to the canonical ones by a singular change of
basis. A trivialization which is better behaved as f — 0 is the natural one given
by the orthogonal idempotents e;. Starting from 3.89 and performing the diagonal
gauge transformation, we get

d(wk — U)l)

A = hxQuhy — Opdlog hy, (6.1)

Wy — Wy

where h; = \/(e;). By the residue formula 3.80, the norm (e;) should be a mero-
morphic function of the critical coordinates with poles at w; = w; for [ # i. Indeed,
the superpotential becomes degenerate when two critical points coincide and, for a
strictly Morse superpotential, the approach of two critical values imply the same for
the corresponding critical points. In the f — 0 limit the connection Ay becomes
locally a meromorphic one form with simple poles at w; = w; for [ # j and invariant
under w; — w; +c and w; — Aw;. In addition, its contraction with the Euler vector
£ = >, w0y, has no poles. Hence, in the UV limit the Berry connection D = D+0
can be written locally as

D=d+ Y Bl-jd(w"—_“’j), (6.2)

— Wi — W
1<i<j<d

where B;; are holomorphic functions in w; —wj, homogeneous of degree 0. Moreover,
they should reproduce the correct quantum monodromy

> Bi

1<j

exp = (=1)"exp[2miQ], up to conjugacy, (6.3)

where Q is the U(1)gr generator at the UV fixed point written in the natural ba-

n

sis which makes it symmetric traceless. The prefactor (—1)" is generated by the

anomalous term

d
Lg(—dkldlog hl) = gékl—ﬁ, (64)

B

where n is the number of chiral fields. Indeed, the norm (e;) scales homogeneously
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as A~" under the rescaling w; — Aw;. The matrices B;; are restricted to satisfy a
set of equations which follow from the flatness condition

D? =0, (6.5)

as predicted by the tt* equations in the UV limit.

6.2 Complete and Very Complete {t* (Geometries

We recall the definition of configuration space Cy of d ordered distinct points in the
plane

Ca = {(w1, ..., wq) € Cw; # w; for i # j}. (6.6)

The cohomology ring H*(Cy, Z) is generated by the <;l> 1-forms

1 d(w; — w,)
= Wi = 6.7
Wij =W 2T w; — wj (6.7)
which satisfy the relations [76]
wij N Wik + Wik N Wri + Wi A wij = 0. (68)

The fundamental group P; = m1(Cy) is called the pure braid group of d strings. The
configuration space of d unordered points is the quotient space

Yy = Ca/Sq (6.9)

and its fundamental group By = m(Yj) is the Artin braid group of d strings. It is
an extension of the symmetric group Sy by the pure braid group

15 P 5B, 58, —1. (6.10)

By has a presentation with d — 1 generators ¢; and the relations

0;0;+10; = 0410041 = 0;410;0;+1, 0,05 = 0,04 for |Z —]| Z 2. (611)
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We define the critical value map

w:P =Yy, t — {wy, ..., wq}. (6.12)

For semi-simple chiral rings the critical values provides a set of local coordinates for
the space of couplings, implying that the above map is an holomorphic immersion.
We say that the tt* geometry is complete if, in addition, w is also a submersion.
This is equivalent to say that w is a local isomorphism and so a covering map from P
to Y;. The perturbations of the UV fixed point are generated by the chiral primary
operators ¢ € R. Not all these deformations can be included in the superpotential,
since for some of them the couplings can be UV relevant and the theory can develop
Landau poles. Hence, being complete means that all the chiral primary operators are
IR relevant or marginal non-dangerous. In this case the dimension of the manifold
of physical couplings is precisely d.

We also say that tt* geometry is very complete if the canonical projection p :
Cq — Yy factors through the critical value map w. This means that the manifold
Cy plays the role of cover space for P and denoting with s : Cy — P the cover
map we have p = w o s. If tt* geometry is very complete we can pull-back the
vacuum bundle V — P to a bundle over Cy and consider the tt* geometry on the
configuration space Cy. In a very complete tt* geometry, pulled-back to Cy, the
local expression 6.2 becomes global, since in this case the w; are global coordinates
and the partials 0,,,W define a global trivialization of the bundle R — C,. In the
very complete case the entries of the matrices B;; are holomorphic functions on Cy,
homogenous of degree zero and invariant under overall translation, which satisfy
6.3. We conclude that the matrices B;; should be constant. In the general case the
B,; are only locally constant and can have jumps under certain perturbations of the
critical values wy. Being very complete means essentially that the theory has no
wall-crossing phenomena (see [30]). The B;; are further constrained by the flatness
condition D? = (, which leads to the theory of Kohno connections [75, 77]. If a
connection D = d + A of the form 6.2 satisfies D? = 0, then the following relations
hold

[Bij; sz + B]k] = [Bl] + Bik; Bjk] = O7 for i < j < k, (6 13)
[Bij, Br] = 0, for distinct 1, ], k, 1. '

The above equations are called the infinitesimal pure braid relations. A connection
of the form 6.2 where the constant d x d matrices B;; satisfy the above relations is
called a rank-d Kohno connection. A connection of this type defines a representation
of the pure braid group P, of d strings
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o:P;— GL(d,C) (6.14)

through the parallel transport on the configuration space Cy

o:v€Cy— Pexp(— /A) € GL(d,C). (6.15)

v

The family of representations o parametrized by the matrices B;; satisfying the in-
finitesimal pure braid relations is called the universal monodromy [77]. We conclude
that for a very complete tt* geometry the UV Berry connection is the universal mon-
odromy representation of the pure braid group P, of d strings specialized to Kohno
matrices B;; computed in terms of the U(1)x spectrum of the UV chiral ring. A
very important class of very complete tt* geometries are the symmetric ones. In this
case the Kohno matrices satisfy

(Bﬂ-(i)ﬂ-(j))ﬂ-(k)ﬂ.(l) = (B’ij)k‘la for all m € S, (616)

In this case the connection D descends to a flat connection on a suitable bundle
V — Yy, providing a representation of the full Braid group [72, 75, 77]. This happens
when the critical map w is an isomorphism.

6.3 Ising Model and SQM

It is known that N' = 4 SQM is closely related to the Ising model in 2d [48]. The ising
model consists in a free massive Majorana field W(w) which satisfies the Euclidean
Dirac equation

(@ —m)¥(w) =0, (6.17)

where m is the mass of the field and

S0 e e

The space of solutions to the Dirac equation is endowed with an inner product,
which coincide with the hermitian norm of the first quantized Hilbert space
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HWW:i/U@+F+¢W43d%4 (6.19)

where W_, _ must be L? functions on the plane. It is possible to rephrase the Dirac
equation as cohomological problem. The Majorana field ¥(w) is not univalued on
the W-plane, but has complicated branching properties because of the insertion of
topological defect operators O (wy) at points wg. The OPE

is singular as w — wy. One considers two possible defect insertions at wy,, which we
denote by oy, ux [48]. The OPEs of these operators with the Majorana field are

W (o) ~ £ (= w) ™ pew), Y (wow(w) ~ — (1~ @) o)

W () ~ 5= w) o), W (w)m(w) ~ (i~ 0) ()

up to O(|u — w|*?) contributions. Although the defect operators j, o, have the
same OPE singularities with the fermion field W(w) as the Ising order/disorder
operators, they are not in general mere Ising order/disorder operators since globally
they have different topological properties. The fermion field ¥(w) is univalued on a
suitable connected cover of the plane punctured at the insertion points. By Riemann
existence theorem [78], this can be extended to a cover of the Riemann sphere

W:y P! (6.22)

branched at {wy, ..., wq, 00}. In case of a cover of finite degree m, f is specified by
its Hurwitz data at the (d + 1) branching points [78]. The Hurwitz data consist of
an element 7, € S, for each finite branching point wy, while 7o, = (mmo....74) " .
The monodromy group of the cover is the subgroup of the permutation group .5,
generated by the m,’s. When m is infinite the monodromy group is an infinite group
and the geometry is a bit more involved. Hence, the topological defect operator
O (wy) inserted at the k-th branching point is specified by the choice between o-
type and p-type and the monodromy element 75 € .5,,.

One can replace the Majorana field ¥(w) with the 1-form on the complex plane

Y(w) = U, dw + U_dw. (6.23)
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The map ¥ — 1) is consistent with the structure of the Hilbert space of the Dirac
equation. Indeed, the hermitian product of the wave functions is identified with the
inner product of forms

ol = [ n s (6.24)

It is natural to introduce the operators D, D which act on forms as

Dy = Y + dw A1), Dy = O + dw A ). (6.25)

These operators are nilpotent

D2=D" =DD + DD =0, (6.26)

and satisfy the Kahler-Hodge identites 3.24 with the Lefschetz operators L, A on the
plane. In particular, we have

D =i[AD). (6.27)

It is easy to see that the Dirac equation for m = 1 can be written as the cohomo-
logical relations

Dip = Dip = 0, (6.28)

and using the above Kahler identity we also have

D'y =0. (6.29)

Hence, by standard Hodge theory, the normalizable solutions to the Dirac equation
are the harmonic representatives of D-cohomology classes in the space of L? forms
on the complex plane. One considers the following system of solutions [48]

Yi(2;¢) =(V (W (2)) (wl)"'aj(wj)m#d(wd))%+
(W_(W(2))p (wl)“'aj(wj)-uud(wd»w

7(w;)

(6.30)
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where z is a local coordinate on the cover ¥, ¢ € P! is an arbitrary parameter such
that |¢| = 1 and the normalization constant is the Sato-Miwa-Jimbo 7-function

7= (p(wy)...p(wn)). (6.31)

The wave functions v;(w, () are singular at the branching points w;. These singu-
larities can be computed using the OPEs 6.21 and encode the cohomology class of
the j-th vacuum. We can use the hermitian scalar product 6.24 to define a ground
state metric on the Hilbert space spanned by the above Ising one-forms. Studying
variations of the metric in the branching points wy, one finds that the bundle over
fiber spanned by the local system of solutions 6.30 has the same tt* geometry of
the vacuum bundle of a 4-SQM model with semi-simple d-dimensional chiral ring
[48]. In this correspondence the insertion points wy, are identified with the critical
coordinates on the coupling constant space of the SQM model. Hence, 4-SQM and
the off-critical Ising model provide two equivalent description of the same geometry.
The relation between the Ising model on the W-plane and 4-SQM is especially sim-
ple when the superpotential depends on a single chiral field z. Let us consider a
N = 4 Landau-Ginzburg model on a Stein space ¥ and a Morse superpotential WW.
Comparing the expression of D, D with the susy charges

Q=090+ dWA, Q=0+ dWA, (6.32)

we see that the holomorphic map

W:¥—=C (6.33)
provides the relations

Q=W"D, Q=WD. (6.34)

Namely, one can map the Schroedinger equation for the vacua of the LG model on
> to the Euclidean Dirac equation on the Wplane. In this correspondence, the one-
form 4;(z, () is identified with the Schroedinger wave-function of the i-th vacuum
corresponding to the idempotent e; € R,,.

We see that the formulation in critical coordinates is universal. The information
which distinguish different models and make precise the dictionary between SQM
and Ising model are encoded in the Hurwitz data. The wave functions are multi-
valued on the W-plane with branching points just given by wy. The Hurwitz data
should be chosen such that ;(z, () are univalued in the coordinate z of the target
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manifold . This space can be seen as a cover of the W-plane with cover map
W . ¥ — C branched at the critical points wy. By the Riemann existence theorem,
the Hurwitz data specify uniquely up to isomorphism the cover (W, X)) of the punc-
tured plane.

A similar formula for the vacuum wave functions in the N-fields case can be con-
structed as follows. We consider the inverse image of a point w on the W-plane.
This has the homotopy type of a bouquet of N — 1 spheres [30, 37]. We set a basis
of cycles S,(w),a« = 1,...,d for the middle dimensional homology of the fiber. A
vacuum wave function ¥ is a N-form on the target space X. Pulling-back ¥ on the
w-level curve of the superpotential and integrating it over the cycles S, (w), we get
a set of d one-forms on the W-plane

Ya(w) = /Sa(w) v (6.35)

If we transport the homology cycles along a closed loop along in the W-plane
(punctured at the critical values) we come back with a different (integral) basis
of (N — 1)-cycles S/, (w) = MasSs(w). The integral matrix M,z is described by the
Picard-Lefshetz theory [30]. Thus, the 6.35 is best interpreted as a single but mul-
tivalued wave-function ¢(w) on the W-plane branched at the critical points, whose
monodromy representation is determined by the Picard-Lefshetz formula. Let ¥ be
the minimal branched cover of the W-plane such that ¢, (w) is single valued. The
map W : X — C factorizes through ¥. Pulling-back the wave forms on X by the
covering map w : % — C, one can replace the original LG model with N chiral fields
and Morse superpotential W with an LG model with target space ¥ and superpo-
tential w given by the factorization of W thorugh ¥. Hence, we can use the formula
for the single field case and write

_dw
(T (wy)
Cdw

7(w;)’

Yi(w; Q) =(Vy () pa (wr)...03(w;)... pra(wa))
(6.36)
(U_(w)py(wq)...05(w;)...pug(wq))

The branes By (() of the model on the W-plane are straight lines starting at the
critical points wy and strethced towards the Re w/( = —oo direction. Denoting
with I'x(¢) the support of By on X, we can define the brane amplitudes

(Tr(O:) :/r o ePW/CHBCDY, (w3 C). (6.37)
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In the physical 2d (2,2) LG model, the UV limit consists in sending to zero the overall
coupling 5. But, as one can see comparing the Dirac equation with the vacuum
equation 6.28, 3 is also the mass m of the Majorana fermion in the context of the
QFT on the W-plane. Hence, the physical UV limit of the 2d LG model coincides
with the UV limit of the fermion theory on the W-plane. As 5 — 0 the left and right
modes of the fermion ¥ decouple and the multi-valued correlation functions become
sums of products of left/right conformal blocks. The statement holds (roughly) for
all tt* quantities: in the UV they become some complicate combination of conformal
blocks. Then the differential equations they satisfy, the tt* equations, should be
related in a simple way to the PDEs for the conformal blocks. From this viewpoint
the fact that in the UV limit the Berry connection, coinciding with the ¢¢* Lax one in
the 8 — 0 limit, has the Kohno form, which is typical of the monodromy action on
conformal blocks, is not surprising. In connecting the t¢* monodromy with the braid
representation of conformal blocks, we need to use the precise disctionary between
the two. From 6.30 we see that the wave functions, being normalized, are to be seen
as ratios of n-point functions in the W-plane CFT

(Up(w)pg (wr)...oi(w;)... pra(wgq))
(1 (wr).o i (wn))

(6.38)

rather than correlators. Hence, the actual braid representation on the CF'T operators
is the ¢t* one twisted by the one defined by the 7-function.

6.4 Hecke Algebra Representations of the ¢{t* Connection

We want to determine the matrices B;; for a very complete tt* geometry. B;; is the
residue of the pole of the UV Berry connection as w; — w;. In order to compute
B;; it is enough to consider this limit from the point of view of the 2d model.
Without loss of generality, we may deforme the D-terms so that the only light
degrees of freedom are the BPS solitons interpolating between vacua ¢ and j of mass
2|w; — w;|. We may integrate out all other degrees of freedom and we end up with
an effective IR description with just these two susy vacua. The theory that we
get may be not UV complete, but this is not an issue, since it is just an effective
description valid up to some non-zero energy scale. From the viewpoint of SQM,
the 2d BPS solitons are BPS instantons. The effect of these BPS instantons is to
split the two vacua not in energy as it happens in non-susy QM, but in the charge
q of the U(1)gr symmetry which emerges in the w; — w; — 0 limit. In this limit
there is also an emergent Z, symmetry which interchanges the classical vacua. The
U(1)g symmetry is broken off-criticality to Zs and the eigenstates are the symmetric
and antisymmetric combination of the classical vacua [28, 30]. The corresponding
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charges must be opposite by PCT symmetry. We renumber the critical values wy
such that w;, w; are wy, ws. With a convenient choice of the relative phases of the
two states, the upper-left 2 x 2 block of the U(1)g generator Q takes the form

Qupper—left = —A (0 1) = =)Aoy, (6.39)
10

for some constant \. We have to remember that in the trivialization given by the

idempotent basis the UV Berry connection gains the extra piece dy;dlog h; which

generates an additional term in the above formula proportional to the identity. To

be general we consider a shift by a constant

) <(1) é) Y ((1) (1)) +u (é (1)> (6.40)

From the Ising model point of view, at each of the two critical points w; o we
may insert either a o-like defect or a p-like one and different choices correspond to
different vacua of the original LG theory. The matrix o; has the effect of flipping
the two-vacua system, which corresponds to the exchange o <+ 1 in the correlators.
It is therefore convenient to introduce a two-component notation

S (w) = ("’f(“”) . (6.41)

ik (w)

The UV conformal blocks for the effective theory with two vacua have the form

(Vi (w)X1,0(w1)B2,0(ws)) € VI @ V2 (6.42)

where V, ~ C?,a = 1,2, are two copies of the fundamental representation space
of sl(2,C). We note that the amplitudes representing the vacua span only a two
dimensional subspace of V; ® V5 of dimension 2. The action of By can be extended
on the full four dimensional space of conformal blocks as

Bis = =\ (0'_1|_®0'3+0'1_®0'_2~_)—M0'§®U§7 (643)

where o is the Pauli matrix acting on the a-th copy V, of C2. We conclude that
the UV Berry connection D of a very complete tt* geometry with d vacua has the
general form
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D=d—2% (\ysis! + puysist) -

1<j

(6.44)

and act on the sections of a bundle V' — C; whose fibers are modelled on the vector
space

V=V @V ®.....® Vg, (6.45)

spanned by the conformal blocks of Ising type. The matrices s§,¢ = 1,2, 3 are the
su(2) generators acting on the V,, ~ C? factor, namely

S?:1®....®1®%04®1®....®1. (6.46)
The natural connection on the CFT conformal blocks may differ from D by a line
bundle twisting; Indeed, the d-point functions representing the vacua are rescaled by
the normalization factor 7(w;) = (g (w1)...pn(wy,)). This corresponds to replacing
D — D+ 1-dlog f for some multivalued holomorphic function f.
The actual brane amplitudes live in a rank d sub-bundle V of the rank 2¢ bundle V.
The tt* Lax equations requires this sub-bundle to be preserved by parallel transport
with the connection D. To see this, consider the total angular momentum

Ly=> s{, (=123 (6.47)

a

One can easily check that Ly commutes with all the infinitesimal braiding B;; and so
the eigenbundles V,, of L3 are preserved by the parallel transport of D. In particular,
since the correlators representing the vacua has d — 1 insertions of p-type and a
single insertion of o-type, the vacuum bundle corresponds to the Ls-eigenbundle
with eigenvalue m = 1 — d/2. So, we have

V = Vl_d/g. (648)

The constants \A;j, i1;; are restricted by further conditions:
e D is flat acting on V

e Since D coincide with the Lax connection in the UV limit, the monodromy
representation must be arithmetic.
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o If the very complete ¢t* geometry is symmetric, the constant A;;, p1;; must be
indipendent from i, j, i.e. A\jj = A, pi; = p.

A well known solution to the Knizhnik-Zamolodchikov equations is [75, 77|

Aij = )‘7 Hij = 0, (649)
which gives
D—d+ax§:—ﬁ§—d@»—w) (6.50)
- iy Vi Wi Z 7 .

This connection is automatically flat for all A when acting on sections of the big
bundle V' and is also symmetric. On the other hand, it is easy to check that the
only symmetric solution to the flatness condition for a connection of the form 6.44
is given by 6.50. We conclude that a symmetric very complete tt* geometry has a
UV Berry connection of the above form.

Since D is flat on the larger bundle V', the UV limit of the ¢t* linear problem,
DV =0 with ¥ € I'(Cy, V), may be extended to the big bundle

DY =0, W el (Cy V). (6.51)

in which we recognize the sl(2) Knizhnik-Zamolodchikov equation for the d-point
functions in the 2d WZW model with group SU(2) [73]. In that context A is quan-
tized in discrete values

2

A= —— 6.52
k+2 ( )

for the 2d SU(2) current algebra at level k € Z. Since the connection 6.50 is invariant
under the symmetric group Sy, the representation of the pure braid group P, extends
to a representation of the full braid group of d strands By. A representation of this
type is a Hecke algebra representation [77], which we briefly recall. Given g € C*,
the Hecke algebra of the symmetric group Sy, Hg(q) is the C-algebra [74] with
generators 1, gy, ..., g4—1 and relations

9i9i+19i = Gi+19i%i+1,  9i95 = 959, [P — 7] =2, (g +1)(9:. —q) =0. (6.53)
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For ¢ = 1 we just recover the group algebra C[S,] of the symmetric group. Compar-
ing the relations of the braid group B; with the above ones, we see that the map
0; — g; provides an algebra homomorphism

w : C[By| = Hqa(q). (6.54)
A linear representation p of the braid group By is called a Hecke algebra represen-
tation if it factorizes through w. In such a representation the generators p(g;) have
at most two distinct eigenvalues: 1 and gq.

The Hecke algebra may be rewritten in terms of generators e; = (¢ — ¢;)/(1 + q)
satisfying the relations

el = e, e;e; =eje;, |j—1] > 2, (6.55)

eieiv1€; — B e = eip1€iei — B e (6.56)

with 8 =2+ ¢ + ¢~'. The Temperley-Lieb algebra A4(q) [79] is the C-algebra over
the generators 1,eq, ..., e4_1 satisfying the relation 6.55, while the relation 6.56 is
replaced by the stronger condition

€i€i+1€; — ﬁ_le,- = 0. (657)

A special class of Hecke algebra representations of By are the ones which factorize
through the Temperley-Lieb algebra A4(q). It is shown in [75] that the monodromy
representation of the flat connection 6.50 is a Hecke algebra representation of the
braid group B, which factorizes through the Temperley-Lieb algebra Ay(q) with

q = exp(mi\) (6.58)

given by the correspondence

o= q M g—1+qe), i=1,...,d—1. (6.59)

The eigenvalues of the monodromies o; belong to the set

{g"*, —q7"}. (6.60)

106



By arithmeticity of the ¢¢* monodromy representation, in the present context we
have to require the eigenvalues of the braiding matrices to be roots of unity. Hence,
the Hecke algebra representations which appear in ¢t* are the ones with A € Q and
q a root of 1. Moreover, the identification of D), with the UV Berry connection of
a very complete tt* geometry entails that its monodromy representation is unitary.
As we shall see momentarily, the monodromy representation of the braid group By
defined by restricting the Knizhnik-Zamolodchikov connection to the tt* sub-bundle
is isomorphic to the Burau one, which is known to be unitary [71, 80, 81]. We
note further that the Knizhnik-Zamolodchikov connection preserves not only the
tt* vacuum bundle V, but also all the eigenbundles V,,, € V of given total angular
momentum, i.e.

VEVme (L2 =11+ 1) =(Ls—m)p =0 (6.61)

with m = 1,1 — 1,1 —2,...,—[, for [ € IN.

The Braid group representations which factorize through the Temperley-Lieb algebra
appear in many areas of mathematical physics. In particular, they describe the
braiding properties of the (p, ¢) Virasoro minimal models [82]. In Virasoro minimal
models the primary operators have dimension

(pr —qr)’ = (p— q)?
4pq

hrs:

)

, 1<r<qg-—1, 1<s<p-1. (6.62)

The braiding the operator ¢, correspond to the Temperley-Lieb algebra with ¢ =
e2miA — ¢27mia/P  The fusion rule for P12 18

P12 P12 =1+ @13 (6.63)

Transporting a field ¢ 2 around another one we get a matrix with eigenvalues

{627'l'i(h1’372}1,1’2)7 e2ﬂ'i(h1,172h1’2)} — {6271‘1'(]/2])7 e*ﬁﬂ"iq/Qp} (664)
where one has
q q
hi1 —2h1o=1—-3— hig—2h1o = —. 6.65
1,1 1,2 2p7 1,3 1,2 2p ( )
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7 tt* Geometry of the Vafa model

7.1 Generalities

In this last section we want to study the tt* of the Vafa model for FQHE. We
consider N electrons moving on the plane C. We denote with z;,7 = 1,..., N and
ZTq,a = 1,...,n the positions of electrons and quasi-holes respectively, and with
Casa = 1,..., M the support of the polar divisor D, parametrizing the magnetic
flux. We take the d = M + n points (,, x, all distinct. Hence, the target space of
the SQM Vafa model of FQHE is

Xan = {(21, .y 2n) € (C\ {xa,Ca})N }zi # zj, for i # j} /SN. (7.1)

In the experimental set-up N is very large, while N/d = v and n are fixed. Despite
this, we shall keep N arbitrary® as our arguments apply any N. The superpotential
of the LG model is

W= 521%(%‘ - Zj)2 + Z (/Mi + Zlog(?«’z’ — T,) — Zlog(z,» - Ca)) , (7.2)

which can be rewritten in terms of the elementary symmetric polynomials as

n M
W = Blogdiscr(P) + pe; + Z log P(x,) — Z log P((a), (7.3)
a=1

a=1

where P(z) = 31 (—1)FerzV=*. As explained in section 4, we have introduced
the coupling p to make the problem better behaved. As long it is non zero, it can
be fixed to the value that we prefer, since the ¢¢* monodromy is indipendent from
the couplings. We note that the superpotential W is not univalued in X. In this
model we have two kinds of couplings: the residues of dW at its poles and the
positions x,, (,. The residues of the poles at x, and (, are frozen to the values 1
by the arguments in 4 and do not play any role in the discussion. The only relevant
coupling is 4. Working in a periodic box § is frozen to the rational number 1/2v.
On the other hand, when the electrons move on the plane the model is well defined
for arbitrary values of 5. Since the monodromy representation is independent of [
we are free to deform it away from its physical value 1/2v to simplify the analysis.

3Because of Fermi statistics we should demand at least N < m + M.
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The non-frozen couplings are the x, and the (,. These form a set of d distinct points
in C in which are identified modulo permutation the ones with equal charge. The
manifold of essential couplings is therefore

The (, are homogeneously distributed in order to reproduce the macroscopic mag-
netic field. The details of the distribution are not important for our purposes and
we can focus on the projection on Y,,. The fundamental group 7 (P) contains B,.
The UV Berry connection yields a family of unitary arithmetic representations of
71 (P). Restricting to B,, we get a monodromy representation

—

p(0) : B, = GL(Vy) (7.5)

which is parametrized by the character g of the Galois group of the universal cover
N+d— 1)

m1(Xagn). The dimension of the vacuum sector at fixed g is dan = < N

which reduces to di N= ( ]C\lf

The fundamental group of the target manifold Xy v is

) after the fermionic truncation discussed in 5.5.

m(Xan) = B(N, So.at1), (7.6)

where B(N, S, ,,) is the braid group of N strings on the surface S, of genus g with
p punctures. This has the following presentation

generators : 01, 09, ..., ON_1, 21, 22, -+ Zp—1

0;0;410; = 0410041, 0,0 = 0;0; fOI'|Z - j| Z 2,

N - _ : 1, 1, . -1, 1
relations :  z;0; = 0;2; for i # 1, 01 207 Zj = zj0y 2,01,

(7.7)

1, -1, _ 1, 1 -
o, %01 2z = zo, zjo, for j <.

The o; generates a subgroup of B(N, Sy 4+1) which is isomorphic to the Artin Braid
group By. The abelianized Galois group B(N, Sy 441)"? ~ Z*1 is the homology
group of the target space generated by o, zq,...,24. The dual cohomology group
H' (X, n,7Z) has the generators

1 1 1
—dlog discr(P), —dlog P(z,), leog P((a)- (7.8)
i

271 271
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For each of this generator we have an angle

97 Cba, Pa- (79)

It is natural to consider the quasi-holes and the magnetic-flux units to be indistin-
guishable and take the corresponding angles to be all equal ¢, = ¢ and ¢, = .
This is equivalent to take the quotient group of Hy(X4n,Z) dual to the subgroup
of H' (X, n,Z) generated by the differentials

%dlog discr(P), %dl:[log P(z,), %dlogl} P(Cy), (7.10)
and define the LG model on the Abelial cover Ay = A/H, where H is the kernel
of the group homomorphism H;(Xy4n,Z) — Gal(Ag). In particular, the Galois
group of the cover is Gal(Ay) ~ Z3 and so we have three angles 0, ¢ and . Setting
qg=e" t=e"and y = e we conclude that in the LG model with indistinguishable
defects the BPS branes span a free module of rank d v over the ring Z[¢*!, t*!, y*1].
The normalizability of the ground states requires to ¢,t and y to be roots of unity.
Moreover, as we are going to see, the physical FQHE requires further truncations.

7.2 The Physical FQHE

The FQHE quantum system is a particular version of the 4-susy LG model with
superpotential W given previously. Quasi-holes and magnetic-flux units are indis-
tinguishable, but we have still to fix the characters 6,¢ and . The roles of the
punctures (, is to reproduce the uniform constant magnetic field B through the iso-
morphism discuss in section 4, which holds for the trivial character ¢ = 0 mod 2.
Since the quasi-holes are just insertion of mangetic fluxes with the opposite sign, it
is natural to take also ¢ = 0 mod 27. We remain with just one non-trivial angle
f associated to the Vandermonde coupling 8. In order to have normalizable states
the angle # should be a rational multiple of 27

92#(14-%), a€ZbeN, |ged(a,b)=1 and —b<a<b (7.11)

The tt* reality structure relates # with —6 and so a with —a. So, if a phase with pair
(a,b) exists, it is natural to expect also a dual phase associated to (—a,b). These
corresponds to the same representation of the Galois group and we can write (+a, b)
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with 1 < a < b to cover both phases at once. The LG model which we obtain with
these restrictions is defined on the abelian cover of X associated to 6

AG = {p : [O? 1] — X,po :p*}/ ~b; (712)

where

. {pm —p(1) 713)

p=p-o*in HY(Xyn,Z), k € Z.

The dimension of the generic #-sector of the ground state Vj corresponds to the
bosonic statistics dg . To get the correct physical counting of states we need to
consider its fermionic truncation, i.e. to keep only the states which are stable as
B — 0. Since the monodromy is independent of 5 (as long as it is not zero), and
its limit as § — 0 is smooth after the fermionic truncation, we may set 5 = 0 while
keeping track of the non-trivial topology of the target space through the character
6. In the language of [41] this is called #-limit. According to the discussion in 5.2.2,
switching a non zero 6 is equivalent to pull-back the operators ¢, of the fermionic
chiral ring Rr on Ag and define the basis

(I)a(e) = w*¢a€i9h’ (714)

where @ : Ay — X and the chiral field e is proportional to
discr(P)%/*™ = 1_[(2Z — 20 (7.15)
i<j

It follows that the entries of the t#* monodromy matrices will take values in Z[g*],
with ¢ = €. Keeping into account the Jacobian factor arising from the map {z;} —
{ex}, the vacuum wave functions in terms of z; contains the factor

[z =2 0<6<on (7.16)

1<j

The comparison with the Laughlin wave function 2.25 leads to the identification

1 0 a
=14+ =94+ = 1
y +7T b (7 7)
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which gives 1 < 1/v < 3. In particular, the minimal b-torsion character, a = 1
yields the FQHE principal series

b

YT x 1

beN. (7.18)

Although this series is the most natural LG quantum systems of the form 7.2, it is by
no means the only possibility in the present framework. We are going to discuss the
allowed values of the filling fraction in the last section. The above analysis recalls
in some sense the idea of Jain’s composite fermion theory [6]. If we consider the

2mi(146/7) a5 the Aharonov-Bohm phase generated by taking an electron

character e
around another one, we can interpret the degrees of freedom of the Vafa model in
the 6-limit as free fermions carrying % = 1/v — 1 units of magnetic flux. Similarly
to the Jain’s proposal, the picture emerging from the 4-SQM model is that we can

treat the fractional quantum Hall effect as an integer one for composite fermions.

7.3 Fermi Statistics and Hecke Algebra Representations

The fermionic truncation allows us to effectively put the coupling S to zero and
consider the LG Fermi model of N chiral fields with superpotential

Wie;) = Z W (z) (7.19)

where the one-field model is

W(z) =pz+ Y log(z —z4) — Y _log(z — Ca). (7.20)

a=1

Following [65] we can prove that the tt* geometry of the single particle model is very
complete. Since the monodromy representation is indipendent from u, we can take
i > 1. The equations for the classical vacua

1 1
M:Za::z_ga_zajz_%, (7.21)

have d = n + M solutions of the form z = x, + O(1/u) or z = (, + O(1/u). Up to
an irrelevant rescaling by a factor u~!, the set of critical values is
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1
{wy, oo, Wnin} = {21,y 20, Gy ooy Cu  + O (; logu) . (7.22)

The cover of the coupling constant space P = Cyp1/S, X Sy is the configuration
space of n + M distinct points C, s, which can be seen also as the cover of the
space Y,y = Crinr/Snin where the critical map w : P — Y,y take values. By
the above equality we see that the canonical projection p : C, 1y — Y, 12 factorizes
thorugh the critical map. This shows that the tt* geometry of the one-field model
is very complete and so the UV Berry connection is a flat s/(2) Kohno connection

- ad(w; —wy)
D=d+2\ L)t I 2
ngse — (7.23)
1<)
which provides a monodromy representation of m(Y,11) = By acting on the
space VM — Q,V: with V; ~ C?,i = 1,...,n + M, restricted to the subspace V;

with total angular momentum

Ly=1—(n+ M)/2. (7.24)

Taking the projection p : Y, 1y — Y,, we obtain a monodromy representation of the
subgroup B,, which factors through a Temperley-Lieb algebra with ¢ = ™.

The vacuum bundle of the N particle model is

N
V=AWV ->7P (7.25)

and the UV Berry connection is the one induced on the N-th rank antisymmetric
representation by the single field UV Berry connection. It is convenient to introduce
the “Grand-canonical ” bundle

d d
d
W=EVy — P, rank W = =27 7.26
SAS > (y) 70

where the total number of states is 2¢ since each of the d = n + M one-particle
(vacuum) states may be either empty or occupied. In the above direct sum of
bundles we included V, which does not correspond to any LG model, since the
number of fields is zero. This can be done without any harm by the isomorphism
Vo >~ V4. The bundle V,; corresponds to the trivial v = 1 phase and should have a
trivial monodromy representation. It is easy to see that
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fiber(W) ~ V%, (7.27)

where V®? is the fiber of the big bundle V' — P. According to the discussion
in section 6.4, one associates to each vacuum of the single particle model a spin
degree of freedom sg. A spin down (up) corresponds to the insertion in the Ising-like
correlators of a p (0)-like operator at the critical value w; of the j-th vacuum. We
can define a correspondence with the fiber of the Grand bundle as follows: a spin
down (up) means that the j-th vacuum is empty (occupied). Hence, a vacuum with
occupied state {ji,....,jn} corresponds linearly to the element of the N-particles
Fermi chiral ring

> sign(0)es, (20(1)ei (20@)---€ix (20)) € (Ri), (7.28)

oESN

where €;(z),7 = 1,...,d are the orthogonal idempotents of the one-particle chiral
ring R;. So we conclude that

WV, (7.29)

and the linear PDEs satisfied by the brane amplitudes are just the si(2) Knizhnik-
Zamolodchikov equations up to a twist by normalization factors. In this correspon-

dence the angular momentum L3 = Z?Zl

s3 is related to the operator number of

particles by

- d
N=Ls+3, (7.30)

where L, = Z;l:l Sz are the generators of s/(2)gi,e. The underlying one-particle
model, having a very complete symmetric tt* geometry, defines a Kohno connection
acting on V®? that we argued has the sl(2) KZ form up to an overall twist, i.e.

Wif_r;‘"j) +£(0)>  dlog(w; — wy). (7.31)

w.
¢ i<j

D =d+ 2X\(0) Z shs1

1<j

As we shall see, it turns out that the constant £(#) is related to A(f) by consistency
conditions. The factor A(#) should be some piece-wise linear function of § and in
the context of physical FQHE is related to the filling fraction labelling the different
quantum phases. We are going to determine it in the next section. The eigenbundles
Vy are preserved by parallel transport with D, and hence define a monodromy
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representation of B,, which is the one associated to the N-field Fermi theory. These
representations are generically reducible, since also the eigenbundles of the total
angular momentum L? = >, L,L, are preserved by parallel transport. We have the
monodromy invariant decomposition

/2

W= P G Vn Vi = ker (L2 — 1(1+1)) (\ker (Ls —m)  (7.32)

1=0, I=1N m=-l
and

/2

V= P Vim-n-dip2- (7.33)

I=|N—d/2|

Since the monodromy representation centralizes with respect to sl(2)gi,s We have

Vim =~ Vi, —l<m, m' <1, (7.34)

from which it follows that the monodromy representations Vy, Vy_n are isomorphic.
The rank of V,,, is given by the Catalan triangle

d
ranle,m:(ddl)—(d Cll_l) f0r0§l§§, —1<m<l (7.35)

2

2

In the decomposition 7.33 of Vy there is a unique eigenbundle of rank 1 which
corresponds to Vo n—q/2, namely the one which maximizes L?. This is spanned by
the unique monodromy invariant vacuum |d/2, N — d/2) of the Fermi model with N
electrons. It is tempting to identify this state with the preferred vacuum discussed
in 4. For a given number of particles N, the determinant of the brane amplitude
matrix define spans the fiber of a rank 1 eigenbundle of the UV Berry connection.
Hence, we have the isomorphism of bundles

N
det : /\ Vi = Vijan—d2 = Vija,a/2- (7.36)

The isomorphism between Vi n_q/2 and the vacuum bundle of the trivial phase
Vn—q implies that the preferred vacuum should have trivial monodromy. This allows
to fix the constant £(6). The restriction of the Kohno connection to the subbundle

Vaj2,a/2 18
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(6
DVd/2,d/2 =d+ % Z log(wi - wj)- (737)

i<j
In order to have a trivial UV Berry connection we have to demand
§0) = ——~ (7.38)

In other words, the normalized amplitudes V¥, of the Grand-bundle are related
to the KZ ones ¥ by

v
\Ilnorm =
\

(7.39)

priv

where W, is a parallel section of the line-bundle Vy/2 4/2. In particular, the nor-
malized monodromy is trivial for the » = 1 phase.

Since it left invariant by the UV Berry connection, the preferred vacuum is the most
symmetric one under permutations of the spin degrees of freedom. This state should
correspond to some linear combinations of the idempotents e; of the chiral ring Ry
such that the electrons are as spread out as possible among the single particle vacua.
As discussed at the end of section 4, as long as the susy-breaking part of the in-
teracting Hamiltonian preserves the symmetry between the holes and the units of
fluxes, it lifts the degeneracy keeping the most symmetric state as the ground state.
So it is natural to identify this state with the true FQHE ground state under the
isomorphism developed in 4.

7.4 Determining \(0)

A direct computation of A(f) is quite hard and subtle. We can fix it by imposing
consistency conditions. An intrinsecally defined quantity which is indipendent from
the bundle trivialization is q(#)?, namely the ratio of the two eigenvalues of o2 €
P,y which correspond to the operation of transporting a quasi-hole around another
one and getting back to the original position. We have the relation

q(0)* = 2O, (7.40)

By the functorial property of the Hecke algebra representations, the parameter A(6)
should be a universal function indipendent from n and M. Moreover, since it is
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related to the Ramond charges of the LG model, it should be a piece-wise linear
function of the angle defined mod 1, i.e.

AO) =Ch + ng mod 1, (7.41)
m

for some real constants C7,Cy. We can assume Cy > 0 by changing the sign of 6.
The periodicity in 6 and the tt* reality structure which relates 46 imply

q(0)* = q(0), q(—0)* = q(0)>. (7.42)

These conditions require 2C7; = 0 mod 1 and 2C5 = 0 mod 1. Imposing the same
condition on the ratio ¢(f) of the two eigenvalues of o; € B, one obtains the
stronger conditions C; = 0 mod 1 and C5 = 0 mod 1. The simplest solution to these
conditions is

A(0) = 0 mod 1. (7.43)

™

This identification is quite natural, since the tt* monodromy is defined over the

ring Z[e*], while the KZ monodromy is defined over Z[e*™?)]. Hence, the above
solution leads to the identification of the two Laurent polynomial rings. By the

relation 7.17 we have

q(0)* = /v, (7.44)

We assume that the UV Berry connection is a Knizhnik-Zamolodchikov connection
for SU(2) current algebra with level k quantized in integral units, namely

A=d— ke (7.45)

From the point of view of tt* geometry we do not know any compelling argument
to require k + 2 € Z. However, it is believed that 2d WZW models describe the
modes which live at the edge of a non-Abelian Chern-Simons theory with boundary.
Further, it turns out that the braiding of their conformal blocks coincides with the
braiding of Wilson lines in the Chern-Simons theory. Hence, if we want our N' = 4
theory to admit an effective IR description in terms of a 3d topological field theory, it
is natural to consider a subclass of LG models compatible with the above condition.
By the tt* reality structure we have to consider the solutions with both signs. We
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first study the class of solutions with C; an odd integer. This is the most natural
case, since we have

o2mi/(k+2) _ im/v. (7.46)
The equation

2 0 a
+ ——=14+—mod 2= +- mod 2 7.47
kr2 o a e b (7.47)
has solutions a = 1 with k even and a = 2 with b and k£ odd. In agreement with the
prediction in [17], the first case corresponds to the principal series of FQHE

v=—— beNl. (7.48)

From point of view of [17], the element o7 of the pure braid group for the principal
series has two distinct eigenvalues, in correspondence with the two different fusion
channels of the ¢, 2 operator in the minimal (2n,2n £ 1) Virasoro model. The ratio
of the two eigenvalues is

2 exp[2m’(h173 — 2h1’2)]

= , = exp(27mi/v), 7.49
¢ exp[27m(h1,1 — 2h1’2)] p< / ) ( )

which is in agreement with the ¢t* result. The model admits also another list of
filling fractions with denominatior divisible by 4, namely

b
= bodd .
v=omxTy b (7.50)

which correspond to the second solution of 7.47.

We may consider also the less natural class of solutions in which C} is an even
integer. In this case we have

q(e) _ _eiﬂ/u _ e:l:27ri/(k‘+2) (751)

Demanding 1 < 1/v < 3 we find two possible series of filling fractins. One corre-
sponds to
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2 0 1
1+ ——=14+—mod 2= — mod 2 7.52
+k+2 —|—7Tmo ~ Mo (7.52)
which implies
m
v=—0), m=k+2eN>2. (7.53)
m + 2

This series contains the values of v corresponding to the Moore-Read [8] and Read-
Rezayi models [9]. The second possibility is

2 1

which gives

m

= — =k+22>2. :
V=g m +2> (7.55)

7.5 Comparison with the Homological Approach

We can compare the ¢¢* monodromy representation computed in the UV limit with
the one obtained in the asymmetric limit. In general the two are different unless
the UV limit is regular. However, for a very complete ¢t* geometry, where 7 (P)
= By, the asymmetric limit monodromy yields a so-called homology representation
of the braid group, a.k.a. the Lawrence-Krammer-Bigelow (LKB) representation
83, 84, 85]. In facts, it is known that the LKB representation is essentially equivalent
to the monodromy of the Knizhnik-Zamolodchikov connection. The solutions to the
Knizhnik-Zamolodchikov admit an explicit integral representation [86, 87] which we
write schematically as

T /€<I>(Zi;)\)A(ZZ,; Ndzy A - - -dzy, (7.56)
r

where @, known as master function, has the same functional form of the Vafa super-
potential W, but in general with “renormalized” couplings. The integration contour
[’ denotes a basis of cycles for the relative homology H. (X, Xgeo; Z), where X is
the target manifold of the Vafa model defined in 7.1. A natural basis is given by
Lefschetz thimbles which arise at the critical values of the master function. The vec-
tor A(z; \) of chiral operators evaluated at a critical point of the master function
provides a common eigenstate of the Gaudin Hamiltonians of sl(2) type [8§]
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Ho=Y “uh (7.57)
t b#a Wa = wb‘ |

The integral expression E.11 may be identified with the asymmetric limit of brane
amplitude, taking into account the redefinitions of the couplings. In particular,
the set of operators in A(z;; \) can be seen as a basis for the chiral ring of the
LG model and the Hilbert space of the Gauding Hamiltonians can be identified
with the susy vacuum space. As proposed in [17], one may see the s/(2) Gaudin
model as an effective description of the dynamics of the quasi-holes. The monodromy
representation generated by the Knizhnik-Zamolodchikov connection for a given ¢ =
e™ is equivalent the monodromy representations of the Gauss-Manin connection
on the relative homology H,(A*, Aj.e;Z) as module over Z[e*™], where A is the
abelian cover of X associated to the projection Hy(X;Z) — Z. In the case of a

single chiral field one recovers the definition of Bureau representation [81].

A The Long-Range Limit of the Vafa Hamilto-

nian

We discussed in section 4 the equivalence between the Landau description of an
electron in a uniform magnetic field and a certain class of 4-SQM Landau-Ginzburg
theories. In the case of a particle moving on the complex plane, the Vafa superpo-
tential is given by

W =pz+ ) ®log(z - G), (A.1)

where p, ®; € C* and (; are all distinct. In order to reproduce a large macroscopi-
cally uniform magnetic field we have to take the residues ®; all equal and consider
a uniform distribution of the flux sources (; in C. We may proceed by analogy
with the CFT description of FQHE and consider a lattice of fundamental units of
magnetic flux ®(a) = a*£ at positions (,n(a) = am + ian, m,n € Z, where a
is a real parameter. The lattice A(a) = aZ + iaZ is contained in a disk D(R) of
radius R > a which defines the size of the sample. As we already discussed in
section 2.10, one can recover the uniform constant B field by taking the continuous
limit of the lattice and then sending R to infinity. The immaginary part of the
logarithmic superpotential oscillates very rapidly for a < 1 and the average of the
oscillations vanishes in the limit a — 0. Instead, the real part of W coincides with

the 2-dimensional electrostatic potential of a discrete set of charges and tends in the
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same limit to the potential of a continuous charge distribution. Setting u = 0, we
remain with a real superpotential

a—0, R—o0
O(a) Y log(z = Gunla)) =" B |2|*/4. (A.2)
A(a)ND(R)

This convergence is natural from the point of view of electrostatics, but it is non-
trivial in the context of SQM. The model is based on N = 4 supersymmetry which
requires the superpotential to be holomorphic. So, the fact that only the real part of
the superpotential survives in the limit seems to be inconsistent with supersymmetry.
Moreover, the very different analytical properties of the final limit compared to the
finite series suggest that this convergence cannot be intended in the strong topology.
In the present section we want to clarify the interpretation of this limit from the
point of view of supersymmetry. The function

W(z;a, R) = ®(a) Z log(z — (mn(a)) (A.3)

A(a)ND(R)

is multivalued and cannot be really considered as the superpotential of the theory.
Conversely, the derivative

1
0.W (20, R) = ®(a) Y _ @ (A.4)
A(a)ND(R) mLn

is a well defined meromorphic function on the plane. The dimension of the degen-
erate vacuum space is given by the number of classical vacua, i.e. the solutions to
the equation 0,W = 0. These are counted by the Witten index of the theory which
grows with the number of lattice points

Iy = Te(=1)" = —(#(A(a) N D(R)) - 1), (A.5)

where the mignus sign keeps into account that the vacua have fermion number
F = 1. In the limit @ — 0, R — oo the Witten index goes like |Iyy| ~ wR?/a?,
which is an extremely large number of vacua. The meaning of the a — 0 limit is
that we are taking measurements of observables on a scale much larger than the
lattice parameter a. As physically expected, it turns out that for this specific class
of measures the outcomes are correctly reproduced by an effective model with a
single vacuum.

Let us begin with understanding the physics of the system in the continuous limit.
It is clear that the wave functions of the theory must vanish at the points of the
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lattice A(a) and, in the limit of a — 0, they oscillate rapidly on a length scale
comparable with the lattice parameter a. If we consider measures of observables on
a scale much larger than a, we are not able to detect anymore the fluctuation of the
wave functions and see the discrete structure of the set of charges. One can check
that long-range measurements do not see the many vacua also by the correlators of
topological obervables in the two dimensional ' = (2,2) version of the theory. In
a generic N = (2,2) Landau-Ginzburg model with fundamental chiral fields X; and
superpotential W, the topological sector is described by operators @ in the chiral
CIXi]

ring R = 3, which are in one to one correspondence with the vacua of the model.
J

We recall that, if the critical points p, of W are non degenerate, the chiral ring is

~ (C#Classical vacua

semisimple and we have R . The canonical isomorphism between

these C-algebras is provided by a basis of minimal orthogonal idempotents defined
by

CI)Ig(Za) = 5a5. (A6)

In this basis each operator of the chiral ring is represented by its set of values at the
critical points.

Coming back to our theory, we see that for a — 0 the classical vacua becomes
very close to each other and to the lattice singularities. The holomorphic functions
representing @, on the target space must vanish on the critical points of W except
zo and so become rapidly oscillating for a < 1. Hence, it is clear that these op-
erators are irrelevant for long-range measurements and one should consider a basis
of generators for the chiral ring which are smooth in this limit. A suited basis is
given by the monomials z*, k € N, which are defined indipendently from the vacua
structure. Let us consider the correlators of these observables in the limit a — 0.
Setting @ = z*,®; = 1 in the Grothendieck formula 3.38 for the topological two
points function we get

N Zhdz
(2%) = @) /F o 0 . (A.7)

Z Z = gm,n(a)

A(a)ND(R)

In this computation one has to choose a contour I' which encircles all the critical
points of W. It is clear that these will be located in the region of the disk containg
the holes and so one must take a contour encircling D(R). In the limit of a — 0 at
fixed R, the discrete set of charges approaches a continuous distribution on D(R).
If the coordinate z is outside the disk, the derivative of the superpotential tends to
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1 BR?
R S i ] (A8)
A(a)ND(R)

in which we recognize the 2-dimensional electrostatic field generated by a radially
symmetric charge distribution. Hence, we find

(2F) /Fdzzk+1 + O(a) 22%0. (A.9)

The triviality of the topological correlators reflect the fact that measurements at a
scale z much larger than a do not detect the many vacua of the theory.

It is already expected from A.2 which should be the effective model which captures
the relevant physics of the FQHE. The fact that in the limit we obtain a real su-
perpotential implies a passage from the initial N = 4 to a A/ = 2 theory in which
the holomorphicity is not required. Now we are able to give a precise physical and
mathematical sense to the transition between the two formalisms.

The considerations above justify the introduction of an effective Hilbert space, dif-
ferent from the previous one, on which we can make long-range measurements of
observables without seeing the lattice structure. This is the Schwartz space S(C)
of rapidly decreasing functions with bounded derivatives. The concept is that ex-
pectation values of observables in this Hilbert space coincide with the expectation
values in the original Hilbert space in the long-wave regime. It is clear now that
the limit of the superpotential and all the other operators must be intended in the
context of the weak topology induced on the space of operators by the Hermitian
scalar product of S(C). Hence, the correct limit we have to study regards the matrix
element

Jm lm @) 3 (9 m\"@:
(A.10)
lim lim /CdQZ ®(a) Z M

R—oco a—0 AGTDR) z2 — Cmn(a)

with ¢, 9 € S(C). The details of the computation are given in B. As one can expect
we find

lim lim (4| 0,W (z;a, R)|Y) = <¢‘§Z

R—oo a—0

¢> (A.11)
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which gives the same limit discussed in the previous section, (actually the derivative)

0.W(z;a,R) — gé. (A.12)

Hovewer, the mathematical structure that we have introduced here gives to the
above formula a precise mathematical meaning. It is evident that this convergence
must be intended only in the weak sense of quantum measure. A convergence in
norm LP is excluded for evident reasons of integrability, as well as the uniform one,
given the complitely opposite behavour between the initial function A.4 and the
final limit. Indeed, the former is a meromorphic function with simple poles at the
lattice points and vanishing at infinity, while the latter is a pure antiholomorphic
object with no singularities at finite points. This is consistent with the previous
considerations: long-distance experiments cannot detect the lattice structure.
Contrary to 9,W, we cannot define the weak limit of |0W|? and 9*W because the
corresponding matrix elements are divergent. Indeed, the weak convergence does
not preserve in general products and derivative of operators (otherwise it would be
a strong convergence). This fact, together with the lost of holomorphicity of the
superpotential, implies that part of the supersymmetry algebra is not preserved by
the weak limit (as expected), included the Hamiltonian.

Adopting the formalism of section 3.1.2 we can write the susy charges as the gener-
alized Dolbeault operators

Ow = 0+ OWA, S = O,
(A.13)
Ow =0+ W A o = .

The limit A.12 is not compatible with the structure of the susy charges because it
exchanges holomorphic with antiholomorphic derivatives of W. Instead, there is no
ambiguity if we consider real combinations of the generators. Only the real part of
the superpotential has a limit and so only the N = 2 subalgebra generated by

dy = Oy + Ow = d+ dh A, O = Ow + 0w = d},, (A.14)

where h = Re W, is compatible with the weak limit. This corresponds to the 6 = 0
algebra in the family of N' = 2 subalgebras. Learning from A.12 that

dh %z +3) (A15)
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we conclude that the initial N” = 4 theory is equivalent for long-range measurements
to a N’ = 2 one with real superpotential

h(z,7) = §|Z|2. (A.16)

Depending on the sign of B we obtain the superpotential of a two dimensional
harmonic oscillator or repulsor. Both the models are studied in [37]. According to
the convention of the previous section we take B to be positive. One can find the
vacua of this theory by exploiting the similarity relation between d; and the exterior
derivative. The dj-cohomology classes in the Hilbert space are conjugated by e™" to
de Rham cohomology classes on the complex plane. Since only H°(C) is non trivial,
the theory has a unique ground state described by the 0-form

2)ap

O(z,z) =€ (A.17)
in which we recognize the typical B field factor which appears in the wave functions
of the Landau levels.

We know that the Witten index of a supersymmetric theory is robust under contin-
uous deformations and, the fact that we started from a model with a huge number
of vacua and we found in the end a theory with just one vacuum, may lead to some
doubts. However, this paradox does not arise because the A/ = 2 model is not the
limit of the initial one in a strict sense. Indeed, the new Hamiltonian is not directly
related to the previous one and acts on a different Hilbert space. The meaning of
the weak limit is that for long distance measurements we can replace the original
N = 4 theory with an effective N’ = 2 one with superpotential A.16.

B Weak Limit of oW

Let us take ¢, in the Schwartz space S(C) of smooth functions with bounded
derivatives. We want to compute the limit A.10

lim lim ®(a) Z <gz§ _

R—oo a—0

lim lim [Cdzz ®(a) Z M

R—oc0 a—0
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where A(a) = aZ +iaZ, D(R) = {z € C,|z| < R} and ®(a) = “22—5. Let us first take
a — 0 with fixed R. Performing the change of variable z — 2z + (;,n(a), we get

im [ 2 a(a) D Ot Gun(@)¥(z + Cnala) =

a—0 C z

i (= [9()6" (= + G (@)= + Gon(a) ).

a—0 z

Given that % acts on the space of test functions as a linear continuous functional?,
one can take the limit under the sign of integration. In the expression

@@ 3 5+ Gl @)+ Gun(@) (B.3)

A(a)ND(R)
we recognize the Riemann sum of ¢*(z + ()i (z + ¢) with partition of D(R) given

by squares of area a?. The smoothness and boundedness of the Schwartz functions
allow to write

lim a? Z o*(z + Cm,n(a))w(z + Cm,n(a)) =

a—0
A(@)ND(R)
(B.4)
| @coer gut o)
D(R)
Then, after another shift of z we remain with
B 1
lim [ d*z ¢*(2)Y(z —/ d*¢ . B.5
R—)oo(c () ()27T D(R) Z—C ( )

Let us focus on the integral in ¢, (. Since we are going to take the limit of infinite
volume, we expand the integral for |z|/R < 1. Introducing the new variable w =

¢ — z and denoting with R.(0) = |(op(0) — 2| = \/|Z|2 + R? — 2(op(0) — ZCop(0),
the distance between z and the point (yp(0) € dD(R) with phase 6§ € [0,27], we
find

41t is straighforward to see that 1/z is a tempered distribution of function type.
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1 27 )
d*¢ = — / dOR.(0)e " =
/D(R) z—=( 0 ©)

(B.6)
27 P z i
- /0 do (R - ﬁ%D(e) - ﬁC&D(Q) + 0(1/R>> e .
Using (sp(0) = Re? + O(1) and sending R to infinity one gets
2 1 ~
d°¢ —— =mz+ O(1/R). (B.7)
D(R) ¢—=z

Plugging this large R expansion in the integral B.5 one obtains a convergent series
of integrals weighted by powers of 1/R. In the limit of infinite R we keep only the
leading term and write finally

T lim (] . (=20, BIY) = (o] D2[u). (B.3)

C FQHE and Gauge Theories

In this section we review some well known facts about class S theories and the 2d/4d
correspondence. We also recall the correspondence between matrix models and
gauge theories. These are the basic ingredients which motivates the Vafa proposal
and allow to formulate a precise dictionary between FQHE and supersymmetric
gauge theories in 4d.

C.1 7,, Gauge Theories

We recall some known facts about class S theories, namely four dimensional N' = 2
gauge theories which arise from the compactification of six dimensional theories. In
particular, we focus on the subclass which according to Vafa are related to FQHE.
A theory in this class is denoted with 7,43, [A1] and is associated to a Riemann
surface C,, 13,4 of genus g and n+3 equivalent punctures. These models are identified
[18] with the twisted compactification of the A;(2,0) six-dimensional SCFT on the
g-Riemann surface in the presence of n defect operators. In the context of FQHE
the surface C,,y3 4 has also the interpretation of target space for the electrons, hence
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we are interested in the case of g = 0. The first model of the series correspond to
the three-punctured sphere. This theory simply contains four free hypermultiplets
and the gauge dynamics is absent. Much more interesting are the 7,430 [A1] models
with n > 0 which identify N' = 2 SU(2) gauge theories with massive deformations.
The gauge group contains n SU(2) factors, each of them coupled to Ny = 4 flavours.
These theories are therefore conformal and admit a space of exactly marginal gauge
couplings. The parameter space of gauge couplings turns out to coincide with the
moduli space M,, ;3 of complex structures of the Riemann sphere with n 4 3 punc-
tures C,430. The space of couplings has boundaries where one of the SU(2) gauge
groups become weakly coupled. To each puncture corresponds also a flavour sub-
group SU(2). So, in total we have an SU(2)"*3 flavour group. Each punture is
also associated to a mass parameter m,,a = 1, ...,n+ 3 of the corresponding flavour
subgroup SU(2),. These theories enjoy S-duality, which has the geometric inter-
pretation of fundamental group m of M,,o. The action of S-duality on the flavour
symmetry groups is a permutation action and coincides with the permutation of
the n 4+ 3 punctures on the sphere and the corresponding mass parameters. The
S-duality can rearrange in different ways the matter content of the theory, but in
each possible S-frame we remain always with n SU(2) gauge groups coupled to
four hypermultiplet doublets and n 4+ 3 SU(2) flavour groups. The various weakly
coupled S-dual frames of the theory coincide with the different ways a sphere with
n + 3 points can degenerate completely to a set of n 4+ 1 three-punctured spheres
attached together at n nodes. Labelling with SU(2);,7 = 1,..n the gauge groups, in
a possible weakly coupled S-duality frame we have two hypermultiplet doublets in
the fundamental of SU(2); with masses m; 4+ mgy, n — 1 hypermultiplets in the bi-
fundamental of SU(2); x SU(2);41 with masses m; o and other two hypermultiplets
in the fundamental of SU(2), with masses m, 2 = m, 3. The linear gauge quiver
describing this frame is

A N A e

where the rectangular nodes on the two sides represent the two couples of fundamen-

tal hypermultiplets, the circular nodes are the gauge groups and the lines between
the gauge nodes are the bifundamental hypermultiplets.

A canonical example is the N' = 2 SU(2) gauge theory with N; = 4 fundamen-
tal flavours. The theory has an exact marginal coupling 7 = % + %, since the
number of flavours is twice the number of colours. The flavour group SU(2)* is
enhanced to SO(8) and the four hypermultiplet doublets transform in the eight di-
mensional vector representation. In this case the S-duality group acts by fractional

linear transformation of SL(2,Z) on T and by triality on SO(8). Hence, the space of
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marginal couplings parametrized by 7 is H/SL(2, Z), which is the complex structure
moduli space My of a sphere with four equivalent punctures. If we quotient the
upper half plane only by the subgroup I'(2) we get the moduli space of a sphere
with four marked punctures, i.e. the modular curve H/T'(2) ~ P*\ {0,1,00}. A
natural parametrization of this space is given by the cross-ratio ¢ of the positions of
the four punctures. This can be seen as a coordinates on P!\ 0,1, co and is related
to 7 by the I'(2)-invariant modular lambda function A(7) = zggg:g which realizes
the isomorphism H/T'(2) ~ P'\ {0, 1,00}. The action of I'(2) does not permute the

punctures of the sphere and the moduli space has three cusps at 7 = 0,1, oo corre-

sponding to the three weakly coupled frames of the theory. The full S-duality group
permutes the punctures among themselves and simultaneously the associated mass
parameters, mapping between each other also the three weakly coupled description
of the theory which are therefore physically equivalent.

The compactification of A;(2,0) theories on a puctured Riemann surface provides
also the construction of a canonical Seiberg-Witten curve encoding the physics of
the Coulomb phase of the theory. This curve is a ramified double cover of C, 3,
defined by the equation

y* = a(2), (C.1)

where (y, z) are local coordinates in the cotangent bundle of Cy43,. The SW dif-
ferential is the canonical one form d\ = ydz, while d\?> = ¢y(2)dz? is the associated
Jerkin-Strebel quadratic differential with appropriate poles at the punctures. In the
case of the 7,13 the quadratic differential on the n+ 3-punctured sphere has double
poles at the punctures (, with coefficients given by the square of the corresponding
mass parameters.

More general theories in the A; class are associated to a quadratic differential with
poles of higher order [45]. These theories are obtained from superconformal theories
by tuning some mass parameter m, to be very large, adjusting at the same time the
coupled marginal gauge coupling in the UV so that the running coupling in the IR
remains finite. From a six-dimensional perspective, the limiting procedure brings
two or more standard punctures together to produce a single puncture with a larger
degree of divergence. It is relevant for FQHE the case in which two punctures in the
Tn+s0 theory collide to generate an irregular puncture. This appears as a quartic
pole in the quadratic differential. In the n = 0 case one obtains an Argyres-Douglas
system of Dy type, namely a theory of a free hypermutliplet doublet and SU(2)?
flavour group. For n > 0 we find an SU(2)" gauge theory in which n —1 SU(2)
factors are coupled to Ny = 4 flavour and one SU(2) gauge group is coupled to
three fundamentals. Hence, one of the couplings has negative beta function and a
Yang-Mills scale Avy is generated at one loop. This coupling vanishes in the UV
limit, while the other ones are marginal. So, the UV limit of the theory is decribed
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by a C,4+20 punctured sphere and corresponds to the superconformal 7,42 theory.
The space of couplings is identified with the complex structure moduli space of a
sphere with n + 1 equivalent punctures and a marked puncture. Each puncture
contributes to the flavour group with an SU(2) factor, giving in total a SU(2)""?
flavour group. The S-duality group which permute the equivalent punctures in the
conformal case now is broken to a subgroup which act only on the regular ones, act-
ing simultaneously on the punctures and the corresponding mass parameters. This
residual group plays the role of fundamental group of the space of couplings. The
theory admits different weakly coupled description which correspond to the possible
ways in which the punctured sphere degenerates to n spheres with three regular
punctures, corresponding to 73 models, and a sphere with a regular and an irregu-
lar puncture which is identified with a Dy system. Labelling with SU(2);,7 =1, ..n
the gauge groups, in a possible weakly coupled S-frame we have one hypermultiplet
doublet in the fundamental of SU(2); with masses mg, n — 1 hypermultiplets in the
bifundamental of SU(2); x SU(2);+1 with masses m; and other two hypermultiplets
in the fundamental of SU(2), with masses m, + m,.;. The linear gauge quiver
describing this frame is

Compared to the superconformal quiver C.1, now attached to the the first SU(2)
node we have a rectangular node representing a single hypermultiplet doublet, im-
plying that SU(2); is coupled only to three flavours. A simple example is given by
the V' = 2 SU(2) gauge theory with N; = 3 fundamental flavours. Since Ny < 2N,
the theory is asymptotically free in the UV. The flavour group SU(2)? is enhanced to
SO(6) and the three hypermultiplet doublets transform in the sixth dimensional vec-
tor representation. The fundamental group of the complex structure moduli space
of a sphere with two equivalent and a marked puncture has a unique generator.
This acts by permuting the two regular punctures and corresponds to the residual
S-duality transformation that we have in all the asymptotically free SU(2) gauge
theories with Ny < 4. In the UV limit the theory flows to the 73 theory of four
free hypermultiplets described by the three punctured sphere.

C.2 Matrix Models and 2d/4d Correspondence

One of the key ingredients to connect FQHE to the gauge theories introduced above
is the relation between matrix models and four dimensional N = 2 gauge theories
26, 27, 41]. This connection arises from string theory as follows. One considers the
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type 1IB superstring on a background CY x R*, where C'Y denotes a fixed Calabi-
Yau threefold with a non compact holomorphic curve Y C CY, with N D3-branes
on a subspace Y x R?. The theory living on R* admits Q-deformation [42] with
parameters ¢; for a rotation transverse to the brane and e, along the brane. The
complex structure moduli of C'Y is controlled by a set of parameters ¢, which play
the role of couplings in the four dimensional theory. In this set up one considers a
topological string on C'Y with N branes on Y. It has been found [27, 43, 44] that
the Nekrasov partition function Z(tx, €, €2) of the 4d gauge theory coincides with
the open topological string partition function Z(ty,gs) with e = —e; = gs. This
admits the representation of matrix model partition function. In the case of SU(2)
gauge theories only a single N x N matrix ® is required and we have

s

1
Z(tg, €1, €2) :/ d® exp (——TrW(tk, @))
NxN

(C.2)

/Hdzl H (2 —z] 62 exp <_gZWtk,Zz >7

1<i<j<N

where W (tx; z;) is the potential governing the dynamics of the matrix eigenvalues
z; and the [-ensemble is specified by the parameter 5 = €;/€; to which the Van
der Monde determinant A(x;) = [],,.;<n(2i — 2;) is raised. The string partition
function can be expanded perturbatively in the string coupling as

Z(ty, gs) = exp (Z 957 Fy(th ) : (C.3)

g>0

where F,(t;) denotes the genus g amplitude of topological strings. In the double-
scaling limit g; — 0, N — oo with g, N fixed, the string partition function reproduces
the prepotential as determined by the Seiberg-Witten solution

Fo(tk,a;) = Limg, 0 N—oo gg log Z (ty, gs) (C4)

where a; are the electric central charges of the Gauge theory. The geometry of the
Seiberg-Witten curve emerge naturally in the large N limit of the matrix model,
providing the definition of the Coulomb branch coordinates in terms of the matrix
model parameters. The expectation value of operators are computed in this regime
with the saddle-point method, which requires to know the critical configurations of
the eigenvalues. Taking N — oo and g, — 0 with the 't Hooft coupling g,V fixed,
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the set of eigenvalues becomes continuum and it is distributed according to a density
function p(z) = + SV 8(2 — X;), where the set X; denotes a vacuum configuration
of the eigenvalues. Once exponentiated the Van der Monde determinant in the path
integral one obtains the effective action

—W (z) Z W(z) + Zlog — 2j). (C.5)

zlgs

A certain critical configuration X; must be a solution of the classical equation of
motions

L)+ 3 ﬁ ~0. (C.6)

It can be shown that the saddle-point solution is captured in the continuum limit
by the so-called spectral curve

v = W(2)° = f(2) =0 (C.7)

where f(z) is the so-called quantum correction

_ Z W'<X ), (C.8)

One can define in terms of X; the function

Yo =0 Y e W) (©9)
which has simple poles at X;. This function solves the C.7 in the large N limit and
encodes the data about the density of eigenvalues. In this regime the domain filled
by the eigenvalues consists of m disconnected intervals A; called cuts. One can show
that the number of branch cuts is equal to the number of critical points of the single
field potential W (z). So, a saddle-point configuration corresponds to a distribution
N = N; + Ny + ...N,, over the cuts Ay, As, ..., A,,. The density of eigenvalues on a
certain A; is given by the jump of y(z) accross the interval

9 (4 i0) = y(z — i0)) (C.10)

21

p(z) =
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One can compute the filling fractions a; = g;/N; of a specific cut by doing a countour
integral around the cut

1
a4 =5 " y(z)dz. (C.11)

In the correspondence with the gauge theory the 1-form y(z)dz plays the role of
Seiberg-Witten differential and the spectral curve arising in the double scaling limit
is naturally identified with the Seiberg-Witten curve. The filling fractions a;,j =
1,...,m parametrizing the vacua of the theory have the natural interpretation of
Coulomb parameters and the cycles encircling the branch cuts are the A-cycles of
the gauge theory. These are dualized by B-cycles which connects the branch cuts to
a cut-off point A. These cycles move eigenvalues from the branch cuts to infinity and
generate a variation of the filling fraction a;. The open string amplitude allows to
identify the ‘free energy’ of the matrix model with the Seiberg-Witten prepotential
Folay, ..., an). This functional can be used to express the B-cycles in terms of their
duals by

aly = D0, /B y(z)dz, (C.12)
J J

hence the magnetic central charge afj has the interpretation of ‘energy cost’ to bring
an eigenvalue from infinity to the j-th branch cut.

The matrix models which correspond to 7,430[A1] are the multi-Penner models with
logarithmic superpotential [19, 25, 26, 27]

n+2

W(®)=> mylog(®—(). (C.13)

The target space of the matrix eigenvalues is the Riemann sphere with n + 3 punc-
tures at the positions (,,a =1,...,n+ 2 and (,,13 = co. In this case the equation

W(z) =Y s 0 (C.14)

a=1

has n+1 solutions and so a saddle-point configurations is determined by n+1 filling
fractions a; = ¢gsNN;, j = 1,...,n+ 1. Using the expression of W’(z) one can easily
see that f(z) in C.8 takes the form
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n+2

HOED D faga (C.15)

a

where the coefficients ¢, are determined by the filling fractions. Moreover, they
satisfy the constraint ) ¢, = 0 which follows from the relation Zf\il W'(X;) = 0.
Using the expressions for f(z) and W'(z) in C.7 we find for the spectral curve the
equation

2 P2n+2(2)
= —An+2(2)2’ (C.16)
where
n+2
Anpaf2) =[] (2= ) (C.17)

and Py,,2(z) is a polynomial of degree 2n + 2. While in the denominator we find
the positions of the punctures, the 2n + 3 coefficients of Py, 12(z) encode two types
of data. There are the n + 2 coefficients m?2 of the double poles of the quadratic
differential y*dz? at z = (,, to which one should include the residue mZ of the double
pole at co. As we said in the previous section, the residue of a certain double pole
is the squared of the mass parameter of the flavour subgroup SU(2) associated to
the corresponding puncture. One can read the mass parameters associated to the
punctures from the residues of y(z) at the simple poles using the general solution in
C.9. It is immediate to see that the masses satisfy the relation

n+2 n+1
Zma = Zaj = —gsN, (C.18)
a=0 j=1

from which we learn that the t’'Hooft coupling corresponds (up to the sign) to the
mass parameter of diagonal subgroup of the flavour group. The remaining parame-
ters are combinations of the coefficients ¢;, or equivalently of the filling fractions a;.
Since the sum Z?j a; is already fixed in terms of the masses, we have n indipendent
moduli

Sj = aj+1 — aj, j = 1, ., n, (019)

which define a basis of A-cycles encicrcling appropriately the A; and A;;; branch
cuts. The period S; is the Coulomb parameter associated to the j-th SU(2) factor
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of the gauge group SU(2)".

An important implication of the double scaling limit is that the number of eigenval-
ues N becomes naturally a continuum variable and one can consider variations of
the total number of fields. This is equivalent to take a many-particle system in the
grand canonical ensemble where the number of particles in not fixed. One can use
the B-cycles in C.12 to bring particles from infinity to the branch cuts and vary the
free energy of the system. Given that N is not fixed anymore in this regime, the
sum of the filling fractions » ;aj = gsN becomes dynamical and we gain an extra
modulus to parametrize the vacua in the Coulomb phase. By the relation C.18 we
learn that the diagonal combination of the masses is promoted to a vev of a scalar
field, implying that taking the continuum limit N — oo has the effect of gauging
the U(1) diagonal subgroup of the flavour group.

The class of matrix models which corresponds to the sphere with n+ 1 regular punc-
tures and an irregular puncture is a generalization of the Penner model involving a
linear interaction. The single eigenvalue potential reads

n+1

W(z) = pz+ Z ZTGC . (C.20)
a=1 a
Using the C.8 one can easily check that f(z) takes again the form
n+1 c
HOED D 5 (C.21)
a=1 @

for some coefficients ¢, depending on the vacuum configuration X; we are consid-
ering. The relation 3, W/(X,) = 0 implies in this case the constraint >"*' ¢, =
2gsN p. The single field superpotential has n+ 1 vacua and so the spectral curve has
n+ 1 branch cuts where the particles are distributed. The solution C.9 for y(z) has
simple poles at the regular punctures and the corresponding residues are the flavour
mass parameters m,. At infinity, where the irregular puncture is located, we find
a simple pole, whose residue is the mass mg, and a double pole with coefficient the
coupling p. As in the previous case the sum of the filling fractions > ;a; = gsN is
fixed in term of the masses according to the relation C.18 and the 't Hooft coupling
corresponds to the mass associated to the diagonal subgroup of the flavour group.
The meromorphic quadratic differential associated to the spectral curve can be re-
casted in the form C.16. As in the Penner model the denominator contains double
poles at the regular punctures {,. The polynomial P,,,5(z) of degree 2n + 2 at the
numerator is specified by 2n + 3 parameters. Among these we have the n+ 1 masses
m2,a=1,...,n+ 1 corresponding to the regular punctures and the mass m? of the
irregular puncture at infinity. The remaining n + 1 degrees of freedom are the n
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moduli of the Coulomb branch and the coupling p. This is identified in the large N
correspondence with the Yang-Mills scale Ayy. As we discussed before, in the large
N limit the mass parameter g;/N is promoted to an electric central charge and the
vacua of the theory are parametrized by n + 1 Coulomb parameters.

The open string amplitude introduced in C.2 specifies a perturbative expansion, but
does not give an unambiguous non-perturbative answer. To get the non perturbative
contributions to the partition function one has to specify a contour for the matrix
integral. There is not a unique choice and one has many non perturbative compli-
tions of the partition function. A natural basis of integration domains is given by
the Lefschetz thimbles D,, of the potential W(zy, ..., zx) /€2 in C.5. These cycles are
attached to the critical points of W and are labelled by the saddle point configu-
rations @ = (ay, ..., a;,). Moreover, they have boundary where Re (W/ez) — 400
and ensure the convergence of the integral. So, one can define the non perturbative
topological string amplitudes [25, 26, 27, 43, 44]

Z 61,62 /D HdZZ H

a =1 1<i<j<N

- /a exp <—é ZW(tk,zz)) ’

Z —z] 62 exp <—52W tk,zz)

(C.22)

where

W(tr; ) Z W (tg; zi) — €1 Z log(z; — 2;). (C.23)

1<j

The matrix model representation of the Nekrasov partition functions allows to con-
nect V' = 2 gauge theories in 4d and two dimensional N' = (2,2) Landau-Ginzburg
models with superpotential W(tx; z;). The key point is that the open string am-
plitudes can be identified with the flat sections of the #t* Lax connection in the
asymmetric limit [41]. This can be realized by compactifying the theory on a spatial
circle of radious R in such a way that the superpotential gets rescaled by W — RW.
With a rotation of the fermionic measure of the superspace one can also introduce
an overall phase ¢ multiplying the superpotential W — W/(, W — (W. Then one
has to consider an analytic continuation of the phase { away from the locus |(| =1
and take the limit R — 0,( — 0 with e; = (/R finite. This is equivalent to a non
unitary deformation of the theory in which we set W = 0 and rescale W — W/e,.
Among the tt* brane amplitudes, a set of distinguished elements is given by the
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pairing of the D-brane states |D,) with the topological vacuum |0) corresponding
to the identity operator. We denote such wave functions as

o = (0|D,). (C.24)

In the asymmetric limit one has an explicit formula for the above overlap which
reads

lim wa(ela 62) = Za(ﬁl, 62)7 (0-25)

asym

where one has to redefine the Nekrasov deformation ey with respect to the open
string convention by setting e; = (/ R. As one can see from the expression above
the Nekrasov parameter ¢; plays the role of Van der Monde coupling and has mass
dimension 1. One can naturally extend the 2d/4d correspondence also to SQM. The
one dimensional N' = 4 version of the theory has the same structure of vacua and
BPS spectrum, which implies that one can study the geometry of the vacuum bundle
either in one or two dimensions [28]. The superpotential in SQM is dimensionless
and arises from the compactification of the 2d theory. The matching scale is given
by the radious R of the tt* circle and we have Wsqm = —Wha/€s. According to
the AGT correspondence, the amplitudes of the Penner matrix models compute the
conformal blocks of the Liouville CF'T and hence the FQHE wave functions in the
Vafa’s model. To match the normalization of the Liouville correlators given in [17]
one has to identify —m,/es = 1 and 1/v = €;/€e5. The AGT correspondence has been
generalized in [45] also to class S theories with irregular punctures in the Gaiotto
surface. It turns out that the Nekrasov partition functions of these models reproduce
irregular conformal blocks of the Liouville CFT. The presence of higher degree poles
in the quadratic differential corresponds to insertions in the Liouville correlators of
the so called irregular vertex operators [46, 47]. As for the mass parameters, the
relevant coupling sy of the 2d theory is related to its dimensionless counterpart ju14

in SQM by H1d = —,ugd/ég.

D tt* Geometry of the One Electron Model with
Two Quasi-Holes

We consider the 2d N = (2,2) Landau-Ginzburg theory described by the superpo-
tential
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W(z) = puz +log z + log(z — p). (D.1)

The 4-SQM version of this theory corresponds to the Vafa model for a single electron
on the plane with two quasi-holes at distinct positions 0, p € C and a background
electrostatic field p € C*. The above function is multi-valued and cannot be strictly
considered as the superpotential of the model. We want to define this theory on the
Abelian universal cover of the target space and study the correspoding tt* geometry.
As discussed in section 3.2.2; the solution to the tt* equations is captured by the
Stokes matrices which describe the jumps of the brane amplitudes ¥({) on the (-
plane. The monodromy data and the leading IR behaviour of the #* metric and
connection are determined by the BPS spectrum of the model. The inital step is
to find the classical vacua of the theory on the universal cover. The solutions z4 to
the equation 0,W = 0 denote two equivalence classes of vacua which are isomorphic
to the homology group H;(C \ (0,p);Z). A natural basis for this group is given
by the two loop generators ¢y, ¢, encircling the holes positions. The vacuum space
of the theory on the Abelian cover A decomposes in a direct sum of irreducible
representations of the homology group:

V4~ L? (Hom (Z°,U(1))) ® C?, (D.2)

where H;(C \ (0, p); Z) = Z*. We denote the orthogonal idempotents of R 4 corre-
sponding to the classical vacua on the universal cover with

|4 m,n) = (50 |+ 0, 0) (D.3)

where |£;0,0) corresponds to some representative of zy on the universal cover. In
terms of these states one can construct eigenstates of the loop generators

|45 6,0) = > e | m, n) (D.4)

m,n

where the angles ¢, ¢ € [0,27] label representations of H;(C \ (0,p),Z). By the
fact that the homology is an abelian symmetry of the model, the tt* geometry
diagonalizes completely with respect to the angles ¢, ¢. In particular, introducing
the labels k, 7 = 4, the ground state metric in the point basis D.4 can be expanded
in Fourier series as
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guj(0,0) =D g5 (r,s),

(D.5)

gk,j(r7 S) = <.]7 T, 8|k7 07 O)

From the IR expansion

, i
(7:7,8|k;0,0) ~ g ;10,0050 — ;Hk,O,O;j,r,sK0<2|wk,0,0 — W) (D.6)

we see that the one-soliton multiplicities jix 0,0.5r,s are weighted by the Fourier phase
factors e’"*+5¢)  The number of solitons saturating the Bogomonlyi bound can be
obtained by solving the BPS equation [30]

Opz = 0, W (D.7)

where o is the spatial variable of the field z and o« = AW/|AW]| identifies the BPS
sector we are considering. At spatial infinity ¢ = 0o one has also to demand that
the solution begins and ends on the corresponding critical points. Let us start with
the case of a = +i. The solitons in this sector projected on the target manifold are
respectively anti-clockwise and clockwise loops based at zi. The spectrum that we
find is the same of the models

W_(z) = pz + 2log z,
(D.8)
W, (z) =log z + log(z — p),

which describe the dynamics of the two vacua at z4 respectively in the IR limits
p — 0 and g — 0. One can count the number of solutions to the BPS equations by
plotting with a program the flow of the vector field

Rez Re aoW
V= <Imz) B <—Im o‘z@W) ' (D-9)

In the case of @ = 7 one finds
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’,Uf,m,n;f,r,s ’ = 5m,r+1 5n,s+l s

(D.10)

’M+,m,n;+,r,s’ = 5m,r+15n,s + 5m,r5n,s+17

where the sign of the soliton multiplicities will be fixed by the computation of the
Stokes matrices.

Let us consider now the solitons connecting z_ to z,. It is convenient to label the
representatives of z4 on the spectral cover with homotopy classes of curves which
connect a fixed point z, € C\ {0, p} to zx. Let us choose z, = z_. In this way the
curves 7, corresponding to the points |—;7,s) are simply the closed cycles £ - (5
based at z_. Then, we identify the curve V(J)f o in figure 2 which connects z_ to 2z
with the state [4;0,0). All the other curves 7,7, going from z_ to z; which label
the representatives |+;7,s) of z; are in the same homotopy class of 7q - £ - £5.

Rt

Figure 2: Definition of g,

Given that the BPS spectrum is not affected by the choice of the parameters we can
count the soliton solutions for u = p = 1. The soliton equation for these BPS states
must be solved with the central charges

-1
AWI.;_+:Z+_Z—+IOg M
Z J—

(2= —1)

’+2m’(k+1/2), kel (D.11)

and boundary conditions #(—o0) = z_, z(+00) = z;, where zy = (1 £+/5)/2. Let
us fix a representative of z_ of z_ on the spectral cover of C\ {0,1} and denote
with |—;0,0) the corresponding state in the Hilbert space. The soliton solutions fall
in homotopy classes v, for certain couple of integers (r,s) and connect the point
Z_00 to 24,5 The multiplicity matrix that we obtain by studying the flow of D.9
for a = AW, T /|JAW, | is
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| 0,04+ 15| = Ors + Oriis (D.12)

Figure 3: Some Soliton Solutions

and the central charge of the BPS particle in the (4,7, s; —, 0, 0) sector turns out to
be

AW =2 — 2z +log

rs

%‘ + 2mi(r + s+ 1/2). (D.13)

One can easily see that the braiding of the quasi-holes generates a spectral flow of
the BPS spectrum. As we exchange the two singularities in the anticlockwise sense
the curves v,fs transform respectively as

Vrs = Vo Vs = Vartis (D.14)

which implies that the entire BPS spectrum can be generated by the fundamental
soliton vaf o by iterating the braiding of the quasi-holes. At the same time the states
|£; 7, s) transform as

|—;7,8) = |—;s8,7), |+;7r,8) = |+; 8,7+ 1), (D.15)

which means for ground state metric that

(+;7,5/—;0,0) = (+; 5,7+ 1[—;0,0). (D.16)
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On the other hand, from the IR expansion of the metric one gets also

_ 7
<+7 r, $|_; 07 0> ~ _;M—,0,0;-‘rm,s KO(Qywk,O,O - wj,r,sl)

(D.17)

7
— M- 00is Ko(2Qwg,00 — Wjsrt1])-

The compatibility of these two expressions puts the condition on the soliton matrix

H—0,0;4,r,s = H—,0,0;4,s,r+1 (D 18)

which implies that the sign of the BPS multiplicity in the (—,0,0;+,7,s) sector is
the same for each couple (7, s). This sign has not an intrinsic meaning, since it can
always be absorbed by changing the sign of one of the theta vacua in D.4 without
affecting the diagonal elements g, z(¢, ).

We are able now to compute the Stokes operators of the system. In the basis of theta
vacua |—; ¢, ), |+; ¢, p) these are 2 X 2 matrices where the entries are functions of
the angles ¢, p. We choose the real axis of the (-plane as Stokes axis. The Stokes
matrix can be written as ordered product of three matrices

S = S35, (D.19)

which now we describe. The first contribution 57 is generated by the phase-ordered
product of the solitons with positive real part. For 4 = p =1 we have Re W (z_) >
Re W(z;). So, these BPS states have central charges —AW,F and connect the
points 24,5 to z_0 with 7 < 0,s < 0. Each of them generates a Stokes jump

1 fi g s €00F59)
M, = (0 K00+, 716 ) (D.20)

where the phase factor comes from the Fourier expansion of the metric and we take

the soliton multiplicities p— 0.4 s = —(drs + r41,5) with the mignus sign. Taking
the product of these factors for r < 0,s < 0 we get
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S, = H M, = (1 - Zr<0,s§0 ei(mbﬂ(p)((sr,s + 5r+1,s)>

0 1
— 1 1_1;(6;119) )
0 1

When ( crosses the positive immaginary axis the Stokes matrix picks up the contri-

(D.21)

bution S; of the closed solitons bases at z;.. This matrix has a diagonal structure and
the entries S correspond to the Stokes jumps of the abelian models D.8. In presence
of aligned critical values there are subtleties in the computation of the Stokes factors.
Let us suppose to have N vacua and a set of critical values wi, k = 1,...m < N
on a straight line in the W-plane with one physical soliton (and the time-reversed)
connecting only the consecutive ones. As discussed in [50], one finds in the leading
IR behavour of the ground state metric terms looking like there were solitons in the
k, k+mn sector with multiplicity +1/n. This could seem strange, since the number of
BPS particles should be an integer. However, what is really required to be integral
is the Stokes matrix S € SL(N,Z) and not the soliton matrix j;;. In this case one
has to define the matrix F' belonging to the Lie algebra si(N,Q) that encodes also
the BPS particles with rational multiplicities. In order to have an integral Stokes
operator we have to exponentiate the algebra element

S = el (D.22)

Coming back to our model, one has to deal with an infinite number of vacua on the
spectral cover with pure immaginary critical values. The correct Stokes jumps as
function of the angles can be extracted by the asymmetric limit of the ¢¢* brane am-
plitudes in the case of one field and superpotential W, (z) in D.8. The computation
in [41] provides the following functions

F_(¢,0) = log(1 — ¢"@+¥)),
Fi(¢,0) =log(1 — €) + log(1 — €'%) — log(1 — €'®+¥)), (D.23)

from which one can obtain the Stokes jump

S, = (eg— 2+> . (D.24)

e
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The last contribution S5 includes the contribution of the solitons with negative real
part. These BPS particles connect the points z_,, with 7,5 < 0 to 2490 and

have central charges AW=" .. The corresponding multiplicities are fi400,—rs =

— [ 5400 = —H—00.+—r—s- ach of these particle generates a contribution to the
Stokes matrix which reads

1 0
Moo = (_M 0.0i,—r—s €TOTF) 1) . (D-25)

Multiplying the Stokes jumps of these solitons for r,s < 0 one finds

1 0
S3 = M, , = 4
’ H ’ (Zr,sgo el(7'¢+550)(6_r7_s +0_ri1,—s) 1)

r,s<0

(1 o

Putting all the pieces together we get

(D.26)

e e
S(qb’ SO) = 1+67itp €F7 ((15790) 6F+(¢,90) + ‘ 2(1+COS 90) eF* (¢u§0) : (D27)

I—e—i(¢+9) (1—ei(@+9))(1—e—i(d+¢))

The Stokes matrix encoding the contribution of the BPS states with central charges
in the lower part of the (-plane corresponds to the operator S™(¢, ). This has
not to be intended as the inverse transpose in the 2 x 2 matrix sense. The correct
definition is

S7He, @) = [S(—=¢, —0)] ", (D.28)

which requires also to change the sign of the angles.
In the present case we obtain

efF—(*@ﬂP) + 2(14-cos p)e F+ (=6 =) i (14et)e T+ (=0—9)
—t _ 1—ci(d+¢))(1—e—i(d+¢) 1—ei(d+¢)
S ((ba 90) - ( (1+e—i(ga)eiF+(f¢)7(*w)e ) 7F+(67¢ —p) ) (D29)
- T—e— (@9 € A
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So, the quantum monodromy H = S~'S of this system is

1 —ei<¢'+<P)

H(g, ) = ( 0 P4 (6:0)~Fi (~6,-)

- _ei(¢+ﬂp) 1 + eig@
B 0 —1

oF-(0.0)—F_(=6,—¢) _14e¥ (eF(¢7so)—F(—¢,—@0)_€F+(¢7¢)—F+(—¢,—<ﬂ))>

(D.30)

where in the second equality we have used the expression for F in D.23. We see that
despite the Stokes matrices are singular for some values of the angles, the quantum
monodromy has smooth coefficients. This is equivalent to the statement that the
phases of the quantum monodromy 2™ (@9) are smooth in the angles, while the
Ramond charges ¢¥(¢, ) are allowed to have integral jumps. The Ramond charges
of the theta-vacua reads

¢% = Bi((¢ +¢)/2m), ¢4 = Bi(¢/2m) + Bi(y/27) — Bi((¢ + p)/2), (D.31)

where By (x) = x—1/2 is the first periodic Bernoulli polynomial of variable x € [0, 1].

E {t* Geometry of Modular Curves

E.1 Quantum Hall Effect and Modular Curves

In this section we are going to study a special class of models which reveal a beautiful
connection between the physics of quantum Hall effect and the geometry of modular
curves [64]. Despite it is not relevant for phenomenological purposes, this class
of theories has remarkable properties which enlarge further the rich mathematical
structure of FQHE. We recall that the prototype of one-particle supersymmetric
model which is relevant for the FQHE physics is given by the A/ = 4 Landau-
Ginzburg theory with superpotential

W(z)=> e(()log(z - (), (E.1)

CeL

where L is a discrete set of C and e(() are real numbers. The variable z is inter-
preted as the electron coordinate and the term e(() log(z — () is the two dimensional
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coulombic potential which describes the interaction between the electron and an
external charge. In the standard setting of the FQH systems the source of electro-
static interaction is taken to be L = AU S, with A a lattice and S a set of positions
of quasi-holes. The effect of the lattice is to reproduce the constant macroscopic
magnetic field with e(A) = 1 units of magnetic flux at a point A € A. At this level
the expression of the superpotential is just symbolic, since the sum is taken over an
infinite set of points and the function is multi-valued. Therefore it requires a more
precise definition according to the class of models that one is considering.

For a generic choice of the parameters defining W(z), the classical vacua are iso-
lated, and the elements in the chiral ring are identified with their set of values at the
critical points. However, finding the classical vacua and studying the tt* geometry of
these models is rather complicated, unless one arranges the set of quasi-holes in some
special configuration to have an enhancement of symmetry. In this way we can con-
struct degenerate models of FQHE which are not realistic for phenomenology, but
at least analitically treatable. We want to consider a particular class of theories of
this type which have an abelian subgroup of symmetry acting transitively on the set
of vacua. This is the most convenient limit, since in this case the Berry’s connection
can be completely diagonalized in a basis of eigenstates of such symmetry and the tt*
equations can be derived. It turns out that these models are parametrized modulo
isomorphisms by the family of Riemann surfaces Y;(N) = H/I';(N), labelled by an
integer N > 2, also known as modular curves for the congruence subgroup I'1 (V)
of the modular group SL(2,7Z) [55]. Each point of the curve of level N identifies
a theory where 0,W(z) is an ellitpic function with a Zy symmetry generated by a
torsion point of the elliptic curve C/A. For each connected component of the space
of models one can define its spectral cover as the complex manifold whose points
identify a model and a vacuum [31]. These are the modular curves Y (V) = H/T'(V)
for the principal congruence subgroup I'(N). More precisley, Y (N) is a cover of
Y1(N) of degree N, which is the number of vacua in the fundamental cell of the
torus. The tt* equations simplify considerably on the spectral curve and can be
normalized in the form of Ay_; Toda equations [28]. These appear in all the models
with a Zy symmetry group which is transitive on the vacua. The modular curves
are manifolds with cusps, which represent physically the RG flow fixed points of
the theory. These are in correspondence with the equivalence classes of rationals
with respect to the congruence subgroups. An outstandig fact is that for a given
N all the AQ_l models with Q|N are embedded in this class of theories as critical
limits, providing the regularity conditions for the solutions to the equations. An
exception is the case of N = 4, where only As models appear. The beauty of the
modular curves is that they possess various geometrical structures. For instance, in
the modular curves Y (V) of level N = 3,4,5 the cusps are located at the vertices
of platonic solids inscribed in the Riemann sphere.

The theory of modular curves is also strictly related to number theory. These sur-
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faces can be seen as projective algebraic curves defined over the real cyclotomic
extension of the rationals Q((y + (_n), with (y = e*™/N. At the level of superpo-
tential, the action of the Galois group is reproduced by a third congruence subgroup
which enters in this theory, i.e. T'o(N). An interesting implication is that the solu-
tions of the N-Toda equations are related by the action of the Galois group, since
the UV cusps described by the Ay_; models are all in the same orbit of Co(N).
Another interesting phenomenon appearing in this class of theories is that, despite
the covariance of the tt* equations, neither the superpotential nor the ground state
metric, and therefore the Berry’s connection, are invariant under the action of T'(IV).
This apparent contraddiction finds a consistent explanation in the context of the
abelian universal cover of the model.

The rest of the chapter is organized as follows: In section 2 we classify up to isomor-
phisms all the models of the type E.1 with an abelian subgroup of symmetry acting
transitively on the vacua. The underlying structure of the modular curves and the
relation between geometry and number theory arise naturally in the derivation. In
section 3 we provide an explicit description of these models. The target manifold is
not simply connected and one needs to pull-back the model on the universal cover
in order to define the Hilbert space and write the tt* equations. On this space the
symmetry group contains also the generators of loops around the poles in the fun-
damental cell. The symmetry algebra is non-abelian on the universal cover and the
abelian physics of the punctured plane can be recovered at the level of quantum
states by considering trivial representations of the loop generators. We show that
this can be done consistently with the tt* equations. In section 4 we study the mod-
ular properties of these systems. First we consider the transformation of 9,1 (z)
under the congruence subgroups and then of the superpotential. In particular we
focus on the critical value of one the vacua which we use to write the tt* equations
in the Toda form. This can be defined as holomorphic function only on the upper
half plane and shifts by a costant under a transformation of I'(N). We connect this
phenomenon to the geometry of the modular curves in the simple cases of genus
0, i.e. with 2 < N < 5. The details of the computation of the constant for a
generic N are instead given in appendix. The modular transformations have also
the effect of changing the basis of the symmetry generators and act on the states
by modifying the representation of the symmetry group. We study this action and
how the components of the ground state metric are transformed. In the last section
we provide a classification of the cusps. In particular we study the behavour of
the superpotentials around these points and distinguish between UV and IR critical
regions. Finally, we discuss the boundary conditions of the solutions and how they
are related by the Galois group.
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E.2 Classification of the Models
E.2.1 Derivation

Our first aim is to classify (up to isomorphisms) all the models in the class of FQHE
theories E.1 with an abelian subgroup of symmetry acting transitively on the vacua.
Since the punctured plane is not a simply connected space, one cannot define for
these models a superpotential on the target manifold. So, we have to start the
classification from the derivative

where

N =277 & 2n7Z, T € H,

e: S — C.

We stress again that the expression above is just formal and represents a meromor-
phic function with a simple pole at each point of L = AU S. Moreover, in this
classification we allow the charges of the quasi-holes to be complex. This is mathe-
matically consistent, since the superpotential is a complex function.

The action of the abelian group is transitive on the vacua and, in the case of a non
trivial kernel, can always be made faithful. The transitivity implies that the set of
vacua is a copy of the abelian group. In particular, given that the zeroes of 0, (z)
cannot have accumulation points, it must be finitely generated. The abelian sub-
groups of C satisfying this property are lattices. Since the group acts freely also on
the set of poles and the principal divisor of 9.W (z) has degree 0°, it is immediate
to conclude that also L is a lattice, as well as (the faithful representation of) the
abelian subgroup of symmetries of our model.

If we want L to be at least a pseudosymmetry for 9, (z), the function e(s) must
be extended to a multiplicative periodic character:

9:W(z +¢) = e(()0:-W(2), e(¢+A) = e(0),

5This is true for a compact Riemann surface, as it turns out to be the target manifold.
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for each ( € L, A\ € A. By definition of homomorphism, the kernel of e must be a
subgroup of L. Up to a redefinition of the initial set of holes, this is represented by
the sublattice A, which is a symmetry for 0,W(z) in a strict sense.

Up to this point, we have a model for each lattice L and a character e which is
periodic of a sublattice A C L.%

Given the periodicity of e, we can equivalently restrict the analysis to primitive
characters, i.e. with trivial kernel:

e: L/A — C,

where L/A ~ Zx, ®Zy, for two positive integers Ny, Ny such that Ny | Ny. The fact
that e is primitive implies the isomorphism Zy, ®Zy, ~ Zn,n,. But, according to the
chinese remainder theorem, this can be true only if the two integers are coprime.

The consistency between the two conditions on the integers Nj, Ny requires that
Ny =1and Ny =N > 2, with

L/IAN~Zy, N>2.

If we set N = 1 we obtain the trivial case in which there are no quasi-holes.
In conclusion, the models are classified by couples (Ejy, @), where

e F, is the elliptic curve C/A,

e Qe E[N]={P eC/A| NP € A} such that e(Q) = e’~.
The set E[N] is called the N-torsion subgroup of the additive torus group C/A.
Once A and the level N are fixed, the choice of the torsion point specifies an em-
bedding of the cyclic subgroup L/A ~ Zy in the elliptic curve. In particular, the
torsion point must be of order N, i.e. such that NQ) € Abut nQQ € Afor1l <n < N.

E.2.2 Modular Curves

Since we are classifying models up to strict equivalence, we have to identify those
which are related by an isomorphism. It is known that there is a bijection between
the set of equivalence classes of elliptic curves endowed with a N-torsion point and
the space

Yi(N) = H/Ty(N),

5We are going to show that e is non trivial.
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where I'1 (V) is a subgroup of SL(2,Z) defined by the congruence condition

n@m_{yesuzm:7_<Z2)_<éT)mnAﬁ.

A complete proof of this result can be found in [55]. It is worth to recall that a
matrix v € SL(2,Z) acts on the upper half plane by the usual fractional linear
transformation

, a b ar +b
= = - E.2
’ (c d) T ard (E2)

and induces on the points of the elliptic curve the isogeny z + A, — mz + A/, for
some m € C such that mA, = A,. These maps are the only bijections which preserve
the group structure of the elliptic curve. With these definitions it is immediate to
show that the enhanced elliptic curve (E, ,,Q) is isogenous to (Ej,,27/N + A;),
where 7" = 7(7) for some v € SL(2,7Z), and that transformations of I'y(/V) are
the only ones which preserve the choice of the torsion point. So, we can define the
moduli space for I'; (V) as

S1(N) = {(Fp,,2n/N+A;), 7€ H}/ ~

where 7 ~ 7' if and only if I'y(N)7 = I';(IV)7', and state the bijection

S1(N) — Yi(N).

The space Y7 (V) is topologically a complex manifold with cusps and can be com-
pactified. One first has to extend the action of SL(2,7Z) to the rational projective

line P1(Q) = QU {oo}. Given <]; z> € SL(2,7), we have
H— H=HUP(Q),

p g\ a _patqc poay _"P
r t)c ra+tc’ r t r

with a, ¢ € Z such that ged(a,c) = 1.
The set of cusps is given by Cr, vy = P'(Q)/I'1(N) and is finite. By adding these
points to Y7 (V) one obtains
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Yi(N) — Xi(N) = H/T1(N).

The space X;(N) is called modular curve for I';(N) and can be shown to have the
structure of a compact Riemann surface. Since the two dimensional lattice becomes
degenerate when 7 approaches the rational projective line, the cusps cannot be
strictly considered as members of this class of theories, but rather as critical limits’.
So, we learn that the whole space of models can be written as union of connected
components labelled by the integer N:

where X;(N) parametrizes the subclass of theories of level N. It follows from the
derivation that each point on A identifies a model up to isomorphisms.

The next step is to classify the vacua for this family of theories. Let us consider the
modular curve of level N. The derivative of the superpotential is an elliptic function
on the elliptic curve C/A, which has a simple pole at each point kQ + A,, k =
0,...,N —1 and a simple zero at each point P+ kQ + A,, k=0,..., N — 1 for some
P € C/A; such that 0,W(P) = 0. Given that the principal divisor is vanishing by
Abel’s theorem, we get

div(0.W(2)) = > ([Pl +KQ) — > (K[Q])=N[P]=0.

0<k<N 0<k<N

So we deduce that also P must be a torsion point and, once known, we can construct
the whole set of vacua with the action of the symmetry generators. In order to find
P, one can define the Weil pairing of order N between torsion points:

en : E[N] x E[N] — puy, py ={ze€C| N =1},
eN<P7Q) = %&Q)v

where Fp(z) is any elliptic function with simple poles at kQ) + A, and simple zeroes
at P+ kQ + A,. Since Fp(z) is unique up to multiplicative constants, there is no
ambiguity in the definition. The Weil pairing is a sort of inner product on E[N]
and can be shown to be alternating, bilinear and non degenerate [18, 19]. These

It will be clear later that the cusps can be interpreted as RG flow fixed points.
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properties imply that, once the torsion point of the poles @) is picked, a torsion point
of the vacua P is coupled by the condition ey (P, Q) = eN . Moreover, another
point P’ which has the same pairing with ) must be of the form P’ = P + kQ
for some integer k. We can also give an explicit expression for ey [18]. Chosen
(2w /N + A, 2n7/N + A,) as basis of generators for the torsion group, the formula
for the Weil pairing of P,Q € E[N] is

€N(P, Q) _ 627ri detw/N’

where

P 21 /N + A,
{Q} = {27:_//]\7—:_ AT] ,  for v e My(Z).

This definition is actually independent of how the basis of the torsion group is
chosen. One can see that, if P and @ generate F[N], the matrix v is invertible and
en(P,Q) is a primitive complex N-th root of unity. Moreover, such expression is
preserved under isogenies.

Now we can classify models and vacua with triplets (E,_, P, @) which denote elliptic
curves with associated two torsion data. If we set @) = 27/N + A, with a modular
transformation, a torsion point satisfying the Weil condition is P = —2x7/N+A,. It
is straightforward to see that the congruence subgroup of SL(2,7Z) which preserves
both the torsion points is:

T(N) = {7 € SL(2,Z) v = (CCL Z) = ((1) (1)) mod N},

also called principal congruence subgroup. Similarly to the case of S1(N), one shows
that the moduli space for the enhanced elliptic curves of principal type is

S(N)={(Ex,, 2n7/N+A.,2r/N +A;), 7€ H}/ ~

where 7 ~ 7’ if and only I'(N)7 = T'(N)7’. This set of equivalence classes is therefore
isomorphic to the complex manifold

Y(N) = H/T(N).

As for Y;(N), we can compactify such space by adding the set of cusps Cryy =
P'(Q)/T(N) and obtain the compact Riemann surface
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Y(N) — X(N) =H/T'(N),

which is known as the N-modular curve of principal type.

This curve represents the spectral cover of the space of models of level N [30]. Given
that I'(/V) is a normal subgroup of I'y(N) with coset group I'; (V) /T'(N) ~ Zy, the
degree of the cover is [['1(N) : I'(N)] = N, which is exactly the number of vacua up
to periodic identification.

A series of results which allows to count the cusps and describe the set Cr(y) can

!/

be found in [18]. In particular, denoting with {a} , [a/
cl’ e

] two vectors of Z?2, one can

show that

O] =[] forreren = [4] = [2) moa . (E3)

From this result, letting s = a/c and ¢’ = o’/¢’ two elements of Q U {oo} such that
ged(a, ¢) = ged(d', ') = 1, it follows the equivalence relation

I(N)s' = T(N)s < m = H mod N, (E.A4)

4

—’ keeps into account the projective action of the modular group
on P}(Q). Once collected the rationals in T'(N)-classes according to this theorem,
one can go futher and find also the cusps of I'y(N). It is enough for this purpose to
identify the cusps of I'(N) which belong to the same orbit of T': 7 — 7+ 1, i.e. the
generator of I';(N)/T'(N). Indeed, these points represent vacua of the same theory

where the sign

and are projected on the same cusp of X;(N).

From a geometrical point of view the cusps are the points for which the covering
map X (N) — X;(N) degenerates and the dimension of the orbit of 7" is generically
less than N. In physical terms, these represent the fixed points of the RG flow in
the space of couplings. Being more precise, the cusps of I'(N) which are stabilized
by T are expected to be UV fixed points of the RG flow. Indeed, in this limits the
zeroes of 0,W(z) tend to a unique vacuum of order N and the BPS states of the
theory become consequently massless, implying that we are approaching a conformal
field theory [30]. On the other hand, in the IR limits the vacua become infinitely
separated from each other and decouple at the leading order. If they are not simple
zeroes of 0.W(z), i.e. the corresponding orbit of 7" has dimension between 1 and N,
these cusps represent again conformal fixed points on the spectral cover. Instead, if
the vacuum is a simple zero and the orbit of the cusp under T has dimension exactly
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N, we are dealing with a free massive field theory. We will provide a more precise
description of the physics around the cusps in section 5.

E.2.3 The Role of Number Theory

Another congruence subgroup of SL(2,7Z) which plays an important role in this
classification is

To(N) = {7 € SL(2,Z) : v = (Z Z) - <; :) mod N}.

The three congruence subgroups that we have defined satisfy the chain of inclusions
['(N) c Ty (V) € To(N) € SL(2,Z). Moreover, I'/(N) is a normal subgroup of
[o(N). The action of I'((N) on the space of models is more clear when we choose
Q= %” It is evident that v € T'o(IV) does not leave the model invariant and maps
the torsion point into an inequivalent one v*@Q) = QW(CT—;d) ~ 2%‘1,

coprime with N. The effect on the model corresponds to modify the character by

for an integer d
the formula o,(e(Q)) = e(Q)* = e°¥*, where a is the inverse of d in Zy. Therefore,
it is manifest that I'g(/V) reproduces the action of the Galois group of the cyclotomic
extension [Q((y) : Q]. This number field is obtained by adjoining a primitive N-th
root of unity (x to the rational numbers. Such remarkable connection reveals the
algebraic nature of the modular curves. The above formula suggests to define a
character ¢,(Q) = e depending on an integer [ coprime with N, which we call
co-level of the modular curve. It is clear that, for a fixed lattice A,, a different
choice of the co-level corresponds to pick a different point on the space of models.
With this definition, a transformation of I'((N) can be seen as a permutation of the
co-levels.

We can be more precise about these statements by keeping into account that I'o(V)
contains the matrix —/. We know that a point on X; (V) parametrizes an elliptic
curve and a specific embedding of Zy. However, a cyclic group has always two
generators which are one the inverse of the other. It is clear that —I acts on the
model as a parity transformation, since it does not change the point on X;(N) but
inverts the sign of the torsion point. This means that the co-levels [ and N — [ are
actually two descriptions of the same model. So, except for the trivial case of N = 2,
since —1 is in T'o(/V) but not in I'y (V) the degree of the cover H/T'o(N) — H/T'1 (V)
is [[g(N) :T1(N)] /2 = ¢(N)/2, where ¢(N) is the Euler totient function which
count the elements of {0,..., N — 1} coprime with N. As one can expect, this is
also the degree of the number field defining this class of theories, which is actually
the real cyclotomic extension Q(({ny + (_n). The cusps of I';(N) fall in equivalence
classes of the Galois group described by the set Cryny = P'(Q)/To(N). We will
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discuss the orbits of I'g(/V) in the set of critical theories in section 5.

E.3 Geometry of the Models
E.3.1 The Model on the Target Manifold

Now we want to translate our abstract classification into an explicit description of
these models. A fundamental property of the elliptic functions is that they are
uniquely specified (up to multiplicative constants) by the positions and orders of
their zeroes and poles. Let us focus on the modular curve of level N and co-level
[ and choose (P,Q) = (=%~ 4+ A., 2% + A,) as torsion points. For convenience we

invert the lattices of poles and vacua with respect to the previous derivation. This

2wlT

can be done with the translation z — 2z — <. The derivative of the superpotential

for this class of theories is

8 Nl) Nl 27'rzlk 27T l k» . 2771k
W e Z—N(T+ )T |+ N | (E.5)

k=0

where z € S = C \ {%(17’%— EY+ A, k=0,... N—1; A, =27Z & QWTZ}.

The Weierstrass zeta function ((z;7) is defined with the conventions n; = ((m; 1),
ne = ((m7;7) [57]. This function is meromorphic on S with simple poles and simple
zeroes respectively in 2”(ZT+k +A; and ZE + A, k =0,..,N — 1. By definition
of elliptic function, the sum of the re&due inside the fundamental cell is vanishing.
From a physical point of view this means that the flux of the magnetic field is
cancelled by that of the quasi-holes charges.

The algebra of the abelian symmetry group of this model is generated by three
operators o, A, B, defined by the actions

o:z— 2+ 21/N; O.WWD (2 427 /N;7) = e~ 9, WD (z;7),
Az — z+2m; DWW (2 4 21 7) = O, WD (2;7)
B:z— 24 27T; DWW (2 4217y 1) = O,WWND (2 7)

(E.6)

N

with the additional relation ¢ = A. These transformations follows from the

quasi-periodicity properties of the Weierstrass function. The double periodicity
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of 0,WW: (z;7) allows to identity points wich differ by an element of A,, so that
the model is naturally projected on the torus K = S/A,. With this identifica-
tion we can work with just N critical points, denoted by the equivalence classes
[%} ,k =0,...,N — 1. From the property ((—z;7) = —((z;7), we find that the
superpotentials of co-levels [ and N —[ are actually related by a parity transformation

DWWNN-D(_zry = —g WD (2 1) (E.7)

and therefore, as pointed out in the previous section, they describe the same model
with inverse torsion points generating the Zy symmetry.
We can also write for this class of theories a symbolic ‘primitive’

r

; 1
WD(zir) = <37 e log© {% i } (5=i7) " (E8)
1_ k) \og
k=0 2 N
where © [g} (z;7) is the theta function of character (a, ) € R and quasi-periods

1, 7. This function is multi-valued and cannot be really considered as superpotential
of the model. Indeed, the target manifold is not simply connected and we cannot
find a true primitive on this space.

E.3.2 Abelian Universal Cover

In order to define a superpotential, as well as the Hilbert space of the theory, we
need to pull-back the model on the abelian universal cover of S. We remind the
definition of universal cover as space of curves

H={p:[0,1] — S,p(0) =p* € S}/ ~,

p-q ' =0 in the homology group H,; (S.Z).

By the pull-back of 9,/W®™!(z: 1) on this space we can define the superpotential of
the theory:

Wi 7) = [ 0807 (E.10)

p
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Contrary to E.8, this is a well defined function which assigns a single value to each
equivalence class of paths in H.

In the covering model we have many more vacua than before, but at the same time
a larger symmetry group to classify them. An evident subgroup is the deck group
of the cover, i.e. the homology. Let us fix a point z € §. We choose as local basis
of H(S;Z) the one given by the curves v,,7, obtained by applying respectively
the lattice vectors a = 27, b = 277 to the base point z, and the anticlockwise loops
by, ..., n_o encircling the first N — 1 poles contained in the cell with sides v,
(Figure 4). The action on the superpotential of the corresponding operators is

AW / WD (z:1Vdz = WD (p: 1) /E)WNl (z;7)dz
B*W™NI(p / O.WHN (2 7)dz = WD (p; 7 /aWNl z7)dz,
LZW(N’Z) (p;7) = 0ZW(N’Z)(Z; T)dz = AR (p;7) + GZW(NJ)(Z; 7)dz.
ék-p Zk
(E.11)

Compatibly with the definition of symmetry, the superpotential shifts by a constant
under the action of the homology generators.

z Ya
Figure 4: Homology generators

In order to define the action of ¢ on ‘H we need to specify a path 7, connecting
z to z + %T Let us fix the point p* in the definition E.9. We choose a path ~*
connecting p* to p* + % If the point is not orizontally aligned with the poles we
can take for instance a straight line. Now, given a curve p in H, we define 7, such
that v, - p = o(p) - v* in Hy(S;Z), where o(p) denotes the curve p shifted by 2%
(Figure 5). Choosing the integration constant so that WD (y*: 1) = 0, we get the
transformation of the superpotential
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WD (e 1) = / DWW (2 7)dz = / 0. W (z;7)dz =
Yo P U(p)"y*
(E.12)

2mil 2mil

e N WD (pir) 4+ WD (y*: 1) = e 8 WD (p; 7).

Inequivalent definitions of ~, differ by compositions with the loops ¢, and gener-
ate a different constant W™D (4*; 7) in the transformation. Indipendently from the
choice, by composing N times v, we obtain an curve in H;(S;Z) homologous to 7,,
consistently with the operatorial relation o¥ = A.

* *

p g o (p”)
Figure 5: Definition of ~,

The generators o, A, B, (Ly)kg—o,.. N—2 represent a complete basis for the symmetry
group of the covering model. It is clear from Figure 6 that the algebra is non-abelian
on the space of curves. Indeed, the generator ¢ do not commute with B and L;

according to the algebraic relations
oB = LoBo, oLy, =Ly0, k=0,...,N—2 (E.13)

N—2
where we have Ly_1 = [] L,;l. We see that the obstruction to abelianity on the
E=0

universal cover is represen_ted by the generators of loops. In the faithful representa-
tion on the plane these act trivially and A, B, 0 commute. This is not inconsistent,
since the physics must be abelian on the target manifold but not necessarily on the
covering model. The abelianity which we have asked in the classification can be
recoverd at the quantum level by projecting the Hilbert space on the trivial rep-
resentation of L. We will discuss this point in the next section. There are not
problems instead in the commutation between o and A and clearly the subgroup
given by the homology is abelian.
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Ly, Ly

o

Figure 6: Algebra of curves

Now we can classify the vacua of the model defined on H. The vacua on the target
manifold are represented by the points z, = %, k=0,..,N — 1, up to periodic
identification of A,. For these points there is an ambiguity in the definition of the
cycle 7, since there is a pole along the side of the fundamental cell. We choose
conventionally the homology path which bypasses the pole on the left. Now that
the homology based on the critical points is well defined, we fix p* away from the set
of vacua and pick a curve py connecting p* to zy as representative of zg in H. All the
other representatives in the corresponding fiber can be obtained by composing py
with the cycles of H;(S,Z) based on z;. Moreover, we can map fibers over different
points to each other with the action of . Therefore, the vacua on H are labelled
by the curves

N-2

Pkimnng,...nn_a = 7;” : /71? ' H E:}T ' 7§ *Po (E14)
r=0

where £k =0,..., N—1, and m,n,ng, ...,ny_o € Z. By definition of abelian universal
cover, each fiber is a copy of the homology group.

We can also provide the corresponding critical values by computing the integrals
in E.11. Let us take again the curve p,. By the relation A = ¢V and the residue
formula we have

AWED (po; 1) = WD (pg; 1),
(E.15)

2milk

LW ™ (po; 1) = WD (po; 7) + 2mi e

159



Moreover, from the first algebraic identity in E.13, we easily get

9
B WO (po: 1) = WD (po: 1) 4 (E.16)
e~n —1
Finally, by acting with the generators o, A, B, (Lg)k—o,..n—2 On WD (po;T), we
obtain the whole set of critical values
WD (g3 7) = A™B™ T L™ WD (py; 1) =
0<r<N-2
(E.17)
o 21 s L
27 2milr
e N WD (po; 7) + g Lt D ne2mie N,
enN — r=0

E.4 tt* Equations
E.4.1 General Case

Our next aim is to derive the tt* equations for this class of models. We first introduce
the point basis @p.pmn.no....ny_, defined by

N-2
(I)k;m,n,no,“.,n]\],z (pk’;m’,n’,né,...7n3\,_2; T) = 5k,k’§m,m’6n,n/ H 5nr,n}- (E18)

r=0
The isomorphism between R and C#classical vacua jg yealized by the identification
N-2
"
®k;m7n7n07---7n1\772 |pk§m7n7n07---7n1\772> = AmBn H L:j g |p0>7

r=0

where the operatorial action of the symmetry algebra is naturally transported on
the Hilbert space. The vacuum space of the theory on H decomposes in a direct
sum of irreducible representations of the homology group:

Vy ~ L? (Hom (Z"*,U(1))) @ CV,

provided that N + 1 is the rank of H,(S,Z) and N the number of vacua on S. A
point basis of ‘theta-vacua’ for Vg is
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—ix . N—
|k7 Q, /87 AO) ceny )\N—2> =€ Nk Z G_Z(ma+n6+27:02 Tlr>\r)

m,n,nrEL

(E.19)
N—-2
AmB" ] Lo po),

r=0

where the angles «, 3, Ao, ..., An_2 € [0, 27] label representations of H;(S,Z). Since
the homology is abelian, the angles are defined simultaneously in this common basis
of eigenstates:

A ‘k;gaﬂa)\Oa -'~7)\N72> = eia |]€;CK,B,)\0, "'7)\N72>7
B |k;0é76,)\0, "'7/\N—2> — eiﬁ |k;05767 )‘07 "'7>\N—2>7
L?" |k7a7ﬂv AO) XD )\N—2> = 6i>\r |]€;Oé,6, )‘Oa L) )‘N—2>-

Using the symmetries A, B, L,, one finds that in the point basis the ground state
metric diagonalizes with respect to the angles:

<j;0/75,7 )\67 LERE) )‘/N_2’k;a7ﬁ7/\07 ceey >\N—2> =

N-2

(o —a)s(B—B) T 6(A = A gijla. B, Xo, . Av—a),

r=0

where the matrix coefficients gy ;(a, 3, Ao, ..., An—2) have the Fourier expansion:

L j— i(ra+s N—2
gk,j(avﬂ7 )\07 D) )‘N—2) = eﬁa(J k) Z € (rat ﬁJqu:O tq)\q)gk,jOna S7t07 '”7tN—2)7

r,8,tq€EZL

gk:,j (7’, S, to, ceey tN—2) - <pj;m,n,no,4..,nN,2 |pk;m’,n’,n6,...,n3\,_2> |m—m’:r,n—n’:s,nq—ng:tq .

The metric cannot be diagonalized also as N x N matrix, since ¢ do not commute
with B and L,. The pull-back of the Landau-Ginzburg model on the universal
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cover is a necessary operation to write the tt* equations, but the price to pay is to
have more vacua and a larger space of solutions. We are not interested in the most
general solution to the ¢t* equations, but in the subclass reproducing the abelian
physics of the punctured plane. Moreover, the importance of an abelian symmetry
group with a transitive action on the vacua is that we can completely diagonalize
the ground state metric. Without this property, even writing the tt* equations
becomes an hopeless problem. Therefore, we have to truncate the tt* equations
in such a way that the solutions are compatible with the abelian representation of
the symmetry group. We cannot just set the loop angles to be 0, since these are
differential variables which enter in the equations. So, we have to check that the
ansatz of a solution with constant vanishing A, is consistent with all the equations.
From the equality

27 Ii N i s
2milk 2milk
—-— = — ke v = — (k—N+1e~ |
N -1 N N
€ k=0 k=0
. N—2
we learn that the combination B = BN [] LkN ~*=1 Jeaves invariant the superpoten-

k=0
tial. Moreover, one can see that it commutes with o

N—-2 N-3 N-2
oB=oB" [[ Ly * "' =BLY [ Li ' [ Lilo =
k=0 k=0 k=0
N-3 N—-2
by [ e = Y T 1o = o
k=0 k=0

where we have used the commutation relations in E.13. Thus, if we choose A, B, L,
as generators of the homology, we can find a basis in which the eigenvalues of o
are simultaneously defined with the two angles a, f = N3 + ZkN:_OQ(N — k= 1)\
corresponding to A, B.

The couplings we can vary in these models are the lattice parameter 7 and the usual
overall scale multiplying the superpotential. To avoid clash of notations, we denote
with p this coupling. The corresponding chiral ring coefficients in the point basis of
the covering model read
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k'sm/n'nh,...n/
0 oMN—2 (N, ( . )
(CT)k;m,TL,no,...7TLN_2 - MaTW ®kl;m/7n/’n67"'7nljv_2 pk§m1n1n07“-7n1\7727 T

N-2
N,l . 27ilk
= Ok b Oman O | [ Onynt. 10 W D (po; 7)™V,
r=0
E'sm! i/ ng,....nly (N,I) E.20
(Cﬂ)k;m,n,no,...,nN,Q =W q)k’;m/,n’,ng,...,ng\,_z(pk;m,n,no,...,nN,z;T) ( ) )
N—-2
= 5k,k’6m,m’6n,n’ H 6nr,n’T
r=0
N-2
2milk . 2milr
x [ WD (pg;m)e ™ + E n,2mie N |,
r=0

where we have replaced B with B in the computation of the critical values in E.17.
The action of C; and C), is naturally projected on the theta-sectors of Vy:

2milk

Cgoint basis(a’ B’ )\0’ . )\N—Q)j,k = /L@TW(NJ)(])O; 7’)6 N (Sij

N-—2
) . ~ 2milk 2milr a
CEolnt bas (Oé,ﬁ, )\0’ ---7/\N—2)j,k = (W(NJ)(pO;T)e N — 27 E e N _8)\ ) 5j,k.
r=0 T

(E.21)
The ground state metric satisfy the following set of equations
ai'(gaTg_l) = [Cﬂgcig_l} )
8ﬂ(g8ug’1) = [CN,gClg’l} , (E.22)
9:(90-97") = [Cr,9Clg7']
as well as the complex conjugates. If we demand that \g = ... = Ay_o = 0 and

99 — ( for each r, the derivatives 2~ do not contribute to the tt* equations and
My X

the F-term deformations can be truncated at the non trivial part

2milk
N 5j,k>

Cgoint basis(a’ B)j,k :IuaTW(N,l) (pO’ 7')6
(E.23)

2milk

CEOint basis(a/7 B)j,k :W(N,l) (po; 7_)6 i 6j,ka
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with 8 = NB. It is clear that with this ansatz the equations given above can

be written universally as a unique equation with respect to the critical value w =
WD (po; 7):

0i(90ug™") = [Cuy gClg™'] (E.24)
where
C«s)oint basis(oé’ B)j,k _ 627;\1',lk 5j7k. (E25)

The equations in the parameters 7 and p can be obtained from this one by specifying
the variation of w and w. If the equation in the canonical variable is solved with the
boundary conditions given by the cusps, the solution automatically satisfies all the
equations in E.22. Hence, it is convenient to pull-back the equation on the spectral
cover of the model where one can use w = W& (pg: 7) as unique complex coordinate
to parametrize models and vacua. By consistency, the cusps should reproduce the
correct regularity conditions for the truncated equations. We are going to discuss
the boundary conditions for the ¢t* equations in section E.6 and we will see that
this is the case.

Now that we have recovered the abelian representation of the symmetry group, we
can construct a common basis of eigenstates for o, A, B in which the ground state
metric diagonalizes completely. Given the action of ¢ on the point basis

olk;a,B) =€ |k+ Lo, 8),

we can define a set of o-eigenstates as

r

_ 2milkj

s, By =) e v |ka,B),
0 (E.26)

el
Il

o lj;a, B) = en @) |j o B).

With this normalization we have the periodicity

|k + N;o, 8) = |k, ) (E.27)
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and we note that the given definitions are consistent with the relation oV = A.
In the o-basis the metric becomes

grj(a, B) = by e, (E.28)

where the (o, ),k = 0,.., N — 1, are real functions of the angles. It is straight-
forward to derive the tt* equations satisfied by these functions. Using

010 0 0
001 00
Og_bazsls(a7 /8) — . . . . . 7
0 00 0 1
1 00 00
one finds the well known A ~_1 Toda equations:
amawSOo 4 eP1TR0 _ gPOTPN-1 07
OO pi + £+ 7P — PimPi1 = () i=1,..N—-2 (E.29)

awaw(PNfl + e‘PO*SDN—l _ €<PN—1*<PN—2 — 07

where the dependence on the angles and w is understood. These equations appear
tipically in the models with a Zy symmetry group acting transitively on the vacua.
We are going to discuss the solution to these equations in section E.6. In particular,
we will see that the RG fixed points reproduce the appropriate boundary conditions
for the Toda equations, providing a consistency check for the abelian truncation.
We can also provide an expression for the symmetric pairing of the topological
theory. The operators in the chiral ring corresponding to the basis in E.19 with
A = 0 and E.26 are respectively

Xk(a7 6) — e_j\?k Z e—i(ma—l—nﬂ)(I)k;m’n7

m,neL
Nl 2milkj
_ 2milkj
‘1;](0'/76) = € N Xk aaﬁ)'
k=0
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The topological metric can be computed with the formula 3.80 for one chiral super-
field. In the point basis the expression is

Resw [Xk(aa 5)7 Xm(&/> B/)] = (S(Oé o a/)d(ﬁ - 5,)77113,07glt baSis(av B) (E3O)

where

ngzglt basiS(Q’ 5) _ (agw(N,l) (0’ 7_))*1 @_%(2a+2ﬂl)5k,m- (E31)

In the basis of o-eigenstates one gets

Resw [Wn(a, 8), Un(a, 8)] = d(a — a')o(B = B') 0 2" (a, B), (E.32)
where
1 N-1 "
ng;’?asis(a’ 6) _ (agw(N,l) (0’ 7_))7 e—lﬁ(27rl(m+n+1)+2a)‘ (E33)
k=0

We can choose a basis and use one of these expressions to impose the tt* reality
constraint, where the complex conjugates ¢g*,n* in terms of the matrices g(«, (),
n(a, B) are respectively

This condition gives g(—a, —f) in terms of g(a, ), but an explicit computation is
hard in general. In the case of a trivial representation of the homology, the reality
constraint simplifies, becoming the same of the Ay models [28].

E.4.2 Peculiarities of the N=2 Level

We briefly discuss some peculiar aspects of the class of models of level 2. The
derivative of the superpotential is
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OW(z;1)=C((z—7n7;7) = (2 — T — ;7)) — 11, (E.34)

where z € § = C\ {nr,m7+ 7+ A;; A, =27Z & 2n7Z}. The simple poles and
simple zeroes are located respectively in 77,77 + 7+ A, and 0,7 + A,. In this case
the Galois group acts trivially and we have only one co-level.
In addition to the generators o, A, B, L already discussed, the symmetry group of
the models of level 2 contains also the parity transformation

Lz — —2z; OW(=z;71) = =0, W(z;7),

which follows from E.7 for N =2 and [ = 1.
This operator satisfies the following commutation relations with the generators of
the abelian group:

A= A1,
1B =B,
oL = L,
=0t

The action of ¢, as well as its algebraic relations, can be extended to the abelian
universal cover. There are inequivalent choices which differ by compositions with the
loop generator L. Indipendently from the definition, the set of curves with p(1) =0
is left invariant by the action of ¢.

The presence of an extra symmetry, as well as the possibility of working with 2 x 2
matrices, guarantees some semplifications in the derivation of the tt* equations. A
point basis of theta-vacua for this family of theories is

’0; Oé,ﬁ, >\> _ Z e—i(ma+nﬂ+j)\)AmBnLj |p0>’
m,n,jEL
Lo, B Ay = Y e tmetnB N AmBr Lig ).

m,n,jEL

Setting A = 0, the operators o and ¢ act on these states as:

|00, 8) = |1, B), o|la,f) =" La,pB),
L|O;a7ﬁ>: |O,—Oé,—6>, Lll;a76>:€_ia|1;_a7_ﬁ>‘
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The ground state metric in this basis is represented by the 2 x 2 hermitian matrix

oo = (e o)

The symmetries o and ¢ imply respectively

906(a7 6) = gli(a76)7 gOi(aa 6) = eiaglﬁ(av ﬂ)u

and

gO(](a7 B) = 906(_a7 _5)7 glf)<a7 6) e_iagla(_a7 _6>

Therefore the metric can be written as

[ Awp) B
e = <eéaB<a,ﬁ> Ao, )

where A(—a, —f) = A(a, 8) and B(—a, —f3) = B(«q, 5). The transpose and complex
conjugate of g read

and therefore

gT<aa 6) = [g(_a/a _B)]T .
The hermiticity of g implies that A(a, 8) and B(«, ) are real functions, while the

positivity requires that A(c, 5) > 0. The matrix C,, and the topological metric in
this basis are
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We see that, by the parity properties of A(«, 5) and B(«, ) implied by ¢, the reality
constraint ??7 reduces to

02W (0, 7)]*(A(, B)* = B(av, 8)%) = 1. (E.36)

As a conquence, the metric can be parametrized in term of a single function of the
angles

1
Ala, B) = 102 (0: 7] cosh [L(a, B)], -~
1 . ’
B(o,B) = Wsmh [L(c, B)] .

Finally, by plugging the given expressions of g(a, ) and C,, in E.24 we find the
Sinh-Gordon equation

DpOwL(cv, B) = 2sinh [2L(a, B)] . (E.38)

E.5 Modular Properties of the Models
E.5.1 Modular Transformations of 9,W @ (z; )

The underlying structure of this class of models is the theory of the modular curves.
In particular, as discussed in E.2.2, the space of models and its spectral cover are de-
scribed respectively by the modular curves for I'y(N) and I'(IV). Now that we have
provided an explicit description of these systems, we want to investigate the modular
properties of the superpotential, as well as the ground state metric, with respect to
the relevant congruence subgroups of SL(2,Z). Let us first consider 0, W ™0 (z; 7).

b
Given a modular transformation v = <a d) € I'y(N), the derivative of the super-
c

potential transforms as
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8W(N’l)( z _aT—i—b) _

cr+d et +d
N-1
e’ 2
(cr+d) Y e {g <z - Nﬂ((aT + )l + ket + d)); T) - 2%4 =
k=0

N-1
2milk 2w 2w . 2771/€ i
s 36 o (s T T i) + 208) -

(et + d)@ZW(N’l) (z — 2Wwbl; T) ,

where we have used the fact that a,d = 1 mod N, ¢ = 0 mod N and the modular
properties of the Weierstrass function:

z _a7’—|—b
ct+d et +d

)=&7+®dzﬂ,
(E.40)

ar +b
o (E55) = (e dam + en)

We see that I'y(IV) preserves only one of the torsion point. The transformation
27 (aT+b)

2’% — == results in a shift of poles and vacua by 2W’Tbl . If we set b =0 mod N,
i.e. v € I'(IV), also the order of vacua is preserved modulo periodicity.

b) € I'y(N) acts on O, WM (z; 1) as

On the other hand, a matrix v = (a y
c
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8W(N’l)( z .aT—l—b) _

cr+d et +d
N-1
s 2
(et +d) N [C <z— %((a7+b)l+k(m’+d));7’) —i-ZWk} =
k=0

N—-1
2mialk 27T 27T . ink o
(CT+d) e N |:C (Z—Wbl—ﬁ(alT—’—k),T) + N :| =

(e + d)@ZW(N’“l) (z — 2Fﬁbl; 7') ,

where in the third line we used the fact that @ = d~! mod N. As discussed in section
E.2.2, T'y(N) changes the co-level with the map [ — al, acting as the Galois group
of the real cyclotomic extension.

E.5.2 Modular Transformations of the Physical Mass

It turns out that the superpotential is not invariant under a transformation of I'(V),
but it shifts by a constant. On one side, it is not wrong to say that the model is left
invariant, since a constant is irrilevant in determining the physics of a system. But,
at the same time, the ‘physical mass’ W0 (po; T) is the parameter that we have
used to write the ¢¢* equations. This means that I'(/V) changes the coordinate of the
model on the spectral cover, with a consequent transformation of the ground state
metric. An analogous constant shift is induced on the superpotential also by I'1 (V)
and ['y(N), in addition to the effects discussed in the previous paragraph. Before
giving an interpretation of such phenomena and solving the apparent contraddiction,
we want to compute these constants.

The fact that W™ (py; 7) transforms non trivially under I'(N) is connected to the
geometry of the modular curves. These spaces are not simply connected and a
critical value can be defined only on the universal cover, i.e. the upper half plane,
where I'(N) plays the role of deck group. This is also strictly related to the fact
that the superpotential is defined on the universal cover of the target space, where
we have more than N vacua. On the other hand, variations of W (py; 1) with
respect to some coordinate on the modular curve must be modular functions of
I'(N). Let us give some examples. Among the curves X (), the cases with N <5
are the only ones with genus 0 and therefore the easiest to describe [61]. Genus
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0 means in particular that the modular function field has a unique generator, also
called Hauptmodul. This function is unique up to Mobius transformations and
modular with respect to I'(N). Moreover, it is the projective coordinate which
realizes the isomorphism between X (N) and the Riemann sphere punctured with
the cusps. Denoting with z the coordinate on the sphere, we can define the one-
form dW (z) = C(z)dz, where C(z) = 0, W (po; ) is the chiral ring coefficient which
describes variations of the critical value with respect to the Hauptmodul. Except
the case of N = 5, for these curves we have only the co-level 1 (and the inverse),
so we suspend the notation (N,[). From the theory of projective algebraic curves,
C(z) must be a rational function with coefficients in the cyclotomic field. Moreover,
the poles must be located in the free IR cusps, where the physical mass is expected
to diverge. Thus, C(z) can be fixed up to a multiplicative constant by requiring the
correct transformation properties under I'y(N) and I'o(N). In particular, from the
transformations of 8, W4 (z;7) under T';(N), we learn that T : 7 — 7 + 1 acts on
the one form as an automorphism of the sphere with the formula

2mi

T*dW (z) = dW (po; T*z) = dW (0 (po); z) = e~ ¥ dW (1),

where [ = 1 is understood.

Starting from X (2), we have 3 cusps which can be viewed as the 3 vertices of
the equatorial triangle of a double triangular pyramid inscribed in P'. A set of
representatives for the cusps is given by

CF(Q) = {O, 1, OO}

where oo, being a fixed point of 7 — 7 4+ 1, is a UV cusp and 0,1 identify two
decoupled vacua. Moreover, the quotient group PSL(2,7Z)/T'(2) is isomorphic to
Ss, which is the symmetry group of a triangle. We can use z(7) = 1 — A(7) as
coordinate on the sphere, where \(7) : H/T'(2) — P!/{0,1,00} is the modular
lambda function defined by

The 3 cusps fall in the point z(c0) = 1,2(0) = 0,2(1) = 0o and T" acts on x by the
transformation of PSL(2,C)
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From what we have said C'(z) must have a simple pole in x = 0 and z = co. Asking

that T*dW (z) = —dW (z), we find

dW(x) = ad?x (E.42)
where « is a complex constant. We see that there is a unique generator of I'(2)
which acts non trivially on the critical value. This generates loops around the cusp
in 0 (as well as in co) and produces the constant shift of the superpotential.
In the case of N = 3 the cusps are located at the 4 vertices of a regular tetrahedron
inscribed in the Riemann sphere. It is not a coincidence that PSL(2,Z)/T'(3) is
isomorphic to the symmetry group of this solid figure, i.e. A4. The set of cusps is

Cp(g) = {0, 1/2, 1, OO} .

Also in this case oo is the only UV cusp, while the other rationals are in the same
orbit of T" and identify free theories. The integers coprime with 3 are 1 and 2 = —1
mod 3 which describe the same theory. The generator of the function field is

IR - 37 1 (n(r/3)\’
J3(T)—Z.\/2—7qf (g 1_q§n> _i\/2_7<77(37'))

2miT

where g, = e and

n(r) =g/ T[(1 - (E.43)

is the Dedekind eta function. The generator of I';(3)/I'(3) acts on the Hauptmodul
as

T"J3 = (3 + C??Jg

2mi/k

where we use the notation (, = e . Denoting = = J3, the one-form with values

in the chiral ring is

2k
(3 dx
dW(z) = « g :pg— .
k=0 k
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where xg = J5(0) = 0,21 = J3(1) = (3 and xo = J3(1/2) = 1+ (3, with x4 = Tz
The cusp at 7 = oo is instead sent to x = oo on the sphere. It is straightforward to
check that dW (z) satisfies T*dW (z) = (3 'dW ().

Another spherical version of a platonic solid appears for N = 4. In this curve
the cusps are the 6 vertices of a regular octrahedron in P! with symmetry group
PSL(2,7Z)/T'(4) ~ S4. Also in this case the co-levels are just £1. The critical points
are given by

Cray = {0,1/3,1/2,2/3,1,00} .

In this curve we have two UV cusps, i.e. oo and 1/2, which are both fixed points of
T. The remaining ones represent instead free IR critical points. The Hauptmodul
of level 4 is

(1= @21 — )
Ja(1) = G§V8q* . :
i H (1—g2/™M2(1 = g27)

which transforms under 7" as

Cada
1—J,

T Jy =

The fixed points of this map are 0 and 1 — {4, which correspond respectively to

T = 00, % The 4 TR cusps are all in the same orbit of T" and fall in the points

J1(0) = oo, Jy(1) = —(y, J4(2/3) = 1/(1 + (4), J4(1/3) = 1. These must be simple
poles for dW(x), with = = Jy, which reads

B 1 1 Ca
dW(x)_a(x—l_$+C4+l‘—1/(1+§4))dx7 (E.44)

and satisfies T*dW (z) = ¢, 'dW (z).
X (5) is the last case of genus 0. This modular curve has 12 cusps which identify the

vertices of a regular icosahedron. The quotient PSL(2,7Z)/I'(5) acts on the Riemann
sphere as Aj, the symmetry group of this platonic solid. Among the 12 cusps

CF(5) = {07 2/97 1/47 2/77 1/37 2/57 1/27 5/87 2/37 3/47 L, OO}

the UV fixed points are 2/5 and oo, while {0,2/9,1/4,3/4,1} and {2/7,1/3,1/2,5/8,2/3}
represent the 5 decoupled vacua in two inequivalent IR limits. This curve has two
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inequivalent co-levels, i.e. | = 1,2 and the Galois group acts on the set of cusps by
exchanging the two UV limits and the two groups of IR theories. As in the previous
cases, we can use as projective coordinate on P!(C) the Hauptmodul

( ) Cq_1/5H 1 _q5n 2)<1 qin 3)
T =1 = g )
which transforms under 7" as
T Js = (' Js.

The UV cusps 2/5,00 are sent by J5 respectively to z = 0, 00, which are the fixed
points of 7. We know from E.41 that a transformation v € I'g(N) with b = 0 mod
N acts on the cyclotomic units through the Galois group and permutes the residue
of the poles in dW (z). It follows that if two IR cusps are in the same orbit of such
v, their residue must be related by the correspondent Galois transformation. It is
the case for instance of 0 and 5/8 if we set b = 5 and ¢ = 8. Imposing also the
correct transformation property under 7" for [ = 1, one can repeat the procedure
and fix all the coefficients up to an overall constant. Setting z;.x = (¥J5(0) and
Lo = CEJ5(5/8), with J5(0) = 1+ (5 + (2 and J5(5/8) = (2 — (&) /(14 ¢ — G — ¢4,
we find

4
1 1 .
dW(z) = akz:% (x — + o xQ;k) (5dx.

where the residue of J5(0) and J5(5/8) are both normalized to 1.

By summarizing, the generators of loops around the IR cusps on the sphere cor-
respond to the subset of generators of I'(N) which act non trivially on the critical
value. Once the normalization is fixed, the constant generated by modular trans-
formations can be computed with the residue formula. Moreover, the free IR cusps
are all in the same orbit of I'y(N), which acts by multiplication on the coefficients
of dW(z). This implies in particular that all the poles have the same order, which
must be 1 from the non trivial monodromy of W (py; z), and their residue are related
by Galois transformations.

A similar procedure could be carried on in principle also for modular curves of
higher genus, but it is more complicated. It is instead much more convenient to find
a general expression of the critical value as function on the upper half plane and
study its modular properties. Let us take the multi-valued function in E.8. Since
the constants generated by the modular transformations are indipendent from the
point, we can set z = 0. The expression of W®™)(0; 7) reads
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-3)| (E.45)

2=

Nl) i 27rzlk
(0;7) Z log |©

k=0

N[N

} (0;7) e 2mi(w =3

Z|z|~

where the phase e -2mi(§-3)(¥-2) is a convenient normalization constant. This
function remains ill defined as long as we do not specify the determination of the
logarithm. This is equivalent to choose, for a fixed 7, a representative of z = 0 and
determine its critical value. We first set the notations

_2miT _ 2miz
qT =€ 9 qz =€ 9

Z = UT + U3,
with uy,uy € Z/N. Then, we recall the definition of Siegel functions:

oo

Gurn () = =gV EEme =D — g ) [T = qfg.) (1 = g7 /a:),  (E.46)

n=1

where Bo(z) = 2% — x + % is the second Bernoulli polynomial. Because of their
modular properties, these objects are a sort of ‘building blocks’ for the modular
functions of level N. In particular, all the Hauptmoduls defined previously can be
expressed in terms of g,, 4, (7) and the Dedekind eta function [58, 59, 60]. The theta

1
. 5 — U .
functions © [% 1} (0; 7) have the g-product representation
3 T U2

1
© E - Zj (0;7) = — g2 g/ e2mn 2T (1 — g, )
2

o (E.47)
[T =an —ala)(1 = a7 /a)
n=1
and can be written in terms of g, 4,(7) and n(7) as
% — ; 2miug (u2—1)/2
O [1 71 (057) = igusan(rn(r)e | (.48
2

Since the Siegel and Dedekind functions have neither zeroes nor poles, there is a

single-valued branch of log © [% 1} (0;7) on the upper half plane. Therefore, the
2
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critical value can be consistently defined as holomorphic function of 7 € H. Provided
the above relations, we can rewrite W®(0; 7) as

WD, 7) = e~ logE. & (1), (E.49)

1 Kk
N'N

1
N
. Under an integer shift of the characters, these functions

where E Lok (1) is the Siegel function of characters u; = +,up = £ without the

root of unity e2miuz(u1—1)/2

satisfy [58]

Eu1+1,u2 (T) = _672ﬂiu2EU1,U2 (7—)7 EU17U2+1(T) = EUlﬂLz (T> (E5O)

Moreover, being the Siegel functions up to a multiplicative constant, they have good

modular properties. For v = (a 2) € SL(2,7Z), they transform with a phase:
c

Eu1,uz (7. + b) _ eﬂ—isz(UI)EULUQ-Fbul (7.)’ for ¢ = 0’

(E.51)
Ey, w,(v(7)) = €(a, b, c, cl)e’”‘sEuzl,w2 (1), forec#0,
where
b o d eiﬂ(bd(lfc2)+c(a+d73))/6’ if ¢ is odd,
6((1, » G ) - _ieiw(ac(l—d2)+d(b—c+3))/6, if dis Odd,
(E.52)
§ =ujab + 2uyugbe + used — urh — ug(d — 1),
and
uy = auy + cus, uy = buy + dus. (E.53)

In order to compute the constants generated by the modular transformations, we
need to evaluate the difference

Xuruz (V) = 108 By, (7(7)) = 10g Eug s (7)), (E.54)
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for v € SL(2,Z). Here we assume the characters of the Siegel functions to be
normalized such that 0 < wuy,us,u},uy, < 1. This can always be achieved by the
property E.50. The computation for the case of I'(V) has already been done in [59].
In F we follow closely that derivation, adapting it to the general case. For ¢ = 0 the
transformations belong to the coset group I';(N)/T'(N) ~ Zy and we obtain

1
Xu,ua (V) = 272532(U1)~ (E.55)

It is clear that in this case we cannot appreciate a modular shift of the critical value.
Indeed, these transformations simply translate the vacua:

_ 2mibl?

WD (0; 7). (E.56)

WD 7 +b) =e

On the other hand, for ¢ # 0, we get the formula

(E.57)

where By (x) = x—1/2 is the first Bernoulli polynomial, (z) represents the fractional
part of 2 and the symbol [z, u], u}]4. denotes

. du| —cuby) —dut
27rwc(7< ka MZZ> u1+u’2)

€
(1 _ 672m'xd/c)(1 _ e2m’x/c) ’

(E.58)

[$v ullv u/2]d,c =

This result turns out to be indipendent from the branch of the logarithm and in
particular from 7. This is consistent with the fact that the modular shift of the
critical value is indipendent from the vacuum that we choose. From the general
formula we can reduce to the cases of the congruence subgroups. Let us consider
v € I'o(N). Using the fact that ¢ = 0 mod N and ad = 1 mod N, we have to plug
in the above expression:

ull = <au1>’ U/Q = (du2 + bU1>,
(B.59)

(duy — ube) = uy.
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If v € T'1(IV), these becomes

uy = uy, uy = (ug + buy),
(E.60)

(duy — uyc) = uy.

The case of v € I'(IV) follows from this by requiring further b = 0 mod N.
Setting u; = %, = % and summing over k with the residue e%, we find the

modular transformations of the physical mass. In sequence

Uz

_ 2mial®b
N

WD (0 5(7)) = e F WD 0;7) + AW (),

A F1<N) :
(Nl) _27ril2b (Nl) (Nl) (E61)
WD y(1)) =e "5 WD, 7) + Aer(}V)W)?
v €e€T(N):
N,l
WD ©0;9(7)) = WD (05 7) + AW (),
with
. iz ( I/N—d{al/N) )
(N,D) o 2miN  _ 2miat® e c
AWFo(N) () =- . ° " Z (1 — e~2mizd/c)(] — e2miz/c)’
©€Z/cZ,
r=—al mod N
(E.62)
- 2m’z(i 1*d)
(N,D) o _27TZN _ 2mil%p e N ¢
AWH(N) () = . ° " Z (1 — e~2mizd/c)(] — g2miz/c)’
:E:zflzircf;d N

6271'1'90(% 1Zd)

(1 _ 672772'1(1/0)(1 _ eQm'x/c)’

N, 2miN
AWF((N)) (v)=~— - Z
z€ZL/cL,

r=—] mod N

where the constraints on z follow from the summation over k. These formulas are
coherent with the transformations of 9,W "0 (z; ) that we found in the previous
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paragraph.
We can check in the simple case of N = 2 that the formulas above give the results
obained with the geometrical approach. The physical mass has the expression

W(0;7) = log O4(0:
3

6.0 (0::; = ilog(l — (1)), (E.63)

where 1 — \(7) = (©4(0;7)/03(0;7))" is the Hauptmodul of level 2 that we have
defined previously. Although 1 — A(7) is invariant under transformation of I'(2),
the logarithm is not. We can use the expression for AWr) to derive the modular
transformations of log(1 — A(7)). I'(2) is freely generated by the matrices

o I B

Using respectively the E.56 and the E.61, E.62 with N = 2] =1, one finds

log(1 — A(T +2)) = log(1 — A(7)),

(E.65)
log (1 —A (#)) — log(1 — A(7)) + 2mi.

It is clear that T3 is the generator of anticlockwise loops around the IR cusp in
7 = 0. Indeed, the constant is the same we obtain with the residue formula.

E.5.3 Modular Transformations of the Ground State Metric

The modular shift of the superpotential seems to contraddict the statement that the
model is invariant under transformations of I'(V'). But, if we assume the perspective
of the universal cover, there is no contraddiction at all. Indeed, the physical mass
parametrizes not only models, but also vacua. The modular transformation simply
changes the initial choice of the vacuum p, with another one of the same fiber in
the universal cover. Therefore, the new coordinate on the spectral curve describes
the same model, but a different vacuum.

The tt* equations for these class of theories are manifestly covariant under trans-
formations of the congruence subgroups. In particular, the covariance under I'y (V)
implies that the equation naturally descends on the space of models. However, as
a consequence of the modular shift, the ground state metric is not left invariant.
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Indeed, matrices of I'(IV) and I';(N) change the basis of lattice generators and
consequently the representation of the homology group. Besides this effect, a trans-
formation of I'g(/N) changes also the torsion point of the Zy symmetry, resulting in
a permutation of the metric components. Let us consider this more general case.
From the transformation of 8,W ™! (z;7) under I'y(N) one can read how the gen-
erators of the symmetry group are modified. We note that the new function is still
periodic of 277. Therefore, we can consider again B as a generator of H,(S;Z) in
the new model. The operators L, are left invariant by the transformation as well,
since the corresponding homology cycles have the same definition in the model of
co-level al. Differently, ¢ and A change in relation to the transformation of the
torsion point of the vacua. For a v € I'y(IV), we can write

7'B =B,

Y Ly = Ly

21 o7 v*o = o0'B~ = §BWV
— — —(c7+d) = -

N N< ) {’Y*A:AdBC:ABC,

where we denote with & = o the operator associated to the torsion point of co-level
al, and with A = A? the homology cycle satisfying A = V. The fact that the
generator of loops are not involved in the modular transformations is consistence
with the truncation of the tt* equation that we discussed in section 3.

We have also to include the shift z — 2z — 2W’Tbl, which implies the vacuum transfor-
mation

Po — U_bl(Po) = |po) — o " Do)

Let us study what these transformations mean at the level of vacuum states. We
consider again trivial representations of L;. The action of 7 on the point basis is

—iak

v|k;o, B) = N

Z efi(maJrn,B) (AdBc>mBn<O,dB§)k07bl ’p0>

m,ne”

_ 6—z‘%(a*736) Z e—i(m(“jfc)+n6)AmBn0kd—bl o)

,iﬂ(a*ﬁc

d ) |kjd— bl; (a - /Bc)/d,ﬁ>.
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We note that, in the case of b = 0 mod N and d = 1 mod N, the fiber index k is
left invariant. This follows from the fact that a transformation of I'(N) preserves
the torsion point up to a shift of a lattice vector, which moves the base point pg
without changing the fiber. The o-eigenstates transform consequently as

N-1

Vi) = e T ST kd — bl (o~ Be)/d. )
k=0
N-1

= W) 3 | (0 - ) /d, )
0

>
Il

a—fBc

_ i (2malj+afe) laj; (o — Be)/d, B).

The action of the symmetry group generators &, A, B on the transformed states is
given by

2milj 4

& laj: (o — Be)/d, B) = e & en @5 |aj; (a — Be)/d, B),
Alaj; (a = Be)/d, B) = €7 |aj; (o — Be) /d, B),
Blaj; (a — Be)/d, B) = €7 |aj; (a — Be)/d, B).

From the eigenvalues of the new basis, we learn that the ground state metric trans-
forms in the following way:

Yeij(w;a, B) = v (v'w; a, B) = @q5(w; o — Be, B). (E.66)

As anticipated, we see that a transformation of I'(/V) changes the representation of
the homology, resulting in the character shift & — a — fe. In the case of T'g(N),
since the operators ¢ and o are inequivalent and have a different set of eigenstates,
we appreciate also the exchange of the metric components along the diagonal. This
effect takes place specifically for N > 2, where we have a non trivial co-level struc-
ture. We note further that transformations of the coset I'1(N)/T'(N), i.e. with
¢ = 0, leave the metric completely invariant.
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E.6 Physics of the Cusps
E.6.1 Classification of the Cusps

Now that we have discussed the modular properties of the solution, we want to
describe its behaviour around the boundary regions of the domain. These are rep-
resented by the cusps of the modular curve H/I'(N), i.e. the equivalence classes of
I'(N) in QU {oo}. First of all, we have to understand which type of model each
cusp corresponds to. Let us begin with the cusp at 7 = 100. It is convenient to come

back to the initial lattices of poles and vacua with the shift z — 2+ =% 2”” . Moreover,
we rewrite the derivative of the superpotential in terms of ©(z;7) as
N-1
1 T @l l z — M 77-
DWW (zir) = = e v L (? ( ka) ) (E.67)
2= Ou(z(=—%F):7)
Using the relation [57]
O} (z, 7 - n
L~ =cotz+4 sin 2nz,
©1(z;7) ; —q

(G E-F)

The theta function in these expressions is normalized with quasi-periods 7, 7. Let
us denote with S the infinite sum in n. Manipulating the expression, we get

0 n N-1 ‘ N-1
S § : 4 einz 627]7\;}“ (I-n) _ e—inz GZMlk (I4n) )
1 — gr
n=1 a4 k=0 k=0
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The two sums over k are not 0 if and only if n satisfies respectively n = [ mod N
and n = —] mod N. Therefore, the derivative of the superpotential becomes

n

. Z q ; Z q —i
—iN ‘rneznz_ Tne inz
n=1 1 - qT n=1 1 - qT
n=[l mod N n=—[ mod N

Taking the limit 7 — 700, the series in ¢, are truncated at the leading order. More-
_2mir

over, since the vacua —=%" + % + A, escape to infinity for large 7, we have also to
take z — 100. Thus, we obtain

T

8ZW(N’Z)(Z;T) T—100 _iN (qlT eilz _ q(N—l) e—i(N—l)z) '

Integrating this expression, we find

(N (. -y T=ico ! ilz (N=1) e (V0=
w (277—) — —N 4 I + 4 N — 1 ) (E68)

wich we recognize as the superpotential of a An_1 model of co-level [. In particular,
the case of N = 2 corresponds to the Sinh-Gordon model

W(z;7) ~ ¢ cos z. (E.69)
Now let us consider the rationals. We associate to a cusp ¢ with ged(a,c) = 1 a
b
modular transformation va« = (a d) which sends ico to ¢. In this definition b, d
¢ c

are integers such that ve € SL(2,7Z) and clearly the case of ¢ = 0 corresponds to
take again 7 = i00. One can study the behaviour of the model around 7 = ¢ by
acting on 9,WWA(z; 1) with 7e and then taking the limit 7 — ico. Using the
modular properties E.40 of the zeta function, we have
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+b
DLV z  ar _
ct+d et +d

N-1

T 2

(et +d) e l <z— %k(m’—i—d)n’) +2—d771 +Cn2k} ,
k=0

where the torsion point of the poles is now —(CT + d) Let us introduce the integers
Q = ged(e, N), with 1 < @ < min{¢,N}, j = 5 and r=5 Clearly we have
ged(r, j) = 1. By these definitions, we can split the Sum over k by writing k = m+jp,
withm =0,....,5j—1and p=0,...,Q — 1. Let us consider for the moment the cusps

with divisor () > 1. One obtains

+b
DV z  ar _
ct+d et +d

e dm 2dm
+ 2 <— + —) m + p} .
J N Q

As 7 becomes very large, for m # 0 the torsion point approaches 227
Moreover, by the formulas [63]

TGy (1) — 2mi
27 ’

_ Ga(7)

2 =
ot 9 2

where G5(7) is the Eisenstein series

and the asymptotic behaviour

Ga(r) T2 2¢(2), (E.70)
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where ((z) is the Riemann zeta function, one has

12 Toviee, o (E.71)
m

Thus, we get the limit

Q-1

+b T—i00 2milp 2 2d

GALAREY (mj—d; Z:'—i—d) T (et +d) Y e g [C (z— Zap; T) + =0 } +
T—100

T 2m 2n
cT +d eﬂé?ap{ (z——p;r)—i——lp] ;

where in the last line we have used the fact that ad = 1 mod (). So, we learn
from this expression and the limit E.68 that the cusp ¢ with divisor ¢ = ged(c, N)
correspond to an le_l model of co-level al:

s talz —i(Q—al)z
WD () ey g2 Ce o g@a & T E.72
(1) Qler — +a 0 —a ) (E.72)

which is a theory with ) vacua up to periodicity z ~ z + 2.

In the case of @ = 1, the poles 22 (¢t + d) 4+ A, are all pushed to infinity when 7

becomes large except for k = 0. Thus, using the E.67 we can write symbolically

W ~ “log©1(2/2; 7 — i00)”,

and using the asymptotics

. 1
— .
O1(z;7) 725 248 sin 2,
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one finds that these cusps are decribed by the multi-valued superpotential

W(z) = “logsin (2/2)”. (E.73)

This model represents the free version of our class of theories, with a 1 dimensional
lattice of poles and one of vacua.

We know that the cusps of X;(NN) are ramification points of the cover X (N) —
Xi(N). Denoting with I'a the stability group of the cusp a/c in I'i(IV), one can

write the equality [55]
1 h
o' Taya = (£ E.74
Va T2y 0 1)) (E.74)

which is satisfied with one of the two signs. This relation means that the generator

h\ . _
1) in 72 T1(N)7ye.

The number A is called width of the cusp and represents the minimal integer such
that a/c+ h ~ a/c in T'(N). The absolute value can be equal or less than N and
count the number of degenerate vacua of the model labelled by the cusp [%} of

1
of I'e is conjugated to = <O

['1(N). The cusps which satisfy the relation with the plus sign are called regular.
From the theorems E.3, E.4, the stability condition can be written as:

-] s

Cc

It is clear that the minimal integer h satisfying this condition is h = j = % Thus,
for the cusps with divisor @), the N vacua split in j decoupled theories which appear
on X (N) as Q-degenerate points. These are described by the Ag_; models E.72 for
1 < @ < N, or by the free theories E.73 if () = 1. In particular, the cusps with
@ = N, or equivalently ¢ = 0 mod N, are the UV limits, since the vacua tend to a
unique point on the spectral curve.

The exceptions to this picture are represented by the so called irregular cusps, i.e.
those which satisfy the E.74 with the mignus sign. In this case the stabilizer of the
cusp belongs to —I'1(/V) and we have

[ L e

If we exclude the trivial case of N = 2 where 1 ~ —1 and require a and ¢ to be
coprime, we find that the stability condition is satisfied only by cusp 1/2 for the

187



curve of level 4. This is known to be the unique irregular cusp for I';(N). Despite
we have Q = N/Q = 2, the width of the cusp is h = 1, and the corresponding
theory is actually a As model with 4 vacua. The superpotential is the Sinh-Gordon
one in E.69 as for the cusps with divisor 2, but we have to impose the identification
z e~z 4m.

Now we want to determine the positions of the cusps on the W-plane. Using the
expression F.49 for the critical value, we have

N-1
W™D (0,7 — g) = WW™(0; Yo (T — i00)) = e N log E. %(7%(7 — 100))
¢ k=0
N-1 N-1
27r7,llc 271'7,lk
= € lOgE altek \ [/ dk4u \\T - ZOO + Z € i~£ “,)7
ar (g (o) s NN

where X%;%(y%) is given by the formula in E.57.
Let us consider the limit of the first piece. The leading order of E,, ,,(7) for 7 — ico
is

1
OrdiooEul,UQ (T) = 532 <<U1>) :

Therefore, we find

N e N (o))
i T—100 e
WD 037 — E) = € <al+ck> <dk+bl>(7—) } e N logg-
k=0 NN k=0
KD
=logq- é ,
where

Let us develop this expression. Using the Fourier expansion of the second Bernoulli
periodic polynomial
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=—o00
m7#0
we get
1 N-1 0 27rim( altck )
(N l) 2milk
K N E
a 2 € 2
¢ ~(2m) m
k=0 m=—oo
m##0
00 al N—
1 62mmN Z 27r7,k l+mc
(271)?
m=—o0 k=0
m=#0

27mkz(

The sum Z,iv:_()l
admits solution only when c is coprime with N. Thus, we have

+me) is not vanishing if and only if [ + mec = 0 mod N, which

727rial27‘ o0 )
_—(27]:2)2 N Z: # #0, if ged(c,N) =1,
WD _ m=—1Ir mod N

ole

0, otherwise,

where 7 = ¢! mod N. So, we learn that if ged(c, N) = 1 the cusp order is not
vanishing and therefore the critical value is divergent. Coherently with our analy-
sis, these are the IR fixed points described by free theories. In this limits all the
vacua decouple and the solitons connecting them become infinitely massive. On the
contrary, the cusps with 1 < () < N have a finite coordinate on the W-plane:

I
o
k4
=

Wb <0;E> Ny (va).
C c

In the case of ¢ = 0 mod N this becomes

a\ UV
o (0:2)" = A o)

c

In particular, the cusp 7 = ic0 is located at the origin and provides the boundary
condition for the critical limit g — 0.
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It is clear from the last formula that the UV cusps are all in the same orbit of the
Galois group of the modular curve. Counting the equivalence classes of I'; (IV), these
models are labelled by the co-levels =/ and their number is equal to ¢(N)/2. From
this point of view, choosing the co-level is equivalent to pick which UV cusp to put
in the origin. Also the free IR cusps are all in the same orbit of the Galois group,
since we can map 7 = 0 to a generic rational a/c such that ged(c, N) = 1 with a
matrix of I'y(/V). Instead, the other IR cusps with divisor 1 < @ < N can split
in different equivalence classes of I'((/N). In general the Galois group maps a cusp
a/c with ged(c, N) = @ and ged(a, Q) = 1 to another cusp ‘;—,/ with ged(d, N) = @

and ged(a’, Q) = 1. A computation in [55] shows that for a given divisor () we have
#(ged(Q, N/Q)) cusps of T'o(N).

E.6.2 Boundary Conditions

In this last section we provide the boundary conditions for the ¢t* equations and
describe the solution around the cusps. Approaching a critical point, the solution
has to match the asymptotic behavour required by the physics of the corresponding
cusp. The deformations in the space of couplings near these points regard the overall
parameter p rescaling the superpotential. Near the UV fixed point the ground state
metric can be diagonalized in a basis of vacua with definite Ramond charge:

0, —\—ofn
git == ()% 2,

where n is the complex dimension of the target manifold. In the present case we
have n = 1. So, the solution to the tt* equations near the critical point is given
in terms of the Ramond charges of the vacua, or equivalently the charges of the
vector R-symmetry. These are given by the scaling dimensions of the chiral primary
operators of the CF'T.

Let us start with the cusps corresponding to An_; models. These are Landau-
Ginzburg theories with superpotential [30]

—lz (N=0)z
vt =n ()

and ged(l, N) = 1. These are integrable models with a Zy symmetry generated by
o:z—z+ % and N vacua, provided the periodic identification z ~ z 4+ 2m¢. The
symmetry acts transitively on the critical points, which are given by the condition
eN? = 1. In the UV limit these theories tend to o-models over abelian orbifolds
of CP'. These are known to be asymptotically free theories with central charge

¢ = 1 [30]. The tt* equations in canonical form are the Toda equations in E.29
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with vanishing (. Indeed, in this limit the unique non trivial homology operator is
A = o and the U(1) charges defining the solution can depend only on a. Since
U(1) is broken by the superpotential to Zy, it is clear that the generators of the
two symmetry groups have a common basis of eigenstates. Let us first consider the
case of & = 0. A basis of U(1) eigenstates in the chiral ring can be generated with

z z

the operators e™*, e*. Since the superpotential must have R-charge 1, these have

respectively charge 1 and 1. Given that e™* = e™¥=D% in the chiral ring from the
vacua condition, we find that the set of eigenstates split in two ‘towers’

—z —2z . . . . . ef(lfl)z

Z 2z . . . . . e(N_l_l)Z

with U(1)y charges

1 2 N—-I[-1
N -1 N —1 N-—-1

Approximately, we can say that the theory splits in two, with a set of operators
dominant on the other one according to how we take the limit. We complete the
basis by adding the identity I and e~%*, which have respectively charge 0 and 1.
Near the critical point these two operators correspond to a unique marginal degree
of freedom which gets a logarithmic correction to the scaling [30]. We point out that
in this language the Galois group acts directly on the U(1) charges with the map
[ — al and puts in relation the solutions of the different A ~v—1 models. To see that
the set of charges is invariant under this map we have to use the chiral ring condition

eN* = 1. The operatorial equality e ** = e(N=%) for a generic k € Z implies the
equivalence % ~ % at the level of corresponding charges. In general, the integer

k and the co-level [ are periodic of N in the chiral ring. So, one can recast all the
charges above as ¢, = %, k=0,...,N —1 and write the action of the Galois group
as qp — % The relation % = % ~ ’;—;, with ¥ = ak mod N, shows that the set of
charges is left invariant by this map.

We can include the dependence from the angle o by multiplying the basis above by
ez, In this way the operators have the correct eigenvalues under Zy when o # 0.

The U(1) charges as functions of the angle are
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It is clear from E.66 that for § = 0 a transformation of I'o(N) does not change
the dependence on « of the metric components. This can be seen at the level of
charges by the fact that the map [ — al is compensated by the rescaling of the angle
a— a/d.

We note further that, since g is vanishing, the UV cusps turn out to be fixed points
of I'(N). This is consistent with the fact that A is the unique generator of the
homology in this regime.

The irregular cusp 1/2 of the modular curve of level 4 is described by the superpo-
tential

W(Z) =1 (€2z + 6—27:)

with the identification z ~ z + 2mi. This theory has a Zs symmetry generated by
o :z— z+ 2, but 4 vacua determined by the condition ¢** = e~?*. This model
belongs to As family and is asymptotically a o-model on the CP'/Zj orbifold. The
tt* equations are the Toda ones with N = 4 and a basis of U(1) eigenstates is given

by

with charges respectively

o 1 o 1 o 1 o

DA 008 36

A7 2 ( + 2 2 2m 2 27
We conclude by saying that the solution of the ¢t* equation is singular in the UV
Cusps:

wi(t; @) 20 9 (qi(a) - %) log t. (E.75)
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A solution in terms of regular trascendents can be given only on the upper half
plane, which is a simply connected space.

The discussion for the AQ,l models for 1 < Q < N is pretty much the same of
the previous paragraph. So, we focus on the free massive theories corresponding to
the case of () = 1. These IR cusps are Landau-Ginzburg models described by the
derivative

0. W (z;7) = pcot (g) : (E.76)
This function is periodic of 27 and has simple poles and simple zeroes respectively in
2km and 7+4-2km, k € Z. Moreover, it is odd with respect to the parity transformation
Lz — —z. Since the target space is not simply connected we need to pull-back the
model on the abelian universal cover. A natural basis for the homology is given by
the cycles B, B’ in figure 6. From the residue formula and the parity properties of
0.W (z) one gets the transformations of the superpotential

B*W (p) = W(p) — 2miu,
) (p) (p) . (E.77)
B"W (p) = W(p) + 2mipu.
Proceeding as in D.4 we can construct the unique theta-vacua of this theory:
|¢7 ¢> _ Z e—i(m¢+n¢)BmB/n |0>’ (E78)

n,me”L

where we denote with |0) some vacuum state of the covering model. Setting to 0
the corresponding critical value, the whole set is simply

Whm = 2mip(n —m). (E.79)

We want to derive the ¢t* equation in the parameter p. The chiral ring operator
C,.(¢,v) acts on the theta-vacuum as differential operator in the angles

Culg, ) = D e 2ri(n — m)B™B™ |0) = 27 (% — %) 9,9). (BE.80)
nme”Z

We define the ground state metric

193



9(t,0.9) = (6, 9¢. ) = X4, (E.81)

where L(t, ¢,1) is a real function of the angles and the RG scale t = |u|. We can
normalize the state so that the topological metric is 1. Thus, the reality constraint
implies

L(=¢,—¢) = —L(¢, ¥). (E.82)

Moreover, by the commutation relations

1B = B4,
(E.83)
1B’ = B,
we have also
The tt* equation for g(t, ¢, 1) reads
(0 9\ B

We recognize in this expression the equation of a U(1) Bogomolnyi monopole on
R x T?2. Abelian #t* monopoles have been studied in [31, 41]. The solution can be
expanded in Bessel-MacDonald functions as

L(t,0,v) = Z A(my, me) Ko (4mt|my + mal|) exp (i (m1¢p — mop)), (E.86)

m1,ma2€Z\{0}

where the coefficients A(mq,mz) can be determined by imposing appropriate bound-
ary conditions. One can easily see that the ¢¢* reality constraint E.82 implies

A(—ml, —mg) = —A(ml, m2), A(ml, mg) c ZR, (E87)
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while the parity condition E.84 requires

A(ma,my) = A(my, ma). (E.88)

Combining these two conditions one gets the further constraint

L(t, 9, ¢) = —L(t, ¢, 7). (E.89)

According to the discussion in section E.4, in order to have the abelianity of the
solution one should consider trivial representations of the loop generator. If we
demand the loop angle to vanish, namely ¢ = ¢, we simply find the trivial solution

g(t, ¢, 0) = 1. (E.90)

E.7 Conclusions

In this chapter we have shown how the tt* geometry of the modular curves is rich
of interesting phenomena and outstanding connections between geometry, number
theory and physics. These Riemann surfaces parametrize a family of supersymmetric
FQHE models in which the usual setting degenerates in a doubly periodic physics
on the complex plane. In the subclass of theories of level N, the elliptic functions
playing the role of superpotentials have N vacua and N poles in the fundamental cell,
with the corresponding residues which add up to zero by definition. The cancellation
of the total flux between the magnetic field and the quasi-holes guarantees the
enhancement of symmetry that makes possible to face analitically these models.
In particular, the presence of an abelian symmetry group with a transitive action
on the vacua allows to diagonalize the ground state metric, as well as to find the
necessary topological data to write the tt* equations. This requires to pull-back
the model on the abelian universal cover of the target manifold, where we have
seen that the physics is non-abelian. On this space the symmetry group is enlarged
with the generators of loops around the poles, which are responsible for the non
trivial commutation relations between the generators of the algebra. Hovewer, the
abelianity that we have required in the classification can be recovered at the quantum
level. In particular, the ansatz of a solution with vanishing loop angles is consistent
with all the ¢t* equations, which can be recasted as Toda equations in the canonical
coordinates.

Studying the modular properties of these models, we have underlined that the non
trivial modular transformations of the superpotential are a natural consequence of
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the geometry of the modular curves. A critical value as coordinate on the spectral
cover can be defined only on the upper half plane, since the F-term variations are
rational functions in projective coordinates on the modular curves. This has been
studied in the easiest cases of the platonic solids inscribed in the Riemann sphere,
but for surfaces of higher genus it is more convenient to parametrize the critical value
in terms of the fundamental units of the modular function field. The congruence
subgroups have a not trivial effect also on the components of the ground state metric,
since they change the representation of the abelian symmetry group.

The known results and theorems about the cusps counting and classification have
been recovered in a physical language when we have classified the critical limits of
this family of theories. One of the main point is that the width of a cusp allows to
determine the UV or IR nature of the corresponding RG fixed point.

Our investigation has also revealed the algebraic properties of the modular curves.
As we pointed out, the most remarkable connection with number theory is that the
Galois group of the real cyclotomic extensions acts on the regularity conditions of
the Ay_; Toda equations. This follows from the fact that the An_1 models play the
role of UV critical limits and belong to the same orbit of the Galois group.

F Modular Transformations of log F,, ,,(7T)
In section E.5.2 we have setted the notations

2miT 2miz

q’T:e Y qzze Y

2 =T + Us,

with uy,us € Z/N, and defined the modular units

o

Eu1,u2 (7) = QEQ(UI)/z(l - QZ) H(l - qule - q;z/qz)’ (Fl)

n=1

which are the Siegel functions up to the root of unity e?™2(*1=1/2 These objects
satisfy [58]

Eu1+1,u2 (T) = _ei2m'u2Eu1,u2 (7—)’ Eu1,u2+1(7-) = Eul,u2 (7—)’ (F2)

b

d) € SL(2,7Z) as

and transform under v = (a
c
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By (T + b) = embBQ(UI)EuLUQerul (T)> for ¢ =0,

(F.3)
Ey, w,(v(7)) = €(a, b, c, d)em‘sEu/l,u/2 (1), forec#0,
where
o d eiw(bd(l—c2)+c(a+d—3))/6’ if ¢ is odd, -
ET(CL, 16 ) o _Z'eiﬂ(ac(l—d2)+d(b—c+3))/6’ if d is Odd, ( ’ )
§ = uiab + 2ujuzbe + ujed — urb — ug(d — 1),
and
uy = auy + cug, uy = buy + dus. (F.5)
With these definitions, we want to compute the difference
Xui,uz (7) = log EULUQ (7(7)) — log Eull,ug (T)v (F6)

for v € SL(2,Z) and generic characters uj,uy € Z/N. From F.3 we know that
there is a power of Ey, u,(7(7))/Eu «,(7) which is equal to one. This number is
12N for T'(N) and 12N? for T';(N),[o(N) and the whole SL(2,Z). Therefore, the
difference xu, 4, (7) must be equal to 27i times a rational number. Given that the
upper half plane is simply connected, this number is independent of 7. Moreover,
since log Ey, 4, (7) is single-valued on the upper half plane, it is also indipendent
from the branch of the logarithm. A natural choice, suggested by the g-expansion of
the Siegel functions, is the principal branch on C with the negative real axis deleted.
From now on we will use this determination. Because Ei, ,,(7) changes by a phase
under an integer shift of the characters, we can assume without loss of generality
the canonical normalization 0 < uy, ug, u}, ujy < 1.

Let us first consider the case with ¢ = 0. These transformations belong to the coset
group I'y(N)/T'(N) ~ Zy and are generated by v(7) = 7 + 1. Using the expansion
of the Siegel function in F.1 we easily obtain

1
Xu17u2(7) = 27TZ§BQ(U1)- (F?)
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at+b __ a 1

ct+d T ¢ c214cd’

From now on we assume ¢ # 0 and write (1) =
Using again the E.46 we have

(e 9]

10g EU17U2( ) - 27T7'B2(u1)7- + 10g<1 - QZ + Z log 1 - quZ) + log(l — 4, /QZ)> .

n=1

With 7 in the upper half plane and the characters canonically normalized, the con-
ditions of absolute convergence for the standard series of the principal logarithm are
satisfied. Therefore, using series expansions like

3

log(l —¢q,) = Z%

for the logarithms in the expression, we obtain

1
log By uy(T) = 27m'§B2(u1)7' — Q(z;7),

where

= 1 m+ T z m
Qzm) = Y~ EH /e qu{j )

m=1

Then, let us put

d :
T =—— 41y, with y > 0, 7(7’):2%—%.
c c vy

Since it is indipendent of 7, we can calculate xu, u,(7) in the limit y — 0, ie
T = —‘El and (1) — 00, by applying the Abel limit formula. Setting

/ ! !
2y = urY(T) + ug, 2 =T+ ul,

and keeping only the immaginary parts, since x., 4, (7) is pure immaginary, we have
to evaluate the expression

198



1 . p
XU17u2(7) = 27”5 <B2(U1)E + Bz(ull)z>

(F8)
— lim (ImQ(z,;7(7)) — ImQ(z;7)).

-
c

Let us start with ImQ(z,;v(7)). As v(7) — i0o, q., and ¢, /q., approach 0,
therefore

r——d r——d

1 1
1. I /. — 1 I —Q., /. l I — 9 /;
im ImQ(z';7) im mz mQ (z57) + lim mZmQ (25 7)

P c ctm T clm
— L/+L”
where
Qn(2s7) = 0 + (4:/0=)"

L—qr

The symbols L’ and L” denote the sum respectively for ¢ ¥ m and ¢ | m. We
introduce

r=e 2, M = N¢, ¢ = e2mid/e ) = 2mi(—Lui )

It is shown in [59, 60] that the partial sums of these series are uniformly bounded.
Therefore, we are allowed to take the limit under the sign of summation. Let us
consider first L”. Using the notation above and taking the immaginary part, we
have

uim __ T(l—u’l)m 1

(A" — A,

r—1 1—rm 2m
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Taking the limit under the summation sign, one gets

—m

A — A > 1
I/ = 19V — 1 — 2/ Alelm _ y—lelm
D21 =) g R = S (1 2w )

clm m=1

1 1 : U /
1 2 ( 2mi(—de(c)ul +ub|c[)m —2ﬂz(—d€(c)u1+u2|c|)m) 7
— 2u)) 3] E — —e

m=1

where e(c) = |c|/c. If t is real and not integer, it holds the Fourier expansion

Z - 2mmt —27rzmt) — _27-(1'31 (<t>) s
m=1 m

where B;(z) =z — 1 is the first Bernoulli polynomial. Thus

L' = —2mi(1 — 2u))— ((-de(c)ug+ug\c|>):—@31 (uy) By ({duy — uyc)) .

20el

Now we turn to the last piece L’. Taking the limit under the summation sign, we

obtain
L'= lim Im Z iQm<2/‘T) _ Z igp(m)
T——= ) m ,
c C J[ m c + m
where
AT 4 (C/A)™
=
—¢
Since p(—m) = —p(m) = ¢(m), we note that ¢(m) is pure immaginary and an odd

function of m mod M = N|c|. Now, for each class x € Z/MZ and 2z ¢ MZ, we
define

= a(”;’ ?) (F.9)

m=1

where
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0 if m # +x mod M
a(m,z)=¢1 if m =2 mod M (F.10)
—1 if m = —x mod M.

Then, L’ can be rewritten as

=5 Y e@)f@) (F.11)

zE€L/MZT,

z#0 mod cZ,
20 M7
In [59] is shown that
—uT 1 1
f(ZE) - M |:1 — e2miz/M - 1— e?ﬂ'iaz/M:| ’ (F12)

Let w = e*™/Nlel. Using this expression L’ becomes

, T AT (/N L 1
L_QMCM 1—¢® L—wx_l—wx}
_Cm { A* n (¢/N)*
2M (1=¢)l-w?) (1-¢")(1-w)

ctx

A" (/A" }
1=l -w™) (1=¢)1-w™)]

Changing = to —x in the last two terms, we find

,_ mi % (/N
S Vil D s D Dy ey

ctax tx

This expression can be further simplified. We decompose the sum by introducing
the variable
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r =y + k||,

0<y<]|c, 0<k<N-1

Let us denote with S the partial sum in the variable k of the first term in L’. One
gets

N-1

\Y \FElel

S 1 (v 1 — wyutklel
50

1 \Y N-1 N-1

=1 o rw™Y ()\wr)mcl.

The sum on the right is 0 unless (Aw”)l?l = 1. Using the definitions of A and w in
terms of u},ub, d, c, we see that (Aw”)ll = 1 if and only if

r = Ndu} — Ncuy mod N.

Letting consequently r = N{(du} — cuy) + sN with 0 < s <|c| — 1, we have

1 M\
_ Y
S = _]c] —o E rw

0<r<N-1,
r=Nujd—Ncu), mod N

lc|]—1
1 Ay . ! !
_ _Hl_—Cy Z(N<du/1 . cu'2) + SN)QZM%(NW%*C“ﬁ*SN)
s=0
1 )\y 2 -y<d/ />|i1 2miys/
- e2mit (duj —cuy g N e2miys/c
| 1 —¢v —
_ AY e27ri%<du’1—cu’2> 1 ‘
1— Cy 1— 627rzy/c

du! —culy—du’
271'1'1/(7< “1 CZQ> u1+u’2)

e

=N . —.
(1 _ 672myd/c)(1 _ 627rzy/c)
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In order to write the final result in a more compact way, we introduce the symbol

. du’y —culy) —du/,
iz (%-ﬂt’z)

(&
1 — 6—27ria:d/c)(1 _ 627ria:/c) ’

(F.13)

[I, ulla U/Q]d,c - (

Noting that the second sum in L’ can be obtained from the first one with the
substitution v} — 1 — u}, u}, — —uj, we get

i
/ I / /
L' = _? E [m7u17u2]d,c+ E : ["Eal_uh_uQ]d,C
x€L/CL, z€ZL/cL,

x#£0 x#0

From the property [—xz,1 — u}, —u}]a. = [z, u], ub]4., one obtains further

”s
L= ERTATAPS (F.14)
¢ r€Z/cL,

x#0

Putting all the pieces together, we finally have

(F.15)
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