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Chapter 1

Introduction

In the last sixty years, theoretical particle physicists dedicated themselves to uncovering
the mysteries underlying Quantum Field Theories, in order to help the experimental
particle physics colleagues understand the world of elementary particles. The combined
efforts finally led to the formulation of the Standard Model, the greatest achievement in
particle physics up to now, recently strengthened by the discovery of the Higgs boson
at CERN. Nevertheless, although in excellent agreement with experiments, basic and
commonly taken for granted properties of the Standard Model such as confinement,
existence of a mass gap, and non-perturbative phenomena have not been completely
understood yet and are still waiting for a satisfactory explanation at the theoretical
level. The basic problem here is that the conventional approach to Quantum Field
Theory based on Feynman diagrams relies on a perturbative weak-coupling expansion,
which by definition cannot take into account strong-coupling or non-perturbative effects.
Since at the moment we are lacking an alternative description of Quantum Field Theory
more suitable for tackling these problems, what we can do now is to study those theories
on which we have a better analytical control because of the high amount of symmetries
they possess: in particular we consider theories which enjoy supersymmetry, conformal
symmetry, or both. For these cases, many tools coming from string theory, integrability
or geometry appear to be of great help in understanding their properties. In this sense
the simplest non-trivial theory in four dimensions is the U(N) N = 4 super Yang-Mills
theory, being the one which possesses all of the allowed symmetries. By considering
theories with fewer number of supersymmetries we get closer to the phenomenological
world, but we quickly lose analytical techniques to study them. Nevertheless many
remarkable new ideas, such as for example Seiberg-Witten theory and Seiberg duality,
arose from considering N'= 2 and N = 1 theories; the hope is that some of these ideas

may also be applied to non-supersymmetric cases.
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Apart from possible applications in particle physics phenomenology, with time people
realized that supersymmetric theories, because of their deep connection to geometrical
structures, can also be useful as a different way of approaching problems in mathe-
matics, based on Lagrangians and path integral techniques. Although path integrals
were unfamiliar to many mathematicians in the past, especially because of their lack of
mathematical rigorousness, they are extremely efficient and led to great discoveries in
the theory of topological invariants of manifolds and in the context of integrable systems,
as well as in many other different topics. Clearly, this also works in the other direction:
common mathematical techniques unfamiliar to physicists can give an important alter-
native point of view on physics problems and provide hints on how to affront them, thus
allowing us to gain a deeper understanding of Quantum Field Theories. Nowadays, su-
persymmetric theories and string theory are used as an additional source of inspiration
in many other different contexts, such as cosmological models, statistical physics sys-
tems and condensed matter systems. The interplay and interactions between the various

disciplines will lead to many more developments in the future.

In the past, one of the mathematical problems that have been studied with field and
string theory methods was the enumerative problem of computing genus zero Gromov-
Witten invariants (GW) for Calabi-Yau and Kéhler manifolds. Roughly speaking, genus
zero GW invariants NN, count the number of holomorphic maps of degree 1 from a two-
dimensional sphere S? (a genus zero Riemann surface) to a Kihler manifold M, which
is usually denoted as target manifold. From the physics point of view, computing these
invariants is especially important when M is a Calabi-Yau three-fold (manifold of com-
plex dimension 3): in fact if one wants to construct supersymmetric generalizations
of the Standard Model starting from a ten-dimensional string theory set-up one has to
compactify six of the ten dimensions, and the easiest way to preserve some supersymme-
try is to consider a Calabi-Yau three-fold as compactification space. In this context, the
two-sphere is interpreted as the world-sheet of the strings, and the genus zero GW invari-
ants enter in determining the world-sheet non-perturbative corrections to the Yukawa
couplings of the resulting effective four-dimensional theory. On the other hand, from
the mathematics point of view this is an interesting problem for any Kéahler manifold
since it provides a way to distinguish manifolds with different topology, and is related
to a quantum deformation of the cohomology ring of M which depends on the Kahler
parameters of M.

Originally, computations of these invariants in a physical formalism were performed by
considering a particular class of supersymmetric gauge theories in two dimensions: the
N = (2,2) supersymmetric Gauged Linear Sigma Models (GLSM) on a genus zero Rie-

mann surface ¥g. The peculiarity of the GLSM is that its space of supersymmetric
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vacua in the Higgs branch, which is given by a set of equations for the scalar fields of the
theory, always defines a Kéhler manifold: we can therefore consider the GLSM whose
associated manifold is the target M of interest, if such a GLSM exists. Clearly, in order
to preserve some supersymmetry on a generic Riemann surface Yy, the GLSM has to
be topologically twisted: this means that the U(1)z Lorentz symmetry gets replaced by
a combination U(1)r, of U(1)y, and a U(1)r R-symmetry (vector or axial), in such a
way that two out of the four supercharges are scalars under the new Lorentz symme-
try and are therefore always preserved. There are two possible ways to twist a GLSM,
depending on the choice of R-symmetry used to perform the twist: the A-twist and
the B-twist. In the first case, correlators of gauge invariant operators only depend on
the Kéhler moduli of M and are related to the GW invariants of M: in particular, the
three-point functions will provide the Yukawa couplings we mentioned before. On the
other hand, correlators in the B-model only depend on the complex structure moduli of
M. One is therefore led to consider the A-model GLSM with target M: nevertheless,
the presence of world-sheet corrections in the Yukawa couplings of the A-twisted model
typically makes the computation rather involved. In order to solve this problem, one
can invoke mirror symmetry: this is an equivalence between an A-twisted theory with
target M and a B-twisted theory with target M (called mirror manifold). Since B-model
correlators are not affected by world-sheet corrections, computations can be performed
on the mirror theory and then translated to the A-model. The limitation of this method
is that the mirror M is not always known for the targets of interest.

Nowadays, new gauge theory techniques have been developed in order to study this prob-
lem. Very recently it has been shown how to construct supersymmetric gauge theories
on compact curved backgrounds without having to perform a topological twist; what is
more is that the partition function and other BPS observables can be computed exactly,
via the so-called supersymmetric localization technique, and are well-behaved thanks to
the finite size of the compact background which acts as an IR regulator. In the case of
the S2? untwisted curved background, the partition function Z5” of a N = (2,2) GLSM
with target M has been shown to contain all the relevant information about the genus
zero GW invariants of M, and these invariants can be extracted without having to know
the mirror manifold M.

The first part of this Thesis will be dedicated to the study of GW invariants with this
new approach. Chapter 2 contains a short introduction to supersymmetric localization
applied to the S? case we are interested in, while Chapter 3 explains in more detail how
to extract GW invariants from Z5”. Chapter 3 also provides a large number of examples
of both abelian and non-abelian theories, and contains a discussion on an alternative
interpretation of Z5" in terms of Givental’'s T and J functions, mathematical objects

entering in the computation of the quantum cohomology ring of M.
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The second part of this Thesis, that is Chapter 4, will be dedicated to the analysis of
a particular GLSM known as the ADHM GLSM. As we will see, this theory consists of
a gauge group U(k), three fields in the adjoint representation, plus fields in the funda-
mental and anti-fundamental representation charged under a U(N) flavour symmetry.
Its associated target manifold M, which we will denote as My, , is very special: it
is given by the moduli space of k instantons for a pure U(/N) Yang-Mills theory. By
turning on twisted masses and Fayet-Iliopoulos parameters for this GLSM, we can make
M, v compact and non-singular; its volume Zj, ny = Vol(Mj, ) then coincides with the
k-instanton contribution to the instanton partition function Zy = Zk>0 AN ka’ n for a
four-dimensional N' = 2 U(N) theory, with A energy scale of the 4d theory. If we denote
by r the radius of S?, we can recover this volume from the two-sphere partition function
Z;f?v of the ADHM GLSM by taking the limit » — 0. For finite r, as we already dis-
cussed, Z ksiv will in addition contain the genus zero GW invariants of My, n: these are
our original motivation for considering this particular GLSM. In the first half of Chapter
4 we will see in detail how the S? partition function for the ADHM GLSM reproduces
the known results in the mathematical literature for the N = 1 case, and provides an
easy way to compute the invariants for any N. A similar analysis can be performed for
the moduli space of instantons on ALE spaces: in this cases the associated GLSMs are
given by Nakajima quivers. We will briefly comment on ALE spaces of type A and D
in Appendix A.

While the Higgs branch of the moduli space of supersymmetric vacua of two-dimensional
N = (2,2) gauge theories is related to Kahler manifolds and their topological invari-
ants, in recent years the Coulomb branch of these theories has been shown to be deeply
connected to quantum integrable systems such as XXX spin chains. In the Coulomb
branch, the gauge group G is broken down to U(1)™¢ by the vacuum expectation value
of the scalar field in the N' = (2,2) vector multiplet; in the infra-red we therefore re-
main with a purely abelian theory. This effective theory can be described in terms of
a holomorphic function Weg(2) (known as effective twisted superpotential) which only
depends on the superfield strength supermultiplets X5 containing the field strengths of
the various U(1) factors. The Coulomb branch vacua can be determined by solving the
equations obtained by extremizing Weg(X).

This has deep connections with the theory of integrable systems: in fact, by the recently
proposed Bethe/Gauge correspondence, the Coulomb branch of every N = (2,2) GLSM
can be associated to a quantum integrable system. Among other things, the correspon-
dence states that the Coulomb branch vacua equations of the gauge theory coincide with
the Bethe Ansatz Equations for the associated integrable system: these are equations

whose solution determines the free parameters X, in the ansatz formulated by Bethe
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for the eigenstates and eigenvalues. Moreover, the correspondence also tells us that the
spectrum of the system can naturally be rewritten in terms of gauge theory observables.
Since there are many more N/ = (2,2) gauge theories than known integrable systems,
this correspondence provides a conjectural way to construct new integrable systems; the
problem is that recognizing the associated system is not always an easy task.

Again, the S? partition function turns out to be a powerful method to study the Coulomb
branch of a general GLSM. In the second half of Chapter 4 we will see how one can ex-
tract the twisted effective superpotential Weg describing the Coulomb branch of the
theory directly from Z° 2, focussing on the example of the ADHM GLSM. In the ADHM
case, the Bethe Ansatz Equations for the corresponding integrable system are proposed
to be the ones for the periodic gl(N) quantum Intermediate Long Wave (ILW y) system:
this is a system of hydrodynamic type, which can be described in terms of a partial
integro-differential equation, and admits an infinite number of conserved quantities fl .
Since the quantum ILW y system has not been completely solved yet (i.e. Hamiltonians
fl, eigenstates and spectrum are not completely known), the hope is that our GLSM
can provide some information on the solution. In fact we will be able to show that the
local observables in the ADHM theory are naturally associated to the eigenvalues of the
fl and can therefore be used to determine the quantum ILW 5 spectrum. Moreover, the
partition function 75" evaluated at a Coulomb branch vacuum can be used to compute
the norm of the ILW y eigenstates. Hydrodynamic systems of similar type are expected
to arise by considering the GLSMs associated to Nakajima quivers; we will briefly com-

ment on this in Appendix A.

Apart from the existence of infinite conserved quantities, integrability of the TLW y
system implies the existence of an infinite number of exact solutions known as solitons:
these are waves whose profile does not change with time. As we will see, in the N = 1 case
an n-soliton solution can be expressed in terms of a pole ansatz, where the dynamics of
the n poles is determined by another quantum integrable system, the n-particles elliptic
Calogero-Sutherland model (eCS). Contrary to ILW1, the eCS system has a finite number
of degrees of freedom and conserved quantities: nevertheless it is expected to reduce to
ILW; in the limit of infinite particles, while keeping the density of particles finite.

It is well-known that the eCS model admits a “relativistic” generalization given by the n-
particles elliptic Ruijsenaars-Schneider model (eRS), in which the differential operators
corresponding to the eCS Hamiltonians get promoted to finite-difference operators. One
can therefore wonder if in the limit of infinite particles the eRS system reduces to a
finite-difference version of ILW; (AILW for short), and if there is a description of this
system in gauge theory via Bethe/Gauge correspondence. Chapter 5 of this Thesis is

devoted to study these questions.
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In order to do this we will first have to understand better the eRS model, since at present
this system has not been solved explicitly (that is, we do not know eigenfunctions and
eigenvalues of the eRS Hamiltonians). A powerful way to find the solution to eRS, at
least perturbatively in the elliptic parameter p, comes from gauge theory. In fact, as we
will review, the eRS system admits a gauge theory description in terms of a 5d A/ = 1*
U(n) theory on C? x S': its instanton partition function in presence of codimension two
monodromy defects corresponds to eRS eigenfunctions, while codimension 4 defects give
the eRS eigenvalues. Thanks to our good understanding of instanton computations in
supersymmetric theories, we can in principle obtain the eRS solution at any order in p.
We will then need to study the finite-difference version of ILW. Although this system has
received very little attention in the literature, we will review what is known and propose
a gauge theory which can be related to it: this is simply the most natural guess, that
is the ADHM theory on S? x S'. The proposal is again motivated by the Bethe/Gauge
correspondence: assuming that the equations determining the supersymmetric vacua in
the Coulomb branch of this 3d theory coincide with the Bethe Ansatz Equations for
AILW, we can compute the 3d ADHM local observables at these vacua and show that
they reproduce the AILW spectrum.

Finally, we will need a way to relate eRS to AILW. An efficient formalism to do this is the
collective coordinate description of the eRS system, in which the eRS Hamiltonians given
by finite-difference operators are rewritten in terms of operators made out of generators
of a Heisenberg algebra. These operators turn out to coincide with the AILW quantum
Hamiltonians: this is not surprising, since the collective coordinate description is a way
to treat the eRS system independently on the number of particles n. At the level of
eigenvalues, we will see that there is a very simple relation between the eRS and AILW
spectra in the n — oo limit: while this is expected from the integrable system point
of view, it also implies a quite remarkable equivalence between non-local observables
(Wilson loops) of the 5d U(n) N = 1* theory in the limit of infinite rank n and local
observables of the 3d ADHM theory, if we think of the integrable systems in terms of
their gauge theory analogues. This hints towards an infra-red duality at n — oo between
the two theories as a whole, not just at the level of observables. Unfortunately we are
not able to prove this proposal at the moment: a more detailed analysis of this problem

will have to be postponed to future work.
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Supersymmetric localization

2.1 Supersymmetric localization: an overview

Inspired by earlier mathematical works [1, 2, 3, 4, 5], localization techniques have been
introduced in physics in [6, 7], where topologically twisted supersymmetric theories on
a compact manifold were considered. In the following years, this idea has been suc-
cessfully applied to theories on non-compact manifolds with © background [8, 9, 10],
as well as to non-topologically twisted theories on many different compact manifolds
[11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] and
manifolds with boundaries [33, 34, 35]. Even if in the following we will mainly consider
the case of theories on S? [27, 28], in this section we want to give some general comments

on the idea of supersymmetric localization; more details can be found in [36, 37].

Let dg be a Grassmann-odd symmetry of a quantum field theory with action S[X],
where X is the set of fields of the theory; in supersymmetric theories, dg will be a
supercharge. We assume that this symmetry is not anomalous (i.e. the path integral

measure is dg-invariant) and
5o =Lp (2.1)

with L£p a Grassmann-even symmetry. What we are interested in is the vacuum expec-
tation value (Oppg) of BPS observables, i.e. local or non-local gauge invariant operators

preserved by d¢:
0gO0Bps =0 (2.2)
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The localization argument goes as follows. Denote by G the symmetry group associated

to dg. If G acts freely on the whole space of field configurations F, then'
(Opps) = / [dX]0pps e X = Vol(G) / [dX]0pps e X (2.3)
F FG

but for a fermionic symmetry group
Vol(G) = / 01 =0 (2.4)

This means that the action of G must not be free on the whole F, otherwise even the
partition function of the theory would vanish. In fact ¢ has fixed points, corresponding

to the BPS locus Fpps of dg-invariant field configurations:
Fpps = {fields X € F / §oX =0} (2.5)

We conclude that our path integral over F will be non-zero (= localizes) only at the
BPS locus Fppg; in many cases the BPS locus is finite-dimensional and therefore the
infinite-dimensional path integral reduces to a finite-dimensional one, allowing for an

exact computation of the BPS observables.

Another argument for localization, with more content from the computational point of

view, is the following one. Consider the perturbed observable
(OBps)[t] = / [dX]0ppg e XI~10QVIX] (2.6)
‘F

Here V' is a Grassmann-odd operator which is invariant under Lg, so that
5oV =LV =0 (2.7)

As long as V[X] does not change the asymptotics at infinity in F of the integrand,
(Opps)t] does not depend on t (and therefore on 6oV [X]) since

i(OBPS)[t] =— / [dX])0pps bV e SKI1VIX] —
" ‘ (2.8)

. / [dX )5 (onsve—S[Xl—“QV[X]) =0
F

The final result is an integral of a total derivative in field space: this gives a boundary

term, which vanishes if we assume that the integrand decays fast enough. We therefore

"'We are ignoring the normalization by the partition function in order to lighten notation.
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conclude that
(Opps) = (Opps)[t =0] = (Opps)[t] Vit (2.9)

This means we can compute (Oppg) in the limit ¢ — oo, in which simplifications typ-
ically occur. In particular, one usually chooses V' such that the bosonic part of dgV
is positive semi-definite; in this case in the ¢ — oo limit the integrand (2.6) localizes
to a submanifold Fyuqq;e C F determined by the saddle points of the localizing action
Sloe = 0QV':

Fsaddie = {X € F | (6QV )bos = 0} (2.10)

Still we don’t have to forget the previous localization argument, which tells us the path

integral is zero outside Fppg; while for certain choices of Sy, the two localization loci

coincide, in general Fpps # Fsaddie and the path integral localizes to
Jrloc = -FBPS N fsaddle (211)

To evaluate (2.6) we can think of figy, = 1/t as an auxiliary Planck constant (which is
not the i of the original action S[X], set to 1) and expand the fields around the saddle
point configurations of gV

1
X =Xo+ —=0X 2.12
0ot 7 (2.12)

The semiclassical 1-loop expansion of the total action S + S,

52S0.[X]
2 loc
vy Joor s

is exact for ¢ — oo; we can integrate out the fluctuations § X normal to Fj,. since the

(2.13)

X=Xo

integral is Gaussian, thus obtaining a 1-loop superdeterminant, and we are left with

e (2.14)

=A0

2
{OBps) :/ [dXo] Opps e~ S0l §Det {(SSI"C{X]}
Floc

X=Xo

We can now see why localization is a powerful tool to perform exact computations in
supersymmetric theories. The path-integral is often reduced to a finite-dimensional in-
tegral, and the integrand is simply given by a ratio of 1-loop fermionic and bosonic

determinants. We will see an example of localization in the following section.

A few more comments are in order. First of all, in theories with many Grassmann-odd
symmetries d¢, , ..., 6g,, one can choose any of the dg, to perform the localization, and
this choice determines the spectrum of BPS observables one can compute. Moreover,
at fixed d¢,, we can use different localizing actions Sj,.; the localization loci Fi,. and

1-loop determinants will be different from case to case, but the final answer (2.14) must
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be the same for different localization schemes, the result being independent of Sj..
As a final comment, we remark that if we require the path integral to be well-defined,
and in particular to be free of infrared divergences, we are naturally led to place the

theory on a compact manifold or in an Omega background.

2.2 Supersymmetric localization: the S? case

Since in the following we will be working with supersymmetric ' = (2, 2) gauge theories
on 52, in this section we review the main points concerning localization on an euclidean
two-sphere of radius r along the lines of [27, 28], to which we refer for further details.
In this setting, the two-sphere S? is thought as a conformally flat space; it does not admit
Killing spinors, but it admits four complex conformal Killing spinors which realize the
0sp(2|2, C) superconformal algebra on S?. We take as N = (2,2) supersymmetry alge-
bra on S? the subalgebra su(2|1) C 0sp(2]2, C) realized by two out of the four conformal
Killing spinors, which does not contain conformal nor superconformal transformations;
its bosonic subalgebra su(2) @ u(1)gr C su(2|1) generates the isometries of S? and an
abelian vector R-symmetry, which is now part of the algebra and not an outer isomor-
phism of it.

We stress that these theories are different from topologically twisted theories on S2; this

latter case has been recently studied in [38, 39].

2.2.1 N = (2,2) gauge theories on S?

The theories we are interested in are N’ = (2,2) gauged linear sigma models (GLSM)
on S2. The basic multiplets of two dimensional A" = (2,2) supersymmetry are vector
and chiral multiplets, which arise by dimensional reduction of four dimensional N' = 1

vector and chiral multiplets. In detail

vector multiplet : (A, o,m, A\, A, D)

T (2.15)
chiral multiplet : (¢, ¢, 9, ¢, F, F)

with (A, X,%,1) two component complex Dirac spinors, (o,n, D) real scalar fields and
(¢, F') complex scalar fields. A GLSM is specified by the choice of the gauge group G,
the representation R of G for the matter fields, and the matter interactions contained in
the superpotential W (®), which is an R-charge 2 gauge-invariant holomorphic function
of the chiral multiplets ®. If the gauge group admits an abelian term, we can also add

a Fayet-Iliopoulos term £ and theta-angle 6. All in all, the most general renormalizable
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N = (2,2) Lagrangian density of a GLSM on S? can be written down as
L = Lyec + Lehiral + Lw + LF1 (2.16)
where

Lyec = Tr (F 77>2—|—1<D—|—J)2+1D D*# —i—lD D#
= — - = - — -D,ocD o+ =
vec g 2 12 r 2 r 2 o 2 ull n

1 i i 1. (2.17)
- 5[0—7 77]2 + 5/\7MDHA + 5)‘[Ua /\] + 5)"73[777 )‘]}
Lenirat =Dp¢p D ¢ + ¢o°¢ + ¢’ ¢ + igD¢ + FF + ! ¢> ¢+ ( )¢¢ (2.18)
— iy Dyt + ipoip — yzm + i A — Z¢>>\¢ - 27@0%1)
1 °W
Z 5 % 25—6 PICERCAL (2.19)
Lpr="Tr |:—Z€D + i2071'F12:| (2.20)

Here we defined ¢ as the R-charge of the chiral multiplet. In addition, if there is a
global (flavour) symmetry group G it is possible to turn on in a supersymmetric way
twisted masses for the chiral multiplets. These are obtained by first weakly gauging
G, then coupling the matter fields to a vector multiplet for Gr, and finally giving a
supersymmetric background VEV ¢, n®** to the scalar fields in that vector multiplet.

ext
)

Supersymmetry on S? requires o n®* being constants and in the Cartan of Gp; in

ext

particular 7°* should be quantized, and in the following we will only consider ¢ = 0.

The twisted mass terms can simply be obtained by substituting o — o + ¢®** in (2.18).

2.2.2 Localization on S? - Coulomb branch

In order to localize the path integral, we consider an su(1|1) C su(2|1) subalgebra

generated by two fermionic charges d. and d¢z. In terms of
0o = 0 + 0¢ (2.21)

this subalgebra is given by?

Ry

R
52—J3+7 , |:J3+ vV

59] =0 (2.22)

262Q also generates gauge and flavour transformations.
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In particular, we notice that the choice of 6g breaks the SU(2) isometry group of S? to
a U(1) subgroup, thus determining a north and south pole on the two-sphere.

It turns out that Lyec and Lepira) are dg-exact terms:

1- 1
&EWC:59&1Y<2AA—2DJ——#¥>
(2.23)

€€Lchiral = 595€Tr (151# - qu_sad) + q;1€5¢)

This means that we can choose the localizing action as Lyec+Lchiral; @S & consequence, the
partition function will not depend on the gauge coupling constant, since it is independent
of Sjpe. For the same reason it will not depend on the superpotential parameters, Ly
being also dg-exact (although the presence of a superpotential constrains the value of
the R-charges). This choice of localizing action is referred to as the Coulomb branch
localization scheme, since the localization locus Fj,. mimics a Coulomb branch. In
particular, Fj,. is given by

0O=¢=¢=F=F (2.24)
(for generic R-charges) and
n o
OzFlg—;:D—l—;:Dua:DHn:[a,n] (2.25)

These equations imply that ¢ and n are constant and in the Cartan of the gauge group;

moreover, since the gauge flux is GNO quantized on S?

1

—271_ F = 27’2F12 =meZ (2'26)
we remain with
m m
Flo = — = — 2.27
12=53 > n o ( )

One can then compute the one-loop determinants for vector and chiral multiplets around

the Fj,. field configurations; the final result is

fo= I1 (455 + e (228)

(2.29)

with a > 0 positive roots of the gauge group G and p weights of the representation R
of the chiral multiplet. Twisted masses for the chiral multiplet can be added by shifting
p(a) — p(o) + p(e®™') and multiplying over the weights of the representation p of the

flavour group Gr. The classical part of the action is simply given by the Fayet-Iliopoulos
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term:

Spr = Amir&enTr(o) + i0ren Tr(m) (2.30)

where we are taking into account that in general the Fayet-Iliopoulos parameter runs

[28] and the #-angle gets a shift from integrating out the W-bosons [35], according to
1
bren =€ — 5~ ZZ:Q, log(rM) , bren=0+(s— 1) (2.31)

Here M is a SUSY-invariant ultraviolet cut-off, s is the rank of the gauge group and Q)
are the charges of the chiral fields with respect to the abelian part of the gauge group.
In the Calabi-Yau case the sum of the charges is zero, therefore &en = &; on the other
hand for Abelian theories there are no W-bosons and 6yep = 6.

All in all, the partition function for an A" = (2,2) GLSM on S? reads

rkG
5.2 |W| Z/ ( dUS) e—47rir§renTr(0')—i9renTr Z&éc O_ m HZ o,m, O_eXt)
(2.32)

where |W)| is the order of the Weyl group of G. If G’ has many abelian components, we

will have more Fayet-Iliopoulos terms and f-angles.

2.2.3 Localization on S? - Higgs branch

As we saw, equation (2.32) gives a representation of the partition function as an integral
over Coulomb branch vacua. For the theories we will consider in this Thesis (i.e. with
gauge group U(N) or products thereof) another representation of Zg2 is possible, in
which the BPS configurations dominating the path integral are a finite number of points
on the Higgs branch, supporting point-like vortices at the north pole and anti-vortices
at the south pole of S?; we will call this Higgs branch representation. Its existence has
originally been suggested by explicit evaluation of (2.32) for few examples, in which the
partition function was shown to reduce to a sum of contributions which can be factorised
in terms of a classical part, a 1-loop part, a partition function for vortices and another

for antivortices.

Starting from the localization technique, the Higgs branch representation can be ob-
tained by adding another dg-exact term to the action which introduces a parameter y
acting as an auxiliary Fayet-Iliopoulos [27]. Although this implies that the new localiza-
tion locus is in general different from the one considered in the previous section, we know
the final result is independent of the choice of localization action, and this explains why

the two representations of the partition function are actually the same. In particular at
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q = 0 the new localization locus admits a Higgs branch, given by

0=F=Dup=n¢=(0+0"p=¢¢" —x1 (2.33)

OzFlg—g:D—l—%:D“J:D“n:[o,n] (2.34)

According to the matter content of the theory, this set of equations can have a solution
with n = Fj3 = 0 and 0 = —0®!, so that for generic twisted masses the Higgs branch

consists of a finite number of isolated vacua, which could be different for xy = 0.

On top of each classical Higgs vacuum there are vortex solutions at the north pole
satisfying
D+ 7 =—i(¢el —x1)=iF1s , D_§=0 (2.35)
r

and anti-vortex solutions at the south pole
o ) .
D+ = =—i(¢¢" —x1) = =iFiy , Dip=0 (2.36)

The size of vortices depends on x and tends to zero for |x| — oo; in this limit the
contribution from the Coulomb branch is suppressed, and we remain with the Higgs

branch solutions together with singular point-like vortices and antivortices.

All in all, the partition function Zg2 in the Higgs branch can be schematically written

in the form

Zs2= > ZaZuZyZay (2.37)

e —gext
Apart from the classical and 1-loop terms, we have the vortex / anti-vortex partition
functions Zy, Zav; they coincide with the ones computed on R? with Q-background,
where the (-background parameter i depends on the S? radius as i = % The vortex
partition function Z, (z, %) can be thought of as the two-dimensional analogue of the
four-dimensional instanton partition function of N' = 2 theories, with z = e 276~
vortex counting parameter. Re-expressing (2.32) in a form similar to (2.37) before
performing the integration will be a key ingredient in the next chapters and will reveal

a deep connection to the enumerative interpretation of Zg2.

As a final remark, let us stress once more that although the explicit expressions for
Zg2 in the Higgs and Coulomb branch might look very different, they are actually the
same because of the localization argument, and in fact the Higgs branch representation
(2.37) can be recovered from the Coulomb branch one (2.32) by residue evaluation of

the integral.



Chapter 3

Vortex counting and

Gromov-Witten invariants

3.1 Gromov-Witten theory from Zs-

In the previous chapter we introduced a particular class of theories, the two-dimensional
N = (2,2) Gauged Linear Sigma Models on S?, and we showed how to compute their
partition function and BPS observables exactly via supersymmetric localization. As we
saw, physical observables can in general receive non-perturbative quantum corrections,

which in two dimensions are generated by world-sheet instantons (i.e. vortices).

These GLSMs have been, and still are, of great importance in physics, especially for
the study of string theory compactifications. In fact at the classical level, the space
X of supersymmetric vacua in the Higgs branch of the theory is given by the set of
constant VEVs for the chiral fields minimizing the scalar potential, i.e. solving the F-

and D-equations, modulo the action of the gauge group:
X = {constant (¢)/F =0,D =0}/G (3.1)

This space is always a Kéahler manifold with Kéahler moduli given by the complexified
FI parameters r; = & + i%’r and first Chern class ¢; > 0; a very important subcase is
when ¢; = 0, in which X is a Calabi-Yau manifold. In the following we will refer to X
as the target manifold of the GLSM. To be more precise, X represents a family of target
manifolds, depending on the explicit values of the r;’s; the topological properties of the
target space can change while varying the Kahler moduli, and the GLSM is a powerful
method to study these changes.

15
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From the physics point of view, the most interesting GLSMs are those whose target is
a Calabi-Yau three-fold, since they provide (in the infra-red) a description for a very
rich set of four-dimensional vacua of string theory. The study of these sigma models
led to great discoveries both in mathematics and in physics such as mirror symmetry
[40, 41, 42, 43, 44], which quickly became an extremely important tool to understand
world-sheet quantum corrections to the Kahler moduli space of Calabi-Yau three-folds.
In fact as we will see shortly, these non-perturbative quantum corrections form a power
series whose coefficients, known as Gromov-Witten invariants [45, 46, 47], are related
to the mathematical problem of counting holomorphic maps of fixed degree from the
world-sheet to the Calabi-Yau target (physically, they give the Yukawa couplings in
the four-dimensional effective theory obtained from string theory after compactification
on the Calabi-Yau). In general, computing these quantum corrections is highly non-
trivial; the problem can be circumvented by invoking mirror symmetry, which allows
us to extract these invariants from the mirror geometry, free from quantum corrections.
Unfortunately mirror symmetry can only be applied when the Calabi-Yau three-fold
under consideration has a known mirror construction; this is the case for complete
intersections in a toric variety and few other exceptions, but the whole story is yet to

be understood.

When the mirror manifold is not known, we can make use of the exact expressions found
in Chapter 2 to compute these non-perturbative corrections; this is why localization
computations on S? greatly helped making progress in solving this problem. The key
point is that, as conjectured in [48] and proved in [49] (the proof being based on [50]),
the partition function Zg2 for an N = (2,2) GLSM computes the vacuum amplitude of

the associated infrared Non-Linear Sigma Model with same target space:
Zg2(t1,1;) = (0]0) = e Fr(tle) (3.2)

Here K is a canonical expression for the exact Kahler potential on the quantum Kahler
moduli space M g of the Calabi-Yau target X. The Kéhler moduli ¢; of X are a canonical
set of coordinates in M, related to the complexified Fayet-Iliopoulos parameters r; of
the GLSM via a change of variables ¢; = t;(r,,) called mirror map. The Kéhler potential
Kx(ta,tqs) contains all the necessary information about the Gromov-Witten invariants
of the target; this allows us to compute them for targets more generic than those whose

mirror is known, and in particular for non-abelian quotients.!

Lof course, a Kéhler potential is only defined up to Kéhler transformations K (¢, t) — K (ti,t) +
f(t) + f(t) or, if you prefer, to a change of coordinates. The point is that the #; coordinates are the
ones naturally entering in mirror symmetry, and in terms of which the Gromov-Witten invariants are

defined.
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More in detail, the exact expression reads

e Knc(td) — L D Kt = )™ = ("~ 1) + @x(X)

6 473
I,mmn
+ T 2 N (Linla") + Lis(a") = 753 37 N (Liae”) + Lia(") (e -
K il
(3.3)
Here x(X) is the Euler characteristic of X, while
o n ‘ .
Liy(q) = Z % g =ePmamt (3.4)
n=1

with 7; an element of the second homology group of the target Calabi-Yau three-fold

and NN, genus zero Gromov-Witten invariants.?

There is more to this story. Even if Calabi-Yau three-folds are the most relevant targets
for physics applications, (3.2) is also valid for generic Calabi-Yau n-folds (even if the
standard form for Kx (3.3) depends on n [51, 52]). Moreover, every compact Kéhler
target with semi-positive definite first Chern class ¢; > 0 has Kahler moduli and Gromov-
Witten invariants, even if in the ¢; > 0 case the Kéhler potential computed in (3.2) is
not the complete one obtained via tt* equations [50] (yet, they coincide in a particular

holomorphic limit [53]).

In order to also consider these geometries, in [54] we took a different approach to the
same problem, by re-interpreting Zg2 in terms of Givental’s formalism [55] and its ex-
tension to non-abelian quotients in the language of quasi-maps [56]. A good review of
Givental’s formalism can be found in [57].

What we studied is a large class of both Calabi-Yau (¢; = 0) and Fano (¢; > 0) mani-
folds, compact and non-compact; in the latter case we must turn on twisted masses to
regularize the infinite volume of the target, which corresponds to considering equivariant
Gromov-Witten invariants. Apart from reproducing the known results for the simplest
targets and providing new examples, what we obtained is the possibility of analysing
the chamber structure and wall-crossings of the GIT quotient moduli space in terms of
integration contour choices of (2.32). In particular we obtained explicit description of
the equivariant quantum cohomology and chamber structure of the resolutions of C?/Z,,
orbifolds, thus giving a physics proof of the crepant resolution conjecture for this case,
and of the Uhlembeck partial compactification of the instanton moduli space; this last

example will be the main character of the following chapter.

2In this Thesis we will only discuss genus zero Gromov-Witten invariants, related to maps from a
genus zero surface, since we are studying theories on S2.

)
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In order to explain the relation between gauge theories on S? and Givental’s formalism,
we will have to follow [58, 59]. Let us introduce the flat sections V, of the Gauss-Manin

connection spanning the vacuum bundle of the theory and satisfying
(hDyo; + C5) Ve = 0. (3.5)

where D, is the covariant derivative on the vacuum line bundle and Cf, are the coef-
ficients of the OPE in the chiral ring of observables ¢,¢, = C5,¢.. The observables
{¢4} provide a basis for the vector space of chiral ring operators H%(X) @ H?(X) with
a=0,1,...,b%(X), ¢ being the identity operator. The parameter 7 is the spectral pa-
rameter of the Gauss-Manin connection. Specifying the case b = 0 in (3.5), we find that
V. = —hD,V, which means that the flat sections are all generated by the fundamental

solution J := V| of the equation
(hDoDy + C5 D) T =0 (3.6)

In order to uniquely fix the solution to (3.6) one needs to supplement some further
information about the dependence on the spectral parameter. This is usually done by

combining the dimensional analysis of the theory with the the i dependence by fixing
(hoh +&)T =0 (3.7)

where the covariantly constant Euler vector field & = §*D,, §* being the vector of
scaling dimensions of the coupling constants, scales with weight one the chiral ring
structure constants as £CS, = C¢, to ensure compatibility between (3.6) and (3.7).
The metric on the vacuum bundle is given by a symplectic pairing of the flat sections
gap = (a|b) = VIEV, and in particular the vacuum-vacuum amplitude, that is the the

spherical partition function, can be written as the symplectic pairing
0l0) = J'ET (3.8)

for a suitable symplectic form F [58] that will be specified later.

In the case of non compact targets, the Quantum Field Theory has to be studied in
the equivariant sense to regulate its volume divergences already visible in the constant
map contribution. This is accomplished by turning on the relevant twisted masses for
matter fields which, from the mathematical viewpoint, amounts to work in the context
of equivariant cohomology of the target space H}.(X) where 7" is the torus acting on X;

the values of the twisted masses assign the weights of the torus action.

The formalism developed by Givental in [55] for the computation of J is based on the
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study of holomorphic maps from S? to X, equivariant with respect to the maximal torus
of the sphere automorphisms S} ~ U(1), C PSL(2,C), with h equivariant parameter.
Let us point out immediately that there is a natural correspondence of the results of
supersymmetric localization on the two-sphere with Givental’s approach: indeed the
computation of Zg2 makes use of a supersymmetric charge which closes on a U(1)
isometry of the sphere, whose fixed points are the north and south pole. From the
string viewpoint it therefore describes the embedding in the target space of a spherical
world-sheet with two marked points. As an important consequence, the equivariant
parameter i of Givental’s S' action gets identified with the one of the vortex partition
functions arising in the localization of the spherical partition function.

Givental’s small [J-function is given by the H(X) @ H?(X) valued generating function
[60]

.0, h) = ellotd)/h [ 1 /3< i > @ 3.9
JIx (to,d,h) = e +5%;)GZOQ h— oy Xo,l,d¢ (3.9)

Here § = Zl *(X) ti¢ with #; canonical coordinates on H2(X), while 1 is the first Chern
class of the cotangent bundle at one marked point?® and the sigma model expectation
value localizes on the moduli space X 1 4 of holomorphic maps of degree 8 € Ha(X,Z)
from the sphere with one marked point to the target space X. The world-sheet instanton
corrections are labelled by the parameter Q° = els?.

Givental has shown how to reconstruct the J-function from a set of oscillatory inte-
grals, the so called “Z-functions” which are generating functions of hypergeometric type

-

in the variables h and z; = e~ ". Originally this method has been developed for abelian
quotients, more precisely for complete intersections in quasi-projective toric varieties;
in this case, the Z function is the generating function of solutions of the Picard-Fuchs
equations for the mirror manifold X of X and as such can be expressed in terms of peri-
ods on X, with 7; canonical basis of coordinates in the complex structure moduli space
of X. Givental’s theorem states that for Fano manifolds the 7 and Z functions coincide
(modulo prefactors in a class of cases) with the identification ¢; = r;; on the other hand,
for Calabi-Yau manifolds the two functions coincide only after an appropriate change of

coordinates t; = t;(ry,) (the mirror map we already encountered below (3.2)).

Let us pause a moment to describe how this work practically. For simplicity, let us
consider an abelian Calabi-Yau three-fold with a single Kahler modulus ¢ and a corre-
sponding cohomology generator H € H?(X). Since for a three-fold b°(X) = b5(X) = 1
while v?(X) = b*(X) (= 1 in this example) and higher Betti numbers are zero, the

3The J function is a generating function for Gromov-Witten invariants and gravitational descendant
invariants of X. Gravitational invariants arise from correlators with ; insertions. Since for genus zero
the gravitational descendants can be recovered from the Gromov-Witten invariants, we will often omit
them from our discussion.
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cohomology generator H is such that H* = 0. Therefore the expansion in powers of H
of the J function will be* (setting ¢y = 0)
H  H? H3

1 H 2 ey H )
T =1+t + 5T + 5 I9(0) (3.10)

In particular J®?) (t) = "0, Fy, where ' is the inverse topological metric and Fy is the
so-called genus zero Gromov-Witten prepotential. On the other hand the expansion for

7 (which is written in terms of a typically different coordinate r) reads

H H? H?
=10()+ Eﬂ”(r) + ﬁl(m(r) + ﬁﬂ?’) (r) (3.11)
therefore the functions Z and J are related by
TW) = ——T(r(t)) (3.12)
GO '
where the mirror map change of coordinate is given by
70

with inverse 7(¢). In the more general case with b?(X) > 1 we will have b?(X) compo-

nents t;, JZ(Q) as well as Il(l), IZ(Q)

, and the mirror maps are still given by (3.13) component
by component. If instead we want to work in equivariant cohomology, returning to the
b?(X) = 1 example we should also consider the equivariant cohomology generators, say
H , in addition to H. Now the expansions will be

J=1+ %t +... 0, IT=190)+ %I(l)(r) + %ﬂl)(r) +... (3.14)

so the mirror map will still be the same, but we will have in addition an equivariant

. C . _gra . .
mirror map: this is just a normalization factor e ! W(r)/h in front of Z which removes

the linear term in H. At the end the relation between Z and J will be

() = Me—ﬁfm(r(t))/hz(r(t)) (3.15)

This is the function that generates the equivariant Gromov-Witten invariants.

We are now ready to illustrate the relation between Givental’s formalism and the spher-
ical partition function. First of all, as shown in many examples in [48, 54] and reviewed

in the following sections, we can factorize the expression (2.32) in a form similar to

4Notice that this can also been seen as an expansion in %
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(2.37) even before performing the integral; schematically, we will have
Zg — f anZu (- MZ) (W 2 (3.16)

with d\ = [["*¥ d\, and [\ = 3, Ao Here z = 2710 Jabels the different vortex
sectors, (zZ)‘MT is a contribution from the classical action, 211 is a one-loop measure
and Z,, Zav are powers series in z, Z of hypergeometric type.

Our claim is that Z, coincides with the Z-function of the target space X upon identifying
the Fayet-Iliopoulos parameters & + i% with the r; coordinates, A, with the genera-
tors of the cohomology and the S? radius r with 1/A (twisted masses, if present, will
be identified with equivariant generators of the cohomology). According to the choice
of the FI parameters (and the subsequent choice of integration contours) the target X
may change; the integrand in (3.16) will also change, since we factorize it in such a way
that Z, is a convergent series, and convergence depends on the FI's. In particular, in
the geometric phase with all the FIs large and positive, the vortex counting parameters
are identified with the exponentiated complex Kéahler parameters, while in the orbifold
phase they label the twisted sectors of the orbifold itself or, in other words, the basis
of orbifold cohomology. This is exactly the content of the crepant resolution conjecture:
the Z function of an orbifold can be recovered from the one of its resolution via analytic
continuation in the r; parameters. We will see an example of this in the following.

The form (3.16) of the spherical partition function has also a very nice direct interpre-
tation by an alternative rewriting of the vacuum amplitude (3.8). Indeed, by mirror

symmetry one can rewrite, in the Calabi-Yau case

(0]0) = z/ QAQ=1'STI (3.17)
X

where 11 = fri Q) is the period vector and S is the symplectic pairing. The components

of the Z-function can be identified with the components of the period vector II. More

in general one can consider an elaboration of the integral form of the spherical partition

function worked out in [49], where the integrand is rewritten in a mirror symmetric

manifest form, by expressing the ratios of I'-functions appearing in the Coulomb branch

representation (2.32) as

2
F(EX :/ diyje[e’y—EY—c.c.] (318)
Im(Y)~Im(Y)+2r 270

to obtain the right-hand-side of (3.17) and then by applying the Riemann bilinear iden-
tity, one gets the left-hand side. The resulting integrals, after the integration over the

Coulomb parameters and independently on the fact that the mirror representation is
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geometric or not, are then of the oscillatory type

I, = }[ dy eWers (V) (3.19)
r;

where the effective variables Y and potential W, are the remnants parametrizing the
constraints imposed by the integration over the Coulomb parameters before getting to
(3.19). Eq.(3.19) is also the integral representation of Givental’s Z-function for general
Fano manifolds [57].

Now if we want to compute the equivariant Gromov-Witten invariants of X, we have
to go to the J-function, which is obtained from the Z-function as described before;
this in particular implies that we have to normalize (3.16) by (Io(2)Io(2))~* in order
to recover the standard form (3.3) for Calabi-Yau three-folds or its analogue for other
manifolds. Actually, we will see that a further normalization might be required for the
one-loop term in order to reproduce the classical intersection cohomology on the target
manifold. Taking into account all normalizations and expressing everything in terms of
the canonical coordinates t; (i.e. going from Z to J functions), the spherical partition

function coincides with the symplectic pairing (3.8)
73 (1, 1)) = (0[0) = J BT = e Frltit) (3.20)

which is the correct version of (3.2), and in particular the one-loop part reproduces in
the 7 — 0 limit the (equivariant) volume of the target space. The above statements
will be checked for several abelian and non-abelian GIT quotients in the subsequent
sections. In fact, our formalism works for both abelian and non-abelian quotients with-
out any complication, while Givental’s formalism have been originally developed only
for the abelian cases; it has then been extended to non-abelian cases in [61, 62] and
expressed in terms of quasi-maps theory in [56]. The Gromov-Witten invariants for the
non-abelian quotient M//G are conjectured to be expressible in terms of the ones of the
corresponding abelian quotient M//T, T being the maximal torus of G, twisted by the
Euler class of a vector bundle over it. The corresponding Z-function is obtained from
the one associated to the abelian quotients multiplied by a suitable factor depending on
the Chern roots of the vector bundle. The first example of this kind was the quantum
cohomology of the Grassmanian discussed in [63]. This was rigorously proved and ex-
tended to flag manifolds in [61]. As we will see, our results give evidence of the above
conjecture in full generality, though a rigorous mathematical proof of this result is not

available at the moment.?

In the rest of this chapter we are going to summarize the results of [54].

® A related issue concerning the equivalence of symplectic quotients and GIT quotients via the analysis
of vortex moduli space has been also discussed in [64].



Chapter 3. Vortex counting and Gromov-Witten invariants 23

3.2 Abelian GLSMs

3.2.1 Projective spaces

Let us start with the basic example, that is P*~!. Its sigma model matter content
consists of n chiral fields of charge 1 with respect to the U(1) gauge group, and the

renormalized parameters (2.31) in this case are
n
gren - 5 - % log(TM) 9 Hren - 9 (321)

After defining 7 = —ira, the P! partition function (2.32) reads

dr r (7' — m) "
Z]Pln | = / 47T€renT Zarenm <an> (322)
T;Z 271'2 T (1 -7 — 5)
With the change of variables [48]
r=—k+ % +rMA (3.23)

we are resumming the whole tower of poles coming from the Gamma functions, centered

at A = 0. Equation (3.22) then becomes

A(r M) pnt pnt, pn-
Zﬂm_lzif (; ) gpnt gpnt pn (3.24)
T

—2mE+if

where z = e and

Z]P’” ! (TM)me"M)\ (F(F(TM/\) ))n

1—rMA
Prol _—rMA [(rM
z 2T —rAIf rM)\ (3.25)
Z]P’” Y 5-rMA ( 2"
k>0 (1- T'M)\

The Pochhammer symbol (a); used in (3.25) is defined as

Hf s(a+i) fork>0
(a) = 1 for k=0 (3.26)
1
—k
: for k <0
Hz:l a—i or k <

Notice that this definition implies the identity

(3.27)
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As observed in [65], ZE" " coincides with the Z-function given in the mathematical

literature ) t]d
tH h) e
Tpor (H Ist) = e Y i (3.28)
2 {1+ H/hy;
if we identify h = i H = —)\, t = Inz. The antivortex contribution is the conju-
gate Z-function, w1th h= M, = X and t = Inz. The hyperplane class H satisfies

H™ = 0; in some sense the integration variable \ satisfies the same relation, because the

process of integration will take into account only terms up to A*~! in Z, and Z,,.

We can also add chiral fields of charge —¢; < 0 and R-charge R; > 0; this means that
the integrand in (3.22) gets multiplied by

R.
ﬁ <4_qu+%%> (3.29)
The poles are still as in (3.23), but now
(rM)) \" F(ﬁ—quM)\>
oy (T g (3
L(L—rMX)) 2T (1 ~ 5+ )
m (R
ZE" T = 2T MAS T (g |q|z]lHJ 15— 4 MA) g (3.30)
v (L=rMN)P
1>0 !
m (Rj
Z8 =z MAST (Clale(—ppgylal ) 215 — arMA)g;
v (L =rMN)?}
k>0 k
where we defined || = >77" ¢;. A very important set of models one can construct

in this way is the one of line bundles P; O(—g;) over P"~! (among which we find
the local Calabi-Yau’s), which can be obtained by setting R; = 0. In order to give
meaning to Gromov-Witten invariants in this case, one typically adds twisted masses
in the contributions coming from the fibers; we will do this explicitly shortly. Other
important models are complete intersections in P*~!, which correspond to GLSM with
a superpotential; since the superpotential breaks all flavour symmetries and has R-charge
2, they do not allow twisted masses, and moreover we will need some R; # 0 (see the

example of the quintic below).

3.2.1.1 Equivariant projective spaces

The same computation can be repeated in the more general equivariant case: since

the P*~! model admits an SU(n) flavour symmetry, we can turn on twisted masses a;
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satisfying > ;" ; a; = 0. In this case, the partition function reads (after rescaling the

twisted masses as a; — Ma; in order to have dimensionless parameters)

dr 4A7€renT —10renm B % + irMai)
o - ren ren 331
Zpn-1 Z/Zme H 1—7—5—27"Maz) (3:31)

Changing variables as

T:—k‘—i—%—irMaj—l—rM)\ (3.32)
we arrive at
TM)\ n—1 n—1 n—1
Z]]i(}b 1= Z% ZE qug, eq ZE;.PV, eq (333)
where
n— (rM A+ irMa;j)
ZIP’ 1 irMaj M —2nrMA T ij
e = (32) (rM)” H I'(1 —rMX—irMaj)
ZPr Tl —rMA [(r
Ve ; I, (- ’I”M)\ - eraz]) (3.34)
o M)z
Z]P’V L s-rMA -r
v, ed kZ>0HZ 1 1—7“M)\—’LTMCL”)
and a;; = a; — aj. Since there are just simple poles, the integration can be easily
performed:
n n .
Zf;g = Z(zz)ZTMa‘J H 1 F(l + ZTMCLU’)

= i;éj— z'rMaij F(l — i?“Maij)
Z ng)t [(—rM)"z]* (3.35)
[Tie( 1 - era,]) k>0 [T (1 —irMaij)k

>0

In the limit M — 0 the one-loop contribution (i.e. the first line of (3.35)) provides the

equivariant volume of the target space:

n n n

_ i ] _ 1
VO](qu 1) _ Z(ZZ)WM@J H ”,Ma Z e 4miérMa; H Y (3.36)
j=1 i#j=1 i i#j=1 "

The non-equivariant volume can be recovered by sending all the twisted masses to zero

at the same time, for example by performing the limit + — 0 in which we can use the

identit

ey e—47Ti§7‘Maj n 1 7I_n—l
lim , = (3.37)
=0 (4&)n—1 #ljll irMa;;  (n—1)!



Chapter 3. Vortex counting and Gromov-Witten invariants 26

to obtain ()1
4T&)n~
Vol(P" ) = ~—— 3.38
al(en 1) = I (339)
3.2.1.2 Weighted projective spaces
Another important generalization consists in studying the target P% = P(wy, ..., w,),

known as the weighted projective space, which has been considered from the mathemat-

ical point of view in [66]. This can be obtained from a U(1) gauge theory with n + 1

fundamentals of (positive) integer charges wy, ..., w,. The partition function reads
dr ) i F(wﬂ' — wim)
7 = P Am€renT—10renm 2 3.39
Z/2m'e Hf(lfwﬂfwi%) (3:39)
m =0

so one would expect n + 1 towers of poles at

k
=2 T 4 rMA, i=0...n (3.40)

2 W;

with integration around rM X = 0. Actually, in this way we might be overcounting some
poles if the w; are not relatively prime, and in any case the pole k£ = 0 is always counted

n + 1 times. In order to solve these problems, we will set
T:%—k‘JrrM)\—F (3.41)
where F' is a set of rational numbers defined as
d .
F={— /0<d<w;, deN, 0<i<n} (3.42)
w;

and counted without multiplicity. Let us explain this better with an example: if we
consider just wy = 2 and w; = 3, we find the numbers (0,1/2) and (0,1/3,2/3), which
means ' = (0,1/3,1/2,2/3); the multiplicity of these numbers reflects the order of the
pole in the integrand, so we will have a double pole (counted by the double multiplicity
of d = 0) and three simple poles. From the mathematical point of view, the twisted
sectors in (3.42) label the base of the orbifold cohomology space.

The partition function then becomes

B d(rMN)
Z = ZF: f{ I T Zay (3.43)
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with integration around rM A = 0 and

= —2Jw|rMA=23>"7"  (w[wi F]—(w; F)) + wirMN\ — < >)
le (TM) H ]-*wwz :IiszM)\+<wl >)

—rMA Z (rM)‘w\”zz:o(w[wzF]szF])Zl+F
V =z
TM)|w|k+Zz O(W[w’LF]+[wz D sk+F

—rMX\
Lav =%
kz>0 H ] wirMA + <w7«F>)wik+[wiF]+w[wiF]

(3.44)

In the formulae we defined (w;F') and [w;F] as the fractional and integer part of the
number w; F, so that w;F' = [w; F| + (w;F'), while |w| = "' , w;. Moreover,

o} 0 for (wiF) =0
w[wzF]{l for (wiF) £ 0 (3.45)

This is needed in order for the J function to start with one in the rM expansion.

As we did earlier, we can also consider adding fields of charge —¢; < 0 and R-charge
R; > 0. The integrand in (3.39) has to be multiplied by

R.
(*J — 4T +%‘%>

1——+qu+qj2)

(3.46)

m
The positions the of poles do not change, and

Zu = (r M)72<|w|f|q|>rMAf2Z?:()(w[wﬂ%wim)fz (i F)

n

T'(w[w; F] + wir M i F—'—qﬂ“MAJr(qg )
HF(l—w[wZF]—wlrM)\—i— (w F 1;[ — 2 L qirMX — (g;F))

5 —TMA Z )lal22550 19 F] gy (ol =laDi i (s Pl F) =305 [0 F] 1+ F
>0
m (R
HJ (5 — grMA+ (g F >)le+[qu]
H:L 0(1 w[ F] wirMA + <wZF>)wil+[wiF]+w[wiF]
E*TM/\ Z |Q|k+23 1l }( T.M)(‘w‘_|Q‘)k"‘zzl:o(W[wiF]""[wiF])_Z;n:l[QjF]szrF
k>0

H;n 1( QJTM)‘—'_ < >)qjk+[qu]
H?:O(l w[wlF] wirMA + < ZF>)wik+[wiF]+w[wiF]

(3.47)

As a final comment let us stress that the Non Linear Sigma Model to which the GLSM

flows in the IR is well defined only for |w| > |¢|, which means for manifolds with ¢; > 0.



Chapter 3. Vortex counting and Gromov-Witten invariants 28

3.2.2 Quintic

We will now consider in great detail the most famous compact Calabi-Yau threefold, i.e.
the quintic hypersurface in P*. The corresponding GLSM is a U(1) gauge theory with
five chiral fields ®, of charge +1, one chiral field P of charge —5 and a superpotential of
the form W = PG(®4,...,®5), where G is a homogeneous polynomial of degree five. We
choose the vector R-charges to be 2¢ for the ® fields and (2 —5-2q) for P such that the
superpotential has R-charge 2. The quintic threefold is realized in the geometric phase
corresponding to & > 0. For details of the construction see [67] and for the relation to
the two-sphere partition function [48]. Here we want to investigate the connection to
the Givental formalism. For a Calabi-Yau manifold the sum of gauge charges is zero,
which from (2.31) implies &en = &, while 6o, = 0 because the gauge group is abelian.
The spherical partition function is a specialization of the one computed in the previous

section:

m 5 _ — m
R A Y B (el J I RN Uik it ) PP
} - m) [ (5¢ + 57 +5%)

Since we want to describe the phase £ > 0, we have to close the contour in the left half
plane. We use the freedom in g to separate the towers of poles coming from the ®’s and
from P. In the range 0 < g < % the former lie in the left half plane while the latter in
the right half plane. So we only pick the poles corresponding to the ®’s, given by

Te=—q—k+ %, k > max(0,m) (3.49)

Then the partition function turns into a sum of residues and we express each residue by

the Cauchy contour integral. Finally we arrive at

7 = (zz)qf d(TM)\)ZH()\, rM)Zy (N, v M; 2) Zay (N, 7 M Z), (3.50)
C(%) 2

where the contour C(d) goes around A = 0 and

— ar r >
ZaOnr M) = T(1—5rM)\) (Fr( M) ))

I'(5rMN) (I—rMX
. 1 — 5rMA
Zy(A,rM;z) = 27" Z(_@l[((l—rMA))lTé (3.51)
10
(1 - 5T‘M>\)5]€

Zow(N\rM;2) = 2N (= 2)F

R (R TPV
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The vortex function Z, (A, rM; z) reproduces the known Givental Z-function

1+ 5H/R)sq
I(H, h;t) = et L+ 5H/R)sa (3.52)
; [(1+ H/h)a®
after identifying
1
H=-X, h=—2 , t=In(-2). (3.53)

The Z-function is valued in cohomology, where H € H?(P*) is the hyperplane class in
the cohomology ring of the embedding space. Because of dimensional reasons we have
H® = 0 and hence the Z-function is a polynomial of order four in H

H H\? H\? H\*
T=1Ig+—1 =) I =) I =) L. 54
0+h1+<h> 2+(h> 3+<h> 4 (3.54)

This is naturally encoded in the explicit residue evaluation of (3.50), see eq.(3.58). Now

consider the Picard-Fuchs operator L given by

d\* 5[/ d 1 d 2 d 3 d 4

It can be easily shown that {Iy, 1,2, I3} € Ker(L) while Iy ¢ Ker(L). L is an order
four operator and so I = (Iy, I1, I2, I3)T form a basis of solutions. There exists another

basis formed by the periods of the holomorphic (3,0) form of the mirror manifold.

In homogeneous coordinates they are given as IT = (X%, X!, 88)151 , %)T with F' the

prepotential. Thus there exists a transition matrix M relating these two bases
I=M-1II (3.56)

There are now two possible ways to proceed. One would be fixing the transition matrix
using mirror construction (i.e. knowing explicitly the periods) and then showing that
the pairing given by the contour integral in (3.50) after being transformed to the period

basis gives the standard formula for the Kahler potential in terms of a symplectic pairing

e K =it 2. 11 (3.57)

0 1
with ¥ = ( > being the symplectic form. The other possibility would be to use
-1 0

the fact that the two sphere partition function computes the Kéahler potential [48] and
then impose equality between (3.50) and (3.57) to fix the transition matrix. We follow

this route in the following. The contour integral in (3.50) expresses the Kéhler potential
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as a pairing in the I basis. It is governed by Z7; which has an expansion

5 400 ¢(3)
(rMN)4 LS VoY

Zn = +o(1) (3.58)

and so we get after integration (remember that H/h = —rMN\)

7 = —QXC(?))IOjO — 5(Iof3 + Ilfg + Igfl + Igfo)

(3.59)
=1 A1,
where
—2x¢(3) 0 0 -5
0 0 -5 0
A — (3.60)
0 -5 0 0
-5 0 0 0

gives the pairing in the I basis and x = —200 is the Euler characteristic of the quintic

threefold. From the two expressions for the Kahler potential we easily find the transition

matrix as
1 0 0
0 1 0
M = . (3.61)
0 0 0 —E
-X¢@3) o —i 0
Finally, we know that the mirror map is given by
I _ fl
t= t=— = 3.62
2mily 2mily (3.62)

so after dividing Z by (27i)2Ily for the change of coordinates and by a further 27 for
the normalization of the ((3) term, we obtain the Kahler potential in terms of ¢, ¢, in a

form in which the symplectic product is evident.

3.2.3 Local Calabi—Yau: O(p) ® O(—2 —p) — P!

In this section we will study a non-compact (i.e. local) class of Calabi-Yau manifolds:
the family of spaces X, = O(p) ® O(—2 — p) — P! with diagonal equivariant action on
the fiber. We will find exact agreement with the Z functions computed in [68], and we
will show how the quantum corrected Kéhler potential for the Kahler moduli space can
be computed when equivariant parameters are turned on.

Here we will restrict only to the phase £ > 0, which is the one related to X,. The case
& < 0 describes the orbifold phase of the model; this will be studied in the following

sections.
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3.2.3.1 Casep=-1

First of all, we have to write down the partition function; this is given by

2 2
—imb dr dmér ﬁ r (—T —iarMa + m)
Z_q = Z /271'1 ( (l—ngl)> (F (1+T—|—7;rMa+2%) (363)

meZ

The poles are located at

r=—k+ % +rMA (3.64)
so we can rewrite (3.63) as
d(rMX
7y = f (;T)ZHZ Zo (3.65)

where

g _ (_LrM))  T(=rM\—irMa) 2
e F(l—rM)\) T(1+rMA+irMa)

TM/\Z ((=rMX — Zfr’Ma)l2
(1 —rM))? (3.66)

>0

__TM/\Z o (=rMX—irMa)3

= (1-— T‘M)\)k

Notice that our vortex partition function coincides with the Givental function given in
[68]

(1—H/h+ \h— d)?
77 (q) = e’ 0 Z (3.67)
= (1+ H/h)?
after the usual identifications
H=-)\  he— A= = (3.68)
= s = TM s =a q=z .
Now, expanding Z%; in rM = 1/h we find
T, =1 —rMXlog z + o((rM)?) (3.69)

which means the mirror map is trivial and the equivariant mirror map absent, i.e. Z7 1=
jfl. What remains to be specified is the normalization of the 1-loop factor. This
problem is related to the renormalization scheme used to define the infinite products
in the 1-loop determinant in the computation of the spherical partition function. In
[27, 28] the (-function renormalization scheme is chosen. Indeed this is a reference one,
while others can be obtained by a shift in the finite part of the resulting effective action.

These determinants appear in the form of ratios of Gamma-functions. The ambiguity
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amounts to shift the Euler-Mascheroni constant v appearing in the Weierstrass form of
the Gamma-function -

F(lx) =ze’® nl;[l (1 + %) e n (3.70)
with a finite function of the parameters. Due to supersymmetry, this function has to
be encoded in terms of a holomorphic function f(z), namely v — Ref(z). We will
fix this normalization by requiring the cancellation of the Euler-Mascheroni constants;
moreover we require the normalization to reproduce the correct intersection numbers in
classical cohomology, and to start from 1 in the rM expansion in order not to modify

the regularized equivariant volume of the target. In our case, the factor

. 2
(2z)7irMa/2 <m> (3.71)

does the job; in general, the normalization factor will be deduced through a case by case

analysis. We can now integrate in M\ and expand in rM, obtaining (for rMa = iq)

Zo=2 - L)+ | - 1% n3(22) — In(23)(Lia(2) + Lia())
(3.72)
+2(Lig(2) + Lig(2) +4¢(3)| + o(rM)

The terms inside the square brackets reproduce the Kéhler potential we are interested

in, once we multiply everything by m and change variables according to

t=—Inz , t=——1Inz. (3.73)

3.2.3.2 Casep=0

In this case case the spherical partition function is

2 ) _
Zo = Z e—imb / dieéhr{’r r (T — %) I (_2TMCL> r (_27— —irMa + 2%)
~ 2mi (1-7-2)) T(14+irMa)T (1427 +irMa+2%)
(3.74)
The poles are as in (3.64), and usual manipulations result in
g (_TMN) \* T(=irMa) D(-2rM\—irMa)
U= A\ra- rM/\) T (1+irMa)T(1+2rMX + irMa)
_ —2rM\ —irMa)y
rMA i
Zy =2 Z (1 —rMA)? (3.75)

=0

o —2rMX —irMa)q
M k
=72 (1= rMA)?

k>0
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Again, we recover the Givental function

2H -2

d>0 1+ H/ h)d

of [68] under the map (3.68); its expansion in rM

= I = F
F=1-rM 10g2+22 k () Maz k o((rM)?) (3.77)
implies that the mirror map is (modulo (27i)~1)
o~k L(2k)
k
t=logz+2) z b1 (3.78)
k=1
and the equivariant mirror map is
;1 kDR
t=— t—logz —kZ:lz (k:‘ (3.79)

The J function can be recovered by inverting the equivariant mirror map and changing

coordinates accordingly, that is
joT(t) — eirMaf(z)Ig“(z) — eirMaf(z)Zv(Z) (380)

A similar job has to be done for Z,,. The normalization for the 1-loop factor is the same

as (3.71) but in ¢ coordinates, which means

. 2
(tF)~irMa/ <m) ; (3.81)

Finally, integrating in M A and expanding in rM we find

2 1 1
Zy=— — —(t+1)* (t+1)% — (t+ 1) (Li L
0=~ g0 H D+ [ = 4D =+ D(Lia(e) + Tia(e))

] (3.82)
+ 2(Lig(e!) + Lig (e) + 4(3)| + o(rM)

As it was shown in [68], this proves that the two Givental functions jfl and jOT are the
same, as well as the Kéhler potentials; the Z functions look different simply because of

the choice of coordinates on the moduli space.
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3.2.3.3 Casep>1

In the general p > 1 case we have

—im8 dr 4dmér r (T
Zp = Z /2m (1 -7

' N\S

) )
meZ %)

D(—=(p+2)7—irMa+ (p+2)%) T (pr—irMa—p%) (3.83)
P(1+(p+2)r+irMa+ (p+2)2)T (1 — pr+irMa — p%)

There are two classes of poles, given by

T = —k+%—|—7“M)\ (3.84)
T o= —k+ T +TMA=F+irM2 (3.85)
p

where F = {0, 1 Zreee %1} and the integration is around rM A = 0. The relevant one for
describing the geometry O(p) © O(—2 — p) — P! is the first one, in which A can be seen

as the cohomology class of the P! base and satisfies A> = 0. In this case

d(rMM\) 7(0)
0 0 0
2 = ]{ PR AN ARE A (3.86)
with
L0 _ (LM 2 D(=(p+2)rMX —irMa) T(prMX—irMa)
A\ —=rMN) ) T+ (p+2)rMA+irMa)T(1 — prM\ + irMa)
Z(0) — =M Z )E+2)1 1 (=(p+2)rMA —irMa) 2y
= (1 —=rMN?(1—prMX+irMa)y (3.87)
Z0) — z-rMA Z (p+2)k gk (= +2)rMX —irMa) o)k
= (1—=rMN32(1—prMX+irMa),y

Extracting the correct JpT function from the I;F (i.e. form Z\(,O)) is quite non-trivial and
requires additional techniques such as Birkhoff factorization, introduced in [57, 69]. In
[68, 70] it is explained how these techniques lead to the correct equivariant Gromov-
Witten invariants and Givental functions J T for p > 1, which coincide with j and

jo ; we refer to these papers for further details.

3.2.4 Orbifold Gromov-Witten invariants

In this section we want to show how the analytic structure of the partition function

encodes all the classical phases of an abelian GLSM whose target has ¢; = 0 (i.e. a
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Calabi-Yau when in the geometric phase). These are given by the secondary fan, which
in our conventions is generated by the columns of the charge matrix Q). In terms of
the partition function these phases are governed by the choice of integration contours,
namely by the structure of poles we are picking up. For example, for a GLSM with
G = U(1) the contour can be closed either in the left half plane (for £ > 0) or in the
right half plane (¢ < 0)%. The transition between different phases occurs when some
of the integration contours are flipped and the corresponding variables are integrated
over. To summarize, a single partition function contains the Z-functions of geometries
corresponding to all the different phases of the GLSM. These geometries are related by
minimally resolving the singularities by blow-up until the complete smoothing of the
space takes place (when this is possible). Our procedure consists in considering the
GLSM corresponding to the complete resolution and its partition function. Then by
flipping contours and doing partial integrations one discovers all other, more singular

geometries. In the following we illustrate these ideas on a couple of examples.

3.2.4.1 Kpn—l VS. (Cn/Zn

Let us consider a U(1) gauge theory with n chiral fields of charge +1 and one chiral
field of charge —n. The secondary fan is generated by two vectors {1, —n} and so
it has two chambers corresponding to two different phases. For £ > 0 it describes a
smooth geometry Kpn-1, that is the total space of the canonical bundle over the complex
projective space P! while for ¢ < 0 it describes the orbifold C"/Z,. The case n = 3
will reproduce the results of [71, 72, 73]. The partition function reads

Z — Z die47rfv'—i9m F(T 7 %) " F(*TLT + n% + iTMCL) (388)
" JiR r - 3)

2mi (1—71 L(1+nt+ng —irMa)
Closing the contour in the left half plane (i.e. for £ > 0) we take poles at
T=—k+ % +rMA (3.89)

and obtain

7 f dirMX) ( T(rMX) \" T'(—nrMX+irMa)
B 2mi 'l1—rMMN) ) T(Q+4+nrMA—irMa)

—rMA nl n (= M +irMa)y
-1
> M) (1= rdN)p (3.90)

>0

Z Zer/\(_l)nank (*n’I“M)\ + irMa)nk

= (1-— TM)\)Z

5This is only true for Calabi-Yau manifolds; for ¢1 > 0, i.e. >; Qi > 0, the contour is fixed.
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We thus find exactly the Givental function for Kpn-1. To switch to the singular geometry
we flip the contour and do the integration. Closing in the right half plane (£ < 0) we

consider
) 1
r=k+>+ 24 ZirMa (3.91)
n 2 n
with 6 =0,1,2,...,n — 1. After integration over 7 we obtain

-1 1 n
l Z —|— ﬁera) 1
n % z'rMa) (rM )2

) 1- n
Z(_1)nk<271/n)nk+6+irMa(rM)6 (ﬁ + EZTMa)k

- 3.92
2 (nk + 0! (3.92)
5 1.
. S 2irMa)}
1 —1/ny\nl+é+irMa __ M 6(n n l
S (-rbay e

as expected from (3.47). Notice that when the contour is closed in the right half plane,
vortex and antivortex contributions are exchanged. We can compare the n = 3 case

corresponding to C3/Zz with the Z-function given in [73]

A 3
=z
— 2 /Zdlzd 11 (3—1)2) 1, (3.93)

deN <p< d
e 0<b<s
(0)=(35)
which in a more familiar notation becomes

d 3
N2 s Ay A
I=u %d! O <<3> 32 ) T (3.94)

The necessary identifications are straightforward.

3.2.4.2 Quantum cohomology of C3/Z, > and crepant resolution

We now consider the orbifold space C3/Z, o with weights (1,1,p) and p > 1. Its full
crepant resolution is provided by a resolved transversal A, singularity (namely a local
Calabi-Yau threefold obtained by fibering the resolved A, 1 singularity over a P! base
space). The corresponding GLSM contains p + 2 abelian gauge groups and p + 5 chiral

multiplets, with the following charge assignment:

0 11 -1 -1 o0 0 0 0 0
(5+7)th
-1 0 0 0 0 ... 0 {7 0o .. of (39%)
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where 1 < j < p. In the following we focus on the particular chambers corresponding
to the partial resolutions Ky, and Kp2(1;p). Let us start by discussing the local F)

chamber: this can be seen by replacing the last row in (3.95) with the linear combination
(last row) — (last row) — p (second row) — (first row) (3.96)

which corresponds to
(—p—Z p+1 10 0 0 ...>—><p—2 001 1 —p ) (3.97)

The charge matrix (3.95) now reads (2 < n < p)

0 1 1 -1 -1 o0 0 0 0
) 1 0 0 0 0 0 0 0
(5+n)th (3.98)
—n—1 mn 0 0 0 0 0 1 0 0
p—2 0 0 1 1 —p 0 0 0 0

and, in a particular sector (i.e. for a particular choice of poles), after turning to infinity

p Fayet-Iliopoulos parameters, we remain with the second and the last row:

Q_(—Z 1 0 0 1> (3.99)
p—2 0 1 1 —p

which is the charge matrix of Kp,.

Let us see how this happens in detail; since it is easier for our purposes, we will consider
the charge matrix (3.98). For generic p, the partition function with the addition of a
twisted mass a for the field corresponding to the first column of (3.98) is given by

p+1 dr: g p F m])
7 — i fTi—f_—Tz 5
X flla P
Mpt1 =0 j=0 2

F(ﬁ — PTpr1 — 5 +pm”“) ( D(=70 + Tp1 + 52 — 75 )2
F'l—m +prps1 — 5 +pmp+1) L(1+70—Tpr1 + % - %)
Do+ 320475 — 5 — j:lj%)
I'l—m— Zj:l]TJ - % - 5:13'%)
P00+ D)5+ (=250 + X0,0+ D5 — (p— 275 +irMa)
P+ G+ D7 — (0= 271 + 20, + 1) — (p— 2)75% —irMa)
(3.100)
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Now, choosing the sector

m
T0 = —k‘()‘i‘?()
m (3.101)
n
Tn:—kn+7 , 2<n<p

and integrating over these variables we arrive at

_k‘okop
- ¥y BRI

ko,kn>010,0n>0

§ % dTl dTp+1 e47rf17’1—i91m1e47r§p+17'p+1—i6p+1mp+1

k .

2wy 2w
mi,Mp+1
2
I'(n e ML 4 pTEtl) ( T(ko + Tp41 — =5) ) (3.102)
F(l—m - +PTp+1 +p™BE) \T (1 —lop — 7py1 — =5)

D(—ko+71 — > b _gnkn — %)
Fl+lp—7+ Z£Z2 nl, — mT)
I'(—2m + Zﬁzz(n + Dk + (p—2)7p11 + 2% —(p— 2)M +irMa)
P(1+2m =3P s(n+ 1l — (p— 2)Tp1 +2%2 — (p— 2)75 —irMa)

which defines a linear sigma model with charges (3.99) for kg = k, =0, lp = 1,, = 0 (i.e.
when & = §, = 00).

The secondary fan of this model has four chambers, but here we concentrate only on
three of them, describing K, Kp2(1,1 ) and C3 Zp+2 respectively. Its partition function

is given by

E / dry @e‘”& T1=i01m1 ATEp 41 Tp 1 —i0pp1mpt

2w 2w
mi,Mp41

Do = "5) \° D(n—%) T(ppu+n+p™2 = %) o0
PA =7 —=5)) TA = = )T+ prppy — 1 +p=5= — )
D((p—2)7p41 — 211 — (p — 2) 75 + 2% +irMa)

L(1—(p—2)7p41 + 21 — (p— 2)=5 4+ 2 — irMa)

If we consider the set of poles

_ Mp+1
Tp+1 = —Kp4l 9 p+1

n = —ki+ % +rMM (3104)
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we are describing the canonical bundle over IF,,:

g }{ d(rMX ) d(rMAyy1) ([ T(rMX1) \° T(rMX)
Ky = 27 2 T(1—rMAy1)) T(1—rMA)
C(—prMMA,p1 +rMXN)  T((p—2)rMAyp1 —2rMA + irMa)
F(1+prMAp1 —rM ) T(1— (p—2)rMNp1 +2rM A — irMa)
Z (_1)(p—2)lp+1zézi11 —TMApHZirTMAl

llylp+1

((p = 2)rMApy1 — 2rM Ay + irMa)y, -2y, (3.105)
(1 — TM)\erl)lQp_H (1 — TM/\l)ll (1 + p’l“M>\p+1 — TM)\I)Z1—plp+1
Z (—1)P=Dkpia g;fﬁl—TMApHZicl—rM)\l

klykp+1

((p — 2rMNps1 — 20 MMy + irMa) ok, o2k, 1
(1- TM)‘pH)ip (1= rMA)k, (1 + prMApiy — rMADky —pky

+1

On the other hand, taking poles for

m m
TI = DPTp41 — P gﬂ + 71 — Kk (3.106)

and integrating over 7 we obtain the canonical bundle over }P’%l 1)

l1 k1 k1
_ 2 (=1)"z)
2Ky - Z NN

Mp+1 2
Z dTerl e47r(§p+1+p§1)7'p+1—i(9p+1+p91)mp+1 ( F(Tp-i-l — g )
)

21 (1 — 7y — Zett
Mp+1 ( p+l 2

L(prp+1 — pm%“ —ki) TI'(—(p+2)pp1+(+ 2)% +irMa + 2k;)
P(1—prpp1 —p=5= + 1) T(1+ (p+ 2)7p1 + (p+ 2) 75 — irMa — 21y)
(3.107)

with [ = k1 — mq 4+ pmyy1 and 21 = e~2m&1+i% I fact, in the limit & — oo with
Ep+1 + &1 finite, only the kq = 1 = 0 sector contributes, leaving the linear sigma model
of K(CP(QLLP) for &1 + p&1 > 0.

From the point of view of the charge matrix, the choice (3.106) corresponds to take

linear combinations of the rows, in particular

(p—2 01 1 —p)—><p—2 01 1 —p)+p(—2 100 1)
(3.108)

which implies &1 — {p1 + P€1, Opr1 — Opy1 + pby and

-2 1 0 O 1 -2 1 0 0 1
N (3.109)
p—2 0 1 1 —p -p—2 p 1 1 0
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while the process of integrating in 7| is equivalent to the elimination of the second row
(notice that we have a simple pole, in this case, i.e. the column (1 0)” appears with
multiplicity 1).

The case p = 2 appears in [73, 74] and corresponds to a full crepant resolution. So, by

one blow down we arrived at Kpz(q 1 ,) whose charge matrix is given by

QZ(l 1 p —p—2) (3.110)

The associated two sphere partition function is correspondingly

ZZEZ/de&wm L(r—%) \*_Tr-»p%)
271 Frl—7-%)) I'l —pr —p%)

(3.111)
I(—=(p+2)7+(p+2)F +irMa)

I+ (p+2)7+(p+2)% —irMa)

It has two phases, Kpz2(q 1 ,) and a more singular C3/Zp+2. The first phase corresponds
to closing the integration contour in the left half plane of this effective model; since
the result is rather ugly, we will simply state that it can be obtained from (3.47), with
the necessary modifications (i.e. twisted masses). For p = 2 it matches the formula

presented in [73].

The second phase describing C3/ Zp12 can be obtained by flipping the contour to the

right half plane and doing the integration in the single variable. Finally, we arrive at

:1I§< F(p+2+p+2““M“) )2 (< 5) + tzirMa) 1
P25\ = 55 = gigirMa) ) T(1— (8y) — girMa) (0200~ [25])

pd

Z( 1)(p+2)k(z p+2)(p+2)k+5+irMa(TM)6_[m]
k>0

(523 + prairMa)} () + FirMa)
((p+ 2)k + 0)!
pd

Z(_l)(erZ)l (Z*p% )(P+2)l+5+irMa(_T,M)5— [m}
1>0

5 )
(er2 + SrirMa)} () + I%era)pH[Lg]

((p+2)L+6)!

phe+[25]

(3.112)

The Z-function of the orbifold case in the d-sector of the orbifold cohomology is then
obtained from the second and third lines of the above formula and for p = 2 it matches
with [73].



Chapter 3. Vortex counting and Gromov-Witten invariants 41

3.3 Non-abelian GLSM

In this section we apply our methods to non-abelian gauged linear sigma models and give
new results for some non-abelian GIT quotients. These are also tested against results

in the mathematical literature when available.

The first case that we analyse are complex Grassmannians. On the way we also give an
alternative proof for the conjecture by Hori and Vafa [63] which can be rephrased stating
that the Z-function of the Grassmannian can be obtained from the one corresponding

to a product of projective spaces, after acting with an appropriate differential operator.

One can also study a more general theory corresponding to holomorphic vector bundles
over Grassmannians. These spaces arise in the context of the study of BPS Wilson
loop algebra in three dimensional supersymmetric gauge theories. In particular we will
discuss the mathematical counterpart of a duality proposed in [75] which extends the

standard Grassmannian duality to holomorphic vector bundles over them.

We also study flag manifolds and more general non-abelian quiver gauge theories for
which we provide the rules to compute the spherical partition function and the Z-

function.

3.3.1 Grassmannians

The sigma model for the complex Grassmannian Gr(N, Ny) contains Ny chirals in the

fundamental representation of the U(NN) gauge group. Its partition function is given by

N N 2 N . Ny
1 ATi trer i ibeonms mg T (r; — 1)
ZGT(N,Nf) = ﬁ Z /H 7271_7‘264 gren 7 6 m; H < 47/] _ 7_3]) H (F (1 _l - _Zm)>
i=1 t

Moo i<j i=1

As usual, we can write it as

€L f{ 11 Mzuzvzav (3.114)
! 271

where

N N
ZH:H(TM)—%LTM)% M N H(T’M}\'—T‘M)\')(—’I“M)\'—F’I“M)\')
b L(L—rMA)) 2 ‘ ! ’ !

_ N
Zv — Z—T‘M|/\| Z [(TM>Nf(—1)N 1Z]l1+"'+lN H li — lj — ’l“M)\Z' + ’l“M)\j

N N . .
(1—TM)\l)llf...(l—rM)\N)le i< —rMN; + M)

1,elN
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=M [(=rd)Ns ()Nt gty Hk —kj —rMXi + MM
Ny

Loy =
N k1,...kn (1 _TMAl)k (1 —’I”M)\N _TM)\i+TM)\j

ky 1<j

(3.115)
We normalized the vortex and antivortex terms in order to have them starting from one
in the r M series expansion and we defined [A\| = A1 +...+ Ax. The resulting Z-function

Z, coincides with the one given in [61]

oy BNt dn) [(— )N =1 et)ditetdy Mg g4/ — ai /R
Lar(vny) = €7 Z N Ny zi/h—z;/h
(di,ndn) Hi:l(l + xi/h)di i<j t J
(3.116)
if we match the parameters as we did in the previous cases. Here the A’s are interpreted

as Chern roots of the tautological bundle.

3.3.1.1 The Hori-Vafa conjecture

Hori and Vafa conjectured [63] that Zg,(y, Ny) can be obtained by Zp, where P =
Hf\i 1 Pé\lf)f 71, by acting with a differential operator. This has been proved in [61]; here we
remark that in our formalism this is a simple consequence of the fact that the partition
function of non-abelian vortices can be obtained from copies of the abelian ones upon
acting with a suitable differential operator [76]. In fact we note that Zar(N, Ny) can be

obtained from Zp simply by dividing by N! and identifying

N
ZG" = T[rMX — r M) (—=rMX; + rMX;) Z)
1<J
N
8., — 0.,
723" (2) = I Z(a, ,
v (2) E—TM)\Z'-FTM)\]' (21, 2N) (15 (3.117)
N
95, — 05,
Z87(2) = /i (> IO
av (Z) g *TM)\z‘FTM)\J av(z17 )ZN) 217(—1)]\[*12

3.3.2 Holomorphic vector bundles over Grassmannians

The U(N) gauge theory with Ny fundamentals and N, antifundamentals flows in the
infra-red to a non-linear sigma model with target space given by a holomorphic vec-
tor bundle of rank N, over the Grassmannian Gr(N,Ny). We adopt the notation
Gr (N, N¢|N,) for this space.

One can prove the equality of the Gr (N, N¢|N,) and Gr (Ny — N, Nf|N,) partition
functions after a precise duality map in a certain range of parameters, as we will do

shortly. At the level of Z-functions this proves the isomorphism among the relevant
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quantum cohomology rings conjectured in [75]. In analysing this duality we follow the
approach of [27], where also the main steps of the proof were outlined. However we will
detail their calculations and note some differences in the explicit duality map, which we

refine in order to get a precise equality of the partition functions.
The Gr (N, N§|N,) theory

The partition function of the Gr (N, N¢|N,) GLSM is

Z= Nl /ZR HdTS ;;r—sz;;ﬁ H(

{mEEZ}N s<t

_ (3.118)
il a3 g )
s=14=1 1_T+7'a1_ )s 1j= lr(1+TS i%+n55)

where as usual A relates to the radius of the sphere and the renormalization scale M
as h = ﬁ and aj,a; are the dimensionless (rescaled by M ~1) equivariant weights for
fundamentals and antifundamentals respectively. The renormalized Kahler coordinate
Zren 18 defined as

Zren = e 2Merentifren — pNa—Ny(_1)N-1, (3.119)

since we have
1
Sren = & — Q—(Nf — Ny)log(rM) |, Oren =6+ (N —1)m (3.120)
T

From now on we will set M = 1. We close the contours in the left half planes, so that we
pick only poles coming from the fundamentals. We need to build an N-pole to saturate
the integration measure. Hence the partition function becomes a sum over all possible
choices of N-poles, i.e. over all combinations how to pick N objects out of N;. Now
the proposal is that duality holds separately for a fixed choice of an N-pole and its
corresponding dual. For simplicity of notation let us prove the duality for a particular
choice of an N-pole and its (N — N)-dual

dual
(O,...,0,0,...,0) &5 (o, 0 0,...,0), (3.121)
N Ny—N N Ny—N

where boxes denote the choice of poles forming the N-pole.
The poles for the Gr (N, Ny|N,) theory are at positions

Ms  Ag
= —ks+ — + 22 122
T ks + 5 + 5 (3 )
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and we still have to integrate over \’s around As; = ias, where s runs from 1 to N. This
fully specifies from which fundamental we took the pole. Plugging this into (3.118), the

integral reduces to the following form

z-§ (TT 25 1z (2,2 8 o T 1y
(RS 1 Em LR h

x5 T BT ((—1)Na Kz

a:

As @i aj
"h R’ h
As
,h,

> (3.123)
L}

R h)’

where we defined k = Ve~V (—1)N~1 g = (—h)Ne=Ns(—1)N~1 Here we are integrating
over a product of circles M = ®f:1 Sl(ia,,d) with 6 small enough such that only the

pole at the center of the circle is included. From this form we can read off the I function
for Gr (N, N¢|N,) as

N, —As+ia;
o g T ()
I =2z Zivzl ATLS ((_1)1\/%2)23:1% H st st H v A ls
Ast - HNf 1+ —As+ia;
{ls>0}Y s<t s=1 11,21 — z
(3.124)
where zg 1= x5 — ;. Now we integrate over \’s in (3.123), which is straightforward

since Zy; contains only simple poles and the rest is holomorphic in A’s. Finally, we get
2050 = Z 021 2y Za (3.125)

where the individual pieces are given as follows

N iag
Zaass = || (ﬁQ(N“‘Nf)zZ)fT (3.126)

s=1

N Ny F(msi) N N, F(_i(%—%‘))

o z i(as—a; (3.127)
gzzlj;lﬂr(l = gjl_llp(l_i_ (as—(l])>
N HJ\EL _ias—a]
et () L e
{ls>01N, s<t st/ Hi:l (1 — % )ls
Loy = Zy |kz — RZ] (3.129)

To prove the duality it is actually better to manipulate Z; to a more convenient form
(combining the contributions of the vectors and fundamentals by using identities between
the Pochhammers)
oo
!
Z,=%" [(_1)Na+N*Nf kz| 2 (3.130)
=0
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with Z; given by

HNU, _Z'a‘S_aj
7=1 h 1
s

, (3.131)
8)1 HfoN—&-l (1% - ls)ls

Z = > f:[

{1:>0 N =1y

z;és (Z

The dual theory Gr (Ny — N, N¢|N,)

Going to the dual theory not only the rank of the gauge group changes to Ny — N, but

there is a new feature arising. New matter fields M; appear: they are singlets under the

gauge group and couple to the fundamentals and antifundamentals via a superpotential
D= &‘ij?(bm. So the partition function (we set N = Ny — N)

) ND NP2

_ms  _D —Ts ms

SECT I R ()
{mSGZ} (Z s<t

N® Ny (TSH*—%) ND Na <_TS_Z%+"§S> Ny N, I‘(—i“"{”)
111 P = (1)
slzlr( 78—17—2)813 I (147 +id + B ) i=15= 1D {1+i—+

(3.132)

gets a new contribution from the mesons M, given by the last factor in (3.132) (note
that it depends on the original equivariant weights, not on the dual ones). All the com-

putations are analogue to the previous case, so we give the result right after integration
Z(&908) = 7D 7D 7D 7D (3.133)

where the building blocks are

Ny iaD
Zhes= 11 (ﬁQ(N“‘Nf)zDZD) " (3.134)
s=N+1
T (zag) N, T <_ (a h_% > Nf Ny T ( j% ha3>
le - H H H b D HH ﬁ (3135)
s=N+1i= N+1F< h)j:1p(1+l(“3ﬁ“1)>i:1jzlf‘(l+z’hf)
zb = i {( 1)Ne=N (m)D]l zpP (3.136)
=0
zb - i (—1)Na=N (Ff)D]k zpP (3.137)
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with ZlD given by

D_=D

N, cal—al
D _ l
= 2 11 S

N .ab N .ab
| f s l s l
N =N+1 ls! i (’L ) i (l
{1201 Iy 1=} U /;ﬁjl e i (5~ L ls

Duality map

We are now ready to discuss the duality between the two theories. The statement
is the following. For Ny > N, + 2, there exists a duality map z” = zP(z) and
ajD = a]-D(aj), ZijD = ZijD(Eij) under which the partition functions for Gr (N, Nf|Ng)
and Gr (Ny — N, N¢|N,) are equal.” In the first step we will construct the duality map
and then we will show that (3.126-3.131) indeed match with (3.134-3.138). The parti-
tion function is a double power series in z and Z multiplied by Zj.ss. In order to achieve
equality of the partition functions, Z..ss have to be equal after duality map and then
the power series have to match term by term. Moreover we can just look at the holomor-
phic piece Z, since for the antiholomorphic one everything goes in a similar way. The
constant term is Zjj, which is a product of gamma functions with arguments linear in
the equivariant weights. This implies that the duality map for the equivariant weights is
linear. But then the map between the Kahler coordinates can be only a rescaling since
a constant term would destroy the matching of Z;;. So we arrive at the most general

ansatz for the duality map

2P = sz (3.139)
CL-D a;

- = _F= 14
; ;e (3.140)
@ FY 4 p 3.141
ot (3.141)

Matching the constant terms Zy; gives the constraints
E=F=1, D=—(C+1). (3.142)

Imposing further the equivalence of Z.,ss fixes C' to be

Ny
1 Z a;

which is zero for an SU(Ny) flavour group. We are now at a position where Zgjas and

711 match, while the only remaining free parameter in the duality map is s. We fix it by

"We will see the reason for this range later.
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looking at the linear terms in Z, and Z2. Of course this does not assure that all higher
order terms do match, but we will show that this is the case for Ny > N, + 2.So taking

only k = 1 contributions in Z, and ZP we get for s

N
s=(—1)N 15, (3.144)

where

N, LQs—Q;
N Hj:l (_’L R ])

_ 3.145)
N y Asq N y Qsq (
s=1 Hi;ﬁs (_ZGT) Hi:fN—i—l (1 —i% )
al TI (1+i%52)
=1 I
D=y —— . (3.146)
soven iy (U 3%0) ThiZy g (=%
i#s
The proposal is that for Ny > N, + 2
s=(=1)Ne, (3.147)

Out of this range s is a complicated rational function in the equivariant parameters. This
completes the duality map for Ny > N, + 2. In the cases Ny = N, and Ny = N, +1
the two partition functions do not match, but differ by a prefactor which depends on

the Fayet-Iliopoulos parameter; we refer to [77, 78] for more details.

By construction of the mirror map we know that Zg.s, Z11 and moreover also the linear

terms in Z, match. Now we will prove (d.m. is the shortcut for duality map)
Zy=Z2)am. (3.148)
for Ny > N, + 2. Looking at (3.130) and (3.136) we see that this boils down to
Zy = (=)' ZP gm.. (3.149)

The key to prove the above relation is to write Z; as a contour integral

l ~

doa a a

Z = —_— —_ =
= [T (o)

where C, is a product of contours having the real axes as base and then are closed in

(3.150)

)
e=1

the upper half plane by a semicircle. The integrand has the form

T ij:a1<i%+¢°‘)
e g == pl

a<p i [TV (fa + %) [T war (—i% — € — ¢a)

(3.151)
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It is necessary to add small imaginary parts to € and a;, € — € + 10, —ia; — —ia; + 1hd’
with § > ¢§’. The proof of (3.150) goes by direct evaluation. First we have to classify

the poles. Due to the imaginary parts assignments, they are at!

¢a:—i%, a=1,...,1, i=1,...,N (3.152)
s = ¢a +e, B>a (3.153)

We have to build an [-pole, which means that the poles are classified by partitions of [
into N parts, [ = Zj’vﬁ ;. The I-th Young tableau YT'(Iy) with I; boxes can only be
1-dimensional (we choose a row) since we have only one € to play with. To illustrate

what we have in mind, we show an example of a possible partition:
(e, (100,...,000, o ). (3.154)
— ~—~
l1 ZN
Residue theorem then turns the integral into a sum over all such partitions and the poles
corresponding to a given partition are given as

.ar
ol = —io+ (nr —1)e+ AL, (3.155)

where I = 1,..., N labels the position of the Young tableau in the N-vector and n; =
., 11 labels the boxes in YT'(I;). Substituting this in (3.150) we get (the ! gets

cancelled by the permutation symmetry of the boxes)

{201 70, =1}

Aty fﬂﬁd”

lr (—iw +nyje+ )\ﬁ’,‘{m> N U (nIJ€+ Aé}{rn)
x H 11 H IT 11
I£J nr=lnj=1 (—Z + (nrg — 1)6+)\n1,m> I=1 nr#ny ((”U - UEJF)‘"I’"J)
170,15 70 l1#0

ij:a1 (z%—zh + (nr—1) e—|—)\1>

N
X H H ‘ N : )
LZpm=t T, (=i + (nr — e+ ML (% —nre = AL

I

(3.156)

where we integrate over M = ®IT:1 S%(0,0). The computation continues as follows. We

separate the poles in \’s (there are only simple poles), the rest is a holomorphic function,

'One has to assume a; to be imaginary at this point. The general result is obtained by analytic
continuation after integration.
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so we can effectively set the A’s to zero there. Eventually, we obtain

1 N A\ (1Y
Zl—g Z 7{/\/{[]1310{<H1 27”’)()\{1_[/\],[ >}
I

{ir>01 30, Ir=1} nr= nr=1 "nr+lns

arj N _
(L% = 1), & it

x H a 11 3.157
I£J (T+i%), = U ( )
1170
I T e ()
X
N N car, N _ N N canr\ ]
[T Hr;ﬁ] €l (_’%) Hlljslo = (I = )T, Hr:fNJrl €lr (_Zahel)
I
where the integration gives [...] = 1. We are left with products of ratios including

the equivariant parameters, which we express as Pochhammer symbols and after heavy

Pochhammer algebra we finally arrive at (3.131), which proves (3.150).

Now, if the integrand f does not have poles at infinity, which happens exactly for
Ny > Ny + 2, we can write

d¢a a d¢a ~
A Hm (6.000) = (- /cdngm (6.c0.9) 159

with C4 having the same base as C, but is closed in the lower half plane by a semicircle.
Both contours are oriented counterclockwise. The lovely fact is that the r.h.s. of the

above equation gives the desired result

d¢a a Ei Nl ~D
|| a4a — (=1)Nal gDy, 3.159
/cd omi <¢’€’h’h> L:l (=172 am. (3.159)

after direct evaluation of the integral, completely analogue to that of (3.150).
Ezample: the Gr(1,3) ~ Gr(2,3) case

Let us show this isomorphism explicitly in a simple case: we will consider Gr(1,3) and
Gr(2,3) in a completely equivariant setting.

Let us first compute the equivariant partition function for Gr(1, 3):

dr » (r+irMa; — %)
7 _ 4m€renT—10renm J
Gr(1,3) %:/ 27rie H '(l—7—irMa; — )

3

3 . ‘ _
65 5yirMai F(—”‘Maz‘j) [(rM)32]! [(=rDM)?2)"
;(( M)Sz2z) ]Hl T(1 + irMay;) § [T, (1 +irMag), ,;O L, (1 + irMag)y
J#
(3.160)
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Here we defined a;; = a; — aj, and the twisted masses have been rescaled according to
a; — Ma;, so they are now dimensionless. For Gr(2,3) we have (with pen = 0 + 7 =

0 + 3, being 0 — 0+2r a symmetry of the theory)

dT1 d7'2 € 1T
ZGr(2,3) = Z / QM%& €ren(71-472)—i0ren (M1 +ms)
m17m2
mi, (7 +irMa; — 55°)
( T12+ )HH I(1—7 —irMa; m7)
r=1j=1 2
3 3 s s
— Z TM 653 ZT’M((IZ-FCLJ H _ZTMaz'k) F(—ZTMajk)
i< L T(1 4+ arMag,) T'(1 +irMajy,)
’ k#m
S [(=rM)Pz)tte L — Iy + irMa; — irMa;
11,1o>0 Hz:l(l + Z.T]\ICLl'lv)ll Hk—l(l + ierjk)lg Z?"Mdz — ZTM&,J
Z ()3 2]k e ki — ko + irMa; — irMa,
k1,k2>0 Hi:l(l + iTMaik‘)kj Hk:1(1 + Z?"Md]k)k2 ZTMELZ — ’LTM&]

(3.161)

In both situations, we are assuming a; + a2 + az = 0 and a; + ag + az = 0. Consider
now the partition (e, e, 0) for Gr(1,3) and the dual partition (0,0, e) for Gr(2,3); we

have respectively

F(—iTMagl) F(—iT‘M(Igg)

Z('v"‘:‘) — M 6 _=z\irMas
((T ) ) F(l—i—i’I“MCL:H) F(l—}—’h’M(ng)

Gr(1,3)

Z [(rM)”2]
N+ irMag); (1 +irMass),

[(=rM)”Z]
k:Z>0 k!(l + i?"Magl)k(l + Z"l“MCL32)k

. - . ~ 3.162
Z(D,D,o) _ ((T‘M)G —)ZTM(a1+a2) F(—Z?‘Malg) F(—ZT’MCLQ;),) ( )
Gr(2,3) (1 +irMayz) D(1 + irMasgs)
T [(—rM)3z]htt ly — Iy +irMay, —irMay
Lo T G T (U + irMagy),,  irMay — irMay
Z [(T’M) ]k1+k2 ki1 — ko +irMay —irMao
ey >0 H?:l ki'Hj;éi(l +iTMC~Lij)ki irMay —irMas
Since
Z [(_T.M)3£]l1+l2 li —ls+irMay —irMas -
2 773 i M E - irMa: —irMa
nineo izt ! H#i(l +irMag),  irMay —irMay 5,163

Z T'M) ] c
N1+ l’I“MCHS) (14 irMasgs),
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and
1 e e
1! (1+1TMCL23+Z*Z1)Z (1+l’l“Ma13+l1)l_l
A= D =T (i = T L= (-1 = ()
— ll(l ll) (l’l“Malg l+ll)l1( ZTMCL12 ll)l—ll
we can conclude that Z**%) — z(O0) it wo identify a; = —a; and E=£60=20 (i.e
Gr(1,3) = “Gr(2,3) y @i = —a; =6 U= €.,

z = Z). It is then easy to prove that Zar13) = Zar(2,3)-

3.3.3 Flag manifolds

Let us now consider a gauged linear sigma model with gauge group U(s1)x...xU(s;) and
matter in the (s1,592) @ ... D (s1-1, 5;) D (s7,n) representations, where s1 < ... < 55 < n.

This flows in the infrared to a non-linear sigma model whose target space is the flag

manifold Fl(si,...,s;,n). The partition function is given by
I sq (a)
1 dr; () _(a)_.p(a) (a)
ZFl = ﬁ Z / H H ﬁeﬁlﬂ'ﬁrenﬂ Brentm; vectoerifundeund

1'...80 e 2l =1
a=1...1

I sq ( (a))z
m:.

Zeaor = []]] (i - (Ti(]@)g)
a=11i<j

@ (@+1) () mletD)
a a 7 J
-1 sq Sat1 r (Ti — 7 9 + 9 >

Zvsma = |[]T1I

li=1 j=1 (@) , _(at1) m(@ et
a=tr=tu=t g 2 Le (a+1) _ MYy J
< T tT; 9 + 5 >

0 "
o _my
- H (3.164)

qund - P " m(l)
| I e 5

o) _ m2 — B A (3.165)
which gives
g 17{ﬁﬁd(7”MAz(‘a))Z 7.7 (3.166)
U= s1!... 5! 2mi HHoop & av ‘
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where

— -1 (a) _Ix(a+1) 0
Zl—loop :(TM) QTM[ a1 (MM ]sa41—[A |sq)+n|A ‘]

I sq
[T TTMA® = rdxf)y M = rdx(™)
a=11i<j

e sost T (rMA = rdAY) (T () "

ITTT1I :

amtizt i T (1= rMA® M) i

P\ (1=ra?)

l
-1
—1(1(a) —|1la+1)s, 1) o—D1@ ] _|1(@) | —ppr|A(@)
Zy = 3 (M) Ze 0 s =tV s O] T (1) (e DIE IOl =r 21
f(a) a=1

T 9, Vp VNS VAV

1111

i —rMAY + MY

-1 Saq Sa+1

[TITII 1 :

am1i=1 j=1 (1 — TM)\Z(a) + TM)\(a+1))l<a)_l(a+l) i=1 [(1 — TM)\Z(-l))l(l) "

S1

Ty = 3 (—r M) Zazi (Flsaga = D) k| H 1) (s DR Ik |=rMA(®)]
E(a) a=1
H H Y — kY — A Al
(a) (@)
a=1i<j —rMMA; —|—7"M)\j

-1 Sq Sa+1

TTII1I : 1

a=1li=1 j=1 _TM)\z(a) +TM)\§‘a+1))k( ) k<a+1 i=1 |:(1 _TMA( ))k(l)

51

n

(3.167)

Here k’s and [I’s are non-negative integers.

This result can be compared with the one in [62]. Indeed our fractions with Pochhammers
at the denominator are equivalent to the products appearing there and we find perfect
agreement with the Givental Z-functions under the by now familiar identification A =
TM, A=—Hin Z, andh——ﬁ,)\:Hin Loy -

3.3.4 Quivers

The techniques we used in the flag manifold case can be easily generalized to more
general quivers; let us write down the rules to compute their partition functions. Here
we will only consider quiver theories with unitary gauge groups and matter fields in
the fundamental, antifundamental or bifundamental representation, without introducing
twisted masses (they can be inserted straightforwardly). Every node of the quiver, i.e.

every gauge group U (s,), contributes with
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o Integral:
1[5 dirMA)
— 7{ - (3.168)
e =1
e One-loop factor:
Sa
(rM) 2 Mt TTrMA® — e MA) (rMAY —rMA™)  (3.160)

i<j
e Vortex factor:

o 1 1 A A

—T‘M)\Z(a) + TM)\S.G)
(3.170)

S (M) T e (1) (0 DI MX) H

[la) 1<J

e Anti-vortex factor:

Y — kY — A Al

_ (@57 qa,i (1) (sa—D)[K@| 5|k [—rM|X(@)] r7 i J
( TM)“f [>i a, ( 1)( z!
2 11 —rMA® + MY

(3.171)

k() 1<j

Here ¢, ; is the charge of the i-th chiral matter field with respect to the abelian subgroup
U(1), C U(sg) corresponding to £ and #(®),
Every matter field in a representation of U(s,) x U(sp) and R-charge R contributes with

e One-loop factor:

Sa  Sb ( —l—qarM)\( )+quM)\§b)>
b

1111 o 0 (3.172)
=1 j= 1F<1—f—qa7‘M)\ —quM)\J )
e Vortex factor:
Sa Sp 1
11 H - B (3.173)
i=1j=1 ( — qarMN;" — qurMA; )qal§“)+qbl§.")

e Anti-vortex factor:

Qasb‘k a)|+Qb5a|k<b)| 1
- H H — B g MAY — g n ) (3.174)
i=1 j=1 ( 2 " 4a i b 7 qak(® 4k

In particular, the bifundamental (sq,Sp) is given by ¢, = 1, ¢ = —1. A field in the
fundamental can be recovered by setting ¢, = 1, ¢, = 0; for an antifundamental, ¢, = —1

and g, = 0. We can recover the usual formulae if we use (3.26). Multifundamental
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representations can be obtained by a straightforward generalization: for example, a

trifundamental representation gives

Sa Sb  Sc 1

18101

a b c
=11 k=1 (1= % — qarM)\Z( ) qbrM)\§. ) quM)\]i ))

(3.175)

qal§“>+%l§-b)+qcl,(f)

for the vortex factor.
In principle, these formulae are also valid for adjoint fields, if we set s, = sp, go = 1,
g» = —1; in practice, the diagonal contribution will give a I'(0)%s divergence, so the only

way we can make sense of adjoint fields is by giving them a twisted mass.



Chapter 4

ADHM quiver and quantum
hydrodynamics

4.1 Overview

With an educated use of the partition function of N' = (2,2) gauge theories on S2, in
the previous chapter we were able to compute the quantum cohomology (equivariant
and not) of many abelian and non-abelian quotients; in particular we discussed how Z s
is related to Givental’s formalism, by identifying the vortex partition function Z, with
Givental’s Z-function.

In this chapter we will dedicate ourselves to the study of a special N' = (2,2) gauge
theory: the ADHM quiver, a GLSM whose target space M, y describes the moduli
space of k instantons for a pure U(N) supersymmetric gauge theory. The associated
partition function Z,fjv will be a generalization of the Nekrasov instanton partition
function which takes into account the corrections associated to the equivariant quantum
cohomology of the instanton moduli space.

In the second part of the chapter we will also study the Landau-Ginzburg mirror theory
of the ADHM GLSM. Thanks to the Bethe/gauge correspondence, we will see how the
mirror is related to quantum integrable systems of hydrodynamic type, and in particular
to the so-called gl(V) Periodic Intermediate Long Wave (ILW y) system. This will allow

us to compute the spectrum of the ILW system in terms of gauge theory quantities.

4.1.1 6d theories and ADHM equivariant quantum cohomology

The Nekrasov partition function provides an extension of the SW prepotential [79] in-

cluding an infinite tower of gravitational corrections coupled to the parameters of the

55
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so-called Q-background [9, 10]. By means of the equivariant localization technique, one
can reduce the path integration over the infinite-dimensional space of field configurations
to a localized sum over the points in the moduli space of BPS configurations which are
fixed under the maximal torus of the global symmetries of the theory. In the case of
N = 2 theories in four dimensions the Nekrasov partition function actually computes
the equivariant volume of the instanton moduli space; from a mathematical point of
view it encodes the data of the classical equivariant cohomology of the ADHM instanton

moduli space.

A D-brane engineering of the pure four-dimensional N’ = 2 U(N) gauge theory is pro-
vided by a system of N D3-branes at the singular point of the orbifold geometry C?/Zs.
The non-perturbative contributions to this theory are encoded by D(-1)-branes which
provide the corresponding instanton contributions [80, 81, 82]. The four-dimensional
gauge theory is the effective low energy theory of this system of D3-D(-1) branes on
C? x C?/Zy x C, where N D3-branes are located on C? and, as the D(-1) branes, are
stuck at the singular point of C?/Zy. The Nekrasov partition function can be computed
from the D(-1)-branes point of view as a supersymmetric D = 0 path integral whose
fields realize the open string sectors of the D(-1)-D3 system [8, 83]. A particularly rele-
vant point to us is that the open string sectors correspond to the ADHM data and the

superpotential of the system imposes the ADHM constraints on the vacua.

A richer description of the construction above, which avoids the introduction of frac-
tional D-brane charges, is obtained by resolving the orbifold A; singularity to a smooth
ALE space obtained by blowing up the singular point to a two-sphere [84, 85]. The res-
olution generates a local K3 smooth geometry, namely the Eguchi-Hanson space, given
by the total space of the cotangent bundle to the 2-sphere. We remain with a sys-
tem of D5-D1-D(-1) branes on the minimal resolution of the transversal A; singularity
C? x T*S? x C, which at low energy reduces to a pure six-dimensional A" = 1 U(N)
gauge theory on C? x S2%; the N D5-branes are located on C? x S2, the k D1 branes
are wrapping S2 and the D(-1) branes are stuck at the North and the South pole of the
sphere. From the D1-branes perspective, the theory describing the D(-1)-D1-D5 brane
system on the resolved space is a GLSM on the blown-up two-sphere describing the
corresponding open string sectors with a superpotential interaction which imposes the
ADHM constraints. This is exactly the ADHM GLSM on S? we will be analysing in
this chapter; the D(-1) branes will be nothing but the vortex/anti-vortex contributions
of the spherical partition function describing the effective dynamics of the £ D1-branes.
The D(-1)-D1-D5 system probes the ADHM geometry from a stringy point of view:

the supersymmetric sigma model contains stringy instanton corrections corresponding



Chapter 4. ADHM quiver and quantum hydrodynamics 57

to the topological sectors with non trivial magnetic flux on the two-sphere'. From the
mathematical point of view, the stringy instantons are deforming the classical cohomol-
ogy of the ADHM moduli space to a quantum one; the information about the quantum
cohomology is all contained inside stj\,, as explained in chapter 3. The N =2 D =4
gauge theory is then obtained by considering the system of D1-D5 branes wrapping the
blown-up 2-sphere in the zero radius (i.e. point particle) limit; in this limit Z,fj\, repro-
duces the Nekrasov partition function, which only receives contributions from the trivial

sector, that is the sector of constant maps.

4.1.2 Quantum hydrodynamics and gauge theories

Connections between supersymmetric theories with eight supercharges and quantum
integrable systems of hydrodynamic type have been known to exist since a long time.
These naturally arise in the context of AGT correspondence. Indeed integrable systems
and conformal field theories in two dimensions are intimately related, from several points
of view. The link between conformal field theory and quantum KdV was noticed in [86,
87, 88, 89]. In [89] the infinite conserved currents in involutions of the Virasoro algebra
Vir have been shown to realize the quantization of the KdV system and the quantum

monodromy “T-operators” are shown to act on highest weight Virasoro modules.

More recently an analogous connection between the spectrum of a CFT based on the
Heisenberg plus Virasoro algebra H @ Vir and the bidirectional Benjamin-Ono (BOs)
system has been shown in the context of a combinatorial proof of AGT correspondence

[90], providing a first example of the phenomenon we alluded to before.

In sections 4.5 and 4.6 we study the link between the six dimensional U(N) exact
partition function of section 4.2 and quantum integrable systems, finding that the su-
persymmetric gauge theory provides the quantization of the gl(N) Intermediate Long
Wave system (ILW ). This is a well known one parameter deformation of the BO sys-
tem. Remarkably, it interpolates between BO and KdV. We identify the deformation
parameter with the FI of the S2 GLSM, by matching the twisted superpotential of the
GLSM with the Yang-Yang function of quantum ILW y as proposed in [91]. Our result
shows that the quantum cohomology of the ADHM instanton moduli space is computed
by the quantum ILW  system. In the abelian case N = 1, when the ADHM moduli
space reduces to the Hilbert scheme of points on C2, this correspondence is discussed in
[92, 93, 94].

!These are effective stringy instantons in the ADHM moduli space which compute the KK corrections
due to the finite size of the blown-up P'. For the sake of clarity, gravity is decoupled from the D-branes
and o/ is scaled away as usual.
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On top of this we show that the chiral ring observables of the six dimensional gauge
theory are related to the commuting quantum Hamiltonians of ILW . Let us remark
that in the four dimensional limit our results imply that the gauge theory chiral ring
provides a basis for the BOy quantum Hamiltonians. This shows the appearance of the
H ® Wy algebra in the characterization of the BPS sector of the four dimensional gauge
theory as proposed in [95] and is a strong purely gauge theoretic argument in favour of

the AGT correspondence.

We also show that classical ILW hydrodynamic equations arise as a collective description
of elliptic Calogero-Moser integrable system. Let us notice that the quantum integra-
bility of the BOy system can be shown by constructing its quantum Hamiltonians in
terms of N copies of trigonometric Calogero-Sutherland Hamiltonians with tridiagonal
coupling: a general proof in the context of equivariant quantum cohomology of Nakajima
quiver varieties can be found in [96]. The relevance of this construction in the study of
conformal blocks of W-algebra is discussed in [97]. Our result hints to an analogous role

of elliptic Calogero system in the problem of the quantization of ILW y .

It is worth to remark at this point that these quantum systems play a relevant réle in
the description of Fractional Quantum Hall liquids. In particular our results suggest
the quantum ILW system to be useful in the theoretical investigation of FQH states on
the torus, which are also more amenable to numerical simulations due to the periodic
boundary conditions. For a discussion on quiver gauge theories and FQHE in the context
of AGT correspondence see [97, 98].

In the first part of this chapter we are going to summarize the results of [99]; the second

part will be more focussed on [100].

4.2 The ADHM Gauged Linear Sigma Model

In this section we describe the dynamics of a system of £ D1 and N D5-branes wrapping
the blown-up sphere of a resolved A; singularity. Specifically, we consider the type 1B
background C? x T*P! x C with the D1-branes wrapping the P! and space-time filling
D5-branes wrapped on P! x C2. We focus on the D1-branes, whose dynamics is described
by a two-dimensional A" = (2,2) gauged linear sigma model flowing in the infrared to a
non-linear sigma model with target space the ADHM moduli space of instantons M, .

The field content is reported in the table below.

The superpotential of our model is W = Try {x ([B1, B2] + IJ)}. It implements as a
constraint the fact that an infinitesimal open string plaquette in the D1-D1 sector can

be undone as a couple of open strings stretching from the D1 to a D5 and back. We
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X Bl B2 I J
D-brane sector D1/D1 | D1/D1 | D1/D1 | D1/D5 D5/D1
gauge U (k) Adj Adj Adj k k
flavor U(N) X U(1)2 1(_1’_1) 1(170) 1(0’1) N(O,O) N(l,l)
twisted masses €1+ €2 —€1 —€9 —a; aj — €1 — €2
R-charge 2 —2q q q q+p q—p

TABLE 4.1: ADHM gauged linear sigma model

also consider twisted masses corresponding to the maximal torus in the global symmetry

group U(1)N+2

acting on My, xy which we denote as (aj, —€1, —€2). The R-charges are
assigned as the most general ones which ensure R(W) = 2 and full Lorentz symmetry
at zero twisted masses. These provide an imaginary part to the twisted masses via the
redefinition

€12 — ’Lg — €12 (4.1)

a; 9 )
We are interested in computing the partition function Z ,f?v for this ADHM model. Our
computations will be valid for ¢ > p > 0, ¢ < 1, so that the integration contour in ¢ is
along the real line; the case with negative values for the R-charges can be obtained by

analytic continuation, deforming the contour. The S? partition function reads

k
2 1 d(r0s) _sricro.—i
Z]iN _ E Z /k H (271_8)6 4mi€ros ZerenmszgaugeZIJ Zadj (42)
“mezk VRY s=1
where
- m3 2 2
Zgauge = H (48 +r Ust) (4.3)
s<t
and the one-loop determinants of the matter contributions are given by
LINEEN | (—iro’s +iraj; — ”;S) r (iras —ir(a; —e€)+ 7’;5)
21y = [111 : T : . A (4.4)
Szljzll“(l—l—zras —ira; — %) T (1 —iros +ir (a; — €) + )
BT (1 —irog — ire — st) T (—irog +ire; — 5st) T (—irog + ire; — 75t
Zadi = H

r (irast + ire — %) r (1 +irog — ire] — %) T (1 +irog — ireg — %)

with € = €1+¢€9, 054 = 05—0 and mg = mgs—my. Zyj contains the contributions from the
chirals in the fundamental and antifundamental I, J, while Z,q; the ones corresponding
to the adjoint chirals y, By, Ba. The partition function (4.2) is the central character of

this chapter and we will refer to it as the stringy instanton partition function.
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4.2.1 Reduction to the Nekrasov partition function

A first expected property of Z;f?v is its reduction to the Nekrasov partition function
in the limit of zero radius of the blown-up sphere. Because of this, in (4.2) we kept
explicit the dependence on the radius r. It can be easily shown that in the limit » — 0

our spherical partition function reduces to the integral representation of the k-instanton

part Z}C\I%‘ of the Nekrasov partition function Zy = ), AN kZ}j‘j\lf‘, where
Nek _ . ‘72t(‘72t_€2)

7 Ne stA7s 4.5

kN 27TZ6162 ]{ H P(os)P(os + 6) H ( —e) (o2 —€3) (4.5)

with P(os) = Hj-vzl(as — a;) and A the RGE invariant scale.
In order to prove this, let’s start by considering (4.4); because of the identity I'(z) =
I'(1+2)/z, Z1j and Zgauge Zagj can be rewritten as

1
)(ros —ra; +1re — Z’ZS)

Z1y = H H :
(ros —ra; —2"55

s=1j5=1

(4.6)

5

HHF (1 —iros +ira; — %) T (1 +iros —ir (a; — €) + %)
[ (1+4iros —ira; — %) T (1 —iros +ir (aj — €) + %)

sl

s=1j=1

: (

m“) (rast — imzst) (rast + re + zmst) (rast re + zmS‘)
T Zondi =
ey = ]| Yo v = ) | )

(rast —rep — it

3

o
o

( ¢ )kﬁr(l_irast_ire_mzst)]_‘(]_—iro'st—f—irel—mz‘*t)r(l—iT‘O'st-FZ’TGQ—

ireies I (1+irog +ire — ) T (14 irog —irer — ") T (1 +irog — ireg — 2

s#t
(4.7)

The lowest term in the expansion around r = 0 of (4.6) comes from the m = 0 sector,

and it is given by

rsz H H —aj)(os —aj +€) (48)

Sljl

On the other hand, (4.7) starts as

(. ‘ )k (f07) + o) (4.9)

1T€E1€EQ

with f(m) ratio of Gamma functions independent on r. With this, we can conclude
that the first term in the expansion originates from the 77, = 0 contribution, and (4.2)

reduces to (4.5), with A = r~!

o
=%

[\
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4.2.2 Classification of the poles

The explicit evaluation of the partition function (4.2) given above passes by the classi-
fication of the poles in the integrand. We now show that these are classified by Young
tableaux, just like for the Nekrasov partition function [9]. More precisely, we find a
tower of poles for each box of the Young tableaux labelling the tower of Kaluza-Klein

modes due to the string corrections.

The geometric phase of the GLSM is encoded in the choice of the contour of integration
of (4.2), which implements the suitable stability condition for the hyper-Kéhler quotient.
In our case the ADHM phase corresponds to take & > 0 and this imposes to close the
contour integral in the lower half plane. Following the discussion of [27], let us summarize

the possible poles and zeros of the integrand (n > 0):

poles (o7)) zeros (o(?)
I ng) =a; - (n—I— Imsl) ng) =a; + (1 +n+ Ima\)
agp):aj—e—i- (n+|ms|) agz):aj—G— (1+n+|ms\)
O-s?) =—€— (1 +n+ lms’f‘) Jgf) = ¢4 1 (n—l— \mstl)
B | o zel—;(n+@) 0@ —et i(1+ny o)
By| o =e—jn+ ) U§§)=€2+;(1+n+@)

Poles from J do not contribute, being in the upper half plane. Consider now a pole

(p)

for I, say U(p) the next pole 02 can arise from I, By or Bo, but not from , because

(»)

in this case it would be cancelled by a zero from J. Moreover, if it comes from I, o5

(p)

should correspond to a twisted mass a; different from the one for oy, or the partition

function would vanish (as explained in full detail in [27]). In the case oép ) comes from

B, consider aép ). again, this can be a pole from I, By or Bs, but not from Y, or it would
be cancelled by a zero of By. This reasoning takes into account all the possibilities, so
we can conclude that the poles are classified by N Young tableaux {Y}, = (Y1,...,Ywn)
such that Zjvzl |Y;| = k, which describe coloured partitions of the instanton number k.
These are the same as the ones used in the pole classification of the Nekrasov partition
function, with the difference that to every box is associated not just a pole, but an infinite
tower of poles, labelled by a positive integer n; i.e., we are considering three-dimensional

Young tableaux.

These towers of poles can be dealt with by rewriting near each pole

1 || .
Oy = —— s + i 4.1
, <n 5 ) 7 (4.10)

In this way we resum the contributions coming from the “third direction” of the Young

tableaux, and the poles for A are now given in terms of usual two-dimensional partitions.
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As we will discuss later, this procedure allows for a clearer geometrical interpretation

of the spherical partition function. Defining z = e 2™+ and d, = n, + %'ms‘,

ds = ds — my so that D ome€Z 230 = 2-d.>0 2_d,>0 We obtain the following expression:

Z5N = o ]éH 2m (22) ™ 211 Zy Zay (4.11)

where?

(1 —ire)l(irer)T(ireg) L(rXs +ira;)I'(—rAs —iraj +ire)
= H 1 w7

L(ire)I(1 — ire))T(1 — ireg) el —1rXs —iraj)I(1 + 1A + ira; — ire)

ﬁ(r)\ ) D(1+rXs =X —ire)T(rAs — rA +ire) )T (rAs — rAy + ires)
po s t D(=rXs +rX\ +ire)T (1 —rAs + r\ —ire) ) T (1 — rAs + r\y — irea)

(4.12)

_ 2: —ira; —|—ZT‘6) dt d A+ T
Z = 1 d1+ +dy, | I | l j B s
v . = (( 1 — 7“)\ - M‘a])d H A A
di,...,d, >0 s=1j=1 +

s<t
(T+7rAs — 1A — ire)dt_czs (rhs —rA + irel)dt_ds (rXs —rAe + ire?)d}—cis
(7")\5 — T)\t + irﬁ)dtfd; (1 + 7")\5 — T)\t — Z'Tq)cztids (1 + 7“/\5 — T)\t — ire?)dtfcis
(4.13)

Zav = Z ((= 1 d1+ +dk H H rAs — iraj +ire)q, ﬁ dy —ds — 1A + 1A
av —

(1 —rXs —ira —rA +7TA
di,...,dr >0 s=1j=1 § ])ds s<t ¢+ s

(1 + T)\s - T)\t - in)dt—ds ( >\s - T)\t + iT‘el)dt ds ( )\ — ’I”)\t + iTGg)dt ds
(rAs =T A +ir€)g,—a, (1 4+1rXs —7A —irer)g,—a, (L +71As — 1A\ — ir€2)d,—d,
(4.14)

The Pochhammer symbol (a)q is defined as in (3.26). We observe that the 7; in (4.11)
is cancelled by the k! possible orderings of the As, so in the rest of this paper we will
always choose an ordering and remove the factorial.

Let us remark that Z, appearing in (4.13) is the vortex partition function of the GLSM
on equivariant R? with equivariant parameter 7 = 1/r. This was originally computed

in [101] and recently discussed in the context of AGT correspondence in [28, 65, 76, 102].

As a final comment, let us consider the interesting limit e; — —eo, which implies € — 0.

In this limit we can show that all the world-sheet instanton corrections to Z ,f 3\, vanish and

2Remember that Oren = 6 + (k= 1)m.
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this is in agreement with the results of [96] about equivariant Gromov-Witten invariants
of the ADHM moduli space.

)k, while
the Gamma functions simplify drastically, and we recover (4.5) with e small, with an
—rr

First of all, consider (4.12). The prefactor gives the usual coefficient (-—=

i€1€2

additional classical factor (zz) playing the role of the usual regulator in the contour
integral representation of the Nekrasov partition function. Let us now turn to (4.13); for
every Young tableau we have Z, = 1 4 o(e), where the 1 comes from the sector ds = 0.
Indeed one can show by explicit computation on the Young tableaux that for any ds #0

Z, gets a positive power of € and therefore does not contribute in the € — 0 limit.

To clarify this point, let us consider a few examples. We will restrict to N = 1 for the

sake of simplicity.

e The easiest tableau is ({J); in this case A = —ia and

Z, = Z(z)‘i("f)‘i - 1+Z(z)3(i;f)d~ = 1+0(e) (4.15)

e Next are the tableaux (H) and (CTJ). The expression of Z, for (H) is given in (4.34);
there you can easily see from the two Pochhammers (ire); at the numerator that

the limit e — 0 forces the dy to be zero, leaving Z, = 1 + o(¢); similarly for (CTJ).

e The tableaux for £ = 3 work as before. A more complicated case is (Hﬂ) One

should first consider the Pochhammers of type (ire);; in this case, we have

(ire)JQ—Jl (ir6)33 dy (WE)d —do (WE)J —ds (1)d4 d d4 — d1 + ire
‘ (2ir€)d4—c21(1)d2_d1(1)d ( ) ( ) e

(ire) g, (2ire) g
(4.16)

Then one can easily see that this combination always starts with something which

is of order € or higher, unless Jl = Jg = Jg = J4 = 0, case in which we get 1.

These examples contain all the possible issues that can arise in the general case.

4.3 Equivariant Gromov-Witten invariants of M y

We now turn to discuss the exact partition function (4.11) of the D1-D5 system on the
resolved A; singularity. As discussed in the previous section, this contains a tower of
non-perturbative corrections to the prepotential of the four-dimensional gauge theory

corresponding to the effective world-sheet instantons contributions.
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From the discussion in chapter 3 we know that these corrections compute the Gromov-
Witten invariants and gravitational descendants of the ADHM moduli space; we there-
fore deduce that the spherical partition function of the D1-D5 GLSM provides conjec-

tural formulae for Givental’s Z and J-functions of the ADHM instanton moduli space

as follows:
b N\ — iraj + ire€)q, 1o di — ds — TA¢ + T
T, — -1 N _N\di+...+dg - s i ds t — Ws — t s
N Z (=172) H H (1 —7rXs —ira;)q H —Tr At + 1A
di,...,dr >0 s=1j=1 s s<t

(1 + T’)\S — T)\t — ire)dt,ds (7’/\5 — T’)\t + i?”el)dt,ds (7")\8 — T)\t + Z'T’GQ)dt,ds
(rAs = A +ir€)g,—a. (L+71As =X —irer)g—a, (1 +1As — 1A\ — irea)q,—d.
(4.17)

where A; are the Chern roots of the tautological bundle of the ADHM moduli space.

From this expression we find that the asymptotic behaviour in A is

— .. (4.18)

Therefore, I(©) = 1 for every k, N, while IY) = 0 when N > 1; this implies that the
equivariant mirror map is trivial, namely 7, y = Jp n, for N > 1. The N = 1 case
will be discussed in detail in the following subsection. The structure of (4.17) supports
the abelian/non-abelian correspondence conjecture of [103]; indeed the first factor in
the first line corresponds to the abelian quotient by the Cartan torus (C*)k while the

remaining factors express the twisting due to the non-abelian nature of the quotient.

Finally, let us notice® that for GIT quotients, and in particular for Nakajima quiver
varieties, the notion of quasi-maps and of the corresponding Z-function were introduced
in [56]. We notice that our Zj x as in (4.17) should match the quasi-map Z-function
and therefore, as a consequence of [96], should compute the J-function of the instanton
moduli space. Let us underline that the supersymmetric localization approach applies
also to other classical groups and can be applied to study the quantum cohomology of

general Kéhler quotients.

4.3.1 Cotangent bundle of the projective space

As a first example, let us consider the case My ~ C2? x T*CPV~!. The integrated

spherical partition function has the form:

N
Zisjv _ Z(zz)zra] Zﬁ)Z\(]J)Z{&{/) (419)
j=1

3We thank D.E. Diaconescu, A. Okounkov and D. Maulik for clarifying discussions on this issue.
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The j-th contribution comes from the Young tableau (e, ... ], ..., e), where the box
is in the j-th position; this means we have to consider the pole Ay = —ia;. Explicitly:
. . N . ) .
70 _ [ (ire;) T (ireq) H I (iray) I’ (—iray; + ire)
i ['(1—ire) T (1 —irey) el (1 —ira;) I' (1 4 ira;; — ire)
I#j
' {ire (—iray; + ire)j }
Z9 = NFy_ Sl
{ (1-— z'ralj }
’ {ire (—iray; +ire); 1}
Z{) = NFyo N F0(-)N z (4.20)
{(1 - imlj)z1}
I#j

Let us consider in more detail the case N = 2. In this case the instanton moduli space
reduces to C2 x T*P! and is the same as the moduli space of the Hilbert scheme of
two points Mj o ~ Moy 1. In order to match the equivariant actions on the two moduli
spaces, we identify

a1 =€ +2a as = €2 + 2a (4.21)

so that a12 = €1 — €. Then we have

ZiS:; _ (Zz)zr(2a+61)Z§11)Z\(,1) Zé\l,) + (ZZ)iT(2a+E2)Z£12) Z‘(]2) Zz(“%) (422)
where
Z(l) _ I (irq) T (iTEQ) I (—iT‘El + iTGQ) r (2i7“61)
u L(1—ire)) T (1 —irex) T (1+ire; —irea) I' (1 — 2irey)

ire, 2ire
ASEE 2F1( { 1 ;z)

{1+ire; —irex}

oy
SIS 2F1< tire, 2ire1} ;z) (4.23)

{1 + irel — i7’€2}

The other contribution is obtained by exchanging ¢; +— ¢3. By identifying Z‘(,l) as the
Givental Z-function, we expand it in r = % in order to find the equivariant mirror map;
this gives

ZW =1+ o(r?), (4.24)

2)

which means there is no equivariant mirror map and Z = J. The same applies to Zy

Therefore, the only normalization to be dealt with is the one of the symplectic pairing,
namely Z71;. We already encountered this problem in section 3.2.3; let us see how to

solve it also in this example. In (4.22), ZS) and Zl(lz) contain an excess of 4ir(e; + €2)
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in the argument of the Gamma functions (2ir(e; + €2) from the numerator and another
2ir(€e1 + €2) from the denominator); this would imply

1 2iye

4 e2eg(eg —e)r3

AR +o(r2) (4.25)

26%62(61 —e9)r
and similarly for Zg). To eliminate the Euler-Mascheroni constant, we normalize the

partition function multiplying it by*

e (T —ire)T(1 —irey) \
(z2) <r(1 Fire)t(1 +i7‘62)> (4.26)

so that now we have

T(1 —ire)T(1 —ires)\* ) 1 Y
7 = — 4.27
(F(l +ire;)I(1 4 irey) 1 2e2e9(e1 — €)1t +o(r™) ( )

1

Expanding the normalized partition function in 7 up to order !, we obtain®

1 1 1 1
7y = [ + = 1n?(22) — ir(e; + 62)( — —In®(2z)

2r2e1eq 4 12 (4.28)
— In(22)(Lia(2) + Lia(2)) + 2(Lia(2) + Lis(2)) +3¢(3)) |

T2€1€2

The first term in (4.28) correctly reproduces the Nekrasov partition function of M o
as expected, while the other terms compute the H%(X ) part of the genus zero Gromov-
Witten potential in agreement with [104]. We remark that the quantum part of the
Gromov-Witten potential turns out to be linear in the equivariant parameter €; + €9 as

inferred in section 4.2.2 from general arguments.

We can also compute it with the Givental formalism: expanding the J function up to

order 2, one finds
J=1+ 7"2(—6162 — i(el + 62))\1 + )\%)Lig(z) + O(T’S) (4.29)

and the coefficient of —\; — which is the cohomology generator — at order r? will give

the first z derivative of the prepotential.

4The normalization here has been chosen having in mind the M1 case; see the next paragraph.

5Notice that the procedure outlined above does not fix a remnant dependence on the coefficient of
the ¢(3) term in 75 In fact, one can always multiply by a ratio of Gamma functions whose overall
argument is zero; this will have an effect only on the {(3) coefficient. This ambiguity does not affect the
calculation of the Gromov-Witten invariants.
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4.3.2 Hilbert scheme of points

Let us now turn to the My, ; case, which corresponds to the Hilbert scheme of £ points.
This case was analysed in terms of Givental’s formalism in [105]. It is easy to see that
(4.17) reduces for N = 1 to their results. As remarked after equation (4.17) in the
N =1 case there is a non-trivial equivariant mirror map to be implemented. As we will
discuss in a moment, this is done by defining the J function as J = (1 + 2)"*Z, which
corresponds to invert the equivariant mirror map; in other words, we have to normalize
the vortex part by multiplying it with (1 + 2)"*¢ and similarly for the antivortex. In
the following we will describe in detail some examples and extract the relevant Gromov-
Witten invariants for them. As we will see, these are in agreement with the results of
[106].

For k = 1, the only Young tableau ([J) corresponds to the pole \; = —ia. This case is

simple enough to be written in a closed form; we find

I‘(z’rq)F(ir@)

252 — (,3)ira
ra = (#2) [(1 —ire))T(1 —irea)

(1+2)7(1 + z)77re (4.30)

From this expression, it is clear that the Gromov-Witten invariants are vanishing.
Actually, we should multiply (4.30) by (1 + 2)7¢(1 + 2)"¢ in order to recover the J-

. . . 2 . . 2
function. Instead of doing this, we propose to use Zf 1 as a normalization for Z ;f | as

SZ
Zia

Znorm —
(*T2€1€22f:21)k

(4.31)

In this way, we go from Z to J functions and at the same time we normalize the 1-loop
factor in such a way to erase the Euler-Mascheroni constant. The factor (—r2eje)® is
to make the normalization factor to start with 1 in the r expansion. In summary, we

obtain

norm 1
7 = e (4.32)

Let us make a comment on the above normalization procedure. From the general ar-
guments previously discussed we expect the normalization to be independent on A’s.
Moreover, from the field theory point of view, the normalization (4.31) is natural since
amounts to remove from the free energy the contribution of k free particles. On the
other hand, this is non trivial at all from the explicit expression of the Z-function
(4.17).  Actually, a remarkable combinatorial identity proved in [105] ensures that

e~ 1M/ = (1 + z)*(ate)/h and then makes this procedure consistent.

Let us now turn to the Mg case. There are two contributions, (H) and (C1J), coming

respectively from the poles A\ = —ia, Ao = —ia — i€; and A\ = —ia, Ao = —ia — ie€g.



Chapter 4. ADHM quiver and quantum hydrodynamics 68

Notice once more that the permutations of the A’s are cancelled against the % in front

of the partition function (4.2). We thus have

Zésji _ (ZE)WQ(H_Q)Zfl:Ol)Z(COI)Z(COI) + (Zz)ir(Qa—o—eg)ZSOW) Z\(]row) Zglow) (433)

v av

where, explicitly,

gloo) _  Dlire)(ires) [(2ire )T (irey — ire;)
1 [(1 —ire))T(1 —dreg) T'(1 — 2ire ) T'(1 + ire; — ires)
d/2 ) . . .
Z(col) — Z(_Z)J Z (1 + ZT€1)J—2J1 (ZTNE)JI (27“61 + ZTE)J_d*l
v (7;7“61)02_2&1 d1! (1 + irel)g_jl

d=0 d1=0
(2ir61)d~_2dl (1— ir@)d—zdl (ire)d—zd} (4.34)
(d—2d,)! (irer +ire)j_oq (1 +irer —ires)g oq
/2 _ . . .
(col) _ —\d (1 +ire1)g—oq, (ir€)q, (irex +ire)q—_q,
Z D ICDY (ire1) dil  (1+ire)

450 di—o \T€1)d—2d 1 +1re1)d—d,
(2irer)a—a2q, (1 —irez)a—o4, (11€)a—2d,

(d - 2d1)! (iT‘Gl + iTE)d,le (1 +re; — Z‘TEQ)d,le

Here we defined d = d; + ds and changed the sums accordingly. The row contribution

can be obtained from the column one by exchanging e€; +— €. We then have
z{eolrow) — 1 4 9ireLiy (—z) + o(r?) (4.35)
Finally, we invert the equivariant mirror map by replacing

Z\(]col, row) N e—QiT’ELh(—Z)Z\(/COl, row) _ (1 + Z)2irez\(,col, row)

Za(LSIOL row) N e—QiTeLh(—E) ZzgS/Ol’ row) __ (1 + 2)2iT€Z§301, row) (4.36)

Now we can prove the equivalence M1 2 ~ Moy 1: by expanding in z, it can be shown that
(1) _ ; (col) . . . (1) _ ~(col)

Zy ' (z) = (1 + 2)*7¢Zy"°/ () and similarly for the antivortex part; since Z;,’ = Z)

we conclude that Z()(z,2) = (1 + 2)27¢(1 + 2)27Z(©V (2, ). The same is valid for Z(2)

and Z(°%) o in the end we obtain
Z55(2,2) = (14 2)27(1 + 2)2" 251 (2, 2) (4.37)
Taking into account the appropriate normalizations, this implies
iz, 2) = 2392, 2) - (4.38)

As further examples, we will briefly comment about the M3 ; and My ; cases. For M3

there are three contributions to the partition function:
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@ from the poles A1 = —ia, Ao = —ia —i€1, A3 = —ia — 2iey
B] from the poles A1 = —ia, Ao = —ia —i€1, A3 = —ia — €1 — i€y

[TT1 from the poles A; = —ia, Ao = —ia — i€2, A3 = —ia — 2ieq

The study of the vortex contributions tells us that there is an equivariant mirror map,
which has to be inverted; however, this is taken into account by the normalization factor.

Then, the r expansion gives

1 1 1 1
ZRm = - — 2 In%(22) + ir(e1 + € (——lngzé
BL7 p(ee9)2 L 6r2cre; 4 2 Hirat el =) (4.39)
— In(22)(Lis(2) + Lia(£)) + 2(Lia(2) + Lis(2)) + 3¢(3) )|
For My 1 we have five contributions:
E from M = —ia, Ay = —ia — i€y, \3 = —ia — 2i€1, Ay = —ia — i€y
@j from )\1 = —ia, )\2 = —ia — ’i61, )\3 = —ia — 2i61, )\4 = —ia — ’i62
BE( from M\ = —ia, Ay = —ia — i€, A\3 = —ia — i€y, Ay = —ia — i€1 — i€y
Bjj from A\ = —ia, Ay = —ia — i€y, A3 = —ia — 2i€g, Ay = —ia — i€]
[TTT] from )\1 = —z'a, )\2 = —ia — ieg, )\3 = —ia — 2i62, )\4 = —ia — 3i€2
Again, we normalize and expand in r to obtain
1 1 1 1
goorm _ _ _7]2 z ) (_713 z
11 Tlaa) SYTEPp- n“(zz) +ir(e; + €2) 57 1t (22) )

~ In(22) (3Lin2) + Lia(2)) + 23 Tis(2) + 5Lis(2)) + 5¢(3))]

4.3.3 A last example

As a last example, let us consider My o. In this case, five Young tableaux are contribut-

ing:
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(H, e) from the poles A\ = —ia1, \o = —ia; — i€y
(C1J, @)  from the poles A; = —iay, Ao = —ia; — i€
(o, H) from the poles A\ = —iag, Ao = —ias — i€1
(o,[IJ) from the poles A\ = —iag, Aoy = —iay — i€y

(O, 0)  from the poles A1 = —iay, Ao = —ias

The order r coefficient in the expansion of the various vortex partition functions is zero,
so there is no equivariant mirror map to be inverted. As normalization, we will choose

the simplest one, that is we multiply by a factor

(4.41)

(Zz)ir(ﬂ-‘rez—m—az) <P(1 —ire))I'(1 — i?’eg))4

[(1+dre))T(1 +irea)

The expansion then gives

norm __ 1
%22 "~ r0(ere2)?((e1 + €2)% — (a1 — a2)?)
[ 8(e1 + 62)2 +er1e2 — 2(a1 — 02)2
72((2€1 + €2)? — (a1 — a2)?)((e1 + 2€2)? — (a1 — a2)?) (4.42)
N %1112(22) (e +er)( - élnS(zz) ~ In(22)(2Lia(2) + 2Lia(2))
+2(2Li3(2) + 2Li3(2)) + c(ei, a¢)<(3))}
where
c€,a;) =8 — derea(erer +2(e1 + €2)® +4(a1 — a2)?) (4.43)

(261 + €2)%2 — (a1 — a2)?)((e1 + 2€2)2 — (a1 — a2)?)

4.3.4 Orbifold cohomology of the ADHM moduli space

We saw in this chapter that the equivariant quantum cohomology of the ADHM moduli
space is encoded in the Z-function (4.17). The purpose of this section is to use the
wallcrossing approach developed in chapter 3 to analyse the equivariant quantum coho-
mology of the Uhlembeck (partial) compactification of the moduli space of instantons
by tuning the FI parameter £ of the GLSM to zero. Indeed, as we will shortly discuss,
in this case there is a reflection symmetry & — —¢ showing that the sign of the FI is
not relevant to fix the phase of the GLSM. Actually, fixing £ = 0 allows pointlike in-
stantons. This produces a conjectural formula for the Z-function of the ADHM space in
the orbifold chamber. In particular for rank one instantons, namely Hilbert schemes of

points, our results are in agreement with those in [104].
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Let us recall some elementary aspects on the moduli space My, v of k SU(N) instantons
on C2. This space is non-compact both because the manifold C2? is non-compact and
because of point-like instantons. The first source of non-compactness is cured by the
introduction of the so-called €2-background which, mathematically speaking, corresponds
to working in the equivariant cohomology with respect to the maximal torus of rotations
on C2. The second one can be approached in different ways. A compactification scheme

is provided by the Uhlembeck one

k
My = | My x SH(C?) (4.44)
=0

Due to the presence of the symmetric product factors this space contains orbifold sin-
gularities. A desingularization is provided by the moduli space of torsion free sheaves
on P? with a framing on the line at infinity. This is described in terms of the ADHM
complex linear maps (B, Bz) : C¥ — CF and (I,J7) : C* — CV which satisfy the
F-term equation

[Bl,Bz]—I-IJ:O

and the D-term equation
[B1, Bl + [Bs, BY] + I1IT — JT.J = ¢I

where £ is a parameter that gets identified with the FI parameter of the GLSM and that

ensures the stability condition of the sheaf.

Notice that the ADHM equations are symmetric under the reflection £ — —¢ and
(Bi, 1.7) = (B], =", 11)

The Uhlembeck compactification is recovered in the & — 0 limit. This amounts to set

the vortex expansion parameter as
(—1)Nz =€t (4.45)

giving therefore the orbifold Z-function

k N ) ) k
: —r Ay —ira; +ire)q ds —dp —TAs + 1T\,
IU — (620)d1++dk ( r .]. T
kN d17m’zdk>0 7«1;[1]1;[1 (1 —rX —ira;)q, H —1As + 1A
(1 + T)\T — 7’)\5 — iTE)dS,dT (T)\T — 7”)\3 + irel)dsfdr (T)\T — 7”)\3 + Z'TEQ)dS,dT
(rAr —rAs +ire)g,—a, (L4+rA —rAs —ire1)d.—aq,. (14+rA, —rXs —irea)d.—d,
(4.46)

r<s
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In the abelian case, namely for N = 1, the above Z-function reproduces the results of
[104] for the equivariant quantum cohomology of the symmetric product of k points in
C2. Indeed, by using the map to the Fock space formalism for the equivariant quantum
cohomology developed in appendix B, it is easy to see that both approaches produce the
same small equivariant quantum cohomology. Notice that the map (5.70) reproduces in
the N =1 case the one of [104].

4.4 Donaldson-Thomas theory and stringy corrections to

the Seiberg-Witten prepotential

It is very interesting to analyse our system also from the D5-brane dynamics point of
view. This is a six-dimensional theory which should be related to higher rank equivariant
Donaldson-Thomas theory on C? x P'. Indeed an interesting and promising aspect is
that for N > 1 the D1 contributions to the D5 gauge theory dynamics do not factor in
abelian N = 1 terms and thus keep an intrinsic non-abelian nature, contrary to what

happens for the D(—1) contributions in the Coulomb phase [107].

To clarify this connection, let us notice that a suitable framework to compactify the
Donaldson-Thomas moduli space was introduced in [108] via ADHM moduli sheaves. In
this context one can show that 7 ;1 = Zpr. Moreover the 7 i-function reproduces the
1-legged Pandharipande-Thomas vertex as in [109] for the case of the Hilbert scheme of
points of C?, while the more general ADHM case should follow as the generalization to

higher rank. The case of the Hilbert scheme of points is simpler and follows by [110].

The partition function of the DI1-branes computed in the previous sections provides
non-perturbative corrections to the D5-brane dynamics. It is then natural to resum the

D1-brane contributions as

ZRT =N PN ZIY = Ny g (4.47)
K k.

2miT

where ¢ = e and in the second equality we considered the expansion in z of the

holomorphic part of the spherical partition function, where 5 € Hy(My n,7Z).

It is interesting to study the free-energy of the above defined partition function and its
reduction in the four dimensional blow-down limit » — 0. Indeed, let us observe that
the D5 brane theory in this limit is described by an effective four-dimensional N = 2
supersymmetric gauge theory at energies below the UV cutoff provided by the inverse
radius of the blown-up sphere 1/r [111]. Comparing the expansion (4.47) to the results

of section (4.2.1), we obtain that the former reduces to the standard Nekrasov instanton
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partition function upon the identification ¢ = Ar. Moreover, keeping into account the
limiting behaviour as €; ~ 0 we have just discussed in the previous subsection, namely
that Z2 i N has the same divergent behaviour as Z, N ¢k due to the equivariant regularization

of the R* volume 61162, one can present the resummed partition function (4.47) in the

form

ZRT = exp {—15(a, €, \;r, z)} (4.48)

€1€2
where £ is the total free energy of the system and is a regular function as ¢; ~ 0. The
effective geometry arising in the semiclassical limit €1,e2 — 0 of (4.48) would provide

information about the mirror variety encoding the enumerative invariants in (4.47).

In order to pursue this program it is crucial to complement our analysis by including
the perturbative sector of the N D5-brane theory in the geometry C? x T*P! x C whose
world-volume theory is described at low-energy by an N' = 1 super Yang-Mills theory in
six dimensions on C? x P'. The perturbative contribution can be computed by consider-
ing the dimensional reduction down to the two-sphere. This gives rise to an N = (4, 4)
supersymmetric gauge theory, containing three chiral multiplets in the adjoint repre-
sentation with lowest components (Z;,®), i = 1,2, where Z;, Zs and ® describe the
fluctuations along C? and C respectively. Around the flat connection, the vacua are

described by covariantly constant fields D,q;¢)Z; = 0 satisfying
[Z1,22] =0 (4.49)

The Cartan torus of the rotation group acts as (21, Z2) — (e~ Z1, e~ “Z3) preserving
the above constraints. The one-loop fluctuation determinants for this theory are given

by
det(D,gj()) det(Dagj(a) + €1 + €2)

4.50
det(Dagj(e) + €1) det(Dagja) + €2) (4.50)
The zeta function regularization of the above ratio of determinants reads
d 1 o dt D
_ t adj(®) (1 — €1t 1— eat 4.51
o | gor |, as et -] s

which can be seen as the regularization of the infinite product

—ir(apm — jer — ke))\ T
H H < irl (ir(ap, — jer — kea)) > (452)

3k I#Em

The above formula is a deformation of the standard formula expressing the perturbative

part of the Nekrasov partition function

vae;i = H H lm,]k H Lo(aym; €1, €2) (4.53)

l#m j,k>1 l#m
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with X, j & = aim — je1 — keg, in terms of Barnes double I'-function [10] (see also [112]).
Eq.(4.52) is obtained by resumming the Kaluza-Klein modes on the two-sphere over each
four dimensional gauge theory mode organized in spherical harmonics SU(2) multiplets.
This can be done by applying the methods in [27] to each tower before boson/fermion

cancellation.

More in detail, the one-loop contribution of the D5-D5 partition function on 2-background
can be calculated by making use of the equivariant index theorem for the linearized ki-
netic operator of the quantum fluctuations in six dimensions. The low-energy field theory
on the D5-branes is given by (twisted) maximally supersymmetric Yang-Mills theory on

C? x S2. The relevant complex is the d Dolbeaux complex [113]
0— Q00 5 0D 02 g (4.54)

The equivariant index of the above complex is given by

I e | —1,—1 '
(L=t =t ) (_( t3 )Zemlm (4.55)
Im

1=t -1 —t)(1 o) 1—t3)

where we used Kiinneth decomposition of the cohomology groups of C? x S2. The first
factor computes the equivariant index of the 9 operator on C?, the second that of S2,
while the third factor the twisting by the gauge bundle in the adjoint representation.
From (4.55) one can easily compute the ratio of determinants of the one-loop fluctua-
tions via the substitution riile relating the equivariant index with the equivariant Euler

characteristic of the complex:

ane%‘ — waf (4.56)
e (6%
where w, are the weights of the equivariant action and ¢, their multiplicities. Here
t = €l ty = €2 and t3 = '3 with e3 = /—1/7.

In order to extract the above data from Eq.(4.55), we expand the C? factor as

0 i
P e e R o R (4.57)
i?j7z’3:0

and the S? factor in the two patches as

o
—Y (4.58)
k=0
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at the north pole and as
o

S (t:h)" (4.59)

k=0

at the south pole. Then the product of the eigenvalues is given by

[e.9]

C(aym + €1(i — i) + €2(j — j) + €3)
11 D(1 = apm —e1(i — i) — e2(j — j) + €3)

i?j7z73:0

( L(aim +€1(i =i —1) + ea(j — J) + €3) )‘1
T'(1—ap, —€e1(i—i—1)—€e(j —j) +€3)
( L(aim +e1(i =) + e2(j —j — 1) + €3) )‘1
P(1—ay, —e(i—1i) — e —J7—1) +e3)
Dlam +ea(i—i—1)+e(j—j—1) +e)
F(l—apm—ea(i—i—1)—e(i—j—1) +e)

where we used the Weierstrass formula for the I' function performing the product over
the index k in (4.58,4.59). The above product simplifies then to

L3 (aim; €1, €2, =)
T3 (am; €1, €2, — %)

Z3s ps = H Do(aim; €1, €2) (4.60)

l#m

and implements the finite r corrections to the perturbative Nekrasov partition function.
The equality in (4.60) follows by regularizing the infinite set of poles of the ratio of T’
functions. Indeed by using the standard properties of the I'-function it is easy to see
that (4.60) reduces in the r — 0 limit to (4.53) plus corrections expressible in power
series in r and €7, €2. The leading order term in the small 7 expansion of (4.60) is (4.53).

The first non vanishing correction in the expansion can be computed by expanding

8 [M] = 2yiXr — %iXSCB)Tg +0(r°) (4.61)

n (4.52), where v is the Euler-Mascheroni constant. Carrying the product to a sum at

the exponent and using zeta-function regularization for the infinite sums, one gets

792 CN(N -1 —1
In | =257 | = —W“(12)€+zC > i~ )(6? —ae+e) | e+0(r?)
ZNek: l#n

where the first term is a regularization scheme dependent constant. We see that the
first correction affects the quadratic part of the prepotential implying a modification
of the beta function of the theory which keeps into account the contributions of the

KK-momenta on the PL.

We thus conclude that in the limit + — 0, £ — Fner the Nekrasov prepotential of the
N = 2 gauge theory in the Q-background. Therefore for r — 0 the effective geometry
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arising in the semiclassical limit of (4.48) is the Seiberg-Witten curve of pure N' = 2
super Yang-Mills [10]. Higher order corrections in r to this geometry encode the effect
of stringy corrections. Indeed, the total free energy contains additional world-sheet

corrections in z and therefore
E= fNek(a, €, N) + fsm"gy(a, €, N\, z)

These are genuine string corrections to the N' = 2 gauge theory in the Q-background
describing the finite radius effects of the blown-up sphere resolving the A; orbifold
singularity. Let us notice that F5"™9¥ is higher order in the €; expansion with respect
to FNek therefore, in this scaling scheme, the resulting Seiberg-Witten limit lim,, o & =

FSW is unchanged.

As we discussed previously, the stringy contributions are given by a classical term de-
scribing the equivariant classical intersection theory in the ADHM moduli space and a

world-sheet instanton contribution describing its quantum deformation, that is

]:stringy(a’ i A, Z) _ ]_—csltringy(ei; r, Z) + efifsringy(a, €, \;m, Z). (462)

Following [114] we can consider the effect of a partial Q-background by studying the

limit e — 0 in the complete free energy. Defining

1
V= hmeﬁoganﬁT (4.63)
we find that

W = WS yystringy (4.64)

where WY is the Nekrasov-Shatashvili twisted superpotential of the reduced two dimen-
sional gauge theory and W59V are its stringy corrections. According to [114], WNS
can be interpreted as the Yang-Yang function of the quantum integrable Hitchin system
on the M-theory curve (the sphere with two maximal punctures for the pure N' = 2
gauge theory). The superpotential YW should be related to the quantum deformation of
the relevant integrable system underlying the classical Seiberg-Witten geometry [96].

4.5 Quantum hydrodynamic systems

As we discussed in section 4.1, the ADHM GLSM we studied in the first part of this
chapter is intimately related to a quantum integrable system of hydrodynamic type

known as the Intermediate Long Wave system. Here we will describe the basic concepts
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about hydrodynamic systems which will be needed in the following. In subsection 4.5.1
we recall some basic facts about gl(/N) ILW integrable hydrodynamics relevant for the
comparison with the six dimensional U(N) gauge theory, focussing on the N = 1 case.
In the subsequent subsection 4.5.2 we show that the ILW system can be obtained as a

hydrodynamic limit of the elliptic Calogero-Moser system.

4.5.1 The Intermediate Long Wave system

One of the most popular integrable systems is the KdV equation
1)
up = Uy + gumm (4.65)

where u = u(z,t) is a real function of two variables. It describes the surface dynamics

of shallow water in a channel, § being the dispersion parameter.

The KdV equation is a particular case of the ILW equation

1
up = 2uuy + Flus + T [tz] (4.66)

where 7T is the integral operator
_ m(x —y) dy
TIf)(z) = P.V. / coth ( 5 ) fW) 55 (4.67)

and P.V. [ is the principal value integral.
Equation (4.66) describes the surface dynamics of water in a channel of finite depth. It
reduces to (4.65) in the limit of small 6. The opposite limit, that is the infinitely deep

channel at § — oo, is called the Benjamin-Ono equation. It reads
up = 2uuy + H[ugy] (4.68)

where H is the integral operator implementing the Hilbert transform on the real line

! f(y)dfy

x—y 7

H[f](z) = P.V./ (4.69)
The equation (4.66) is an integrable deformation of KdV. It has been proved in [115]
that the form of the integral kernel in (4.67) is fixed by the requirement of integrability.
The version of the ILW system which we will show to be relevant to our case is the
periodic one. This is obtained by replacing (4.67) with

1 T 6

T = 527 [ g (U55a) sy (4.70)
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where ¢ = 9.

Equation (4.66) is Hamiltonian with respect to the Poisson bracket

{u(@),u(y)} = d'(z —y) (4.71)

and reads
ug(x) = {I3,u(x)} (4.72)
where I3 = [ 2u® + LuTlu,] is the corresponding Hamiltonian. The other flows are
generated by I» = %uQ and the further Hamiltonians I, = [ %u” + ..., where n > 3,

which are determined by the condition of being in involution {7, I,,} = 0. These have
been computed explicitly in [116]. The more general gl(N) ILW system is described in
[117]; explicit formulae for the gl(2) case can be found in Appendix A of [91].

The periodic ILW system can be quantized by introducing creation/annihilation opera-
tors corresponding to the Fourier modes of the field w and then by the explicit construc-
tion of the quantum analogue of the commuting Hamiltonians I,, above. Explicitly, one

introduces the Fourier modes {ay }rez with commutation relations
[, cu] = ki

and gets the first Hamiltonians schematically as

1
I = QZa—kak o
k>0

1
I3 = — Z kcoth(kmt)a_poy + 3 Z QRO Oy, (4.73)
k>0 k+14+m=0

where we introduced a complexified ILW deformation parameter 27t = § —i6. This arises
naturally in comparing the Hamiltonian (4.73) with the deformation of the quantum
trigonometric Calogero-Sutherland Hamiltonian appearing in the study of the quantum
cohomology of Hilb" ((CQ) [106, 118], see Appendix B for details. We are thus led to
identify the creation and annihilation operators of the quantum periodic ILW system
with the Nakajima operators describing the equivariant cohomology of the instanton
moduli space: this is the reason why one has to consider periodic ILW to make a com-
parison with gauge theory results. Moreover, from (4.73) the complexified deformation
parameter of the ILW system 27t = § — i gets identified with the Kéahler parameter of

—27t

the Hilbert scheme of points as ¢ = e . In this way the quantum ILW hamiltonian

structure reveals to be related to abelian six dimensional gauge theories via BPS/CFT



Chapter 4. ADHM quiver and quantum hydrodynamics 79

correspondence. In particular the BO limit ¢ — 400 corresponds to the classical equiv-
ariant cohomology of the instanton moduli space described by the four dimensional limit

of the abelian gauge theory.

More general quantum integrable systems of similar type arise by considering richer sym-
metry structures, i.e. the gl(N) quantum ILW systems. These are related to non-abelian
gauge theories. A notable example is that of H®Vir, where H is the Heisenberg algebra
of a single chiral U(1) current. Its integrable quantization depends on a parameter which
weights how to couple the generators of the two algebras in the conserved Hamiltonians.
The construction of the corresponding quantum ILW system can be found in [91]. This
quantum integrable system, in the BOg limit, has been shown in [90] to govern the AGT
realization of the SU(2) N' =2 D = 4 gauge theory with Ny = 4. More precisely, the
expansion of the conformal blocks proposed in [119] can be proved to be the basis of

descendants in CFT which diagonalizes the BOy Hamiltonians.

More in general one can consider the algebra H @& Wjy. The main aim of this paper
is to show that the partition function of the non-abelian six-dimensional gauge theory
on S? x C? naturally computes such a quantum generalization. Indeed, as it will be
shown in section 4.6, the Yang-Yang function of this system, as it is described in [91],
arises as the twisted superpotential of the effective LG model governing the finite volume
effects of the two-sphere. In particular, we propose that the Fourier modes of the gl(N)
periodic ILW system correspond to the Baranovsky operators acting on the equivariant
cohomology of the ADHM instanton moduli space. Evidence for this proposal is given in
section 4.6 and in the Appendix B. Moreover in section 4.6 we identify the deformation
parameter ¢ in (4.73) with the FI parameter of the gauged linear sigma model on the

two sphere.

This generalizes the link between quantum deformed Calogero-Sutherland system and
the abelian gauge theory to the gl(N) ILW quantum integrable system and the non-

abelian gauge theory in six dimensions.

4.5.2 ILW as hydrodynamic limit of elliptic Calogero-Moser

An important property of the non-periodic ILW system is that its rational solutions are
determined by the trigonometric Calogero-Sutherland model (see [120] for details). In
this subsection we show a similar result for periodic ILW, namely that the dynamics of
the poles of multisoliton solutions for this system is described by elliptic Calogero-Moser.
Similar results were obtained in [121, 122]. We proceed by generalizing the approach
of [123] where the analogous limit was discussed for trigonometric Calogero-Sutherland

versus the BO equation. The strategy is the following: one studies multi-soliton solutions
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to the ILW system by giving a pole ansatz. The dynamics of the position of the poles
turns out to be described by an auxiliary system equivalent to the eCM equations of

motion in Hamiltonian formalism.

The Hamiltonian of eCM system for N particles is defined as

eC’M = Zp] +G22p 1’j§£d1,bd2), (474)

1<j
where g is the elliptic Weierstrass p-function and the periods are chosen as 2w; = L and
2wo = id. In the previous section 4.5.1 and in section 4.6 we set L = 2. For notational
simplicity, from now on we suppress the periods in all elliptic functions. The Hamilton

equations read

Tj = pj

=—G0; ) p(x; — 1), (4.75)
k#j

which can be recast as a second order equation of motion

= G20 Z p(x; —xp). (4.76)
k#j

It can be shown (see Appendix C for a detailed derivation) that equation (4.76) is

equivalent to the following auxiliary system®

7z 7(xj — m))}
=00 (T —w) 0 (E() — 7))
N
_ 00 (T —ar) 01 (E( — k) }
Y G{ ; 01 (%(yj - xkz)) g 01 (%(Z/j - Z/k)) ' (*.77)

In the limit 6 — oo (¢ — 0), the equation of motion (4.76) reduces to

= -G? ( ) Z:cot2 ( — mk)) (4.78)

5 Actually, the requirement that this system should reduce to (4.76) is not sufficient to fix the form of

(%)

the functions appearing. As will be clear from the derivation below, we could as well substitute 0 (35)
I\L.?

by ((z) and the correct equations of motion would still follow. However, we can fix this freedom by
taking the trigonometric limit (§ — co) and requiring that this system reduces to the one in [123].
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while the auxiliary system goes to

=02 3o (51~ ) - Lo ()

k=1 k£j
yj = —iGZ{ ZNjcot <%(yj - fck)) — > cot (%(yy‘ - yk)) } (4.79)
k=1 k#j

This is precisely the form obtained in [123].

In analogy with [123] we can define a pair of functions which encode particle positions

as simple poles

= 0 (z — .CE]))
N
0 (T (% — v
ug(z) =iG Yy ({;( %)) (4.80)
=1 01 (Z(Z - yj))
and we also introduce their linear combinations
u=uy+u, U=uy—u. (4.81)
These satisfy the differential equation
G _
up + Uty + Z§UZZ =0, (4.82)

as long as x; and y; are governed by the dynamical equations (4.77). The details of the
derivation can be found in Appendix C. Notice that, when the lattice of periodicity is
rectangular, (4.82) is nothing but the ILW equation. Indeed, under the condition z; = ¥;
one can show that 4 = —iTu [116]. To recover (4.66) one has to further rescale u, t,
x and shift u — u + 1/20. We observe that (4.82) does not explicitly depend on the
number of particles N and therefore also holds in the hydrodynamic limit N, L — oo,
with N/L fixed.

4.6 Landau-Ginzburg mirror of the ADHM moduli space

and quantum Intermediate Long Wave system

Having discussed in some detail the quantum ILW system in the previous section, it
remains to understand how this is related to the ADHM GLSM. Again, mirror symmetry

turns out to be of great help in clarifying this connection.
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Mirror symmetry for two-dimensional N = (2, 2) gauge theories is a statement about the
equivalence of two theories, a GLSM and a twisted Landau-Ginzburg (LG) model (known
as mirror theory). A twisted LG model is a theory made out of twisted chiral fields
Y only (possibly including superfield strengths ), and is specified by a holomorphic
function W(Y, X) which contains all the information about interactions among the fields.
As it is well-known [124, 125], The Coulomb branch of a twisted LG model is related to
quantum integrable systems via the so-called Bethe/Gauge correspondence. The idea
goes as follow. First, we go to the Coulomb branch of the LG model by integrating out

the matter fields Y and the massive W-bosons: from

ow
— =0 4.83
57 (4.83)
we obtain Y = Y (X), and substituting back in VW we remain with a purely abelian gauge

theory in the infra-red, described in terms of the twisted effective superpotential
Wert(2) = W(E, Y (2)) (4.84)

The effect of integrating out the W-bosons results in a shift of the #-angle. Now, the
Bethe/Gauge correspondence [124, 125] tells us that the twisted effective superpotential
of a 2d N = (2,2) gauge theory coincides with the Yang-Yang function of a quantum

integrable system (QIS); this implies that the quantum supersymmetric vacua equations

8Vveff
0%

= 2Ting (4.85)

can be identified, after exponentiation, with a set of equations known as Bethe Ansatz

Equations (BAE) which determine the spectrum and eigenfunctions of the QIS:

exp <88V£eﬁ> =1 <= Bethe Ansatz Equations (4.86)

In particular, to each solution of the BAE is associated an eigenstate of the QIS, and
its eigenvalues with respect to the set of quantum Hamiltonians of the system can be

expressed as functions of the gauge theory observables Tr X" evaluated at the solution:

quantum Hamiltonians QIS +— TrX"| (4.87)

solution BAE

The Coulomb branch representation of the partition function (2.32) for a GLSM contains

all the information about the mirror LG model. We can start by defining

.M

_ 4.88
‘ 2r ( )

Y5 =0
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which is the twisted chiral superfield corresponding to the superfield strength for the
s-th component of the vector supermultiplet in the Cartan of the gauge group G. We
can now use the procedure described in [49]: each ratio of Gamma functions can be

rewritten as

[(—irY) :/dQY

Y, A
) exp{ — ¢ + TV + ¢V +irSY} 4.89
T T i) 5 Xp{ ir ir (4.89)

Here Y, Y are interpreted as the twisted chiral fields for the matter sector of the mirror

Landau-Ginzburg model. The partition function (2.32) then becomes

2

Zgs = ‘ / dxdy e WEY) (4.90)

from which we can read W(3,Y) of the mirror LG theory; this is a powerful method to
recover the twisted superpotential of the mirror theory, when it is not known previously.
Here d¥ = [[, d¥, and dY =[], dY; collect all the integration variables.

To recover the IR Coulomb branch of this theory we integrate out the Y, Y fields by

performing a semiclassical approximation of (4.89), which gives

Y =—-In(—iry) , Y =—In(irX) (4.91)
so that we are left with
I'(—iry 1 = 1 —
F(i—i—“;ri)]) ~ exp{w(—irZ) —5 In(—ir¥Y) —w(iry) — B ln(irE)} (4.92)

in terms of the function w(z) = z(lnz — 1). The effect of integrating out the W-fields
results in having to consider 6,e, instead of € as in (2.31). As discussed in [100, 141] the
functions w(X) enter in Weg, while the logarithmic terms in (4.92) (which modify the

effective twisted superpotential with respect to the one on R?) enter into the integration

measure.
For the case of the ADHM GLSM we have to start from (4.2); defining t = £ — i% as
the complexified Fayet-Iliopoulos’, equation (4.2) becomes
1
k k19 k k 3 2
Z;f?v _ % < € > /H d*(rXs) (Hszl l;[t;ﬁs:l D(Z“)> o Wett (4.93)
P'\rereg e 27 15, Q%)

"The sign of 6 is different from the choice made in section 4.2.
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where the logarithmic terms in (4.92) give the integration measure in terms of the

functions

N
Q) =V [[(Es —aj — )-S5 +aj — <)
= 2 2 (4.94)
(Se0) (St + €)

(Zst - 61)(Est - 62)

D(Xq) =

Wesr is the effective twisted superpotential of the mirror LG model in the Coulomb

branch:
k k N . ]
Werg = (2nt—i(k—1)m) ZirEs + Z Z [w(irﬁs —iraj — zré) + w(—ir¥y +ira; — 17'5)}
s=1 s=1 j=1
k
+ [w(irXs + ire) + w(irSs —irer) + w(irXy — ireg)] (4.95)
s,t=1

The complex conjugation refers to > and ¢; in particular, we have
Wert(ir3, 1) = Weg(—irE, ) = —Weg(ir3, 1) . (4.96)

The claim is that the function Weg of (4.95) coincides with the Yang-Yang function of
the gl(N) Intermediate Long Wave system, as proposed in [91].

Let us now perform a semiclassical analysis around the saddle points of (4.95). As we
will see shortly, this provides the Bethe-ansatz equations for the quantum integrable

system at hand. By definition, the saddle points are solutions of the equations

OWesr
- =0 4.97
(irXs) (4.97)
This implies
N
Ys—aj;— =
ont —i(k — w4+ Yy In—o—>T 2
it —i( ) ;n—ﬂs—i—aj—;
k (4.98)

(Xst +€)(Bst — €1)(Xst — €2)
+ In =0
tz:; (st +€)(—Zst — €1)(—Zst — €2)
t#s
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b
or, by exponentiating and using (—1)¥~1 = K M,
t#s (_Zst)

k
E —aj— 6 H (Est - 61)(2525 - 62)

,’:12

i=1 2 %;1 (Est)(zst - 6)
N L z 3 ) (4.99)
_ o 2mt (_28%_0_5) — st — €1)(—2ust — €2
.1:[1 72 t];Jl: (_Est)(_zst - 5)
t#s

These are the Bethe ansatz equations governing the spectrum of the integrable system
for generic t as appeared also in [91, 94]. To be more precise, remember that § — 0+ 27n

is a symmetry of the theory; the saddle points will be solutions to

8Vveff
a(irXs)

= 2min, (4.100)

but this leaves the Bethe ansatz equations (4.99) unchanged.
Around the BO point t — oo, the solutions to (4.99) can be labelled by colored partitions
of N, X = (A1, ..., An) such that the total number of boxes S, [N s equal to k. Tn

the limit ¢ — oo, the roots of the Bethe equations are given by

29:m+§+@—nq+@—n@, m=1,..., |\ (4.101)

with 4, j running over all possible rows and columns of the tableau A;; those are exactly
the poles appearing in the contour integral representation for the 4d Nekrasov partition
function [9]. In the large ¢ case, the roots will be given in terms of a series expansion in

powers of e =27,

4.6.1 Derivation via large r limit and norm of the ILW wave-functions

The previous results can also (and maybe better) be understood in terms of a large r
limit of (4.2). In other words this amounts to set €3 ~ 771 ~ 0 with €1, e finite and as
such is a six-dimensional analogue of the Nekrasov-Shatashvili limit [114]. We can use

Stirling’s approximation:

I'(z) ~ V2r e e*(1+o(z7") , 200

) (4.102)
I(142) ~ V2rz"T2e (1 +0(z7") , 2= 00
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which implies
1 1 .
InT'(2) Nw(z)—glnz—|—§ln27r+o(z ) , z— 00

1 1
InP(L+2) ~ w(z) + 5z + g 2r+o(z) , 200

(4.103)

Consider for example the contribution from the I field; we have

1 1
InI'(—ir¥, + ira; + ZT’%) ~ w(—irds +ira; + ZT’%) ~ 3 In(—irX, + ira; + ZT’%) + 5 In 27

— — 1 — 1

InT'(1+ ir¥s — ira; — zr%) ~ w(irYs —ira; — 27’%) + 3 In(ir¥s —iraj; — zr%) + 3 In 27
(4.104)

Doing the limit for all of the fields, we find again

1
ko k k k 3 2
g5 1 ( ¢ > /H d(rsy) | (Tlaz I;L:#s:l D) \* w| (4.105)
’ k! \rejen o 2w [Te, Q(=s)

Refining the semiclassical approximation around the saddle points of W,g up to quadratic

fluctuations, we obtain (eliminating the k! by choosing an order for the saddle points)

, 1
W € s (TIE, Hf;észl D(Eq) | Det PWer \ 77
re1€n H];:1 Q(Zs) r20%,0%;

WC T

2

(4.106)

Apart from the classical term |e"Yer |2 this can be seen as the inverse norm square of
the eigenstates of the infinite set of integrals of motion for the ILW system, where each

eigenstate corresponds to an N —partition X of k and as such we can denote it by |X)

i (4.107)
N = e :
(AN
Comparing with (4.106), we find
E k k 1 ) 12
- < € >2 [T [Tipsm1 D(Est) <Det 0" West > 2 (4.108)
(XIX) T€1€r T, Q=) r20%,0%; '

For real parameters (for example when ¢t — 00), this formula agrees with the expression

for the norm of the ILW eigenstates given in [91].

4.6.2 Quantum ILW Hamiltonians

In this subsection we propose that the chiral ring observables of the U () six-dimensional

gauge theory correspond to the set of commuting quantum Hamiltonians of the gl(N)



Chapter 4. ADHM quiver and quantum hydrodynamics 87

ILW system. Due to R-symmetry selection rules, the chiral ring observables vanish in the
perturbative sector and are therefore completely determined by their non-perturbative
contributions. These are computed by the effective two-dimensional GLSM describing
D1-branes dynamics in presence of D(-1)s. More precisely, chiral observables of the
GLSM provide a basis for the quantum Hamiltonians of the corresponding integrable
system [114, 124, 125]. This implies that in our case the quantum Hamiltonians for the

ILW system are given by linear combinations of Tr X" operators, for generic values of ¢:
ILW quantum Hamiltonians <+— TrX"(¢) (4.109)

which is just a particular case of (4.87), consequence of the Bethe/Gauge correspondence.
The calculation of the local chiral ring observables of U(N) gauge theory on C? x S?
is analogous to the one on C?, the crucial difference being that in the six dimensional
case the bosonic and fermionic zero-modes in the instanton background acquire an extra
dependence on the two-sphere coordinates. As a consequence, the sum over the fixed

points is replaced by the sum over the vacua of the effective GLSM giving
N €1+e (l)
treézz:(e‘”—e ; 2(1 )(1 — e ZE > (4.110)
=1

where 27(7? (t) are the solutions of the Bethe equations (4.99). We expect the above
formula can be proved in a rigorous mathematical setting in the context of ADHM

moduli sheaves introduced in [126]. In the N = 2 case the first few terms read

1Al lul

Trd?
1"2 :CL2—6162 Zl—l—Zl
m=1 n=1

Al |l

Trd3
3 = —2¢€1€69 Z Yim + ZZn
m=1 n=1
Al |ul Al |ul (4.111)
Tro? 9 a €2 + €3 -
1 :f—361€2 ZE —G—ZE — €1€2 1 21—1—21
m=1 n=1
Trd® [Al |l (Al 1]
3 = —4e1€9 ZE3+ZZS — €1€9 61+62 ZZ —I—ZZ
n=1

A check the proposal (4.109) can be obtained by considering the four dimensional limit

where explicit formulae are already known. Indeed in the four dimensional limit ¢ — 400
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the roots of the Bethe equations reduces to (4.101) [91]

0 = a—i—%—i—(i—l)el—i-(j—l)eg = a—%—i—iel—i—jeg L=l m=1,..., ]\ .

(4.112)
Consequently, (4.110) reduces to the known formula for the chiral ring observables of
four-dimensional U(N) SYM [112, 127]:

N B

n+1 n+1
Trd" ! = Za”“ + Z Z [ (al + 61/\ +e(j — 1)) — (al + 61)\50 + €2j>
=1 j=1
— (@ + el = D))" + (0 + e0)" |
(4.113)
where \() = {)\ é) > ... > )\(ll)} Il =1,...,N indicate colored partitions of the

O]
He
t — oo limit, we expect that the above chiral observables are related to the quantum

instanton number k = 3, ;A Since the four-dimensional limit corresponds to the
Hamiltonians of the BO system. For definiteness, let us consider the case N = 2. For
N = 2 the Young tableaux correspond to bipartitions (A, u) = (A1 = A2 = ..., u1 =
pa = ...) such that |A| + |u| = k. For Benjamin-Ono, the eigenvalues of the Hamilto-
nian operators I,, are given by linear combinations of the eigenvalues of two copies of

trigonometric Calogero-Sutherland system [91, 90] as

P = b3V (a) + i (—a) (4.114)
with
AeY
n W) W)
h( —GQZ[(CL+€1>\j+€2 (]—2>) —<CL+€2 (]—2>> ] (4.115)
where k:g/\) is the number of boxes in the first row of the partition A, and A; is the number

of boxes in the j-th column. In particular, hg\ll = €1e2k. In terms of (4.115), the N =2
chiral observables (4.113) read

Trpn+1 n+1+ _,\n+1 n 14 (-1 n—i | n—i
- =2 (~9) - 1) . (9) (4.116)

- 10
n+1 n+1 il(n+1—4)! \2 Aol

=1
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The contributions from ¢ = 0, ¢ = n + 1 are zero, so they were not considered in the

sum. The first few cases are:

Trd? Trd3
1‘2 = a2 — 6162]€ s I‘T = —hE\QL
TI“(I)4 a4 (3) 6% TI"(I>5 (4) 6% (2) (4‘117)
== —mY) — Zeaek , T =—h) — 2h§
4 2 B g 5 w9 A

We now rewrite the above formulae in terms of the BO Bethe roots (4.112) so that

Al
hf\l) — €1€2 Z 1
m=1
Al
hE\2) = 2¢€169 Z Ym
m=l (4.118)
s Al 2 Al
hg\) = 3e€1€9 Z 27271 + 616221 Z 1
m=1 n=1
| Al Al

hf\4) = 4de1€9 Z Efn + 61626% Z Ym-
m=1 n=1

4.6.3 Quantum KdV

Another very interesting limit to analyse is the 6 — 0 limit which provides a connec-
tion with quantum KdV system. Let us recall that KdV is a bi-Hamiltonian system,
displaying a further Poisson bracket structure behind the standard one (4.71), namely

{U(2),U(y)} =2U(x) +U(y)) &' (x —y) + " (z —y) (4.119)

The mapping between the Hamiltonians of the integrable hierarchy with respect to the

first and second Hamiltonian structure can be obtained via the Miura transform
U(z) = ug(x) — u(z)? (4.120)

A quantization scheme for KdV system starting from the second Hamiltonian structure
was presented in [89] where it was shown that the quantum Hamiltonians correspond to
the Casimir operators in the enveloping algebra UVir. In particular, the profile function
U(x) is the semiclassical limit of the energy-momentum tensor of the two-dimensional

conformal field theory.

It is interesting to observe that the chiral ring observables of the abelian six-dimensional
gauge theory provide an alternative quantization of the same system, obtained starting

from the first Poisson bracket structure. Indeed the quantum ILW Hamiltonian tr®3
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reads in the U(1) case

P _|_ 1
H p q
Lw = (€1 + €2) E X—pQp + E  [ereacyiqapa—g — ap_qapay]
p>0 p,q>0

€1+62(H-1
q_lza—p%
p>0

(4.121)

where the free field is 9¢ = iQ) ;- 2Fay — iQeren Y k>0 zFa_p and Q = b+ 1/b,
b= \/m . This reproduces in the semiclassical limit b — 0 the hydrodynamic profile
0¢ — iQu and from (4.121) the ILW Hamiltonian up to and overall factor —(e; + €2).
Let us notice that due to the twisting with the equivariant canonical bundle of C?, the
Hermitian conjugation for the oscillators reads 042 = €160, aT_k = ai/e1€2. By setting
6 = 0 and in the 27t = § — 0 limit (4.121) reduces to

Hyrav =0 (€1 + €2) Z (1;2])2)04_;,04}, + Z [€1€200p4qO_pQ_g — Q_p_qp0y] (4.122)

p>0 p,q4>0

which in turn corresponds to the quantum KdV Hamiltonian. Notice that the extra term
in tr®? in (4.121), which is crucial in order to get a finite  — 0 limit, is the counterpart
of the shift in u,/d in the ILW equation (4.66). We expect that the spectrum of the
higher quantum KdV Hamiltonians can be obtained by substituting into (4.111) the
solutions of the N = 1 Bethe equations (4.99) expanded around ¢ = 0; nevertheless the
N =1 equations seem to be incomplete in this limit [128, 129].

The alternative expansion in an imaginary dispersion parameter 6 around the disper-
sionless KAV point ¢ = 1 of the quantum Hamiltonian has a nice interpretation in terms
of the orbifold quantum cohomology of the symmetric product of points S*(C?). Indeed
when § = 0, namely ¢ = e, the Hamiltonian of the six dimensional abelian gauge
theory can be shown to reduce to that describing the orbifold quantum cohomology of

the symmetric product of points: see section 4.3.4 and Appendix B.

Let us finally remark that also the BLZ quantization scheme can be recovered in the
context of gauge theory. To this end, one has to consider the U(2) case, whose relevant
algebra is precisely H @ Vir. In this case, the t — 0 limit of gl(2) quantum ILW reduces
to a decoupled U(1) current and the BLZ system of quantum Hamiltonians [91].



Chapter 5

AILW and elliptic Ruijsenaars:

a gauge theory perspective

5.1 Introduction

In the last part of the previous chapter we discussed the relation between the ADHM the-
ory on S? and the quantum periodic ILW system, based on the Bethe/gauge correspon-
dence. Among other things, this correspondence allowed us to compute the spectrum of
the ILW system in terms of gauge theory quantities; this spectrum is then conjectured
to be given by the eigenvalues of N coupled copies of the elliptic Calogero-Sutherland
(eCS) system. All the results are obtained as a perturbative series expansion around the

known solutions of the Benjamin-Ono and trigonometric Calogero-Sutherland systems.

In this chapter we will see how these results can be reorganized in a more elegant way,
by considering the ADHM theory on S? x S% with ~ radius of the extra circle, focussing
on the case N = 1. The generating function for the ILW spectrum (4.110) turns out
to coincide with the first gauge theory observable (Tro) in three dimensions; more-
over, this can be thought as the eigenvalue of the first quantum Hamiltonian 7/-[\1 of a
finite-difference version of the ILW system (we will refer to it as AILW) [130], which
is therefore expected to be a generating function for the whole set of quantum ILW
Hamiltonians E .

From the mathematical point of view, the field n(z) satisfying the AILW equation and
the quantum AILW Hamiltonians ’}/-Zl enter in the Heisenberg Fock space representation
of the so-called elliptic Ding-Iohara algebra, whose detailed analysis was performed in
[131]. This algebra is deeply connected with the free field representation of a quantum

integrable system known as the n-particles elliptic Ruijsenaars-Schneider (eRS) model.

91
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When this system is considered in the limit n — oo, the elliptic Ding-Iohara algebra
provides a precise way to relate AILW and eRS at the level of eigenvalues; this general-
izes and clarifies the connection we discovered between ILW and eCS spectra.

This connection can be translated in gauge theoretical terms. While the AILW system
corresponds to the ADHM quiver on S? x S%, the n-particles eRS system has a gauge
theory analogue as a 5d N = 1* U(n) theory on C2? x S% in Omega background coupled
to a 3d T[U(n)] defect on C x S}; eigenfunctions and eigenvalues of eRS correspond to
the coupled 3d-5d instanton partition function Zérésf5 4 and the VEV of the U(n) Wilson
loop in the fundamental representation <Wg (")> respectively, in the so-called Nekrasov-
Shatashvili limit [114]. We therefore expect, and we will show, that in the n — oo limit
the Wilson loop VEV <Wg (n)> coming from this coupled 5d-3d theory reduces to the
(Tr o) observable of the ADHM quiver on S? x Si, thus providing a remarkable connec-

tion between these two very different supersymmetric gauge theories.

The rest of the chapter is organized as follows. In the first part we will discuss the
trigonometric and elliptic quantum Ruijsenaars-Schneider models, as well as their ana-
logue in supersymmetric gauge theory language. In the second part we briefly review
the basic notions about the trigonometric and elliptic Ding-Iohara algebrae that we will
need for our purposes, together with their relation to the Ruijsenaars-Schneider quan-
tum systems. The last part concerns the correspondence between the ADHM theory
on §?% x S%, the AILW system and the Ding-Iohara algebra. Once all these ingredients
are understood, we will conclude by stating and giving computational evidence for the

proposed correspondence between AILW and eRS in the large number of particles limit.

5.2 The quantum Ruijsenaars-Schneider integrable systems

The n-particles trigonometric quantum Ruijsenaars-Schneider system (tRS) is an inte-
grable system which describes a set of n particles on a circle of radius v, subject to the

interaction determined by the Hamiltonian

T

1 L tT; — T
Da,t) = YT "1y (5.1)
i=1j#4 ©

Here 77 are the positions of the particles, t is a parameter determining the strength of

the interaction, and T, ; is a shift operator acting as

Toif (1, Ty ooy Tn) = f(T1,- o qTiy oo Th) (5.2)
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17 h

on functions of the 7; variables; we can think of it as 75, ; = e Ti0n — g0 with g = e

and h quantization parameter. In the limit v — 0, Dfll; reduces to the n-particles
trigonometric Calogero-Sutherland Hamiltonian. For completeness, let us mention that

the operator (5.1) is the first of a set of n commuting operators, given by

r _ t i 1y
Dqg}(q,t) = ¢r(r=1/2 Z H ;_ :] HTM for r=1,...,n (5.3)

1c{1,2,..,n}iel " J eI
#I=r JEI

(1) coincides with the first Mac-

From the mathematical point of view, the operator D, .

donald difference operator; its eigenfunctions, known as Macdonald polynomials, are
given by symmetric polynomials in n variables 7; of total degree k < n, and are in one-
to-one correspondence with partitions A = (A1,..., A,) of k of length n. Building blocks
for these polynomials are the power sum symmetric polynomials p,, = >;'; 7/". The
Macdonald operator acts on the Macdonald polynomial Py(7;q,t) corresponding to the
partition A as

DUL(q,)PA(T54,1) = By Pa(T54,1) (5.4)

with an eigenvalue given by

n
By =3 gt (5.5)
j=1

Let us consider an example. Take k = 2; in this case we have two partitions [1J and H,

corresponding to the Macdonald polynomials

1 1 1— gt
i(p% —po) for (I i(p% —p2) + ( po for H (5.6)

1+q)(1—-1)

This is the expression in terms of power sum symmetric polynomials, which is the same

for any n. Now, we can fix n; then we will have:

e For n = 2 the eigenfunction for the partition (1,1) and its eigenvalue are

Pa1y(m,725¢,t) = ima Eﬁgglm) =qt+q (5.7)

while for the partition (2,0) we have

1—qt

2,0);2

Pooy(T1,m2;¢,t) = 1172 +

e For n = 3 the partition (1,1,0) has eigenfunction

P1,0y(T1, 72,735, 1) = T1T2 + T1T3 + ToT3 (5.9)
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and eigenvalue

B0 = gt v qt +1 (5.10)

while the partition (2,0,0) has eigenfunction

L—qt 2, 2, 2
P, 1q,t) = 5.11
2,00)(T1, 72, T35¢, 1) = 172 + T173 + T2T3 + (1+q)(1—t)(71 +75 +73) (5.11)
and eigenvalue
((2,0,0);2) _ 2,2
B P+t +1 (5.12)

The generic n case follows along these lines.

There exists a generalization of the tRS model, known as the elliptic Ruijsenaars-
Schneider model (eRS), defined by the elliptic version of the Hamiltonian (5.1), that
is

q,tp ZH 0, ( tTZ/TJ ‘ (5.13)

=1 j#i Tz/TJ
where -
Op() = (P D)oo (@ D)oo (/T D)oo+ (@3P)os = [[(1 —ap?) (5.14)
s=0

For p = 0, the Hamiltonian (5.13) reduces to (5.1). The solution to this model, i.e.
eigenfunctions and eigenvalues of (5.13), is not known yet; nevertheless, one could try
to solve this system perturbatively around the known tRS solution by expanding (5.13)
around p ~ 0. It turns out that eigenfunctions can still be labelled by partitions of k of
length n, although this time the eigenfunctions are symmetric polynomials in the 7;/7,
variables.

It turns out that supersymmetric gauge theories can help in determining the solution
to the eRS system. In fact, recent results [132] have shown that eigenfunctions and
eigenvalues of the tRS and eRS systems can be obtained by an instanton counting
computation for a U(n) N' = 1* theory in 5d, coupled to a 3d T[U(n)] defect; these
computations, although lengthy, are well understood and allow us to obtain the desired

solution to the eRS system, perturbatively in p. This is the subject of the next section.

5.3 Ruijsenaars systems from gauge theory

As discussed in [132], the tRS and eRS models have an alternative description in gauge
theoretical terms. Let us start by considering the n-particles tRS system. This is
related to the so-called N = 2* T[U(n)] quiver on Cg, x S}, with € parameter of Omega
background on C.
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FIGURE 5.1: The T[U(n)] quiver

The T[U(n)] theory has gauge group G = ®"_{U(s), with an associated N = 4 vec-
tor multiplet for each factor in G, and N/ = 4 hypermultiplets in the bifundamental of
U(s)@U(s+1) with s =1,...,n— 1, where the last group U(n) is intended as a flavour
group. This theory depends on two sets of (exponentiated) parameters: first of all we
have the twisted masses 4, a = 1,...,n for the U(n) flavour group; then there are the
Fayet-Iliopoulos parameters 7; with i =,1...,n'. Moreover, we turn on the canonical
N = 2* deformation parameter ¢, which corresponds to a twisted mass parameter for

the adjoint N = 2 chiral multiplets contained inside the A/ = 4 vector multiplets.

To understand how this gauge theory is related to the tRS system, we have to analyse
the supersymmetric vacua in the Coulomb branch. The theory in the Coulomb branch
is described by the twisted effective superpotential Weff(ﬁ, 7,t,0), with O'és) scalars in
the vector multiplets of the Cartan of G. When the Omega background parameter is

turned off, one can show that the equations

exp =1 (5.15)
(80&5’ )

determining the supersymmetric vacua, i.e. the twisted chiral ring relations, reduce

to a classical version of the Hamiltonian (5.1), in which the operator T ; is replaced
by the classical momentum p,, ~ eXp(aVNVeff/ 07;). The Omega background quantizes
the system by turning p,, to T}, ;, with ¢ ~ e¥€1: the vacua equation now becomes an
operator equation annihilating the partition function of the T'[U(n)] theory on Cg x S, !
which therefore corresponds to the eigenfunction of the quantum Hamiltonian (5.1).
This partition function coincides with the holomorphic blocks B; of the T'[U(n)] theory
(I =1...,n!), which can be obtained from the partition function of our theory on the

squashed three-sphere Sg as

Zs3(1, 7, t,q) Z\Bl i, 7 t, ) (5.16)

after an appropriate identification of €; with the squashing parameter b. The corre-

sponding eigenvalues are given by VEV <W,§ U(n)> = 1+ ...+ pp of a flavour Wilson

"Here we introduced an additional topological U(1) as in [132], so that the physical FI parameter at
the s-th gauge node is 7j41/7;.
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loop wrapping S% in the fundamental representation of U(n).

Clearly, the situation is still incomplete. In our gauge theory version of tRS we have
additional parameters p, which were not appearing in the original system discusses in
the previous section, both in the eigenfunction and in the eigenvalue. Moreover, we
notice that the holomorphic blocks B; are infinite series in the FI parameters and have
to be thought as formal eigenstates, as they might not be normalizable. So, in a sense,
we found an off-shell solution for tRS.

This issue was already clarified in [114]. The point is that the gauge theory related to the
tRS and eRS systems is not really T'[U(n)], but the 5d N/ = 1* U(n) theory on (C%l xS}

in the so-called Nekrasov-Shatashvili (NS) limit €2 — 0 in presence of codimension 2

7g2

and 4 defects; these correspond respectively to eigenfunctions and eigenvalues for tRS
or eRS. In fact, the T[U(n)] theory can be thought of as a different way of describing a
codimension two monodromy defect for this 5d theory; 3d and 5d theories can be coupled
by gauging the U(n) flavour group of T[U(n)], and in the decoupling limit we remain
with just the 3d theory. The mass m for the adjoint field in the 5d A = 2 vector multiplet
breaks supersymmetry from N = 2 to A/ = 1* and coincides with the parameter ¢ of
3d N = 2* deformation as t ~ e~¥¥™_ while the 3d twisted masses p, correspond to
the 5d Coulomb branch moduli. These moduli are fixed by the Coulomb branch vacua
equations for the 5d theory in the NS limit given in [114]; considering the solutions
in which the Coulomb branch meets the Higgs branch of the theory (the special loci
known as the Higgs branch root [133]) ensures normalizability of the eigenstates. These
solutions are labelled by partitions A of length n of an integer k& < n; explicitly, we
obtain

fo =@t | a=1,....n (5.17)

At these values the series B; truncate to the Macdonald polynomial corresponding to
A, and (WSU(n)> reduces to (5.5). We are therefore able to recover the complete tRS
solution in purely gauge theoretical terms, in the limit in which the 5d theory is decou-
pled from the 3d one; if we consider instead the coupled system we reproduce the eRS
system, where the elliptic deformation parameter p is given by @ = e~87/9%n with

gy bd Yang-Mills coupling and the p, are still given by (5.17).

O] CD-

FIGURE 5.2: The 3d T[U(n)] theory as a defect for the 5d U(n) N' = 1* theory

To sum up, the tRS/gauge theory dictionary can be summarized as follows:
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quantum tRS

3d-5d gauge theory (decoupled)

number of particles n

rank 3d flavour group

particle positions 7;

3d Fayet-Iliopoulos parameters

interaction coupling ¢

3d N = 2* deformation parameter

shift parameter ¢

Omega background 7!

partitions A of k£ < n

5d Coulomb-Higgs vacua (fix 1)

eigenvalue Et(;\%;g)

<W,§ U(n)> for flavour U(n) at fixed pq

eigenfunctions Py (T;q,t)

holomorphic blocks B; at fixed p,

while for the eRS/gauge theory dictionary we have

quantum eRS 3d-5d gauge theory (coupled)

number of particles n rank 3d flavour group / 5d gauge group

particle positions 7; 3d Fayet-lliopoulos parameters

interaction coupling t | 3d N = 2* / 5d N = 1* deformation e~""™

shift parameter ¢ Omega background e

elliptic deformation p 3d-5d coupling parameter @

partitions A of k < n 5d Coulomb-Higgs vacua (fix pg)

eigenvalue E%gl) (Wg U(n)> for 5d U(n) in NS limit at fixed pq
eigenfunctions Zﬁldsfd in NS limit at fixed pq

Reinterpreting the eRS system in terms of a supersymmetric gauge theory can help us
in explicitly computing eigenvalues and eigenfunctions of this integrable system per-
turbatively in @, as done in [132], because of our good understanding of instanton
computations. For example, in [132] the authors computed the first correction in @ to

the eigenvalue

WEy = W ow ) (5.18)
that is
vy _ N~ o= D=t S~ (e = ) (e — ) oo
e >_;#a O ;M“bl;[l (o — 1) (ta — i) (@) (519)
b#a
WUy — Q1 Q) (Qtg™ 1 Q)os (5.20)

(@ Q)oo(Qq™ 5 Q)oo

This formula will become important later in this chapter.
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5.4 Free field realization of Ruijsenaars systems

As we saw in section 4.5.2, the trigonometric and elliptic Calogero-Sutherland models
determine the pole dynamics of multi-soliton solutions of the Benjamin-Ono or ILW
systems. If we think of the trigonometric and elliptic Ruijsenaars-Schneider models
as finite-difference versions of Calogero-Sutherland, we can therefore expect them to
determine the pole dynamics of solitons for the finite-difference version of BO or ILW
studied in [130, 134, 135], although to the best of our knowledge this correspondence
has not been studied in the literature in detail.

Fortunately, the same problem has been discussed in mathematical terms in [131]. There
the authors considered the collective coordinate description of quantum tRS in terms
of a deformed Heisenberg algebra, finding a relation with the so-called Ding-Iohara
algebra. This collective coordinate description allows one to consider tRS independently
of n and reduces to a quantum integrable system with an infinite number of commuting
Hamiltonians, which has later been interpreted as the finite-difference BO system [134,
135]. Similarly, the twisted elliptic deformation of the Ding-Iohara algebra studied
in [131] has been recognized as the finite-difference version of ILW in [130]. Here we
will briefly review the results of [131] which are relevant for our discussion; the finite-

difference versions of BO and ILW will be introduced in the next section.

5.4.1 The trigonometric case

Let us start by considering the collective coordinate description of tRS. In order to do
so, we will first need to introduce the Macdonald symmetric functions; we will follow
the conventions of [136, 137, 138]. Let A,(q,t) = Q(q,t)[r1,...,7,]®" be the space of
n-variables symmetric polynomials over Q(g,t), with &,, the n-th symmetric group. As
in section 5.2, let us introduce the power sum symmetric polynomials p,, = » ;" ; 7" and
define py = pa, -+ Px,, for a partition of size [A| = k and length I(X) = #{i: A; # 0}.
Now, let p"*1: Ayi1(q,t) — An(g,t) be the homomorphism given by

(PR ), om) = f(1, -, m,0) for f € Anga(g,t) (5.21)

and define the ring of symmetric functions A(q,t) as the projective limit defined by

{P2+1}n>1
Alg,t) = lim An(g,?) (5.22)
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The set {py} forms a basis of A(q,t). By defining ny(a) = #{i: \; = a} and

L)

1—qgM
— ny(a) | _ aq 9
22 Ha na(a)! , 2a(g, 1) ZAH71 N (5.23)
a>1 =1
we can introduce the inner product
(Dx, Pu)gt = Oapza(g,t) (5.24)

The set {pr} = {z/\_l(q, t)pa} will therefore be a dual basis with respect to {p)} under

the inner product (5.24); moreover we have
> ea()pa(F) = I1(g,0)(7,7) (5.25)
A
in terms of the so-called reproduction kernel

[T t)(r,7) = [[ EEi0 (4 q), = [[(1 - ag®) (5.26)

ij=1 (TiTj;Q)oo 550
This is true more in general: given two basis {uy}, {va} of A(g,t), they are dual under
(5.24) if and only if >, ux(7)vA(7) = [[(g,t)(7,7); in this sense, the form of the inner
product is determined by the form of the kernel function. For our discussion, the relevant

basis of symmetric functions is given by the Macdonald basis {Py(7;¢,t)}, uniquely

determined by the conditions

(1) PA(T; q, t) = m)\(T) + Z u/\u(% t)mu(T) with u)\lt(q’ t) € Q(Q7 t)
w<A (5.27)

(2) (Pa(T3q,t), Pu(T5¢,1))qt =0 for X #p

where m)(7) are monomial symmetric functions and A > p <= |A| = |u| with A\ +
coo BN = 4. 4y for all i. From the functions Py(7; q,t) we recover the n-variables
Macdonald polynomials as Py\(71,...,7n;q,t) = P\(T1,...,71,0,0,...5q,t); these are
eigenstates of the Hamiltonians (5.1), (5.3) and satisfy (5.4).

We are now ready to discuss the free field realization of the tRS Hamiltonian (5.1). The
idea here is to introduce a (g, t)-deformed version of the Heisenberg algebra #(q, t), with

generators a,, (m € Z) and commutation relations

1 — g™l
[Gm, an] = mm6m+n70 (528)

A canonical basis in the Fock space of H(q,t) is given by the set of states a_,|0) =
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A—xy * Aoy, |0) depending on a partition A; a generic state will be a linear combination
of the basis ones, with coefficients in Q(q,t). Let us notice that the bra-ket product

among basis states is such that
<0|0> =1, <0’a)\a—,u’0> = 5A,uz/\(Q7t) (529)

and therefore coincides with the inner product (5.24). This is in agreement with the

natural isomorphism between this Fock space and A(q,t), simply given by

CL_,\|0> < D (5.30)

(1)

~ in terms of bosonic operators,
n,T

for a fixed partition A. Now, in order to reproduce D

we follow [131] (see also [136, 137, 138]) and introduce the vertex operators

1—tm 1—t
n(z) = exp (Z —@-nz )exp (—Z ——anz )
n>0 n>0
(5.31)
1—-t"
=:exp | — Z anz” "] = Znnz_”
n#0 K nez
and
11—, n/2 n =" n/2 -n
£(z) = exp —Z T(tq )"Ca_pz" | exp Z T(tq )" anz

n>0 n>0

(5.32)

11—, _ _ _
=:exp Zin (tq 1)‘”|/2anz = Z&nz n

n#0 nez

together with

¢(z) = exp (Z i:é:a—ni> . ¢*(2) = exp (Z i::;anz:> (5.33)

n>0 n>0

By defining ¢,,(7) = [[;; ¢(7;) one can show that the kernel function is reproduced by
the operators ¢, (1), ¢k (T) as

(017 (T)¢n(7)|0) = T1(g, t)(7, 7) (5.34)

while the action of DS; in terms of a,, oscillators can be expressed by the formulae

n(N16a()0) = [+ 711 = 17D g, )| 6a(7)10)

) (5.35)
EE@Noa(m)0) = [+ =11 = )DL )| 6u(7)0)
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where | |; means the constant term in z, so that for example [n(z)]; = n9. For com-

)

pleteness, let us mention here that the action of the higher order Hamiltonians Df;

~ in
=
terms of bosonic fields is given by the operators
OT(q7t) _ 67‘(217-.-727“) 7](2’1)7’](27.> (536)
H1<z‘<j<r w(zi, ) 1
where
w(zi, 25) = (2 —q”'2) (= — ) (2 — qt ' %)
(3 -
] o) (5.37)
_ (zi —tz)(zi — t 12]) :
67’(217 727’) H (ZZ — Zj)2

It is easy to see that by taking the normal order product these operators reduce to

_ (2 — 2)? il 2
R I | B e e A I

For r = 1 we immediately recover O; = [1(2)]1 = no.

As a final comment, let us discuss the relation between these vertex operators and the

free field realization of the quantum Ding-Iohara algebra U(q,t). Set

g9(z) = , GF(2) =1 =g ) (1 —tT2)(1 - ¢F't512) (5.39)

Notice that g(z) = g(z~!)~!. By definition, U(q,t) is the unital associative algebra

generated by the currents

e =Y wya " YR = ) g (5.40)

nez +neN
and the central element 4*/2 satisfying
1-g(-t")

[t () am ()] = =T (S0 2 et (0 ) =z (7 ) )
7 (2)2% (w) = gz /w) =2 (w)a™(2)
Y (w) = v (w)p*(2)
ot @0 (w) = L)yt o (5.41)
Ut (@)t (w) = gy 2w/ 2) Tt (w)y* (2)

= g(y ™z w)F et (w) (2)
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where we used the formal expression 6(z) = >, -, 2™ for the delta function. The claim,
shown in [131, 136, 137, 138], is that there is a representation p of U(q,t) on the Fock

space of our Heisenberg algebra, given by

p) =t )" L pat @) =n() . plaT(2) =€) L pE(2) = 9% (2)

(5.42)
with
e (2) = n(y"/22)E(vH22) =
oo (= 3 = ) < Tt
n>0 neN (5‘43)

¢ (2) = n(y V22)E(y22)

— exp (Z 1 —nt_” (tq_1)—n/4(1 _ (tq_l) Ya_nz ) Z o,

n>0 neN

An important point to notice is that since [pT(2)]; = 1 we get [9, &] = 0, which corre-
sponds to the commutativity [DS) (g,1), DV (g%, t71)] = 0 of the Macdonald operators.

5.4.2 The elliptic case

We can now turn to the collective coordinates description of the eRS model. The goal
would be to find an elliptic analogue of the family of commuting operators (5.38) contain-
ing (5.13), and an associated elliptic version U(q, t, pg~'t) of the Ding-Iohara algebra. It
turns out that there are many ways to introduce an elliptic deformation of this algebra:
for example, the one in [131] differs by construction from the one in [136, 137, 138]; for
what we are interested in, the version of [131] is the most relevant one. In this section

we just recollect the main formulas we will need for the upcoming discussion.

In the elliptic case, the vertex operator gets modified as

_ 1—t"1— (pg~ ) 11—t _
n(z; pq 1t) = exp (Z - l(ziqpn ) a_nz"> exp <—Z - anz ”) (5.44)

n>0 n>0

with p parameter of elliptic deformation. The elliptic commuting operators O,(q,t; p)

are constructed from (5.44) as in (5.36), with the w and ¢, functions replaced by

Op(q"2j/21)Op(t2i/2)Op(qt™ 25/ 2)
Op(2j/2i)?

w(zi, 2j5p) = (5.45)
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Op(tz;/2:)Op(t "2/ 2)

ET(Zla"',ZT‘;p) = (546)
AL =55
where
Op(2) = (13 D)oo (2 P)oo (P25 D)oo (5.47)

The analogue of equation (5.35), now relating the eRS Hamiltonian to its bosonic oper-

ator version, reads

- “Lz/7 Z/T;
[n(zpg7" )]} ¢n(750) = fn(T5p) [t7" Oplat” +/m) Opltz/m)

i=1 O©p(qz/Ti) Op(z/Ti) ”(Z;pq’lt)

- 1, (P D)oo (Pt D)oo (1)
1t n+1 1—t¢ 1 (p ) s D) t (T 5.48
( ) (P;P)oo(Pg™ 1 P) o ni7 (9, 5P)Pn(73P) (5:48)

with ¢, (7;p) = ¢(71,...,Ts;p) the opportune elliptic generalization of (5.33); see [131]
for further details. The interesting conjecture of [131], which we will verify in few cases

in the following sections, is that

n

o e T Orlet ™ 2/7) Optz/7) _
| };[1 Op(qz/Ti)  Op(z/7) n(zpg 1) 1’O>_O (5.49)

As we will see, the limit n — oo allows us to recover information about the finite-
difference version of ILW starting from the eRS system, and can be intuitively understood
as a hydrodynamic limit of eRS. From the gauge theory point of view, this limit will
lead to a remarkable relation between the 3d-5d coupled system of section 5.3 and the
ADHM theory on S? x S1.

5.5 The finite-difference ILW system

In the previous section, we saw how the tRS and eRS systems can be described in terms
of bosonic Heisenberg operators. In [130, 134, 135] this free field representation has
been interpreted as a realization of the finite-difference version of the Benjamin-Ono
and ILW systems respectively (ABO and AILW for short). Scope of this section is to
introduce the main properties of these new hydrodynamic systems. The discussion will
necessarily be incomplete, since to the best of our knowledge these equations have re-
ceived extremely little attention in the literature; we refer the reader to [130, 134, 135]

for further details.
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The finite-difference version of the ILW equation has been studied in the classical limit
in [130] and reads

) i 1/2
a—ton(z,tg) = 2n(z,t0)P.V./ (A Q) (m(w — 2)) - n(w, tg)dw (5.50)

—-1/2

where the discrete Laplacian A, is defined as (A, f)(z) = f(x +v) — 2f(z) + f(x — )
and ~ is a complex number. It is easy to show that in the limit v — 0 (5.50) reduces
to (4.66), after an appropriate Galilean transformation on 7(z,t). The finite-difference
Benjamin-Ono limit of this equation has been studied in greater detail in [134, 135].
The AILW system has a deep connection to the eRS and the elliptic deformation of
the Ding-Iohara algebra we discussed in the previous section. In fact, the Hamiltonians
H, for classical AILW given in [130] are exactly reproduced by a certain classical limit
of the commuting operators O, introduced in section 5.4.2; we therefore propose our
O, to be the quantum Hamiltonians H, for quantum AILW. Moreover, the 7(z; pg~'t)
field of (5.44) can be shown to satisfy (5.50) in the sense of (4.72), where this time the
Hamiltonian generating the time evolution of the system is H;.

Now, since AILW reduces to ILW as v — 0, and taking into account that the time
evolution for quantum AILW will be given by ﬁl = 1o, we expect ng to be a generating
function for the ILW quantum Hamiltonians fl of section 4.5. This is also in agreement
with an observation made in [131], which relates the v expansion of 79 to the operator of
quantum multiplication in the small quantum cohomology ring of the instanton moduli
space My, 1 [106]; this is now not surprising, since we already discussed in Chapter 4 how
this operator of quantum multiplication is identified with the quantum ILW Hamiltonian
fg. Let us show how this works in practice. In order to avoid confusion with the notation,
we will rename the Kéhler modulus of M, as t instead of ¢t which was used in Chapter
4; the quantum cohomology parameter will be denoted as p = e~2 . For reasons which
will be clear in the next sections, the elliptic deformation parameter p and the quantum

cohomology parameter p have to be identified as

p=—pVqtt (5.51)

Moreover, let us reparametrize ¢ and t as ¢ = €7t and t = e’ in order to compare

with the gauge theory results of the next section. We can now rewrite (5.44) as
n(z;pg~'t) = exp (Z /\-n2"> exp (Z /\nz”> (5.52)
n>0 n>0

with commutation relations for the A,

Do An] = _% (1-¢m( —f‘_mz))g - (zoq‘lt)m)5m+n’0 (5.53)
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It is actually more convenient to go to the standard normalization for the oscillators, by

defining
(1—gmha -t ‘m‘)(l — (pg ')
Am |m\ \/ i am, (5.54)
with commutation relations
[am;an] = m5m+n,O (555)

After substituting p = —p+/qt~! we arrive at

\/ (1= ™)1 = ¢7Im)y(1 — (—pg~1/2¢1/2)Iml) _
Am ~ |m]

(_pql/Qt 1/2)|m| am

2 _erte 14+ (—p)"
=y erea |1+ iy 1 m1 — (—ﬁ)m + (5-56)
of (ate) o (=9)"  S5(a+e) —dae _
+ 7y ( 3 m (= (—p)™)? m 96 + ... |am,

We therefore end up with the generating function for the ILW Hamiltonians E
o = [n(z—pg P2 =1+ 2L+ + 7 I+ .. (5.57)
where the first few Hamiltonians are given by

L= G mam (5.58)

~ €1+ € 1+ p)™ 1 . L L
=i 1+ €2 Z m(i) G m + B Z (C—m—nGmTn + G G—nGmin) (5.59)

m>0 m,n>0
and
~ 1 _ o 1 o
Iy = 6 E (afmfnflamanal + a—ma—naflaernJrl) + Z E : A—m0—nAQk
m,n,l>0 m,n,l,k>0
mn=Il+k
1 + (_ﬁ)ern

€1+ € 1+ (=p)™ 1+ (—p)" _ o
+i 1 2 Z |:m ( p) +n ( §> —+ (’I’TL + n)l—(—wl] (a,m,naman—{—a,ma,naern)
m,n>0

2(e1 + €2)® —eren o (ate) 2 (=)™
— 19 Z m a—mQm — # Z m W(L,m@m (560)
m>0 m>0
Let us study the eigenvalue problem for these Hamiltonians; this will be needed for
comparison with gauge theory results. Denoting by k the eigenvalue of fg, we restrict

ourselves to the cases k = 2 and k = 3 in the following.
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The k = 2 case

A state with & = 2 can generically be written as
(c1@* + ca@i_2)|0) (5.61)

in terms of two constants c¢1, ca to be determined. The eigenvalue equation for the fg
Hamiltonian

I3(c1@® | + c2a_2)|0) = Es(cia?, + caii—2)|0) =

. P\ 2 . 1+p* 1\ _
= co + Z(61 + 62) 1 +ﬁ61 a_;+|a+ 21(61 + 62)1_725262 a_o ‘O> (5.62)

results in an equation for the energy

. 1-p . 1+ p?
(E3 —i(er + ) +§) <E3 — ier + 62)1_22> =1 (5.63)

which has the two solutions

) _2i(€1 + €2)€ 5 2i(€1 + €2)(263 — Tedeg + 2€1€3 — €3 .
B — i(261 + e2) + 7 (atee | mp2ila+e)q 1€z ¥ 26165 2)+0(p3)
€1 — €9 (61 - 62)
. _2i(e1 +€9)e 5 2i(€1 + €2)(263 — Te2eq + 26962 — €3 N
ED = i(e1 + 2¢) + 5 (a+e)a | m2ila+e)s 261 1 206 1)+0(p3)
€2 — €1 (€2 — 1)
(5.64)
Similarly, the eigenvalue equation for I
Ti(c1@® | + c2i—2)|0) = Ey(c1a@® | + coa_2)|0) (5.65)
results in the equation
POy 208 g, (e e (L4 2 200
€1+ € = — €1+ ¢ = — =
PRI T - I N O RN I 3
_ (ate) (1-p 1+p° ’
N 4 1+p 1-—p?
(5.66)
with solutions
2 2
€ 4e (€1 +€2)ea(3€e1 + €
EN = (24 e td _p(l 2)ea(3e1 + €2)
3 3 €1 — €2
52(e1 4 €)(—2¢d + Te3eg + €262 + €163 + €2 N
p2 ( )( 1 1 - 1%2 2 2) +O(p3)

(€1 — €2)
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Ef) _ <61 +ereq 4 62) —15(61 + e2)e1(3e2 + €1)
’ ’ Y (5.67)
22(€1 + €2)(—2€5 + Teder + €363 + eaes + €f) '

+p +o(p”)

(2 —e1)?

We therefore have two eigenstates, whose constants cq, co have to satisfy the relations

. _2ie1(e1 + € 5 2ie1 (€1 + €9)(€2 — dejeg — €2 N
62:<Z€1+p e te) | p2iala+e)(d—dae 2)+0(p3)>01

_ _ 3
e = (i@ T pRea TelG T ae T —1—0(153)) e
€2 — €1 (e2 —€1)

The remaining constant c; enters only in the normalization of the eigenstates, and will
be of no importance for our discussion.
As a final remark, let us notice here that in the Benjamin-Ono limit p — 0 the eigenstates

become

_9 R
(@, + ie1az)|0) (5.69)
(@ + ie2t2)|0)

These can be compared with the v — 0 limit of the Macdonald polynomials of (5.6),
given by the Jack polynomials p? — %pg and p? — py (eigenfunctions of the trigonometric
Calogero-Sutherland system) for the partitions (2,0) and (1,1) respectively. It is easy to

see that these Jack polynomials coincide with (5.69) under the isomorphism

T_m|0) +— —ieapm (5.70)

The k = 3 case

A generic state with £ = 3 can be written as
(61531 + coa_9a_1 + c3a_3)|0) (5.71)
The eigenvalue equation for IA3

Ig(cla?il + coa_oa_1 + 035_3)’0> = Eg(clag_l + coa_oa_1 + 036_3)|0> (5.72)

leads to an equation for the eigenvalue F3 with three solutions
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3 . _3iea(€1 + €
E:gl) 225(61 + 62) + 3ieq —I—pM

2€1 — €2
e 3iea(22€3 + 18e2e — 3e163 + €3) 3
o(p°)
(267 — €9)3
5 _2i(e1 + €2) (€3 — Terea + €3)
E(2) —;Z _ 1 2
3 22(61 te)—p 26% — Deqeg + 26%

L 2i(20€] — 121€Vey + 6eTe3 + 3detes + 3deed + Getes — 121e1€§ + 20€7) N
(263 — Bereg + 2€3)3

3 3t
EZSS) = i§(€1 + 62) + 3i€9 —|—]57261 (61 + 62)

o(p°)

262 — €1
o 3i€1(22€3 + 18€3€1 — 3eaet + €5) 3
- 3 + 0(]9 )
(2e2 — €1)
(5.73)
Similarly, the equation for IA4
ﬂ(clail + coa_oa_1 + 63673)’0> = E4(0163_1 + coa_o2a_1 + 63673)|0> (574)

admits non-trivial solutions only for the E, energies

2 2
9¢1e9  9e _Bea(e1 + €2)(Her + €2)
W __ (&2 A NN
4 (2 LR R R T ;Pp——
23 + 47€3 4 2€2€9 + €1€2 + €3 N
+pz e2(e1 + e2)(47¢y 132 1€ 2) + 0(p3)
(261 — €2)

(2) 3¢ Terea 33 (€14 €2)2(€2 — 13e1€2 + €2)
o) A (i 2 4

2 4 2 2€? — Hejen + 263

L (€1 + €2)%(40€5 — 303eTe2 + 345¢fe2 — 325¢3€3 + 345e2e5 — 303e1€5 + 40¢S) o)
(2¢2 — Bereg + 2€3)3
BB _ _ ﬁ 9¢1 €9 N 9763 B _Ber(e1 + €2)(bea + €71)
4 2 "4 T2 ) TP 00 —a)
7 3er1(e1 + €2)(47€5 + 2€3€1 + e2€? + €3) + o)
(262 — 61)3
(5.75)

We conclude that there are three eigenstates, labelled by the three partitions (3,0,0),
(2,1,0), (1,1,1) of k = 3. The eigenvalue equations fix the values of ¢y and c3 in terms
of the overall normalization c¢1; again, in the limit p — 0 the eigenstates are mapped to

Jack polynomials under (5.70).
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5.6 Finite-difference ILW from ADHM theory on S? x S!

We discussed in Chapter 4 how the ILW system is related to the ADHM GLSM on S?
with N = 1; in particular, the equations determining the supersymmetric vacua in the
Coulomb branch correspond to the Bethe Ansatz Equations for ILW, and the local gauge
theory observables (Tr ¥!) evaluated at the solutions of these equations give the ILW
spectrum. We might therefore expect the finite-difference version of ILW introduced in
the previous section to have an analogue in gauge theory; here we propose this gauge
theory to be the ADHM quiver on S? x S,ly. Let us see how this works.

First of all, let us consider the case in which v < 7 radius of S2. Then the IR theory will
be effectively two-dimensional. The supersymmetric Coulomb branch vacua equations
(4.99) for N =1 will be modified to

Gl (S, — a sin[3 (B — e1)]sin[ (Xs — €2)] _
3~ o)l [Ty Sin[3 (Zor)] sin[3 (St — )]

= (L " sin[3(Xs 4 €1)] sin[3 (Es + €2)]

psin[3(=Xs +a —€)] Hg Zi sin[3(Se)] sin3 (Ser + )]

(5.76)

because of the 1-loop contributions coming from the KK tower of chiral multiplets. Here

—27t

€e=¢€ t+eandp=ce with ¢ Fayet-Iliopoulos parameter. For simplicity, from now

on we will set @ = 0. When £ — oo (i.e. p — 0), the solutions are labelled by partitions

A of k, and are given by

Ys=(—1)e1 4+ (j — 1)ea mod 27i (5.77)

€1

[

€2

FIGURE 5.3: The partition (4,3,1,1) of k =9

For # finite we can change variables to o = €75, ¢ = €71t = =2 and rewrite (5.76)
as

)(os —t"'oy) p T —q 10t )(os —toy)
= (1 —qt™ o, H

(o5 —or)(os —qt~loy) qt*l (o5 —o1)(0s — g7 toy)
t#s t#s

::]»

(5.78)
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These are supposed to be the Bethe Ansatz Equations for the finite-difference ILW
system. Perturbatively in p small the eigenfunctions are still labelled by partitions of &,
and the eigenvalues of the AILW Hamiltonians 7, will be related to (Tro") evaluated at
the solutions A of (5.78). In particular, from what we noticed in section 4.5, we expect

the combination

eV =1-1-9a-tHY o, . (5.79)

s
(which is just the equivariant Chern character of the U(1) instanton moduli space)
to be the eigenvalue of ;. But now, since H; is a generating function for the ILW
Hamiltonians fl, our &1 will be a generating function for the ILW eigenvalues F; according
to

Elm =1+ ’)’26162k + ’)/36162E3())\) + 746162E£)\) 4. (5.80)

This can be verified immediately. Let us list here the eigenvalue 51(/\) for the solutions

of (5.78) at low k:
e Case k=0

9 =1 (5.81)

e Case k=1

51(1) :(q—i—t*l —qtil) —ﬁ\/qtj(l —qg)(1-1t)(g—-1)

qt
(5.82)
1-g1—-t)(g—1) .
- +o(p°)

+ptqt!
e Case k = 2, partition (2,0)

(1-¢*)A—-1t)*(g—1t)
t(1—qt)

PV = (Pt =P — gt

L(1—¢*)(1—1t)(g—1)
B g

— 3¢%t — 2¢%t — 2qt% — qt> — 2¢*%] + o(p?)
(5.83)

Expanded in 7 as in (5.80), this expression reproduces E:gl) of (5.64) and Eil) of
(5.67).
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e Case k = 2, partition (1,1)

51(171) (g4t — gt ) 7}5\/@7,1(1 —q@*(1 =) (g —1t)

qt*(1 — qt)
L(1-q)(1—-t*)(g—1) 2 2,2 | 43 3
242¢°t+ 3q7t" +t° 4 2qt° — q — 3qt
+p B = qt)? 2 +2¢°t + 3¢°t" +1° 4+ 2qt° — g — 3¢

— Pt —2t* — qt* — t° — Pt + o(p%)
(5.84)

The expansion in 7 reproduces E§2) of (5.64) and Ef) of (5.67).

e Case k = 3, partition (3,0,0)

1-1)2(1—¢)(qg—t
51(3’0’0):(q3+t_1—q3t_1)—;5\/qth( )*( q°)(g—1)

t(1 — ¢%t)
S(1-t)*(1—¢°)(g t)[
3

4 5 2 542 6.2
t + 2qgt t t t 2¢°t
+p 0 ) ¢ +t+2qt+ ¢°t+ qt? + ¢° + 29

— %t — 3¢% — 2¢™*t — 24342 — 2] + o(7%)
(5.85)

The expansion in 7 reproduces E?El) of (5.73) and Ef) of (5.75).

e Case k = 3, partition (2,1,0)

51(271,0) :(q2 e q2t—1)

1 —q)(1—t)(g—1) 2,2 3,3 | 4,4
— PV qt lth(l_th)(l_th)[1+2qt+2qt +2¢°t° + ¢t

—¢* — ¢*t — 2qt* — ¢"? — qt® — 24°8%) + o(§?)
(5.86)

The expansion in v reproduces Eéz) of (5.73) and Ef) of (5.75).

e Case k = 3, partition (1,1,1)

(1-¢*(1—t*)(g—1)
qt3(1 — qt?)

24+t + qt + Pt +t° + 2qt° + ¢t

1,1,1 _ _ - —
MY — (g4t — gt — /gt !

L (1—=g)21 =) (g—t
+p2( iz((l_qﬁ))(;] )

— 2 —2qt% — 2t3 — 3qt3 — qt'] + o(5%)
(5.87)

The expansion in 7 reproduces Eé?’) of (5.73) and Ef’) of (5.75).

We can therefore conclude that the ADHM theory on S? x S% is the gauge theory whose

underlying integrable system corresponds to AILW, as expected from the S? case.
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5.7 AILW as free field Ruijsenaars: the gauge theory side

Let us summarise what we have been doing until now. First of all, in section 5.2
we introduced the n-particles quantum trigonometric and elliptic Ruijsenaars-Schneider
models, and in section 5.3 we reformulated them in terms of a 5d N' = 1* U(n) gauge
theory in presence of codimension 2 and 4 defects, which correspond respectively to
eigenfunctions and eigenvalues of tRS or eRS. This reformulation allows us to perform
explicit computations for the eRS system, thanks to our understanding of instantons
in supersymmetric gauge theories. In section 5.4 we reviewed the collective coordinate
realization of tRS and eRS in terms of free bosons; in section 5.5 this realization has
been given an interpretation in terms of a finite-difference version of the Benjamin-Ono
and ILW systems, which from the gauge theory point of view are related to the ADHM
theory on S? x 5’% as discussed in section 5.6.

As we have seen, the free boson formalism is a powerful way to relate tRS to ABO and
eRS to AILW. Intuitively, one would expect AILW to arise as a hydrodynamic limit of
eRS, in which the number of particles n is sent to infinity while keeping the density of
particles finite. This can be nicely seen from (5.48) (or its trigonometric version (5.35)),
as this equation implies a relation between eRS and AILW eigenvalues, which simplifies
greatly in the limit n — oo if we believe in the conjecture (5.49). Actually, thanks to the
gauge theory computations, we will be able to show explicitly the validity of (5.49) at
first order in the elliptic deformation p. This would hint to an unexpected equivalence
at large n between our 5d theory with defects and the 3d ADHM theory: although we
are not able to give a justification in gauge theory of this equivalence at the moment,
in this section we will state the correspondence and give computational evidence of its

validity.

5.7.1 The trigonometric case: ABO from tRS

Let us first consider the equation (5.35) for the trigonometric case, i.e.

n(Mi6a(I0) = [+ (1 = 7D Lg, )] 6u(7)10) (5.88)

Here we are taking t~' < 1; in the opposite case, we’ll just have to consider the second
equation in (5.35). We already know that eigenstates and eigenvalues of [r(z)]; are
labelled by partitions A of k£ and are independent of the length of the partition. In

particular, from (5.77) we know that the eigenvalue is given by

k
EV=1-(1-q1—t71) Y @I =1+ 1 -tH Y (¢M -1 (5.89)
(4,4)€A j=1
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From this expression it is clear that the A\; which are zero do not contribute to the final
result. On the other hand, eigenfunctions and eigenvalues of tRS are also labelled by
the same partitions A of k, but both of them depend on the length n of A, i.e. on the
number of particles. Explicitly, the tRS eigenvalue is given by (5.5)

Byl = Z gt (5.90)

Equation (5.88) is telling us that there is a relation between the ABO and tRS eigen-

values: at fixed A (eigenstate) we have
XN = (1 — ) B (5.91)

This equality can be easily shown to be true for all n. In fact

k n k
E%g}) — 1 Z q,\jtl—j 4l Ztl—j _ gl Ztl—j
j= j=1 j=1

7j=1
. o (5.92)
]Z;(q L

which, inserted in (5.91), reproduces (5.89).

Let us now study what happens the limit n — oco: even if this is not really relevant for
the discussion at the trigonometric level, it will become very important when we discuss
the elliptic case. First of all, we notice that 51( ) and E(RS) fail to be proportional to
each other because of the constant term ¢t~", which however disappears when n — oo:
this is in agreement with the conjecture (5.49) of [131] considered in the trigonometric
limit. Then the right hand side of (5.91) becomes

(Asm)

k
lim [t"+¢ "1t HERY | =14+ 0 -t (% — 1) (5.93)
7j=1

n—oo

and coincides with 51()‘) of (5.89). Therefore, we can conclude that there are two ways
to recover the ABO eigenvalue from the tRS one at fixed A\. The first possibility is to
use (5.91) as it is: this works for all n, but requires the knowledge of the constant term,
which in this case is just £~". The second possibility consists in taking the limit n — oo
on the right hand side of (5.91): this method is the most suitable one if one does not
know the explicit expression for the constant term, since this is conjectured to vanish
in the limit, but requires the knowledge of the tRS eigenvalue for generic n. As we are

going to discuss now, for the elliptic case the second way is the only one available to us.
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5.7.2 The elliptic case: AILW from eRS

At the elliptic level, the equation we have to consider is (5.48)

e —pg—1/241/2 - - o Tr Op(at™12/m) ©,(t2)7) J—

[n(, pq— 7t )qun( ;p) = én(Tip) [t };[1 0,(¢2/7) p(z/n)n( ;g t)L

1) (Pt D)oo (Pt P)so
(P;P)oo(Pa™1P) o

or better its analogue for the eigenvalues

+tH (1 — D (q.t;p)dn(T: ) (5.94)

- 1z Ti) Opltz/7; _
P[4 ]

_ 1 05 D)o (Pta Y D)oo L m)
4 gl 17751(1’ ’ ! EW 5.95
( ) (P D)oo (g 1ip)oe ®) (59

Unlike the trigonometric case, here we no longer know the constant term in (5.95);
therefore, if we want to recover &; (A )( p) from Eé R’S)(p) we should take the large n limit

of this equation, which under the conjecture (5.49) reads

Y . . 1 (0 D)o (PtaT D)o (A
&(F) = Jim | (1 g (p'p)zo(zgq‘l'p)oj R (5.96)

Another problem is that we do not have closed form expressions for the eigenvalues;
we can only recover them perturbatively around the trigonometric values, thanks to
computations in gauge theory. In particular, as we have seen the eigenvalue Ef)‘) (p) for
AILW can be obtained from the ADHM theory on S? x S%, with parameters identified
as q = e, t = e p = e~2m and it is given by (5.79). On the other hand, the
eigenvalue E( ’ )( ) for eRS coincides with the Wilson loop (5.18) for the 5d N/ = 1*
U(n) theory on Cq &
fixed by (5.17); in this case ¢ = €€, t = e P and p = Q = e~87*7/9% . With these
results we can verify the conjecture (5.49) by proving the validity of (5.96), at least at

X S% in the NS limit €, — 0, with Coulomb branch parameters u,

order p in the elliptic deformation parameter. Let us show this for the lowest values of
k.

e Case k=0

The general strategy is as follows. At fixed n, we consider the Eégg) (p) eigenvalue
(5.18) and evaluate it at the values of p, (5.17) corresponding to the length n
partition A = (0,0,...,0). After doing this for the lowest values of n, we are able

to recognize how the eigenvalue depends on n; with this result we can then study
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the behaviour at large n. In the case at hand, this procedure gives us

_ 1, (75 D) (Pt p) 0,0,...,0);
yn1q _ 1) P 5 P)oo 1P)oo p((0.0,0)m)

( ) (PiP)oo(PgViP)oe B 2
— 4N (1 — Q)(l _t)(q _t) 1-n
- (1 t ) 1 + q2t(1 q- 1t1 n) t

(5.97)
+ o(p®)

which in the limit n — oo is just 14 o(p?), in agreement with (5.81) at order o(p?).

e Case k=1

Here the relevant partition is A = (1,0,...,0); the eigenvalue depends on n as

~ 1 (P D) oo (PET D)o 1((1,0,.0,0)m)
" ntlq _ " 1 (p yP)oo 1P)oo ((1,0,...,0); _
( ) (PiP)oo(PgLip)oe Q

=[1-t"+(@-1)1-th)]
(1-q)A—t)(g—t)(14+q¢'t'™™)

1 . 1 o t_l tl—TL 2t_1 1 . t—TL 1 o —2t2—TL
PP i (g gy (L 0 T P (L (1 )
+o(p?)
(5.98)
which in the limit n — oo reduces to
1-— 1-—1t —1
(q+t_1 _ qt_l) +p( Q)( )(q ) +0(p2) (599)

qt

Comparison with (5.82) tells us that we have to identify p = —p\/qt—! as we
anticipated in (5.51).

e Case k = 2, partition (2,0)

For the partition A = (2,0,...,0) we obtain

ity ey P D)oo (Pt D)oo (2.0,00m)
- (P;P)oo (P15 D)oo Ecks (P) =
=[1—tT"+ (-1 -t
(1-¢)HA -t (g—t)1—q 't
t(1 —qt)(1 —g—2ti=n)
(1—q)(1—t)(g—t)(1 — g 2™™)(1 — ¢ 3> ) (1 -t ™)
q2(1 _ q_1t2 n)(l _ q_2t1 n)(l _ q_3t1 n)

+p

(5.100)

+p "

+ o(p?)
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which in the limit n — oo reduces to

(1-¢>)(1—1)*(g—1)

2 41 2,1 2
t " —q°t 5.101
(¢° + gt ) +p 1= q) +o(p7) (5.101)
This matches (5.83) for p = —py/qt ! as expected.
e Case k = 2, partition (1,1)
For the partition A = (1,1,0,...,0) we have
~ 1 (P D)oo (PEG D)oo ((1,1,0,...,0)im)
tn+11_t1(p ) [ee] ) ooE ,1,0,..., ,np:
( ) (P P)oo(Pg 5P)o0 8 (?)
=[1-tT"+ (-1 -t?)]
— \2(1 — +2 _ _ 41-n

qt*(1 —qt)(1 — g~ 't277)
1-g)(—t)(g—t)(1—g ™)1 —g ") (1 -t>")

+p
(1= (T = g (L - g2 0)

t—n

+o(p?)
which in the limit n — oo becomes

(1-9q)*(1 =) (g —1t)
qt*(1 — qt)

(g+t 2 —qt ) +p + o(p?) (5.103)

This matches (5.84) for p = —p\/qt 1.

e Case k = 3, partition (3,0,0)

For the partition A = (3,0,0,...,0) we have

—n 1 (D)oo (P8G5 D)oo ((3,0,0,..-,0)m

- (P:P)oo (P75 P)oo Eigs " ) =

=1—t"+ (-1 -t

(1= @)1 =t)*(¢g— (1 —g ™" (5.104)
t(1—q?t)(1 — g—3t1—n)

(1-@=t)(g—t)A—qg ™) (A —g " ™)1 —t'"")

+p

t*’n 2
PP (1 g S g ) o)
which in the limit n — oo becomes
3, ,—1 3,1 q(1—¢*)(1—t)%(q—t) 2
(@ +t =gt ) +p + o(p”) (5.105)

t(1 — ¢%t)

This matches (5.85) for p = —p\/qt 1.
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e Case k = 3, partition (2,1,0)

For the partition A = (2,1,0,...,0) we have

—n+1 1 P D)oo (Pt D)oo L ((21,0000m)
=) PP)oPa Lip)oe B v) =
=[1-t"+(@-)A-tHA+qg+th)]
(1-q(1=t)(g—t)A-¢*)(1 —g*>)(1 —t'"")
qt*(1 — qt)(1 — ¢*t)(1 — g~ 't>7")
(1-q)(1—t)(g— (1 - )1 - (1 — g 't ") (5.106)
t(1—qt)(1 - qt?)(1 — g=2t+=")
(1-q9-t)(g=t)A =g (1 — g2
(1 — g1t H3)(1 — ¢~ +2)(1 — g~ 2 +2)
(1—g 2t ™)1 — g 32 (1 —¢12)
(1 —g 2 Ht)(1 — g3ttt

+p

+p

+p

t™" + o(p?)

which in the limit n — oo becomes

P+t 2 +qg =gt 2=t
(1-q9=t)(g—t) [1—¢*)(A —qt*)* + qt(1 — t*)(1 — ¢*1)?]

2
1 — @)1 - %) = o)
(5.107)
This matches (5.86) for p = —p\/qt 1.
e Case k = 3, partition (1,1,1)
For the partition A = (1,1,1,0,...,0) we have
_ 1 D) oe (Pt D)oo 1 ((1,1,1,0,...,0)m)
tn-‘rll_tl(p s V) oo ) OOE ,1,1,0,..., 7np:
( ) (P P)oo(Pg H5p)oo 8 »)
=[1-t"+(@-D)A-tHA+t +t7?)]
1—q?(1—t3)(g—t)(1 —t*™
qt*(1 — qt?)(1 — g~ 1t37")
I Gt 1€ 21 B s g 't =g (A - t?’_”)tfn
O R (RO (D
+o(p®)
which in the limit n — oo becomes
1—q)*(1—-t3)(qg—t

gt3(1 — qt?)

This matches (5.87) for p = —p\/qt 1.
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5.7.3 The gauge theory correspondence

The above computations suggest the validity of conjecture (5.96): it is therefore possible
to recover the AILW eigenvalues starting from the eRS ones, by taking the limit n — co.
This is not surprising from the integrable systems point of view, since AILW is expected
to arise as a hydrodynamic limit of eRS; nevertheless, this correspondence looks quite
non-trivial from the gauge theory point of view, in which (5.96) is rewritten as

1-(1-¢9)(1- t_l)TI‘O")\ = lim

n—o0

[t—n+1(1 —t‘1)<WDU(")>} | (5.110)

A

Here we are proposing an equivalence between a local observable in the 3d ADHM theory
and a non-local observable (Wilson loop) in the 5d N/ = 1* U(n) theory when n — co.
This might indicate an infra-red duality of some sort which relates the two theories in

this limit; for clarity, let us introduce here the corresponding dictionary:

3d ADHM theory

3d-5d theory (coupled), n — oo

: 2 1 2 1
lives on Sy xS, Cs e X5,

coupling ¢ twisted mass e 7€ 5d N = 1* mass deformation e~
shift ¢ twisted mass ¢! Omega background 7!

elliptic parameter p

Fayet-Tliopoulos p = —p/+/qt !

3d-5d coupling Q

partitions A of k

ADHM Coulomb vacua

5d Coulomb-Higgs vacua

observable

(Tro)

(WYY in NS limit & — 0

More in general, we expect the ADHM local observable (Tro”) to be related to the
n — oo limit of the 5d Wilson loop (WU(™) in the rank 7 antisymmetric representation.
Although at the moment we do not have a good explanation for this duality, we notice
that a similar 3d/5d duality appeared in [133]. There the 3d theory arises as the world-
volume theory of vortex strings probing the Higgs branch of the 5d theory; in our context,
the 3d theory is more related to instanton counting for a 7d U (1) pure super Yang-Mills
theory. It is possible that by considering brane constructions of these theories a natural

interpretation for this duality will arise: further investigation on this point is needed.



Appendix A

A and D-type singularities

The k-instanton moduli space for U(NN) gauge theories on ALE spaces C?/T" with I finite
subgroup of SU(2) has been described in [139] in terms of quiver representation theory.
We can therefore apply the same procedure we used in the main text: we consider a
system of D1-D5 branes on C?/I" x T*S? x C and think of Nakajima quivers as GLSM
on S?, whose partition function will give us information about the quantum cohomology
of the corresponding target ALE space. Similar results were discussed in [140]. We will
focus on A and D-type singularities and consider the Hilbert scheme of points on their

resolutions, as well as the orbifold phase given by the symmetric product of points.

A.1 A, singularities

Let us start by considering the A,_1 case, i.e. I' = Z, with p > 2. The moduli space
M(E, N ,p) of instantons on this space can be obtained via an ADHM-like construction,
whose data are encoded in the associated Nakajima quiver, which in this case is the
affine quiver A\p_l with framing at all nodes (figure A.1). The vector k = (ko, . .., kp—1)
parametrizes the dimensions of the vector spaces at the nodes of the quiver, while the
vector N = (No, ..., Np_1) gives the dimensions of the framing vector spaces; the extra
node on the affine Dynkin diagram corresponds to kg. The choice of N determines k
once the Chern class of the gauge vector bundle has been fixed [139].

The Nakajima quiver can be easily transposed to a GLSM on S?. This theory will have
gauge group G = Hf;é U (ky), flavour group Gp = ng;é U(Np) x U(1)? and the matter

content summarized in the following table:

119
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X(b) Bbb+1) Bbb-1) 7 J®)
gauge G Adj® (E(b), k(0+1)) (E(b), k(0=1)) k(®) K
Q) ()
flavor GF 1(_17—1) 1(170) 1(071) N(1/271/2) N(1 2,1/2)
twisted masses | e = €1 + €2 —€1 —€9 _a§,b) — % agb) %
R-charge 2 0 0 0 0
With the superpotential
p—1
W = Z Trb[X(b) (B(b,b-i-l)B(b-i-l,b) _ B(b7b_1)B(b_1’b) + I(b)J(b))]
b=0

(assuming the identification b ~ b+ p), the F and D-term equations describing the clas-
sical space of supersymmetric vacua in the Higgs branch coincide with the ADHM-like

equations characterizing M(/g, N , D).

Ny

) N

F1GURE A.1: The affine ﬁp_l quiver.

We can now compute the partition function on S? for this GLSM by applying the

—27r§b—i9b — e—27’l’tb7 Wlth tb —

prescription described in this Thesis. Defining 2z, = e

&p+i6y /21 complexified Fayet-Iliopoulos parameter, the partition function can be written

as
p—1 ky b
7. . = o d<7’0§ )) ira® +m P /2 ,z‘mgb)—mgb)/zz 7 7
ENp ™ Lol ! Z H H “b Zp vecZadj Lbif £f+af
kO----kp—l- 27
ﬁm,...,mp_leZ b=0 s=1

(A1)
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where the various pieces of the integrand are given by

p=l k 2 (@ m®\
Zvec - HH (?”O"gb)—TO'g )) +< 25 _2t>

b=0 s<t

(b) (b)
p 1 k,, (1 — zrag ) + zrat(b) mZS + m§>

oo o) (42

b= 05# zras —iroy

2 2

Zadj = 1:[ H

(b) (b)
<1 — ZT‘O’S + zragb) —irep — M-+ mé)
I

. (b) (b)
<z7’a§ ) _ zraé ) +irey — - + mé >

. b ) (b) (b—1)
p—1 ky kp—1 (—zrag ) + zra( b +re; — m§ + mt2

_ (b) (b—1)
b=0 s=1 t=1 T<1+iragb)—z’r0§b 1)—2'7‘61 s +mt2>
(b) (b-1)
r (iTagb) — zragb b +irey + M- — th )
(b) (b—1)
r <1 — irag ) + ZT'O'(b D _ mt2 ) (A3)

(b)
p—1 ky Ny F(—z’rag)—i—zra()—l—zr msb)

Zieat = [T 1]1] o

b=0 s=1 j= 1F(1+zra(b)—ira(b)_iri_ms )

J 2 2

(b)
r (iragb) — zra( ) + Z’I“ mgsb >

(b)
r (1 —ire? + ira§b) irs + s )

We are not interested to explicitly evaluate the partition function at the moment. In-
stead, we want to study the IR, Coulomb branch effective field theory; this is a purely
abelian gauge theory with the Cartan of G as gauge group, and can be described by a
function Weg, known as the effective twisted superpotential, which is a function of the
scalar components of the vector superfields of our effective theory. By the Bethe/ gauge
correspondence [124, 125], Weg corresponds to the Yang-Yang function of some quantum
integrable system; in our case, we will see that the associated integrable system is the

generalization of the periodic Intermediate Long Wave introduced in [128].

A.1.1 Analysis of the Coulomb branch

Here we will follow the procedure described in Chapter 4 for the case p = 1. Defining

(b)
z'rEgb) = iragb) + T5—, we can take the large radius limit » — oo of (A.1); by using
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Stirling’s approximation we have

[(—irY) ) 1 _ I T
m ~ exp {w(—n’E) ~ 3 In(—ir¥) —w(iry) — 3 ln(er)} (A.4)

with w(z) = z(Ilnz — 1). Therefore we can rewrite the partition function at large radius

as
® _ 50 : 2
1k -1k 2
7. = rE H l—b[ t;és D(Xs” —%;7) o Wet
EN, k -
a “ost Zosmt QBT P2 - 27Y)
(A.5)
where the functions entering the integration measure are
DEP -5) = rAEP -5 e -5 e
FEP -2 = Al - s —a) @0 -5 1)
N, (A.6)
(0)y — _ & ®) _ O 4 &
sy = 1 (5o ) (5045
while the twisted effective superpotential reads
p—1 ky p—1 ky Ny ® ® ¢
o b =t . (b) . b . i
Wegg = ZWZZM;)E +ZZZ [ (irsl ira; —irS 5 )+ w(—irn +ira;’ —ir 5 )
b=0 s=1 b=0 s=1 j=1
p—1 ky
+ Z Z [w(irEgb) - irEib)) + w(irn® — irng) + ire+)}
b=0 s,t#s
p—l kb kb_l
+Y3 Y [w(z‘rzg’” — 2 —irer) + w(—irD® 4+ i - irez)]
b=0 s=1 s=1
(A.7)
From the Bethe/gauge correspondence, the equations determining the supersymmetric
vacua in the Coulomb branch (saddle points of Weg)
oW,
exp 7’32) -1 (A.8)
a(irXs”’)
correspond to Bethe Ansatz Equations for a quantum integrable system. For our theory,
the equations are
ﬁ 2gb) _a® e 5 (0) E(b) kp—1 2(b) Egb—l) _q kﬁl ng) _ 2£b+1) —e _ o,
J »(b-1) N
J=1 ¢

J 2 s T4
s cmeed | 6= oues pawenl | Bl | S o s

(A.9)

t;«_és
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These are exactly the Bethe Ansatz Equations for the generalization of the periodic
Intermediate Long Wave quantum system proposed in [128]. They can be rewritten in

a form which generalizes to any quiver:

Ny () _ (b)) _ex p-1 ke (b) (c) T
H s - CL] - 2 Esb + Cbc __ 2wty (A 10)
=1 | ag» ) — T om0 =1 LS S o
(c;t)#(b,s)
where ~ .
e —e 0 —€2
—€2 €4  —e€ 0
0 —e € : :
Coo=| = " (A.11)
: : . = 0
0 0 N —
|—e1 0 .. 0 —€ €4

is the adjacency matrix of the quiver graph. Let us remark that when e¢; = €3, (A.11)
reduces to the Cartan matrix of the affine Ep_l algebra. A similar observation has been
made for XXX spin chains with higher rank spin group in [124], relatively to Cartan
matrices of non-affine Lie algebras.

The solutions to (A.10) are in one to one correspondence with the supersymmetric vacua
in the Coulomb branch and with the eigenstates of the infinite set of integrals of motion
for the generalized PILW system. We can now perform a semiclassical analysis of the
partition function around a vacuum « to obtain a formula for the inverse norm of the

eigenstates, along the lines of (4.108). The semiclassical approximation gives

1
p—1 p—1 ky H ( —E(b)) 2 92 -3 |2
Ze oo = e [Toren® (TTT] t#s ! <Deteff)
k,N, k — a
’ iy o a1 QS TT F(EY - =07Y) 25" oz

(A.12)
where we chose an ordering for the saddle points in order to eliminate the factorials;
here the Y’s are the solutions corresponding to the vacuum «. The expression for the

norm of the state |a) is then

1
p-1 p=1 ky _ y(®) z > -3
H 7"€+ HH Ht;ﬁs ( t ) _ (Det 0 Wef‘f b)
b=0

b0 521 Qo(SU) T F(ES’) —xh) 292 oz
(A.13)

where we removed the prefactor [e ™V |2, This is the usual expression for the norm of

2
1

(alay —

the eigenstates provided in other cases by Gaudin and Korepin, see also [141].
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A.1.2 Equivariant quantum cohomology of ./\/l(l;, N ,D)

In this section we will explicitly evaluate the partition function (A.1) at fixed E, N and P
in the simplest cases. The goal is to compute the equivariant quantum Gromov-Witten
potential for the moduli space M (k, ]\7,p).

In the following we follow the same procedure described in the main text. We start
by performing the change of variables iragb) = —r)\gb) + lgb) - mgb , and define k:(b)

1Y — P Then (A.1) becomes

—1 k b)
1 e dral)
ZE71\77P - kol . kpill f H H 2 Iy Zay (A14)
b=0s=1
where
—1 ks —1 ke ke (®) O
(1-— Z’r‘€+ AD (b D1 +rXs’ —rX\ —ireq)
Zy = < Zbe -r > — )\
bu) 1_[1 (éres bu) Hl tl;[ T(—rA? +rAY Lire,)
1—[1 ﬁ klb—f r)\( b +irer) F(frAgb) + r)\gbfl) +ires)
b0 s—1 t=1 L(1 by )\(b 2 —irer) I'(1 + T)\(b) — )\(b_l) —ireg)
Zi—f ﬁ ﬁ ( ) —I- zra( ) 4+ irsh) (—r)\(b) (b) + ir5)
b—0s=1 =1 1'(1 Wa(b) irs) (1 Al Jrzragb) ir<)
_ (b) (b) .
- Zpl—[l ﬁ(_ Ny ® 1—[1 Q) 1_[11’21 l(b —l b) _ r)\( ) 4 rAgb) (L+rXs’ =1 — ’LT€+)l§b)7Zgb)
{l_} b=0 s=1 b=0 s<t + T/\gb) (?”)\gb) — T)\l(fb) + 'L.T€+)l£b)7lgb)
—1 kb kb 1 1 1
I =

b=0 s=1 t=1 1—7')\9)4‘7“)\(
(b)

: b 1)
—arer)ym_e-n (1+ Al =AY - irea)yo-n_y®

pl_[l ﬁ ﬁ X ira;” + i)
b) b
b=0 s=1 j= 1 ( 7">\( 5)—““7)@)
i S Y Lm“’) a® A+ =AY —ire) w0
— t s

Zay = Z H H(_ H H H )\(b) NOES\CI

{E} b=0 s=1 b=0 s<t +T (T s T TA +ZT€+)k§b)_kgb)

p—1 k:b kb 1 1 1

[T1111

b0 51 =1 (1 — r)\gb) + r)\(bfl) —irey) MONCEY (1+ rAl?) - T)\Ebfl) - Z’TEQ)kEbfl)_k‘gb)

l_fﬁﬁ fzra()+m“2)k<b)
b) . b
b=0 s=1 j= 1 ( 1—7')\( CLE)—ZTT)kgb)

(A.15)

As we saw, the vortex partition function Z, is interpreted in quantum cohomology

as Givental’s Z function, and in order to extract the Gromov-Witten prepotential we
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have to normalize in an appropriate way Zi; and invert the equivariant mirror map in
Zy. For ALE spaces the equivariant mirror map is known explicitly. It appears only
when N = Y7~/ N = 1, in which case the construction in [139] forces the vectors N,
ktobe N = (1,0,..., 0) and k= (k,k,... k), and it consists in multiplying Z, by
(1+ Hb 0 2) "+ (and similarly for Z,y). On the contrary the normalization factor for
Z1q1 is not known, and we will find it case by case, by requiring a particular coefficient in
the partition function to vanish (this corresponds, from the mathematical point of view,
to the requirement that the intersection (1,1,1nz) = 0, with In z a Kéhler moduli of the

target space).

A.1.2.1 The N =1, k=1 sector

Since for N = 1 the vectors N , k are fixed as written above, we will refer to the N =1
instanton moduli space as M(k,1,p). For k = 1, this space is known in the mathemat-
ical literature as M(1,1,p) = Z,-Hilb(C?). The equivariant quantum Gromov-Witten
potential F{;,) for M(1,1,p) has been computed explicitly for €1, ez generic in [104]
(p = 2) and [142] (p = 3); in the special limit €; = €2 = € explicit computations are
provided in [143] in terms of the (inverse) Cartan matrix and root system of the non-
affine algebra A,_; for generic p. More in detail, let Cij be the A, 1 Cartan matrix,
i,7 =1...p—1, let a; be the basis of fundamental weights for the A,_; algebra, and
define R™ as the set of p(p — 1)/2 positive roots. Then we have

-1
1
Faip = ? 3 Z Qg lnzllnzj—l—f Z Z a;, B) (o, B) (o, B) In z;In z; In 2,
j=1 i,j,k=1 BERT

+2¢ Y Lis (1:[ a“ﬁ>
BERT
(A.16)

with the product (o, a;) = oz;TFC_lozj expressed in terms of the inverse Cartan matrix.

Case p =2

The A; Cartan matrix is just C = 2, with inverse C~1 = %, while a; = 1, therefore

(a1,0q) = % The only positive root corresponds to 5 = Ca; = 2, which implies

(a1, ) = 1. All in all, we get
1

1 € .
Fang) = 521 In? z; + 6 In® 21 + 2€ Liz(21) (A.17)



Appendix A. A and D-type singularities 126

We can compare this expression with what we obtain from the evaluation of the partition
function Z; ;2. The poles of (A.14) are labelled by partitions of k= Zg;é ky, = pk; in

particular, for positive Fayet-Iliopoulos parameters, in our case the poles are located at

A = —ia? —ik A = —iaf? —ik
)\gl) = _mgo) — z%r — i€q )\gl) = —iago) - Z% )

Inverting the mirror map consists in replacing Z, — (1 + 2021)"“+ Z, and Z,, — (1 +

E(]El)"6+ Z.v. After trials and errors, we also found a good normalization

(0) _

—iray ir%’ F(l — iT6+)

T(1+ ires) (A.18)

Z1 — (20215051)
for the 1-loop part. All it remains to do is to evaluate the partition function at the two

poles, sum the two contributions, and expand in small . At the end we obtain

norm 1 1 — . 1 _
Zi9y =~ %6 1 ln2(z1z1) + ey ( 13 ln3(zlzl) +4¢(3)
(A.19)

+ Q(Lig(zl) + Lig(?l)) — ln(zﬁl)(Lig(zl) + Lig(zl))>

From this expression we can extract the genus zero Gromov-Witten prepotential (see

for example [48]); for the sake of comparison we redefine €; — i€q, €2 — i€g, so that now

1 1 €4+ .
S eres 1 In? z1 + 12 In® 21 + €4 Liz(21) (A.20)

Faag =
This coincide with the expression given in [104] for generic €1, €2 and reduces to (A.17)
in the special limit € = €5 = €.

Case p=3

The Ay data are the following:
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The three positive roots are 1 = Caq, B2 = Cag and f3 = C(aq + a2), therefore

1 1
Fui3) = 32 6 (1112 21 + In? 2129 + In? ZQ)
+ % (ln3 21 +1n 2129 + In3 22) (A.22)

+ 2¢ (Lig(21) + Liz(22) + Liz(2122))

The relevant poles for the partition function Z; ;3 are at

N = —ial” — i A = —ial” — it N = —ial” — itk
A = —ial® — z%* — ey MY = —ial” — l% —ie1 D 2% -
AR = g0 z%* — i€ MY = —ial? - Z% — i€ MY = —ial” - 2% -

Inverting the mirror map by Zy — (1 + 202122)" Zy and Zay — (1 + Z02122)" Zay,

and normalizing the 1-loop part as

)—irago)—i'r%" F(l — iT6+)

Z1 — (202122505152 m 11
+

(A.23)

we obtain
1 1
Zil(irén = — — = (ln2(21§1) -+ 1112(Z15122§2) -+ 1112(2252))
o 3€1€2 6

2 2
+ Z( _a —; € 1113(21?1) _a +6 €2 lnz(zlél) ID(Z2§2)

2¢1 + €

2
In(21Z1) In?(29%2) — 61;_ 2 ln3(2222)>

+ i6+ <6C(3) + 2(L13(21) + Lig(Zg) + Li3(2122) + Li3(§1) + Lig(?g) + Li3(2122))
— ln(zlzl)(Lig(zl) + Liy (21)) — 111(2222)(1112(22) + LiQ(Eg))
— 11’1(212221?2)([412(2122) + Li2(2122)))

(A.24)

1€9

2i62
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The corresponding genus zero Gromov-Witten prepotential after the redefinition ¢; —

i€1, €2 — 1€9 Teads

1 1
Faas = Sees 6 (hﬂ2 21 + In? 2129 + In? 22)
2 2 2 2
+ (61—‘_9621n3 21 + €1+ Zep In? 2y In 29 + 61; €2 Inz; In? 25 + 61;‘ €23 Z2>

+ €4 (Lig(21) + Liz(z2) + Liz(2122))
(A.25)

and coincides with the expression given in [142] for generic €7, €2, or with (A.22) when

€] = €3 = €.

Casep=4

In this case the A3 data are

2 -1 0 SN
C=|-12 1| ,c'=]1 1 1 (A.26)
0 -1 L
0
ar=1| 0 , ag=1| 1 , as=1| 0 (A.27)
0 1

The six positive roots are given by 1 = Cay, f2 = Cag, 83 = Cas, B4 = C(a1 + a2),
Bs = C(ag + as), Bs = C(a1 + a2 + as); we thus obtain

1 1
F(17174) =12 3 (ln2 21 + In? 25 + In? 23 + In? 21 29 + In? 2923 + In? 2’12’22’3)
+ % (ln3 21 + 103 29 + In® 25 + In® 2129 + In® 2925 + In® 212’22’3) (A.28)

+ 2¢ (Lig(zl) + Lig(Zz) + Li3(2'3) + Li3(2122) + Lig(ZQZg) + L13(21Z22'3))

On the other hand, we can compute the partition function Zy ;4. This time we have

four poles at

AN = —iaf? — ik (A = —ia” - i

)\gl) = —iago) — Z% — i€y /\51) = _mg()) - Z% — i€l
A = —ial?) i~ 2ie AP = —iaf” — i — 2ie
AP = —ial” - z%* — 3iey A = —iaf” — Z% e
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(0 = —ial” - i A = il i

A = —ia{” — z% — i€y A = —iaf” — Z% — i€
AP = —ial? - z%— — i€ A = —ia)?” — Z% — 2iey
)\52) = —iago) — Z%— — 2ieg Agl) = _iagO) - Z%— — 3ie2

The mirror map is inverted by Z, — (14+20212223)"+ Zy and Zay — (14+20212223)" Zay,

while we normalize the 1-loop part with

. 0 .
7’L'f‘ag ) —r

o+ (1 —req)

Zn — (2021222320%1%2%3) T +ires)
+

AN (A.29)
At the end we get

norm __ 1

1
114 =——— — = 1112(,2151) + 1112(2252) + 1H2(23§3)
o 46162 8

+ 1112(21?12222) + ln2(22§22323) + 1n2(212122Z2Z323))

3 3 3
+ Z( _a _; € ln3(z1§1) _a —Z € 1112(,2151) 11’1(2222) _a —; € 1112(2121) ln(2323)
_axe ln3(22§2) _ate In(z121) 1n2(2222) _ate In(2121) In(2222) In(23%3)
3 3
_a T 1112(2252) ln(23§3) — 618+ € 1113(2:353) _2a te ln(zlfl) 1112(2’353)

_ 361: € In(z2z2) 1112(2323))

+ €4 (8((3) + 2(Li3(21) + Lig(ZQ) + Lig(Zg) + Lig(zlzg) + Lig(ZQZg) + L13(212223))

+ 2(Li3(Zz1) + Lig(z2) + Lig(z3) + Lig(z12z2)) + Li3(z2z3)) + Li3(Z12223))
— 111(2131)(Li2(21) + Lig(fl)) — ln(ZQEQ)(LiQ(ZQ) + Lig(zg)) — 111(2353)(];412(23) + Ligy (53))

— ln(2122§1?2)<L12(2'122) + Lig(?lfg)) — 1n<2223§2§3)(L12(2223) + Li2(§2 3))
— 111(2:12223212253)(Lig(212223) + L12(212223))>

(A.30)
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which corresponds to a prepotential

1 1
- = (1112 21+ In? z9 + In? z3 + In? z122 + In? 2023 + In? 212223)
dereg 8

3 3
+<61+ 621n3z1—|—61+ €2

Fiia =

€1 + 3¢9 61+6213

- zo

In? z1Inzo + In? z1Inzg +

8

€1 + €2 €1 + €2 €1 + €2

+ Inz In? 29 + Inz1Inzolnzg + In? 29 In 23

+ Mlng z3 + Mlnzl In? z3 + ?)GS#]ILZQ In? 23>
+ €4 (Lig(21) + Lig(22) + Liz(23) + Liz(2122) + Lis(2223) + Liz(212223))
(A.31)

A.1.2.2 The N =1, k=2 sector

When N =1 but k > 2 there no longer is a general expression for the Gromov-Witten
prepotential in terms of the Cartan matrix and positive roots of the algebra A,_1, since
also In zg enters in the prepotential. We will therefore make good use of our partition
function and provide such results, in the simplest cases; certainly this procedure can
be pursued further, the only difficulty being an integral which becomes more and more

complicated. The results of this case should be compared with [144].
Case p =2

As usual, we start by listing the poles of the partition function, which in this case read

MY = —ia{? — i A = —ial” — i~

/\gl) 7 go) ’l% — i€1 /\gl) = —1 go) - z%r — i€1
/\g)) = mgo) z%r — 2iey /\go) =t 50) - Z% — 2161
(1) = —ial” =itk i, A = —ia? =itk —iey
OISO Z% A0 = @ Z%

A = —ial? — z%— — i€ MY = —ia)?” - 2% —ia
A = —ial® - z% — ey A = —ial” — 2% — i€
MY = —ia” =i — e — ey A = —ial?) — i — 2ie;



Appendix A. A and D-type singularities 131
()\(0) mgo) Z%
)\(1) za&o) z% — i€9
A = il — z%— — ey
AV = —ial® — z%— — 3ie

After inverting the mirror map according to Z, — (1 + 2021)%>"+ Z, and Z,, — (1 +

2021)%"+ Z,y, and normalizing the 1-loop part as

v —2ira (1 —ires)\?
T — 2ira; ’ —ire4 7 A.32
1 — (2021Z0%1) <F(1 n ir6+)) 1 (A.32)
we obtain
215 = 1 L In?(20Z021%1) + In?(2171)
2,12 86%6% 8€1€9
1 1
_ -2:;2 (— Eln (202021Z1) — 1—111 (z121) + 7¢(3 ))
(A.33)
— i2 (2(1413(2’1) + Lig(ZOZl) + Lig(fl) + Lig(zozl))
€1€2
— ln(zlfl)(Liz(fq) + LiQ(El)) — ln(ZOleofl)(Liz(Zozl) + LiQ(Z()Zl))>
From this we can extract (after the usual redefinition €1 — i€y, € — i€3)
1 1
F(27172) - (11’12 2071 + 1112 Zl)
86162 86162
€ (A.34)
26;2 (12 In® 2021 + — ln z1 + Liz(z1) + L13(z021)>
Case p =3
This time we have the nine poles
.
)\§0) g : Z%— )\go) = —iago) - Z%_ )\50) zago) ZG;
)\(11) g ) ZE; ey )\gl) _ _mgo) _ z% e )\51) _ —ia(lo) _ z% e
)\?) g ) z%' — 2i€y /\§2) = —j 50) z%r — 2i€1 )xgz) = —iago) z% — 2i€1
)‘gO) g : Z%r — 3i€y Aéo) = iago) z%r — Jieg )\go) = _mgo) — z% — 3ie;
A = —ial” — ik — diey A = —ia? i — i AP = —ial® — i e
)\;2) = —zag ) z% — i€y /\gz) —iago) - z% — 1€ )\él) = —zago) - z% — 2i€g
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(A0 = _a® - i A0 = —ial” — it
A = —ial” z%* — i€y A = —iay” - Z% —ia
AP = —ial” z%* ~ 2iey A = —ial” — l% - 2iey
)\f) —iago) — z%r — 1€2 )\g) =t g()) - Z%_ — 1€
)\go) —i go) - z%r — i€] — i€ )\go) —iago) - z%r — i€ — i€
A = —ial” z% — 2ier — i€ A = —ial” - l% — 2Ziep
AD = —iaf® i (A0 = —ial” — i
MY = —ial® i i, MY = —ial? — i —ie
)\gz) _ §0) Z% 9, )\32) — go) _ z% — ieg
)\g) = — go) 2% — i€y /\go) =t 50) - Z% — €1 — 1€
A = —ial? =ik — 2iey A = —ial”) ik — 2iey
)\go) =—i go) z%r — 3ieg )\9) = _mgO) - Z%r — te1 — 2ie
(3 = _ia(® — i A = —iaf” —ik
)\gl) = —iago) - z% — i€] )\§2) = mgO) - Z%r —te2
AP = —ial? - z% — i€ MY = —iaf” — Z% — 2iep
A = —ial® — z%* — 2ie D Z% — i€
AD = gl z% — i€y A = —ia”) - 2% — diey
A = —ial” — i — diey A = —ial” i — siey

The mirror map and the normalization factor are given by Z, — (1 + zgz122)%"¢+ Z,,

Zaw — (1 + Z02122)%7+ Z,, and

. 2
i (0) . I'(1 —ire
Z1) — (20212220717) 20 —ires <(+)> 1

D(1+irey) (4.35)
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The partition function is therefore

norm 1 1 1 — 1 _ _ 1 _ .
Z315 = @ + 36 (4 In?(20Z0) + 3 In(z0Zo) In(212z1) + 5 In(z0Zo) In(2222)

+ 8 In(21%1) In(2922) + 13 In“(z1z1) + T3 In (2’22’2)>

11e1 + Teo

36 In3 (ZQEQ)

In? (2151) —

i 1 _ Te1 + 1leg
3€1€9 36

B 5e1 + Teo
12

761 + 562

1112(2151) ln(ZQEQ) — 12

In(21%;) In? (2222)>

1 1 1
—1 + (9{(3) — E lng(Z()f[)) - 1 1112(2:050) 111(2:131) - 1 111(20?0) ln2(21§1)

1 1 1
— Z 1112(2020) ln(ZQEQ) — Z 111(2020) 1112(2252) — 5 111(2020) 111(2121) ln(zgég)

+ 2(Liz(21) + Lis(22) + Liz(2122) + Liz(202122))

+ 2(L13 (?1) + Lig (22) + Lig (2122) + Lig (205152))

— 111(2151)(1112(21) + LiQ(El)) — 111(2252)(1412(22) + Lig(?g))
— ln(zlzgzﬁg)(Lig (2’12’2) + Lis (5152))

— 111(202122?0?132)(LiQ(ZQleQ) + Lio (2’02’12’2)))

(A.36)

from which

1 1 1.5 1 1
Fi310) = @ ~ 3ae <4ln 20 + 3 Inzglnz + 3 In zgIn 2o

9 7 7
+ élnzllnz'g—l— Eln2z1 +121n2z2>

1 7 11 11 7
< il —;_6 €2 In3 z1 + %11&3 29

5 7 7 5
+ g In2 z11nzo + M In z; In? 22> (A.37)

3€1€9

12 12

1 1 1
3;;(12111320 + Zln2201nz1 + Zlnzoln2 21

1 1 1
+ ZIDQ zoIn zo + ZIHZOIHQZQ + ilnzolnzl lnz2>

€ . . . .
36;1—62 (ng(zl) + L13(22) =+ L13(2’12’2) + ng(Zoleg))
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A.1.2.3 The N =2 sector, p =2

For the cases N > 2 we do not know of any computation of the Gromov-Witten prepo-
tential, so we will have to rely on our partition function. Here we will consider the case
p = 2; by [139], the vectors N, k are constrained at the values N = (0,2), k= (k—1,k)
or N = (2,0), k= (k, k), corresponding respectively to fractional or integral instanton

number w

. We can compute the Gromov-Witten prepotential for small values of k as
we did for in the previous examples, the main difference being the absence of equivariant

mirror map; let us present here the final results.

Case N = (0,2), k = (0,1)

The two poles are given by )\51) = —iagl) — 5 and )\gl) = —iagl) — i5F respectively.

et o) T (1 —irey)

le — (2151)7” mzll (A38)

2 1
Znorm 1112(2 Z )
(0)1)7(072)72 ]. 1 1 1
(ag)—ag))z—@ 4

+ i€y <4C(3) ~ L In®(21%1) + 2(Lis(21) + Lis(z1)) — In(2121) (Lig(21) + Liz(zl))>

12
(A.39)
We notice that this coincides with (A.19) if we identify agl) — €1, agl) — €.
After the redefinition €1 — ie1, €2 — i€g, agl) — iagl), agl) — iaél) we obtain
2 1 € .
Fop.02.2= DO In? 21 + T; In® 21 + e, Liz(21) (A.40)
et —(ay’ —ay’)
Case N = (2,0), k = (1,1)
The four poles are
A = —ia” — ik A = —iaf? — ik
)\gl) = _mgo) — z%r — i€ )\gl) = —iago) - z% — €2
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N = —iay) ik N = —iay) it
A = —iaf) — itk —ie MY = i) — itk —iey
%+ (1 — ire 2
Zn— (mmmiZ) " T <F§1+zr:§> ! (A-41)
+
Znorm 1 2
(1,1),(2,0),2 — 0 0
2€1 €9 (61 _ (ag ) ag ))2)
1
ln2(20§021§1) + ln2(21§1)
8er€a 9 (63_ _ (ago) _ a?))?)
G 1 In3(20Z021Z1) + 4¢(3)
2€1€9 12 0<0
+ 2(Lig(2021) + Li3(20z1)) — In(20212021) (Li2(2021) + Lia (2021))>
. 2€+ 1 3 _ . . =
—1 — —1In (lel) +4C(3) —|—2(L13(21) —|—L13(Z1))
2 (00 (0)\9 12
et —(ap" —ay’)
— ln(zlzl)(Lig(zl) + L12(21))>
(A.42)
After the usual redefinition of the twisted masses we have
r 1 2
(171)7(270)72 = 0 0
2€1 €9 (63- _ (ag ) _ aé ))2)
1
— —— (In%z21) — In? 2y
8eq€9 9 (63_ - (agO) . agU))2>
) (A.43)
€+ 3 .
—1 L
+ Se16s (12 n° 2021 + 13(zoz1)>

+ —In° 2z + L13(z1)>
(@l )\
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A.2 D, singularities

We now consider the quiver associated to a D, singularity (p > 4), which corresponds

to I' = BDy(, ) binary dihedral group. This discrete group has the presentation
(9,7 ?P D =7 =1, o2 =72 7gr =g (A.44)

and order 4(p — 2). A possible realization is given by

« 0 0 1
9—(0 a1> , T—(_l 0) (A.45)

with « a primitive 2(p — 2)-th root of unity. The k-instanton moduli space for U(N)
gauge theories on ALE spaces of type D), has been described by [139] in terms of the
quiver corresponding to the Dynkin diagram of the affine ﬁp algebra. In this section we

will only study the case N = 1; for the generic N case, see [145].

@) B
s (4
1 2 3 4
) on ) @
A \/ C

FIGURE A.2: The affine ﬁp Dynkin diagram, in the case p = 7.

We can regard this as an N = (2,2) theory, whose Higgs branch coincides with the
instanton moduli space we are considering. In this language, every circular node corre-
sponds to a U(k) or U(2k) gauge group together with a matter field y; in the adjoint
representation; the squared node represents a U(1) flavour group for the matter fields
I, J in the fundamental, antifundamental representation of U (k)o; the lines are two mat-
ter fields By p+1 in the bifundamental representation of two consecutive gauge groups.

The superpotential of the theory is given by

w :TI'O[XO(BO,IBLO + IJ)] + TTA[XA(BA,lBl,A)]

+ Tri[x1(B1,2B21 — B1,0Bo, — B1,aBa1)]
p—4

+ Z Try[Xo(Bb,b+1Bb+1,6 — Bop—1Bp-1)] (A.46)
b2

+ Trp—3(Xp—3(—Bp—3p—aBp—ap-3+ Bp—3 BBp p—3 + Bp—3cBcp-3)]
+ Trp[xB(—=BBp-3Bp-3,8)] + Trc[xc(—Bep-3Bp-3.0)]
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for p > 5, while in the special case p = 4 it reduces to

W =Tro[xo(BoiBi,o + I1J)] + Tralxa(Ba1B1,.4)] + Tre[xs(—Bp,1DB1,5)]

+ Tre[xc(—=BeiBi,c)] + Tri[xi(Bi,8Bp,1 + Bi,cBci — Bi,oBo,1 — Bi,aBa)]
(A.47)

This last case is symmetric under exchange of A, B, C, as expected from the associated
quiver. To describe completely the theory, we must also specify the R-charges and the

twisted masses for the matter fields; these are summarized in the following table.

Xb I J Bypt1 | Bop-1
R-charge 2 0 0 0 0
twisted mass | e =€ +e | —a—F |a—F | —e —€9

Here a is the twisted mass corresponding to the flavour group U(1).

We can now compute the partition function on S? for this quiver theory; this will give us
information about the quantum cohomology of these ALE spaces. Defining z = e~ 2™~

with £, 0 Fayet-Iliopoulos and theta-angle parameters, the partition function reads

p32k:

7’03 ras
Zo = s &) 11 TTYZ VT 2
MmEZ J=0,A,B,C s=1 I=1s=1
(A.48)
where the various pieces in the integrand are given by
p—3 2k (1) (1) J) ()
(1) Wné (I)_mg’ (J) mé (J) myg
. irog '+ _irog 5 irog”’ + zras ——5
Za=I111x g m I %)
I=1s=1 J=0,A,B,C s=1
p—3 2k (I)y2 k (J)y2
B 2, (Do , (M) 9, (e, (Mar)
Zew=T1 11 ( USFRUCORMINS ) B ) g (et
I=1s<t=1 J=0,A,B,C s<t=1
(1) mD)
p3 (I) Myt k NG iragj? — —; L —irey)

2k (1 —iro! —irey)
H 11 m(1)2 . H H (J)

: gy oml .
I‘(zrag t) — ‘2” +irey) J=0,ABCst=1 F(zrog t) — == +irey)

(0)
%) F(irago) + M5— —ira + irei)

) (O) (0)
s=1 (1 + iral® — s —dra —irS) (1 — ira® + Ds— +ira —ir<)




Appendix A. A and D-type singularities 138

(I+1,1) (I+1,I)
pd 2k —ZT‘O'(IJrl 2 LS’Z +irey) F(zragltﬂ Ay Mae 4 ires)
be H H (I+1,1) (1+1 I) (I+1,1) (I+1,I)
I=1st=1T(1 +irog, =~ %—irel)f‘(l—zrast +%—ir62)
(1,J) (1,7)
H 12_]1 ﬁ ING zroé t‘]) +irey) F(iraglt"]) + Ls’t +ire)
(1 J) mLd)
J=0,As=1t=1T'(1+ zragltj) % —ire;) I'(1 — zraglt‘]) + S; — ir€g)
(J,p—=3) m{Sp=3)
H K ﬁ r —zrag‘;p 9 _ ms’tQ +irep) I’(zrag‘ip . % +ire)
m(HP—3) m(SP=3)
J=B,Cs=1t=1T(1+ ZTU(Jp 3 % —are;) I'(1 — iragi’p_za) + St2 —ireg)
(A.49)
Here we used the compact notation agi =g _ ag‘]) and Ug{t) =il - agl).

A.2.1 Instanton partiton function

As explained in the main text, the small radius limit » — 0 produces a contour integral
representation for the instanton part of Nekrasov partition function at fixed k. In this

case, we obtain

. H(p—1) k do (J) p—3 2k do (I
stt _6 f
p,k,N — (zr)2Nk H 274 H H 271

J=0,A,B,C s=1 I=1s=1
k 1 p—3 2k
H 9) 0) H H st _€+)
s=1 (Ug - F)(= Ug +a ) T=1s,i=1
s;ét
k ( ) p—4 2k 1
J
H H (054 ) (o s,t — &) H H I+1I (T+1,1)
J=0,A,B,C s,t=1 I=1s,t= 1 ( 1)<_Us,t —€)
s#t
2%k k 1 k 2k 1
11 HH 7 ™ 11 HH e =
J=0,A s=11t= 1 ( ( 61)(_U§,t )—62 ) J= B,C s=1t= 1 ( p 1)(_U§,tp )~

(A.50)

The factorials have been omitted, since they are cancelled by the possible orderings of

the integration variables.

A.2.2 Equivariant quantum cohomology

For r finite, the partition function computes the equivariant quantum cohomology of the

moduli space of instantons on the ALE space. In particular, after factorizing (A.48) as
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k (J)y P—3 2k 0))]
1 d(ris™) d(ris’)
Zp kN = AT ms 7{ I II——"1I1II ZnZZny  (A51)
(KH)*(2k!)P JOAB.C 27 et 27

3 2k k
T(1—ire,)\ 2Fe-D 12 NG NN )
m=(Mreey?) Mea ™ T e

I=1s=1 J=0,A,B,C s=1
p—-3 2k 2k I _ . ) _ .
D(14+rA, ] —irey) D1 +7rA;) —irey)
I + +
HHHMgt) o H HHMH )
I=1s=1t#£s D(=rAsi +ires) =04 B,Cs=1t4s —rAg) +ires)
pl_f 12_]1 )\(Hl D4 irey) F(—r)\(Hl’I) + ires)
T=1si=1 (1 — )\ IH D _ire 1) (1 —i—r)\(IH D — ir€g)

2k k ()

H HH —}—zrel) I’(—T‘)\gt’ )+iT€2)

J=oAs=1t=1 L(1—7 )\st —ire;) I’ (1+r>\( J)—z'reg)

ko 2k r)\(‘{fp 3) +irey) F(fr)\g:]t’pfz)’) + ireg)

H H H Jp 3) —irep) T(1 4 Mﬁ:’g”‘” —ireg)

J=B.Cs—1t=1 (1

7")\( ) —|— ira +irss =) F(—r)\go) —ira + zr%r)

=1 (1 A _ira — irs) T(1+ A +ira — irs)
(A.52)
b Nl(o) e 1)
Ze = 1] H H 11 H
{*} s= I=1s=1 J=0,A,B,C s=1
39 (D) (1477 AD ey o B D L+ A —irel) o
H H lt s — TN 5.t 1) H Ly — s st i
7 J N
T=1s<t ( ) (rA gt) ”"€+)1§1> J=0,AB,C s<t —7”)\1(:,3) (Mg,t) + WGJF)lE?
T 1
T—1 5—11=1 (1 — )\(I+1 D ’L'Tel)l(qu,]) (1 + 7“/\‘(97[;—1’]) — 7:7“62)l£],]+1)
1 2k ﬁ 1 1
1,7 .
7=0,A5=11=1 ( T)\g,t : ”‘61)l<1 » 1+ T/\g - ZTE?)ZEM)
1 II11 : :
Jp—3) Jp—3) .
J=B,Cs=11=1 (1 — r>\(<;,tp ) —ire)) (=) (1 Jr?")‘g,tp ) —irey) (230

k (—Mg ) _ira+ ir%)l(m

o) _ . ;L Ex
w1 (L—7rAs™ —ira — zr7)1£o>

(A.53)
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Zo = XTI T T 112

{krens=l1 I=1s=1 J=0,A,B,C s=1
(u ) ; (J ) .
3 2%k I _ L
Ii_[ H K S) )\E S) (1+7A ZTEJr)kE,Is) H H ts) _ T)\g S) (1+7Ag ZT€+)I<:§:]S>
I=1 s<t (Mg,t) + Z”*)k,ﬁ’ﬁ J=0,A,B,C s<t —rAY) s (T)‘g,t) + Z'T€+)k§JS>

p—4 2k 2k

1 1
H H H (1— T)\gItJrl,I) . (I+1,1)

I=1s=11=1 — Z?“61)k<1t+1,1) (T47Ag;
S,

— iTGz)k(I,IH)
t,s

2k

I II1I L

1.7 N
s=oasrimr (1=raly? - iret) o (1+ a7 - irea) o

k 2k

1 1

1T 1111 T =
J=Bos=11=1 (1= T)\g,tp ) - ““fl>k<J£z>73> (1+ TAg,tp ) WGQ%E%SJ)
k

w1 ( —ira — Z’FT)kgo)

'r)\( ) —ira+irs 57),(0)

(A.54)

we can identify Z, with Givental’s Z-function for our target space.

A.2.3 Analysis of the Coulomb branch

Let us conclude with a few comments on the integrable system side of the D,, ALE quiver.
As familiar by now, the mirror LG model in the Coulomb branch can be recovered by

taking the large radius limit » — oo of (A.48). We obtain

¢)2K(P=1) E ) P 2k 2(1 2
52 d(r “Weg(S
P IR I E= ) R PARE
J=0,A,B,C s=1 I=0s=1
(A.55)

Here the integration measure is given by

1

7 (E) H s t;és D(Z(I) - (I)) HJ 0,A,B,C H’sg,t#s D(EgJ) - ZEJ)) ’
rieas E(O) 2k F E(I‘H) _ E(I)
Hs QS T2 TEE TTE, F (S i)

1

< 1 >
J J —
yoa T2 T FEY — SN T _pe [T T, P - s7Y)
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with

D -5y = (s

D-siE? -2+ e

(
FEUH sy = p2mi ) _ sy _ x4 ) (A.57)

Q) = (30 —a=- ) (519 —a+ )

The twisted effective superpotential has the form

)WQH(Z) =

_l’_

p—3 2k k
S DI T U NS S S
I=1s=1 J=0,A,B,C s=1

k
Z {W(irﬁgo) —ira — zr%r) + w(=ir2©) +ira — zr%)}
[w(iTEgI) - iTEEI)) + w(irsD — iTEEI) + ire+)}

k
Z Z [w(irEgJ) — irzg‘])) + w(irEg‘]) — irE,EJ) + ire+)]

k 2k
Z Z [w(irzg) — irzﬁp“”’) —irer) + w(—irn{?) + irzi”‘f” — ir@)]

(A.58)

From (A.58) we recover a set of Bethe Ansatz Equations, which can be written as

Ny )0 o)y
I G0 SO
i ORI B OISR G

(c.t)7#(b,s)
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Here c = O, A,1,...,p—3,B,C, while N = (1,0,...,0) and k = (k, k,, 2k, ..., 2k, k. k)
(0)

as discusses earlier (a3’ = a). The matrix

(e, 0 —e 0 0 0]

0 e —e O 0

—€3 —€ €4 —€ 0

Coc=1| 0 0 —e e+ —e 0 (A.60)

0 0 . —€ €L —€ —€

0 —e et 0
| 0 0 - 0 —e 0 e

is again the adjacency matrix of the quiver graph, and reduces to the Cartan matrix of
the affine ﬁp algebra for €; = e3. We expect (A.59) to be related to a quantum hydrody-
namical integrable system, a sort of D,-type generalization of ILW. Solutions to (A.59)
will correspond to eigenstates of the QIS; expressions for the norm of the eigenstates
can be obtained by performing a semiclassical approximation of the partition function

around the corresponding vacua, as we already discussed in the previous sections.
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Equivariant quantum cohomology

in oscillator formalism

Let us show here that the Gromov-Witten potentials computed for My, ; in section 4.3.2
are in agreement with the results on quantum multiplication for the Hilbert scheme of

points obtained in [106].

Following the notation of [104] and [106], the Fock space description of the equivariant co-
homology of the Hilbert scheme of points of C? is given in terms of creation-annihilation

operators ay, k € Z obeying the Heisenberg algebra
[ap, ag] = Pdp1q (B.1)
The vacuum is annihilated by the positive modes
apld) =0 , p>0 (B.2)

and the natural basis on the Fock space is given by

1
Y) = WHQMW (B.3)

where |Aut(Y')| is the order of the automorphism group of the partition and Y; are
the lengths of the columns of the Young tableau Y. The total number of boxes of the
Young tableau is counted by the eigenvalue of the energy K = Ep>0 a_pap. Fix now
the subspace Ker(K — k) for k € Z; and allow linear combinations with coefficients

being rational functions of the equivariant weights. This space is then identified with

143



Appendix B. Fquivariant quantum cohomology in oscillator formalism 144

the equivariant cohomology H7. (My, 1,Q). More specifically
vy e H 0 (My,1,Q), (B.4)

where /(Y') denotes the number of parts of the partition Y.

According to [106], the generator of the small quantum cohomology is then given by the
state |D) = —|2,1%72) which describes the divisor corresponding to the collision of two

point-like instantons.

The operator generating the quantum product by |D) can be recognized as the fun-
damental quantum Hamiltonian of the ILW system (or, equivalently, as the quantum

deformed Calogero-Sutherland Hamiltonian)

_ p(=g)f +1
Hp = (61 + 62) pZ% 5(_(])727_104—}9041’)
(B.5)
€1+e(—q)+1
+ Z 1620 1q0—pa—g — pqaparg] — 2 (—q)— 1K

p,q>0

We can then compute the basic three point function as (D|Hp|D), where the inner
product is normalized to be

(_1)K—€(Y)

() o
(ere2)™ " [Aut(Y)|I]; Vi

(YY') = v/ (B.6)

The computation gives

AV _
(DIHDID) = (er+ea) (20571 = 52050 ) (Dlacacnld) = (~Dferren); —H(DID).

where we have used (D|a_2a2|D) = 2(D|D). By (B.6), we finally get

(D|Hp|D) =

€1+ €2 1 (

1262 1+ 2q) (B.7)

1—g¢q

3
Rewriting 1—1—21%(1 = (qaq)?’ [(hgf) + 2Li3 (q)} , we obtain that the genus zero prepotential

1S

70 _ F(} n €1 + €9 1 [(lnq)3
C

(e 120—2) | 3 © 2”3(@)] (B.8)

The above formula precisely agrees with the results of Chapter 4, see (4.39) and (4.40)

for the cases k = 3,4 respectively.

The generalization of the Fock space formalism to the rank N ADHM instanton moduli

space was given by Baranovsky in [146] in terms of N copies of Nakajima operators as
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By, = Z -1 a,(c). For example, in the N = 2 case the quantum Hamiltonian becomes

(modulo terms proportional to the quantum momentum) [96]

Z Z €1€9 a a 53—1: — agl_kag)ag)]

i=1 n,k>0
—L;@zmae,za,9>+a<_2;a§>+z ) 9
k>0
(e1 + €2) Z k ¢* 1ka,(€1) + agz;a,(f) + a%a,&l) + a(_llza,(f)]
k>0

This is the same as the I3 Hamiltonian for g/(2) ILW given in [91]:

. 1+ qk 1
Ii=Y L jap+2iQ) ka_par— 5+ 3 > anamay (B.10)
k40 k>0 9 n+m+k=0
In fact, after rewriting the Virasoro generators in terms of Heisenberg generators ac-

cording to

m

LD S (B.11)

Z Cn—kCr +1(nQ — 2P)cy, , [em,cn] = 5

k#{0,n}

and ignoring terms proportional to the momentum, we arrive at

I3 = E [@_p_kCnCr + 20 _nC_kCrik + 20 n_kCrag + C—pC_gAnik]

n,k>0
. 1
+ 2iQ) Z kla_par — §(C—kak —a_pck)) (B.12)
k>0
+4iQ Z ka_ Kok T Z a—p—kAnay + Z a—p G Opik
k>0 n,k>0 n,k>0

where we used

Z Z Con—kCnQk = Z [a_p_kCnCrk + 2a_nC_kCpak + 2C_pn_kCrak + C—pnC_gan k]
k#0 n#{0,—k} n,k>0
(B.13)

These a; modes are the ones related to the Baranovsky operators. Finally, by making
the substitution
1 a,(cl) + a,(f) 1 ag) - af)

_ - B.14
@ \/€E1€2 2 vk \/€1€2 2 ( )

for positive modes and

NOFINC) MO

a_p = i\/eleg % , C_p = i\/6162 % (B.15)
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for the negative ones, we obtain
__ ¢ 1 @) (1) 1) D) g ( ) 2 () (2 _ (2 2),,(2)
I3 = €1€200 0L -« ay oy’ +eaeal oo al’l oo
3 2\/@ %;0[1 —k“n+k —n—k k=n+k k k
ZQZk +a®a® 4+ 2a2a)
k>0
¢
+ zQZ k——- koz,(cl) + oz( )a( )+ a(l)a( ) + aga,(fl)]
k>0
(B.16)

in agreement with (B.9).



Appendix C

Hydrodynamic limit of elliptic

Calogero-Moser

C.1 Details on the proof of (4.77) and (4.82)

C.1.1 Proof of (4.77)

First of all we pass to the (-function representation of (4.77) by employing the identity

% (12) =((z) — 2—?/1& (C.1)

As was mentioned all the dependence on 7; drops out in the result. After doing so and

computing &, from (4.77) we get
J

i‘j =_-G? (Ll + Lo + Lg) , (02)
where
N N N
Li==) plw; - yk)[ZC(%‘ —u) = Y Clay—a) + Y Clue—w) = >k — yl)}
k=1 =1 1£j =1 12k
N N
+> plw; — o) {ZC(%’ —y) =Y Clay—a) =Yl —u) + Y (- l”l)}
Py =1 147 =1 1k
(C.3)

147
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Ly :2L771{ -3 (p(évj — ) + 2L771> [Z(ﬂﬁj —y) = > (@ —w) =Y (wk—y) + > (wk — xz)}
oy 1

1 1#] I£k

+ Z < ~ Yk) 2?) [Z(l“j —y) =Y (wj—m)+ Y (e — ) = > (uk — yl)]}
I 1£] I 1k
(C.4)
ngim{Z[Z J—u) = Y (=) + > Clyk — m) ZCyk*yl}
PR 1£] I 1k
+Z[ZC(%—M)—ZC(1’J’—$Z Zka—yl + (! k—xz}}
k#j 1 I#j I#k
(C.5)

The terms Lo and L3 are manifestly vanishing, although showing the vanishing of Lg is

slightly involved. By collecting sums with common range, we have the relation

T { (3 {cws =0+ 3 oo} |+ [ty =] = [t —00) ] = [ty =) }

k] 12k
(C.6)

which vanishes term by term since

D {Clu = o) + ) Clor—w)} = {C(uy — ) + C(ve —uy) + > C(vp —w) }

k#j I#k k#j

l#£k,j
= Z Z C(Uk - ul) = Z |:C(Um - Un) + C(un - 'Um):| =0, (07)
k#£j 1#£k,j pairs(m,n),m#n
(m,n)#j

where we used that ¢ is odd. Summarizing, we have #; = —G*L; which matches (4.76)

in force of the following identity between Weierstrass p and ¢ functions:

O—Z@ j — Tk)

k#]

N
+Z@ —yk[ZC =) — ) Cr— ) +

=

Clyr — 1) chk_yl}
1

=1 1£] = 12k
N N
—> ol — {ZC =) — > (x5 —m) ZC(xk_yl)+ZC($k—$l)]-
Kt =1 1£ =1 1£k

(C.8)

We prove this identity using Liouville’s theorem. Let us denote the right hand side by
(zj; {2k Frtjs {yk},]f:l) R is a symmetric function under independent permutations

of {wg}rrzj and {yp}_,, respectively. Next, we show double periodicity in all variables
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Although the (’s introduce shifts, these cancel each other!, so double periodicity follows
immediately. The non-trivial step is to show holomorphicity. First, the relation should
hold for all j. In particular we can choose j = 1, other cases are obtained just by
relabelling. By double periodicity we can focus only on poles at the origin, so there will
be poles in x; — y, and x; — 27, | # j. By the symmetries described above we have to
check only three cases: x1 —y1, T2 —y1 and 1 — x2. To do so, we use the Laurent series

for p and ¢

1 o
p(2) = 5 + 9" (2), p"(2) = chﬂz%

22
(@) =2+ M), () == Y gt (©9)
n=1

Let us now show the vanishing of the residues at each pole.

Pole in x5 — 4
There are only two terms in (C.8) contributing

C(z2 —y1) {@(901 —x3) — p(z1 — Z/l)}

1 1 1 n n
“ e e e (@ e )]
_T2=u c 2k N k1l
_xz—yl{(xl—@) +§1n+12< ) Z ] (C10)

So indeed the residue vanishes.

Pole in z1 — i1

The terms contributing to this pole read

olir =) Y- { [€er =) = € = )] = (6601 — ) = Con — )]}
kL (C.11)

+{(m—y1)) [@(961 —yr) — p(r1 — xk)}
i

LAl ¢’s appear in pairs, where a given variable appears with positive and negative signs in the
argument.
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R e Rl reeretrer
x1—y12 T — Yk Y1~ Uk T —Tp Y1 — Tk

k#1
+ [Pl =) = Pl — )| = [Pl — ) = ¢Flyn — ) } (C.12)
1 R R 1 1
+ o1 — 1 ; {@ (1 —yk) — 9" (21 — 7)) + (21 — yp)2 - (21 —:%)2}

Collecting all the rational terms gives a regular term

1 1
kzﬂ [(wl —xp)2(y1 —2k) (21— yr)2(y1 — yk)}

(C.13)

and we stay with the rest

Z ! {@R(m —y) — (v —zp) + ! {(CR(Q«H — k) — "y — wr)

k#xl—m 1 — W
— ("1 — i) — ¢"yr — ) } }
(C.14)

In the following we show that the terms in the square parenthesis in the above for-
mula factorizes a term (x1 — ;) which, after combining with the rest, cancels the pole

completely. Indeed, we just use (C.9) and binomial theorem to get

2n
Cn+1 2n+1 _
|:} :_($1_y1)z2n+1z< l >(_1)l (yzn—i-l I 2n+1 l)zyl 1— quln
n>1 n+ =
P (w1 —yr) — 9™ (@1 —wk) = ennn Z < ) 1)zt (yi"H*l - xi”+1*l>

n>1

(C.15)

and after combining these two terms we get

(-} S () (= o = ]

n>1

(C.16)

however the terms in the square brackets of (C.16) factorizes once more a term (z1 —y1)

] =

I—

[y

m)z Ty (C.17)

N‘.—l

m:l
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so that we end up with a regular term
l -1
)P z () S (=) S mied e ©a9

k#1n>1 m=1

Summarizing, we have shown the vanishing of the residue at the pole in (x; — y;1) and

we now move on to the last one.

Pole in z1 — z9

Analysis of (C.8) gives the following terms contributing to this pole

@'($1*$2)+C($1*$2)[ > e —ay) Z@ 1‘1*@/1@}

k#1,2

— p(z1 —952){2((961 — k) — Y (w1 —zp) ZC 22— yp) + Y C(wr — }
K kA1 kA2
(C.19)

In analogy with the previous case let us first deal with the rational terms

-2 1 1 1
(x1 — x2)3 + T1 — To { Z (x1 — xp)? B Z (x1 — yk)Q]

k#1,2 k
1 [ -2 1 1 ) < 1 1 >
_ n _ _ _ }
($1 - $2)2 T — X2 Zk: (901 — Yk T2 — Yk k;Q T — Tk T2 — Tk

1 1
N zk: (1 — y)? (2 —yr) 2. (21 — 2)2 (22 — 1) (C.20)

k£1,2

which give a regular contribution as we wanted. For the remaining terms we can write,

using the same methods as above

3;1_1;2{ Z oz — 1) Z@R(M*yk)* [Z(C(xl—yk)—C(mzfyk))
%

k#1,2 TL— X2 L
= Y (Gl =) = Claz — 1) | }
k#1,2
_ 2 (1) o= _ I-1-m g 1 2n+1-1 2n+1-1
ZCn+1 Z Z(l m)xy { Z Ty Zy }
n>1 iUl e k#£1,2

(C.21)

which explicitly shows the vanishing of the residue of this last pole.

We just showed that R (zj; {zx }rzj, {yr}h_;) is holomorphic in the whole complex plane

for all variables. Liouville’s theorem then implies it must be a constant. Hence we can
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set any convenient values for the variables to show this constant to be zero. Taking the

limit y, — 0 for all k£ we get

_hmzp(xl_yk)z ! +) ¢ (1 — mp) + No(ar) [NCM =) C(xr — )

yr—0 Ye — Yl

14k k#1 k£l
—Zp T1 — Tp {NC x1) Z(xl—xl NC(xk)—l—ZC(a:k—ml)} (C.22)
k#1 1#£1 £k
The first term can be written as
1 N(N -1)
li |: / = Ym " — Um 2 } A SV
Jm > @) 00— ) + O (g~ ym)?) 5 ¢/ (21)
pairs(m,n),m#n
m,ne{l,....N}

Sending x; — 0, k # 1 simplifies R further
N /
(=1 (5 +1) o) - (¥ - Dplen(an)
—i—xlkigo{Zp 1 — T {Ng xr) ZC T — Iy } Np(ml)zg(xk)}, (C.24)

k#1 ~ k#L I#k k#1

where the second line yields

mlkigo{]\fz [ 1 — Tg) } me—ﬂ?k ZC k—fﬁl}

A1 k#1 k#1 14k

—N(N—-1)gp'(x1) (N—l)@(z1)C($1)+Wp’(ml)

Putting everything together we finally obtain

const = lim R(...)=0 = R(...)=0,
yr—0
x;—0,1#£1

which concludes the proof of (C.8).

C.1.2 Proof of (4.82)

By simplifying the left hand side of (4.82) one gets

ZC(%)]
p
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N
Z{ [z~ 2)¢(: —2) + 30/(z — )] + [z~ 97)C(z — ) + 502 )
J=1
N
oz — ) [ —idy = GY ¢z —m) + GY_ (2 — i)
k=1 kj
+ p(z —y5) [ly] GZCZ_J% +GZ<Z—yk}
k#j
2m.. ..
+ G iy — iy + G (p(z =) — 9z = 2,)) 3 (g — )| } (C.25)
k

Going on-shell w.r.t. auxiliary system (4.77), we arrive at

LHS = X7 + X, (026)
where
(1
X = Z{sz—m (e =) [ 30 (0 = 1) = G — ) + Gl — ) — D s — )]
J=1 k#j

M= [[M)=

(C(z =) = C(= = @r) + Clys — 2r)) — Y C(y; _yk]}

1 k#j

+ 560~ ) + oz — 33)

i

X, G?Q’hzz{ j— k) + ey — ) — Gl —w) — Clay —a) b (C20)

J=1 k#j

It is easy to see that Xo vanishes, since we can rearrange the sum to pairs of (’s with

positive and negative arguments respectively

X, =G?*=2 2"1 > m#n{ [C(ym — o) 4 ((@y — ym)] + [C(wm —Yn) + C(yn — wm)]

pairs(m,n),
m,ne{l,..,N}

— [6tom = )+ G = )| = |6l = )+ 60 = 3 }

= 0. (C.28)

The vanishing of X looks more intriguing, but actually reduces to the already proven

relation (C.8). Indeed, we can write X as

s 2 [

]=1

+R({z} < {y})

|=o
yj=2

which concludes the proof of (4.82).
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