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Abstract

Recent years have seen a proliferation of exact results in quantum field theories,
owing mostly to supersymmetric localisation. Coupled with decades of study of
dualities, this ensured the development of many novel nontrivial correspondences
linking seemingly disparate parts of the mathematical landscape. Among these,
the link between supersymmetric gauge theories with 8 supercharges and Painlevé
equations, interpreted as the exact RG flow of their codimension 2 defects and
passing through a correspondence with two-dimensional conformal field theory, was
highly surprising. Similarly surprising was the realisation that three-dimensional
matrix models coming from M-theory compute these solutions, and provide a non-
perturbative completion of the topological string. Extending these two results is
the focus of my work.

After giving a review of the basics, hopefully useful to researchers in the field
also for uses besides understanding the thesis, two parts based on published and
unpublished results follow. The first is focused on giving Painlevé-type equations
for general groups and linear quivers, and the second on matrix models.
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Chapter 1

Introduction

1.1 Organisation of the introduction

Caveat lector. This work is, similarly to its material, nonlinear. The chapters of the
introduction are not presented in sequential order, and refer one to another often.
The main organisational principle is the following small category

Defects

) — background <—on

7 ~
/deform \ AG ch;l: blowup
{ I
— 4 — 2 7Son \ - .
d M Dy Liouville CFT —— chiral n—pt

Coulomb branch Schwinger | function

O ] i T

engineering

SW curve cover — UV curve Kiev Ansatz
beddi / T -+
empeddme Hanany CFT/Isom.
Spectral |
/ Witten
. transform Isomonodromic
Top. String
Problem functlon
\ SW /TntS\ S // /
grand canonical dedut
DW Int. st — TS/ST/tau
potential /

Matllx Modol

Figure 1.1: Roadmap, clickable.

and the introduction itself serves as a functor, of sorts, to the narrative structure
of human cognition. The reader is invited to find a reasonable approximation to
a Hamiltonian path through the introduction, or forget about it and just read as
presented, or forget about a single path and, aided by the roadmap, use this work
as a reference for the future. It is my hope that in this latter function this thesis
will serve as a useful review, especially among my younger academic brothers and
sisters, and those yet to join us.
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Introduction

After the solve of the introduction, the coagula of the mostly published material
will be presented in two separate sections, fulfilling the alchemical formula.

Finally, a note on style. I have tended to avoid the use of the "scientific we"
unless the work features the work of my collaborators or is of an introductory,
repetitive character, establishing facts well known to all of "us".

1.2 Supersymmetric gauge theory

The gauge theories encountered in this work are mostly those with 8 supercharges,
which in d = 4 dimensions means they have extended supersymmetry. This intro-
duces a lot of physically unrealistic features, such as the presence of adjoint matter,
and at the same time introduces a tremendous amount of geometry to the theory —
the scalars can be seen to locally parametrise a target space with some geometric
requirements, the couplings are described by certain "canonical" geometric objects
[57]. Usually, if we consider the full array of defects and extended objects, the the-
ory thus written consists of maps of points, lines, surfaces, etc, into a target space
— morally a functor of points, with the path integral providing a sort of weighted
sum. Although nonsupersymmetric QFT also heavily features geometric structures,
I have personally heard many criticisms of this unreality of supersymmetric physics
— and this is not even talking about the "dynamically trivial" topological field the-
ories or theories in dimensions not four!

There should be no excuses. The increasing geometrisation of physics might
mean that physics is now used to calculate mathematical instead of concrete reali-
ties, but this has served to dignify physics — it has taken centre stage, spearheading
advancements in mathematics left, right and centre throughout the last century,
and it shows no signs of stopping in the current one.

Instead of being viewed through the prism of either "real-world" physics or "imag-
inary" mathematics — as if imagination is insulting —, in mathematical physics /
physical mathematics, more similarly to its sororal mathematics than physics, we
find an already well-established science in an unfettered form, growing on its own
terms led by intellectual curiosity and creativity, and casting aside the motivation of
exploitable material innovation which an obsession on "real world progress" would
demand. It is a happy accident that this can all be justified as perhaps leading to
physically viable theories after symmetry breaking, but to hope for flying cars as
the end result is to miss the point entirely. In the Hilbertianesque programme [205],
Gregory Moore also sums up an optimistic attitude necessary for this, and indeed
any, successful intellectual endeavour

If a physical insight leads to a significant new result in mathematics, that
is considered a success. It is a success just as profound and notable as an
experimental confirmation from a laboratory of a theoretical prediction
of a peak or trough. For example, the discovery of a new and powerful
invariant of four-dimensional manifolds is a vindication just as satisfying
as the discovery of a new particle.

This science furthermore incorporates a set of experimental methods deemed of
no less importance by our scientific community than the theoretical, found in
experimental-mathematical techniques of computer-assisted numerical and symbolic
manipulation.

12 Fran Globlek



Introduction

1.2.1 Effective IR dynamics of N’ = 2 super Yang-Mills

We can interpret the scalar components of chiral multiplets of a Lagrangian d = 4
N = 1 theory as a sigma model to a Kahler manifold target space M with a
superpotential as a Morse function, and gauge symmetry being a gauging of a
subgroup of the isometry group Iso(M) [57]. This fixes the chiral-vector interaction,
but there is still a tremendous amount of freedom left in choosing a holomorphic
superpotential.

Increasing the amount of supersymmetry partially fixes this choice. N = 2
hypermultiplets consist of a pair of AV = 1 chiral multiplets while N' = 2 vector-
multiplets (¢, Ao, Aa, A,) consist of a N = 1 vectormultiplet and a N = 1 chiral
multiplet in the adjoint representation of the gauge group G'. Further, matter-
matter coupling is forbidden by the extended supersymmetry, so interactions are
possible only through the gauge group, i.e. by specifying a matter representation.
Quivers, encoding choices of gauge groups and matter representations, are therefore
often used to specify the theories completely.

The geometry is no longer Kéahler but special Kéhler and is fully fixed by a
holomorphic Kéhler prepotential F(z). The kinetic term can be written in terms
of the N/ = 2 superspace as

Ekinetic = Im/d20d29f(¢>)

where ® = ¢ + ... is a chiral superfield, which makes up the N' = 2 vectormultiplet.
The Kéhler potential is then given by K = Im ®!dg« F and the metric on the moduli
space is

Jab = aaabf

The only renormalisable choice is quadratic, F(z) = (ryv/2)x?. Here, 7yy =
47i/g® 4+ 0/27 is the complexified gauge coupling. If we explicitly integrate out
the auxiliary field present in the superspace formalism, in the case of a pure gauge
theory we find the effective potential

V(g) = g%tr 6,6

which needs to vanish for the vacuum to be supersymmetric. This means ¢ is valued
in the Lie algebra of the maximal torus of G, or the Cartan of g = Lie(G) if G is
semisimple. As such, if the scalar vevs are nonzero, interaction terms proportional
to tr[o, AM]2 in the Lagrangian will give mass to the vector field and result in W-
bosons with masses (¢)r, where r is a root of the Lie algebra. We have a breaking
g — U(1)™CY. This is called the Coulomb branch. The theory has to be specified in
terms of Weyl-invariant combinations of the adjoint scalar vevs, so

M = Spec[g]® = SpecClug, ..., Urq]

where u; = tr¢’. In the general case with matter, the effective potential is more
complicated and involves matter multiplet vevs. One solution of the F and D-term

1Unitarity demands positive definiteness of the kinetic term, which can be shown [269, §15.2]
to mean that G is (split) reductive, as its Lie algebra Lie(G) = g has to be a direct sum of simple
Lie algebras and U(1) subalgebras.

Fran Globlek 13



Introduction

vacuum equations is the same solution except with matter vevs turned off, so it is
also called the Coulomb branch. Another phase, called the Higgs branch, is specified
by the matter multiplet vevs and adjoint vevs turned off. It receives no quantum
corrections and is not the focus of this work.

This splitting of the vacuum moduli space into disjoint Coulomb and Higgs
branches is a general feature of N/ = 2 theories, although mixed branches exist
for higher rank theories. Physically, these represent different phases of matter. A
quark-antiquark pair is created at a distance r and propagating for time T before
annihilating can be represented by a Wilson loop taken over a r x T" rectangle. The
classical potential V' (r) they feel can be extracted from the expectation value of the

loop as T — o0,
efTV(r) ~ <t1” PeifA>

In the Coulomb phase, V' (r) o< 1/r leads to standard electrodynamics, while in the
Higgs phase, V(r) = const. In the dual frame, which we will soon discuss, nothing
changes on the Coulomb branch, while monopoles in the Higgs phase experience
confinement.

Now consider one-loop renormalisation, leading to

dg g9’ 5 b I b . p
+0(g°) = 7(n) = Tvv o 08— 5.7 108 1

Faun = 16n2

where A = Ayye?™v/? is the emergent dynamical scale. Beyond the perturbative
one-loop corrections, due to supersymmetry the only possible corrections are in-
stanton corrections, which modify the gauge coupling according to holomorphic RG
flow as

Therefore, we see that RG flow takes us from the microscopic theory correspond-
ing to a quadratic F to the realms of effective IR dynamics specified by the non-
renormalisable general F(x), as 7 = F” is the holomorphic function written above.
Considering the Coulomb branch, deep IR means we integrate out the massive
W-bosons. As such, we are left with the broken gauge group of rkG copies of
U(1). Given scalar vevs (¢;) = a;, the metric on the IR Coulomb branch is
gij(a) = Im 0,0;F = Im7;j(a). Clearly, it should be positive to ensure unitarity.
However, there is a tension here as we cannot have a globally defined matrix
of gauge coupling 7,; which is both holomorphic and having a positive definite
imaginary part’. The great insight of Seiberg and Witten [251] was to resolve this
in two parts. First of all, we have to drop a global description. Let a? = d,,F be a
dual coordinate on the Coulomb branch. It can be shown that a theory formulated
entirely in terms of a” is a dual magnetic description of the theory, an avatar of
Montonen-Olive duality which changes 7 — —1/7 and exchanges electric charges
and magnetic monopoles. The pair (a, a”) is called an electric-magnetic frame, and
it locally furnishes coordinates on the Coulomb branch. A key insight, however, is
that they are multi-valued. The Coulomb branch has to be parameterised in terms
of Weyl-invariant combinations of the adjoint scalar vevs a. In the G = SU(2) case,
Weyl symmetry is just reflection around the origin, so a good Coulomb branch

2Then Im 7 would be a bounded harmonic function on R?, so it has to be constant.

14 Fran Globlek



Introduction

parameter is u = a?. But this means a is a square root, and both (a, a”) develop a
nontrivial monodromy around infinity, since v — €*™'u maps a — —a, and we can
calculate that a? — —a” + 2a. Seiberg and Witten realised that this means the
Coulomb branch has singular points.

Second of all, besides the singular points, they recognised that these conditions
determine a Riemann period matrix of a Riemann surface. On a Riemann surface
¥4 of genus g, choose a Torelli marking of A- and B-cycles A; N B; = 6,5, AiNA; =
B;NB; =01in H,(X,,Z) and a basis of holomorphic differentials w; normalised so

that
Period
f Wz':(;igﬁ 7{ Wi = T;;
A B;

J J

Suppose we are given a meromorphic differential A € H'(X,) depending on a such
that d,,A = w; up to an exact 1-form. Then the coordinates can be given as

a,»:?{ )\,af:j{ A
A; B;

J

and the gauge coupling matrix is 7;; = 0, aP = ngeri(’d. This can be used to recon-
struct the prepotential F. Therefore, the theory is solved by giving the algebro-
geometric datum (X, \) of a Riemann surface with punctures and a meromorphic
one-form. At the punctures, the residue of A should give the physical masses. These
punctures are not to be confused with the punctures on the moduli space M itself,
where certain combinations of charges and magnetic monopoles become massless,
so Wilsonian RG flow diverges. Rather, the moduli space M itself has the geometry
of a g-torus fibration over a base B parameterised by Weyl-invariant polynomials,
M = Jac(X) — B. The tori have local coordinates (a;, a”). On the singular points
of the base, the tori degenerate. The singular points have been classified by Kodaira
for elliptic fibrations, and their monodromies are known.

It’s not obvious that this is the full solution. Consider a pure theory. For
G = SU(2), we need tkG = 1 pair of canonically conjugate coordinates (a,a”), so a
genus g = 1 surface which gives us two periods. For rank g, the space of symmetric
matrices 7;; has dimension ¢(g + 1)/2, those with positive definite imaginary part
forming a cone. But the moduli space of genus g > 2 Riemann surfaces has dimen-
sion 3g—3. I believe, however, that Novikov’s conjecture along with a generalisation
of Witten’s conjecture [275] solves the issue. Namely, a theta function with period
matrix 7;; may be associated to each theory. It is not clear that this theta function
may be associated to a Riemann surface. On the other hand, 2-TQFTs have tau
functions which solve the KP hierarchy, including the topological string. In this
case, the tau function can be identified with the theta function, and a topologically
twisted version of the A" = 2 theory can be seen as arising from compactifying the
topological string. Therefore, by Novikov’s conjecture, 7;; is a period matrix of a
Riemann surface.

Be as it may, we are mostly interested in the so-called class S theories, which
are built by compactification which features the Seiberg-Witten curve directly. An
example is pure SU(N) super Yang-Mills, given in hyperelliptic form as [113]

Y% = Py(w)? —4A*N, Py = ﬁ(w —w;), Y =A" (z — 3) (1.1)

. z
=1

Fran Globlek 15
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which is a N-fold covering of the 2-punctured z-plane and a 2-fold covering of the
w-plane, and the Seiberg-Witten differential is A = wdz/z. The Weyl-invariant
coordinates are the "Chern classes"

Uk = (_1)k+1 Z Wiy =+ Wy,

11 <...<ip

which are the coefficients in the expansion of Py(w), so we can see how the Seiberg-
Witten curve varies along the Coulomb branch. It can be seen that 9, A =
w™N"*dw/Y, which are the canonical basis of H!(%,) of a hyperelliptic curve. u; is
a trace and vanishes.

In general, the Seiberg-Witten curve can be written as a ramified covering of
another punctured Riemann surface, in the last example given by the z-plane. This
base is called the UV curve, because UV data such as hypermultiplet masses are
specified by the singularities of the holomorphic differential at those points.

The elliptic fibration structure of the Coulomb moduli space comes alive if the
IR theory is further compactified on a circle, R3 x S*, as the d = 3 theory itself can
be seen as a sigma model on M. The scalars a' stay, but the gauge field Ade“
decomposes to a 3-dimensional vector A}dxj along with a periodic (Peccei-Quinn)
scalar coming from the Wilson line 0, = [, A’ dz*. But a 3-dimensional vector is
dual to a periodic scalar field itself, defined by x3df;, = dA’. Together, this set of
fields describes M concretely as a torus fibration of a base given by invariants made
from the scalar field, which is a complex integrable system. Further, N' =4 d = 3
supersymmetry means the target space has a hyperkéhler structure. So in this case
we recover some facts about the space, although the Seiberg-Witten solution itself
is obscure.

1.3 The Omega Deformation

In [221] it was noted that the solution of A" = 2 super Yang-Mills on R*, by which
we mean its low-energy prepotential, can be found by deforming the theory with
two parameters €; 2, so that the prepotential is recovered in the limit

lim €1€e2log Z(€19,a) = F(a)
€1,2—0
and Z (€1 2, a) is the partition function of the deformed theory, which turns out to be
the same as the (generating function of the) instanton moduli space integral [207],
already known for some years, up to a classical and perturbative part.

The N = 2 supersymmetric algebra in four dimensions has, unlike with more
supersymmetry, essentially only one topological twist, the Donaldson-Witten twist.
The N = 2 algebrais U(2)g = U(1)gx SU(2) g R-symmetric. On the other hand, on
a spin 4-manifold M we also have an Spin(4) = SU(2); x SU(2), action, the Lorentz
group. We pick a homomorphism SU(2)g — Spin(4). This changes the space of
fields, since the extended N' = 2 indices and (dotted) spinor indices can be equated
by the homomorphism. So, if the vector multiplet was (¢, A}, Xy, A,,), with i the
extended supersymmetry index, then what used to be the chiral gaugino A, becomes
a vector under the twist, and the antichiral one decomposes into a scalar and an
ADS two-form. This general phenomenon means the odd superspace becomes (C &

16 Fran Globlek
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(A2T'M)™) while the even one becomes just the tangent bundle TM. In this way,
even spaces which might not have covariantly constant spinors, needed to define
supersymmetry, end up with one well-defined scalar supercharge. Often, the energy-
momentum tensor of these theories ends up being exact under this supercharge, and
therefore, observables closed under it are invariant to changes in the metric. This
is the construction of cohomological field theories [276]. The self-dual "fermion'
turns out to be a Lagrange multiplier imposing 1/2¢4pcqe Free = — F,p while the super

Yang-Mills action is
o
Se |22 / trFAF
812 S

in the supercohomology. As such, the evaluation of the path integral reduces to
integration on the finite dimensional instanton moduli spaces. There is also an anti-
twisted theory which localises on the ASD solutions. This amounts to redefining the
coupling 7, however. The presence of matter means the theory localises on certain
monopole solutions and defines the Seiberg-Witten invariant of M.

This is all much too restrictive to be of use on the "trivial" space M = R*. First of
all, the chiral ring of observables is somewhat limited by there not being nontrivial
cycles, as pointed out by Nekrasov. Secondly, the moduli space of n-instantons,
meaning those with second Chern class co(P — M) = n, M, is non-compact due
to point-like instantons. Uhlenbeck-Donaldson compactification adds these points,

however the space is singular due to reducible connections. The twist appropriate
for solving the theory, turns out to be the one introduced by Moore, Nekrasov and
Shatashvili [206], although it first appeared in the context of d = 6 dimensional
super Yang-Mills. The BRST operator is in this case not exact, but squares to an
isometry of the space. This means we localise on those ADS solutions invariant
under a certain torus action, which corresponds to isometries of a deformed R*,
the Omega-deformation. It is crucial to note that these are the (A)SD connections
on the original R, not on the Omega-deformation. That is, although the Omega-
deformation RﬁL , can be given a metric of its own in five dimensions as a twisted R*
fibration of S*, the so-called Melvin space, which we could reasonably pullback to
the fiber, the localisation involves the flat, run of the mill R* metric and its Hodge
star. There are no d = 5 "instanton particles" involved.

Specifically, we consider R* = C x C and consider the torus action T = C* x C*.
Actually, instantons are (A)SD connections with finite action, which implies the
vanishing of the curvature at infinity, or A — ¢g~'dg for some g € G at infinity. Note
that, amazingly, the scalar supercharge is on-shell exactly the BRST differential
from BV-quantization of the bare topological action S o< co( P — M) [253, §2.6].
Therefore, it has to square to an infinitesimal gauge transformation when acting
on the vector field A,, and we find §?4,, x V,¢. Moreover, acting on the scalar
field itself we find §2¢" oc [¢, ¢T]. For concreteness we consider the gauge group
G = U(k). In the SW theory, it was supersymmetry which imposed the Coulomb
branch breaking of the gauge group to its Cartan U(k) — U(1)* as one of the
solutions. Here, we find two things:

1. nilpotence of the twisted supercharge demands [¢, ¢'] = 0

2. ¢ parametrises infinitesimal gauge transformations
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Therefore, we have gauge transformations parametrised by the (vacuum expecta-
tion) values (¢) = a of the adjoint scalar ¢. These are rigid gauge transformations
and should be interpreted as rotations of the framing at infinity. Although we could
think of the gauge group as being asymptotically spontaneously broken to the Car-
tan U(1)*, we are looking at instantons of the full gauge group G "in the bulk".
However, we will shortly show that we have to localise at fixed points of this torus
action. Precisely this will ensure that all our solutions are indeed on the Coulomb
branch that is, that the gauge group is not merely asymptotically but everywhere
spontaneously broken. This is because the centraliser of the (maximal) torus action
in a connected, compact Lie group is precisely the Cartan, which is the torus itself.
So our solutions are actually on the torus, as the fixed points of the action have
to be in the centraliser. In [215, §4], Nakajima and Yoshioka notice that rank 1
sheaves, in a direct sum of which the instantons split, are easy to study, luckily for
the entire mathematical physics community. As we switch the Omega deformation
off to get back to Seiberg-Witten theory, we remain with instanton corrections on
the Coulomb branch, with broken U (k) — U(1)*, which also ensures supersymme-
try is unbroken. This is in spite of the fact that our single BRST scalar is weaker
than full /' = 2 supersymmetry, a happy accident of sorts.

The Omega background itself can be described as already mentioned, as a
twisted R* fibration of S, so that the total space the quotient of C? x S* under the
Z, action

n (21, 22,t) = (%21, 72" 2y, t + Bn)

where £ is the radius of the circle. The four-dimensional theory is the dimensional
reduction of this Melvin space to the R* fiber, alternatively the 5 — 0 limit when
the base shrinks to a point. The Omega background is often denoted by ]Rfm. €12
are the first Chern class of the R* bundle, and we often view them as equivariant
parameters. Two main phases are the self-dual background where €; 4+ €5 = 0, which
is linked to topological string theory with gs = €;, and the Nekrasov-Shatashvili limit
€, = 0, which is quite singular and has some interesting links to quantum mechanics
with A = €.

Having deformed the 4 dimensional N' = 2 Coulomb branch dynamics to a
a twisted TQFT and seen that the super Yang-Mills action reduces to the second
Chern class and an exact term, and localises to ASD solutions, and breaks to U (1)™¢
under a torus action, we can convince ourselves that the way forward is to look at
the torus T-invariant solutions on the moduli space M,, ¢ of n-instanton solutions.
We also have to take into account quantum fluctuations in the path integral, which
don’t depend on the instanton number and terminate on the one-loop term due to
the supersymmetry. All in all, we have the decomposition of the path integral to

Z(€1,27 CL|A) - chassical(€1,2’A)Zone—loop<€1,27 a)Zinstanton<€1,27 CL‘A)

where A is the complexified dynamical scale of super Yang-Mills, and

VL 42
chassical(61,2|A> = (A2h )26162 ) Zone-loop(el,Qa Cl) = eXp{_ Z 761,62 (CL ’ OC‘A)}

a€ER

are the tree-level and one-loop terms, explained in [221, §3.10], [253, §2.3], and [215],
and the instanton part is the generating function of instanton volumes, futher lo-
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calised to T-equivariant points using essentially the Duistermaat-Heckman formula,

Vn \/n ]_
Dz d) = A [ 1=3I S s ()
p m,

TLZO Mn,G nZO pG(Mn,G)T

To actually calculate this, we switch to equivariant localisation [1413, , .
Namely, consider a smooth manifold M with a G-action. If the action is free, we
define equivariant cohomology by H&(M) = H*(M/G) since M /G is smooth. If
the action isn’t free, we would get stacky points with this construction, so we define
H)(M) = H*(M x¢ EG), where EG is the universal bundle. As an example,
for a point we get Hg(pt) = Ho(EG/G) = H&(BG). Over C, this is C[g]", the
characteristic classes, given by Weyl-invariant polynomials of the Lie algebra.

In general, we would like to describe it using a complex. On a € Q*(M) ® C|g|,
the natural G-action is (¢ > a)(z) = a(g~'x). Equivariant differential forms satisfy
a(gr) = (g> a)(x), so they are invariant under the G-action. This leads us to
consider G-equivariant differential forms, Q% (M) = (Q*(M) ® C[g])“.

The differential itself is available via the topological twist. Namely, in general
we want it to square not to zero but to an isometry generated by a vector field V,
and this can be achieved by

dg =d+ &y = d% = &{d, iy} = &Ly

if £y is seen to act on Q°. Then H (M) = ker dg/imdg.

It turns out integration of G-equivariant top forms is very simple if G =T is a
torus. Namely, if 7™ : M — pt is a projection to a point, then integration can be
seen as the pushforward to the T-equivariant cohomology 7 = Hg(M) — He(pt).
Consider the inclusion ¢ : F' — M of T-fixed points into M. The important non-
trivial property of the Euler class Eu(Ng) of the normal bundle to F' in M is that
it doesn’t vanish, and that

P F = EU(N F)

where @ is the Thom class, the Poincare dual to F', 1,®r = 1. This lets us write

the pushforward 7 in terms of of the composition 7 =i = 7M as
M i
T, =
* * Eu(Ng)

This is the Atiyah-Bott integration formula [9]

/a/EuNF

and since F' is a set of isolated points, it is equivalent to (1.2) in our case.
This first-principles calculation of A" = 2 super Yang-Mills on R? | e, can then be
done once the moduli space is described.

1.3.1 The ADHM construction

There is a constructive approach to n-instanton solutions on S* for classical gauge
groups, called the ADHM construction, first tersely presented in [10]. Dimension
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counting confirms that these are in fact all the solutions. Therefore, it can be used

for equivariant localisation, as in [221, 227]. Here we describe G' = U(r) instantons.
Instantons in the ADHM construction are reconstructed from a quiver with a

superpotential. The two nodes of the quiver are conventionally denoted by

N=C*=Cr, K=C"
a quadruple of linear maps
(B1,By,1,J), Bise€ End(K),I €Hom(N,K),J e Hom(K,N)

and the moment maps, the vanishing of which are usually called the ADHM equa-
tions,

pig = By, Bl] + [By, BY] + ITT — JTJ
Hc = [Bl,BQ] -+ ]J

There is an action of GL(K) = U(n), called the dual group G in this context, so
that
g> (By, By, I, J) = (AdyBy,AdyBa, gI, Jg~ '), g€ U(n) (1.3)

and the action of the torus T which includes spatial rotations is
t> (Bl, BQ, I, J) = (tlBl, tzBQ, [t?:l, tltgtgj), t172 - 661’2 € (CX ; t3 - ea € U(l)r
The instanton moduli space is then defined as the hyperkahler quotient

Mn,r = {(BhB?vIa J)|#R = Ovlu(c = O}///GV

and it can be checked by simple component counting that its complex dimension is
2rn. The actual instanton is constructed from the Dirac operator, with z;, € C

o Bl —Z1 BQ — 29 1
b= —Bl+z Bl —zr —Jt

2 T2 DT &4
Namely, we pick a zero mode ¥ € ker DI normalised to unity, and the ADS con-
nection is then simply A = ¥TdW¥, and all the necessary properties follow from the
ADHM equations.

The same construction can be derived from brane dualities in type II string
theory [77, 78, , , , |. Namely, consider N coincident Dp branes along
with k& D(p — 4) branes (p > 3). The stack of parallel Dp-branes is described by
p+ 1 dimensional U(N) super Yang-Mills theory with 16 supercharges, since fixing
of the branes breaks half of the supersymmetry. This is coupled to 9 — p adjoint
scalars which describe the position. The D(p — 4) branes can be outside the Dp
stack (Coulomb branch) or stuck inside the Dp worldvolume (Higgs branch), or
mixed. It turns out, however, that the mass and charge of the trapped D(p — 4)
brane matches with an instanton in the Dp stack’s worldvolume. The Ramond-
Ramond form coupling to the D(p — 4) branes for an instanton solution F' = xF of
the worldvolume theory equals the source of the D(p — 4) brane itself

+1 8 -3
tr [ d"C s AFAF = —tr dr3C, 4
Dp € D(p—3)
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The ADHM variables (B 2, I, J) can be identified in turn with open strings connect-
ing D(p—4)-D(p—4), Dp-D(p—4), and D(p—4)-Dp branes (Chan-Paton spaces),
and the ADHM equation is the BPS condition for preserving supersymmetry. For
p = 0 one is left with ordinary quantum mechanics, although properly speaking we
need higher p to ensure the existence of a moduli space.

This is the whole moduli space. To see why fixed points under the torus action
are labelled by Young diagrams, a good piece of intuition comes form comparing
this moduli space to the Hilbert scheme of points. This also gives us an insight
into how to regularise the moduli space. A Hilbert scheme is, in general, a moduli
space of subvarieties, and its definition is one of a representable object of a functor.
Namely, for a projective scheme X over a field k = k, the Hilbert scheme Hilby
is characterised by the property of the set of k-scheme morphisms Hom(U, Hilby)
being in bijection with closed k-subschemes Z C U x X such that the induced
projection Z — U is flat, and that this is functorial. For U = Spec(k), Z are
really all the closed k-subschemes. Next define, for p € Q[t], Hilb% as the same
construction but only with those Z with Hilbert polynomial p®. Then the Hilbert
scheme of n points in X is

(X)) = HibR ="

that is, with constant Hilbert polynomial p(t) = n € N. In general, there is a
Hilbert-Chow morphism (X )1[:;11 — Sym"X which is birational for dim¢ X < 2.
For curves, (X)" = Sym"X, while for nonsingular surfaces, the Hilbert-Chow
morphism is a resolution of singularities by a theorem of Fogarty. The singularities
themselves occur when points are stacked on top of one another, and in dimension
one the only datum to describe this is the multiplicity, while in higher dimensions
the directions of the limiting process of collision have to be described as fuzzy points.
Here we fix our attention to surfaces. Here we follow Theorem 1.14 in [214]. For an
ideal Z, let Vz = Cl[z1, 25] /Z. Then, as sets,

((CQ)[”] = {ideals I € C[zy, 25]| dim V7 = n}

Define B; » € End(V7z) as multiplication by 2,5, and IHom(C, Vz) as the unit. Fix
Vr = C". We have [By, By] = 0 and V7 = C[By, By|I. This leads to the equivalent
description

(B, By] = 0
(CHM = { (Byo,I) | C*=C[By,By]I-C y /GL(n)
(stability)

with group action analogous to (1.3), but with GL(n). Finally we get to the crux
of the matter. The moduli space of torsion free sheaves of rank r and second Chern
class n M,.,, on P? can be described as a higher rank generalisation of the Hilbert
scheme of points,

I

M, C" =C[By, Bl -C % /GL(n)

( Bi 2 € End(C"), I € Hom(C",C"),
(stability)

[By, By) +1J =0
J € Hom(C",C") ) ‘

3 Actually, we assign a Hilbert polynomial p, to each fiber 7=*(u) of the projection Z — U,
but due to flatness this is u € U independent as long as U is connected.
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with group action analogous to (1.3), but with GL(n). By proposition 2.7 in [211],
forr =1,.J =0, so (C*)" = M, ,,. This can be shown by noting that C[B;, By]I =
C", so if Jp(By, Bs)I = 0 for any monomial p, then J = 0. Induction on the degree
can be used here, with the base step JI = tr IJ = — tr[By, Bs] = 0.

Note that this definition is very similar to the ADHM data. The two main
differences are the replacement of the real moment map pugr = 0 with the stability
condition, and a GL(n) quotient instead of a U(n) one. It turns out that imposing
the additional conditions and quotienting by a smaller group is almost equivalent
to forgetting the "complex structure" and quotienting by the smaller group (note
that no adjoints are present in the torsion-free sheaves description). I say almost
because there are subtle differences, see [91]. It turns out that, schematically

M., = {(stability) and puc = 0}/GL(n)
= {ur = ¢ 1y and pc = 0}/U(n)

with ¢ > 0 is a minimal resolution of the ADHM space
MR = {pg = 0 and pc = 0}/U(n)

For r > 2, the smooth locus of MQEHM is the set of simultaneously stable and
co-stable (ie such that K = C[BI, BI]JIN) solutions, which don’t exist for r = 1
since there are no U(1) instantons. Therefore, we have a resolution of the original,
singular ADHM space. How can we ensure not to pick up additional contributions
coming from the exceptional divisors? Both spaces are symplectic manifolds. When
localising on the torus-invariant solutions, however, Nekrasov uses the symplectic 2-
form of MﬁEHM lifted on the resolved space M, ,,, which vanishes on the exceptional
divisor by definition, and not the symplectic form of the resolved space itself [221,
p. 18].

Besides stumbling upon the correct regularisation of the instanton moduli space,
the Hilbert scheme of points approach lets us describe the fixed points under the
torus action. We already saw that B, are a lift of multiplication by z; . Cor-
respondingly, spatial rotations act as B; s — 2B 5. By the stability condition,
ideals are {f(z1, 22) € C|z1, 22]| f(B1, B2) = 0}. The torus action lifts to the ideals,
so that f(z1,22) = f(eD2y,e22y) = €110 f(2 2y) are fixed points. These are
monomials. However, all monomial ideals can be described by Young diagrams.
Drawing a Young diagram A on the Z?2, plane, the we have an isomorphism

I~ XNZ)= {(i,Dlzizé ¢ I}
A= T(N) = {2120](i,5) ¢ A}

and clearly the requirement dim C[z1, 23]/Z = n translates to the Young diagram
having a total of n boxes.

This intuition turns out to be correct. Again, we have a regularised, compact®
moduli space, and we want to apply equivariant localisation which only picks up
torus-fixed points of the ADHM moduli space. Then we can apply the Duistermaat-
Heckman formula. The torus-fixed points are such that they stay on the same U(n)
orbit, so by writing g = e € U(n), t3 = e* € U(r) we get to first order

[Qb, BLQ] — 6172B172 = O, ¢I — ICL = O, —J¢ -+ (CL — €1 — EQ)J = 0

4By adding point-like instantons via the Uhlenbeck-Donaldson compactification, as described
earlier.
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As we already noted, a has to be diagonal, and this can always be arranged by a
U(n) adjoint action. If we decompose I = ®1;, J = @J; with respect to the action
of the same torus, the last two equations ¢I; = I;a; and J;¢ = Jj(a; — €1 — €3) say
I;, J; are left and right eigenvectors of ¢. Since

a; — €1 — €9

1
JZ'I]' — Jz—¢IJ - J,LI]
a;

aj

JI = 0 at the fixed points with general epsilon parameters, and [By, Bs] + JI =
[By, By] = 0 commute. The monomials fixed under the torus action are the eigen-
vectors

¢(By' B3 1;) = (a; + s1€1 + s2€2) By B3? I

so we have r Young diagrams {\; };:1, one for each I;, parametrising the fixed point
As for applying the Duistermaat-Heckman formula, we need the Euler class of the
tangent bundle to these fixed points. To add matter to the mix, we need additional

bundles [56]. The derivation has been very thoroughly redone in §1.9 and appendix
B of [172]. Originally, it was sketched in [189, 221], done rigorously in Theorem 2.11
of [216] similarly as Proposition 5.7 of [211] and expanded to other groups in [253].

The characterisation consists in taking a fixed instanton solution A, and deforming
it to another ASD connection A, + dA,. Then trivial gauge transformations are
discarded by looking at the Atiyah-Singer complex

QUCH x g — QYC?) x g — Q*T(C*) x g

where the first arrow is an infinitesimal gauge transformation ¢ — V¢ and the
other is the linearised ASD condition §A — V0 A, and rewriting it in terms of the
ADHM data, with the first arrow again an infinitesimal gauge transformation and
the second linearised ADHM duc. The character at the fixed point labelled by a
tuple of Young diagrams Y is

ChTf/’Mnn - Z Niﬂ' (tl, tg)
7,7=1

where t; 9 = €2 and

N’J(SL‘ y _€CLJ a; Zx v; (c ay C)+1+Z‘T c)+1 *CLYJ c)

ceY; ceY;

Actually, given the character of a bundle in the form ChE = >, n;e™, we can
convert it to 4,5 or 6 dimensional formulas by using the index operator defined as

x an
I(€) :H[xi]"i, [l =q1-e™ R, xS
‘ Ole=*|7) RE, xT,

for theories with 8 supercharges on the indicated spaces, so we can get a lot of
mileage from these calculations.

We note that besides this calculation, which realises instantons as the Higgs
branch of branes within branes, there is a more recent construction in terms of the
Coulomb branch of 3d theories with 8 supercharges [00], resulting in a different kind
of quiver.
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1.3.1.1 gg-character

A related question is what happened to the Seiberg-Witten curve when the Omega-
deformation is turned on. It was noted in the context of the BPS/CFT correspon-
dence [222, 223] that Schwinger-Dyson identities imply that

the Y-operator is the generating function of the chiral ring operators, satisfies the
equation

1
TR

here concretely for the A; quiver theory. The entity on the left hand side is called the
qq-character, since it is reminiscent of the SU(2) fundamental character y = y+1/y.
The right hand side is a degree N polynomial in x. In the NS limit, this means
that the Seiberg-Witten curve is a difference equation, equivalent to a deformed
TQ-relation for an XXX spin chain in d = 4 [220].

= Py(z]er, €2), q=erte

1.3.2 Nekrasov functions

Here we review the end results, the Nekrasov partition function of interest for this
work [50, 88]. Given two partitions Y] = (k1 > ko > ... > k; > 0), Yo = (k1 > ko >

.. > k;>0) and a cell ¢ = (i,7) € Y1 we define the auxiliary functions
¢la,c) =ate(i—1)+e(-1)
£(a,b,Y1,Ys,¢) =a — b+ e1(leg(c, Y1) + 1) — ea(arm(c, Y3))
the last of which, a deformed hook length, uses arm(c,Y) = k;—j, leg(c, V) = k;—1,
and finally set

E((l, b7)/17}/2) = H g(aa b7)/17}/276> (61 + €2 — f(% baYVh}/%C))

ceYr

1.3.2.1 The classical gauge groups SU(n), SO(2n + x), Sp(n)

In the following we consider n partitions (Y7, ...,Y,) = Y with the total number of
boxes k. Then the equivariant volume of the & instanton moduli space for U(n) is
given by

n

723V = 1] (Bloi,05,Y:, 7)) ™ (1.4)
i,j=1
ZkSU(n) _ Z ZSU(n)(}_})
Y=k

and SU(n) is obtained by restricting to the ), o), = 0 slice. For the orthogonal
groups, if x € {0, 1},

ZSO(2n+X) _ Z ﬁ HceYi 4(¢(Uz‘7 C))2X(4¢(Ui, 0)2 - 1)2
g [[= E(oi — 0, Y5, Y;)2E(—0; — 05, Y}, V) E(0i + 05, Y, Y))

3 |

(1.5)

|V |=k =1
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The combinatorial expressions for Sp(n) are more involved. Namely, one has to
multiply (1.5) by extra factors depending just on the 2-background parameters®. A
combinatorial solution is proposed in [170], the issue can also be approached using
Jeffrey-Kirwan residues as in [218]. For the self-dual background we can simplify the
latter procedure via a €, = £1 F 40 prescription which renders the pole structure
easier to handle. Namely, in that case we need to define two-indexed functions
727 guch that
2k,

ZH<H4 (04, ¢))*(46(0s, €) — 1)2>

|V|=k =1 \ceY;
n -1
X <H E(o; — UJ7Y;’Y3) E(—0; — UJWY??Y})E(UZ' + UJ7Y;7Y?>>

and then the fractional instanton contributions are given as
n 4
Sp(n) 1 Sp(n) 1 ¢(0—i>c)
Zogy = §sz,o 1;[ 2 Z H (b(0s, 0)2 — 1)2

sp(m) L spin) T 1 (¢(0i,¢)* = 1/4)°
Zakz" = 822’“’0 H (02 —1/4)2 Z H (¢(0s,¢)2 — 9/4)2

i=1 |f/’|:kC€Yz
Sp(n) 1 Sp(n) - 1 ¢(Uiac)4(¢)(o-m ) B 1/4)
Zoka = Tq3 7m0 H(—ag)(ag_uzl)? |§k1€1 (6(03,¢)* = 1)%(6(03,¢)* = 9/4)?
1 Sp(n) - 1 (¢(Uza C)2 — 1)2
—Z.
i e 2 e o=

where the summands in the last expressions are due to V. = TY2 + 1 4+ T2,
Vo=T+14+T tand V =T +1+T71, Vo =T?+1+7T~2 contributions to be put
in the character (4.16) of [93], which can be continued further easily. This finally
enables one to compute

= >z

2m+-l=k
and it agrees with appendix B of [193]. Further, we can add fundamental matter
by adding a factor of
Ny p
[III1I (¢(e;,0* = mi)
i=1 j=1 c€Y;

in the numerators.

5In the brane realisation of instanton counting these are usually dubbed fractional instantons,
stuck at the orientifold plane [93].
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1.3.2.2 SU(2) with fundamental matter

Given the partitions Y; o, Wi 2 we can define

Zbifund.(al,0275/1,5/57b1752,Wth,m) =

2
H H (é_(az - bj7)/i7WjJC) - m) H (61 + € — g(b] - a’bVVj?}/iac) - m)
1,7j=1 ceY; ceW;

Further we define,

Zadj.(ala ag, Yh YQ) - Zbifund.(ah as, }/17 )/27 ay, az, Y17 )/27 0)_1

2
qund.(a'ba%m?}/%m) = H H (¢(aiac) +m)

1,j=1ceY;

Then for SU(2) with Ny fundamental flavors we have

Zk(a) = Z Hi\;fl qund.(o', —0, Y17}/27mi)
Y1 |+|Y2|=E Zadj,(O’, —0, Y'l, Y’Z)

To obtain U(2), replace (¢, —0c) with (o7, 02) in the above.

1.3.3 Universal one instanton formula

It was found in [24] that an instanton of topological charge 1 may be constructed by
means of an sl, triple corresponding to a long root. This was used to calculate the
1-instanton corrections to the Seiberg-Witten curve [151]. Besides this embedding
in the internal degrees of freedom, the instanton has a C? of moduli specifying its
position, therefore the holomorphic functions on this product space is a U(1),, X
U(1)., x W-module. It is precisely its character that the 5 dimensional uplift of the
theory will be calculating, and the 4 dimensional formula may be seen as its "Weyl
dimension" analogue, and in

v 1 1
A2h Joo= —
' €1€2ﬁZ (e1te+pB-a)B-a) [] (a-a)
ong aBV=1
1
. 1.6
2 G I @) 0
a-BV=1
rewritten in e-units [170]. Comparisons with ADHM calculations [93, 193, 227] tend
to reveal some sign differences, e.g. Zf"’0"|(1,6) = —Zf"’C"|ADHM, which is why the

rescalable instanton counting factor of A ought to be kept in mind.

1.3.4 Blowup equations

The instanton moduli spaces for exceptional groups lack an ADHM description
since their fundamental representation is different from their defining one. Thus to
compute higher instanton terms one cannot resort to the usual localisation tech-
niques. An alternative approach, besides the one discussed in this work, is by
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blowup equations, although these do not give compact expressions such as (1.6).
Roughly speaking, blowup relations relate the partition function on the blown-up
geometry to the blowdown. The origin 2; = 2, = 0 of C? is replaced by the excep-
tional divisor, which exchanges the origin as a fixed point to the north and south
poles of the divisor, each an ordinary Nekrasov partition function, with their vevs
determined by a Z-worth of gluing conditions at the equator [18, §2]. Further, flux
can be turned on through the exceptional divisor itself and its d-fold product, giving
an observable Z,. This observable can be related to the ordinary Nekrasov function,
or vanish. A terrific review of how far-reaching the consequences of these relations
are, see my older academic brother’s thesis [258]. Generalizing the d = 4 expression
in [216] to general gauge groups as was done for d = 5 in [170], except noting that
in d = 4 the partition function with flux on the exceptional divisor vanishes — so
Zd o = Z but Zd>1 = (0 — we obtain

: Z (€191 + (1 + €2)is + M- s+ 2m? (261 + €3))

Z’n ) b =
(€1,€2,8) L(ey, €1 + €2, 8, m)

neiey |
Fme+i1+iz=n

mEQv, 11,2<n

1
(€1Z1 + (€1 +€)(ia—n)+m-s+ §m2(261 + 62))

21 61,62,8+61m)Z ( 62,61+€2,8+ (61 +€2)m> (17)
starting from Zy(e1, €2, 8) = 1, where L(e1, €2, 8, m) :=[] cp l(€1, €2, 8, m, o) and
( [T (—iei—jez+m-s), ifm-a <0,
i,j>0
i+j<-m-a—1
l(€1,€9,8, M, x) = [T (Gi+Dea+(+1)e+m-s), ifm-a>1,
i+jg]n%-(;72
1 otherwise.
(1.8)

Since we are interested in the self-dual background, we see that naively taking it
leads to some singular terms in the summands due to the NS limit getting involved,
so care must be taken to first preform the summation and then to take the limit.
In particular, one can take e, = 1+ 9, e = —1 and then safely send 6 — 0 in the
final expression.

Note that blowup equations naturally provide a link between the self-dual and
the N.S. Omega-background. This is important from the point of view of exact
quantisation [115], surface operators [2241] as well as ¢ = oo irregular conformal
blocks [106]. They also provide a link between the self-dual and the ¢ = —2 back-
grounds, which can be used to derive Painlevé 1113 in tau form [32] as well as the
N = 2* tau system [25]. The reader may wish to investigate these links further.

1.4 The Seiberg-Witten/Integrable system corre-
spondence

Recall that the Seiberg-Witten solution gives the Coulomb branch of N =2 d =4
theory the structure of an elliptic fibration, Jac(Xsw) — B. This is explicitly an
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integrable system. After the first SW curves for G = SU(N) were found [7, 179], in
[111] it was noted which integrable system it corresponded — the N-periodic closed
Toda chain. In fact, the curve (1.1) can be written as the spectral curve

det(L(z) —w) =0

where L(z) is the Lax operator

92 —41 91—49N
P1 e 2 0 ... ze 2
a2—4q1 43—4q2
2 P2 e 2 0
43—492
L(z) = 0 e p3
: 0 ’
1 a1 —4dN
€ 2 DN

This was generalised for any semisimple G to a Toda chain based on G [71, 72, 73].
If adjoint matter is present, then the system is elliptic Calogero-Moser [75, 197], and
if fundamental matter is present, it is an inhomogenous periodic XXX spin chain
[112]. Dimensions can also be increased — see [111] for an overview.

In [75] a link with Hitchin systems was shown. This is elucidated by the class
S construction, where these theories are obtained by compactifying a topologi-
cally twisted d = 6 N' = (2,0) theory on M, x C. The original theory contains
adjoint-valued scalars, and only one survives the twist, and it can be viewed as
a holomorphic adjoint-valued one-form ®.dz on C' [99]. The Coulomb branch is
parametrised by its higher traces, and a curve detaqg; (A — ®,) = 0 can be obtained,
which corresponds to the SW curve.

1.4.1 Integrable systems and the spectral transform

The Donagi-Witten integrable system is a general feature of Coulomb branches, and
most of my work has to do with isomonodromic deformations, which are generalisa-
tion of integrable systems. Here we have in mind classical integrable systems, as the
study of quantum ones tends to be quite orthogonal to the classical counterparts.
A good introduction is [31]. There are several perspectives on integrable systems.

1.4.1.1 Liouville integrability

The most standard one is Liouville integrability via the Hamiltonian perspective.
Namely, we consider a 2n-dimensional phase space M with a non-degenerate closed
2-form w = h¥%dx; A dz; in some chart. Introduce a Hamiltonian function H :
M — C in the usual way via a vector flow 0y, dH = igyw along with a Poisson
bracket on the sheaf of continuous functions C'(M) on M, which is a nondegenerate
antisymmetric C-derivation {.,.} : C(M) x C(M) — C(M) which satisfies the
Jacobi identity. In this case it looks like {f,g} = hi;jO., f0s,g, so that the time
evolution with respect to the Hamiltonian H is f = {H, f}. Liouville integrability
then means we can find n independent functions F; in which Poisson-commute with
H and are all in involution, {F;, F;} = 0. Locally, we can always introduce Darboux
coordinates g;, p; such that w = ). dp; Adg; and {p;, ¢;} = &, {pi,p;} = {a. ¢;} =
0, but Liouville integrability is a global statement. As such, the symplectic leaves
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F; = constant folate the phase space. These leaves have the topology of an n-
dimensional torus, and we can choose the so-called action-angle variables which
correspond to flows around the cycles of the torus: the action variables are just the
periods of the fundamental (Liouville) form 6, df = w, and the angle variables are
their conjugates. The motion is then free.

The construction we described is very much modelled on the cotangent bundle
T*M. Before going on, this would be a suitable place to introduce another example
of a symplectic space, coadjoint orbits. Let G be a connected finite dimensional
Lie group with Lie algebra g = Lie(G). If g* is its dual® algebra with pairing
(.,.) : g* x g = C, then the adjoint action Ad : G x g — g, Ad,x = gxg™!, and
the coadjoint action is defined via the paring )Adjz,y) = (z,Adyy). A coadjoint
orbit invariant under the Ad" action O, = {Ad}p|g € G,p € g*} can be associated
to any p € g*. What is interesting about these spaces is that they’re all canonically
symplectic. If the corresponding infinitesimal version of the coadjoint action is ad.,
so that (ad.(Z2)z,y) = —(x,ad(Z)y) = —(z,[Z,Y]), giving a representation of g in
g*, then the natural symplectic form is defined by w,(ad.(z),ad.(x)) = (p,[z,y]).
By proposition 1 in [174, §1], this form, called the Kostant-Kirillov symplectic form
w on O, is the derivative of < p,© >, where © = g~'dg is the Maurer-Cartan form.
With some abuse of notation, we can write W% = (pg~tdg A g~'dg). On g* itself,
the Poisson bracket is {X;, X;} = cijk with cfj the structure constants of g. Far
from being abstract, this construction actually gives a purely classical counterpart
of a spin-n/2 particle. A two-dimensional sphere S? with quantised volume n+1 and
the standard symplectic form can be seen as a coadjoint orbit of sus, the geometric
quantization of whose n-dimensional unitary irreducible representation gives exactly
the spin-n/2 particle.

The great value of this construction to integrable systems comes from reformu-
lating the bracket to a factorisation problem g = g. & g_ into subalgebras along
with centrally extending G to the loop group L*G = G[[\]], A € C*. Consider G
as a matrix group for concreteness. The dual loop group is then L~G = A'G[[A7!]]
with pairing

(Z TpA~ ", Z YmA™) = tr Res —o Z TpYm A" = Z TnlY_1-n

n<0 m>0 n<0,m>0

Then it’s clear that for this explicit bracket and any g € LOTG, (z,Adyy) =
(grg™t,y) = ((gzg™")_,y) where (.)_ projects to negative powers of ), so that

Adyz = (grg™h)_

Soon we will be looking at the similar case where L(\) € O4, A € LG, and the
infinitesimal flow on the coadjoint orbit is

L\ = ad*(M)L = [M(\), L(\)] (1.9)

which we will call the Lax equation. Besides the actual dynamics, we note that the
L* G and L~ G as we have described them actually fit together into what is usually
called the loop group LG = L°TG & L~G = Hom(S?, G). As such, this splitting is
related to the problem of factorisation of loops, which can further be reformulated

5Not in the Langlands’ sense.
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as a Riemann-Hilbert problem [212]. A classical result is Birkhoff factorisation: any
loop v € LGL,, can be factorised as

Y=9-2%

where 72 € L*GL,(C) and 2% is in the maximal torus i.e. of the form 2* =
diag(z®,...,2%). Loops with 2® = id form a dense open subset of the identity
component of LG L,,, and the multiplication L7 X L™ — LG L, |that subset 1 a diffeo-
morphism, where L = L™ |(c0)=1-

A beautiful consequence of this factorisation of use in section 1.5.3 is the classical
Grothendieck’s theorem on holomorphic vector bundles on P!. Namely, to construct
a rank n holomorphic vector bundle, cover S? = P! with two opens S? = U, U U_,
Upr={z€C:|z| ; 1}. On UL any bundle is trivial and is locally Uy x C". Loops
come in when we look at the holomorphic transition functions v : U, NU_ = S1 —
GL,. Therefore, rewrite v = y_-2*-v,. If we change coordinates on U, x C" by v,
and by v~! on U_ x C", the transition function is just 2%, and so any holomorphic
degree n vector bundle on P! splits as O(ay) @ ... ® O(ay,).

1.4.1.2 Lax pairs and the spectral transform

What many people have in mind when they think of classical integrable systems,
however, are solitons, the localised, dispersionless travelling wave solutions of non-
linear wave equations. This is an infinitely dimensional phase space, and for the
shape of a wave to be preserved, intuitively we see the need for infinitely many
conserved quantities, consisting of derivatives of all orders which we need to specify
its shape’. That they be in involution is, however, not an obvious requirement.
Further, as the consequence of them being in involution, any one of them defines
its own independent flow, so we end up with an infinite hierarchy of flows.

An alternative approach to integrability has the ability to subsume these kinds
of systems without going into the subtleties of infinite-dimensional symplectic man-
ifolds is based on the Lax equation (1.9). We can solve it immediately:

_ _1dg(t
Lt) = oLO)(), 211) = (1) A
Therefore, integrals of motion are given by traces of powers of L. By itself, this can
be written as a compatibility condition of the following equations, if the functions

W exist such that

L(/\v:u)\ll()HM) = M\II(/\nu)a atqj(/\nu“) = M<)"FL)\IJ(/\7M)

with p t-independent. This reformulation leads to what I will call Krichever’s
definition of integrable systems, which is compatibility conditions of overdetermined
systems of linear equations.

The spectral parameter A is very important. In the setting of (1.9), it came from
the loop group. In general, matching powers of A, we find a host of nondynami-
cal, constraint equations on M (\), coming from those terms of the commutator

"Historically, for the KdV soliton this was very much not obvious, especially as only three were
found directly related to some symmetry of the equation, and some speculated there can be no
more than seven conserved quantities [67, §3].
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unmatched with L()\) This reflects a general principle of integrability being given
in terms of flat connections with constraints.

The Lax pair can in principle be given by any linear operators. Consider for a
moment the finite dimensional case of an r x r matrix L(A). We define its spectral
transform as the algebraic curve

{det(p1, — L(\)) =0} c C?

It is an r-fold covering of the u plane, whereas the A-plane this depends on L(A).
It is also possible to invert the spectral transform. Given an r-sheeted genus g
hyperelliptic curve I' with an effective divisor D of degree g + r — 1, consider the
linear system £(—D). By Riemann-Roch, its dimension is r if generic, so take a
basis ¢; € £(—D) and normalise it at some point ¢;(P) = 1. Consider points
P, = (A, i;) with the same base point A, and form the matrix ) = 1;(P;). Then
it can be shown that L()\) = ¢(A)diag(p1, ..., r)1h(AN) ! is well-defined on the base
curve [11, §5.2].

The question of how to describe the KdV hierarchy in Lax form and assign it
a spectral curve is more subtle. First of all, the KdV hierarchy can be seen as a
reduction of the more general KP hierarchy, so I will describe this more general
case. KP is quite special as it, in fact, governs all possible isospectral deformations
of a linear operator, by Mulase’s theorem.

The KP hierarchy therefore has deep connections to algebraic curves - many
of the first known soliton solutions were given in terms of elliptic functions on a
seemingly unrelated, emergent curve, and a more general theory was developed by
Krichever [181], the systematisation of which can be found in the textbook [21].
Mulase explains this in his excellent review [213]. Namely, every ordinary differ-
ential operator defines an algebraic curve from its set of eigenvalues with resolved
multiplicities, with the eigenspace as a vector bundle on this curve. Isospectral
deformations by definition only deform this vector bundle and keep the base space
fixed, and Mulase shows that the moduli of these deformations are isomorphic to
the Jacobian of the spectral curve.

Namely, if P = 02! + ... is a linear differential operator of degree n, and we want
to evolve it using a certain set of times t = (¢4, ..., t,,), so that

P(t)(b(xvt) = )\gﬁ(l’,t)

then if L(t) = 0, + us(z,t)d; ' + ... is a pseudo-differential operator such that
L(0)* = P(0) and L(t) solves the KP hierarchy,

0, L(t) = [Qi(t), L(¥)],  Qilt) = (L'(t))+,

where (.), projects to positive powers of ¢;’s only, then P(t) = L(t)" solves the
isospectral problem. We can also get the explicit KP wave equation

3/4uyy — (us — 1 /40Uy — 3utiy), =0

from the ¢ = 2 and 3 terms of this hierarchy by identifying us = u, to =y and t3 =t
and eliminating ug and uy. So, in this case, we have a curve det(A-id — P) = 0.
KdV is, in this treatment, the even-time independent system with P = 9% — u.
This is the general situation: the Lax operator defines a spectral curve with a
vector bundle, and the "original" motion is then interpreted as free motion on the
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Jacobian of the spectral curve. The Jacobian is, of course, a torus, so this provides
Liouville integrability by construction.

There are more curves we can assign to KP. The differential operators @); satisfy
the zero-curvature condition coming from the commutativity of the flows, [0y, 9],
namely

3tin - athi - [in Qj]

and therefore, if our solution is independent of some fixed time ¢;, we get the Lax
equation 0;,Q; = [Q;, @;], which means the spectral curve {det(x -id — Q;) = 0} is
independent of all the times.

Instead of the Hamiltonian approach, at this point we prefer the Lax pair ap-
proach. With the introduction of the Lax function, namely, our theory of classical
integrable systems gains a lot of expressiveness, as we can not only express in one
fell swoop systems like

3, in 041,
L(z) = ¢ —0* +u(x,t) in 1+1,

9, — 02+ u(z,y,t) in 241 dimensions

the latter two examples being the parts of the KdV and the KP hierarchies that cor-
respond directly to the eponymous wave equations, L(2)|pere = (L*(t)) +|betore = Qo2,

but also immediately tie it to algebraic curves via the spectral transform, L(z) ~»
{det(L(z) — k - id) = 0}.

1.5 String theory realisations

Dirichlet boundary conditions can be introduced to the fundamental superstring’s
worldsheet theory, forcing its ends to be fixed in space. In the target space,
10— (p+1) of these conditions restrict the endpoints to lie on a (p+ 1)-dimensional
submanifold of R%?. This defines an extended object, the Dp-brane, whose fixed
existence breaks a certain amount of Poincare invariance, and by extension, super-
symmetry. By quantising the oscillator modes of these kinds of strings, its massless
spectrum can be seen to be given by a vectormulitplet. In the maximal D9-brane
case, which breaks the supersymmetry in half to 32/2 = 16 supercharges, we have
the maximally supersymmetric d = 10 A/ = 1 vectormultiplet, which consists of a
vector field A, and a Majorana-Weyl spinor of positive chirality ¢ [105, §2]. Branes
with p < 9 can then be reached by dimensional reduction. Ignoring the fermions,
the main point is that we end up with a vector field A, in the bulk, 4 = 0,...,p,
while the transverse directions are reduced to 10 — (p + 1) scalars which describe
the position of the brane. A similar mechanism occurs for charged extended objects
in general, outside string theory [256, §5.8,5.9].

The worldvolume theory of Dp-branes is given by an effective action consisting
of a Dirac-Born-Infeld plus a Wess-Zumino term. To lowest order in the string
length (2, this reduces to the standard® super Yang-Mills action describing the
vectormultiplet dynamics. The gauge theory coupling is related to the string length
and string coupling as gyy = (27 Pg; .

8This is for a single brane and describes abelian theory — the non-abelian DBI action is not
known.
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All this is to say that arrangements of weakly-gravitating Dp-branes can be used
to realise the appropriate gauge theory, also in any needed phase. This enables us
not only to geometrise all the gauge theory datum, but also gives us access to string
theory dualities, which act functorially on the gauge theory.

A word of caution is needed about higher dimensional gauge theories. By a
naive dimension counting argument, since the gauge field A, has mass dimension
[M(@=D/2] in d dimensions, the gauge coupling has [g72] = [M?*]. This means
that for d > 4, the theory is nonrenormalisable, and should be seen only as an
effective theory. The theory can, however, violate the initial assumption of having
a gauge-theory interpretation at all scales — for instance, if in the UV regime the
theory is strongly coupled. Therefore, it is possible that there is an interacting UV
fixed point. Scale invariance on a quantum level by usual lore means conformal
invariance [219]. In six dimensions, there are three such superconformal theories,
N =(2,0), N =(1,1) and N = (1,0). The first two have 16 supercharges, and turn
out to be related to a different kind of brane, the NS5-brane, whose worldvolume
they describe. They are respectively chiral and non-chiral, and occur in type IIA
and IIB string theory respectively.

This section is mostly based on the excellent review [107].

1.5.1 IIA: Hanany-Witten

The type of string theory studied determines which Dp-branes are available. Het-
erotic string theory, for example, has none, and type I string theory can be seen as
type II string theory with orientifolds. To engineer d = 4 gauge theory, we need a
d-dimensional worldvolume, and to have 8 supercharges, we need 2 perpendicular
stacks of parallel branes, as each stack halves the amount of supersymmetry. As a
general rule, the effective field theory content is governed by the lightest objects in
the setup — the lowest-dimensional branes.

The fundamental string is by definition allowed to end on any Dp-brane. How-
ever, by using T and S dualities, this can be seen to be dual to branes ending on
other branes.

In the original Hanany-Witten setup, d = 3 gauge theory was constructed, but
the setup can be easily generalised to d = 4. The theory is type IIA and the
lightest objects in this setup are D4-branes extending in the 0,1, 2, 3,6 directions.
By themselves, they engineer N' = 2 d = 5 gauge theory. However, they are made
to end on a pair of parallel NS5 branes, extending in the 0, 1,2, 3,4, 5 directions and
fixed on 2§ and x5 = 2% + L. The extension of the D4-branes in the 6-th direction
is therefore just the interval [2§, 5] of length L.

If L — 0 is small, since the fluctuations of the D4-brane along the 6-th dimension
have momentum proportional to 1/L, they decouple — this is the Kaluza-Klein
mechanism. The d = 4 coupling is g, -1, = Lgsayamr = L({sgs)~!. On its own, a D4-
brane’s bosonic massless sector, extending in the 0, 1,2, 3,6 directions, is described
by a gauge field A,, p = 0,1,2,3,6 and five scalars ¢'. Dimensional reduction on
the 6-th direction reduces this to a d = 4 gauge field A,, p = 0,1,2,3 and six
real scalars (¢, Ag). These six scalars describe the positions of the D4 branes in
the 4,5,6,7,8,9 directions. However, in this case the D4-brane is forced to end on
the NS5-branes, which fixes the 6,7, 8,9 directions, and projects out the associated
scalars. Only motion along the 4,5 directions is unconstrained. This provides the
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two real scalars needed to form a single complex scalar ¢ = ¢* + i¢® in the N’ = 2
d = 4 vectormultiplet, with bosonic part (¢, A,).

That we are left with AV = 2 d = 4 can also be seen by looking at how the
Lorentz symmetry breaks,

30(1,9) — 50(1,3)071’273 X 50(2)475 X SO(2>789 = 50(1,3) X U(].) X SU(Q),

the latter two groups making up the N’ =2 U(2) R-symmetry.

If we have a stack of N D4-branes, then the theory thus engineered will be
G = SU(N) super Yang-Mills. It is clear from the previous discussion that the 4,5
positions of the parallel branes are governed by the complex scalar. The Coulomb
branch, in which this adjoint scalar has a nonzero vev, is therefore seen in this
geometric construction as simply specifying the 4,5 positions of the parallel branes,
specifying how much apart they are.

If instead of N.S5-branes we had suspended D4-branes on D6-branes extend-
ing in the 0,1, 2, 3,7, 8,9 directions, we would find that the 6,7, 8,9 locations need
scalars to govern them, and this leaves us with exactly a N' = 2 d = 4 hypermul-
tiplet, with the vectormulitplet projected out. The strings stretching from the N
D4-branes and the D6-branes mean these hypermultiplets are in the fundamental
representation of U(N). This is the Higgs branch of the theory.

We can interpolate between these two branches if we add fundamental matter to
the original construction. This can be achieved by adding two stacks of semi-infinite
D4 branes extending in the 0, 1, 2, 3 directions and along (—oo, #¢] and [z§, 00) in the
6-th directions. They are, therefore, ending on the same N S5-branes. Strings going
between a stack of Ny left ones and the stack of N original D4-branes will result in
hypermultiplets in the Ny, representation of the SU(N) flavour group, and in the N
representation of the SU(N) gauge group — since the new branes are semi-infinite,
they are taken to be infinitely heavy so their fluctuations are discarded.

The 4,5 directions of these semi-infinite D4-branes are now interpreted as the
masses.

Instead of ending at infinity, each’ new D4-brane can be taken to end at a
D6-brane which we can bring from xg = £o0o to a finite value. Due to Hanany-
Witten moves, these two can be seen to be equivalent. Further, under suitable
conditions, the D6-branes can go past the N.S5-branes and realise the Higgs branch
we described before.

The same construction can be extended to build quiver gauge theories. Instead
of a stack of N D4-branes stretched between 2 NS5-branes, many stacks of N;
D4-branes are arranged to hang in between consecutively placed N S5-branes, so
that the i-th and (i + 1)-th stacks share a common N S5-brane. The strings stretch-
ing from the two stacks result in hypermultiplets in the bifundamental, N; ® N;;
representation. Masses now have to do with the relative positions of the stacks in
the 4,5 directions.

In all of this, to obtain a non-gravitating theory the limit ¢,, L — 0 with g3,
fixed. Other classical gauge groups can be realised by introducing O-planes.

Notice that the entire Hanany-Witten NS5 — D4 system can be seen as actually
building the skeleton of the Seiberg-Witten curve of the N' = 2 d = 4 theory it is

9This is the "s-rule" which needs to hold. Namely, a D6-brane and a N S5-brane cannot be
connected by more than one D4-brane. Other configurations are not supersymmetric.
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describing. For instance, for pure SU(N), the stack of N branes can be interpreted
as an N-fold cover of the base.

1.5.2 1IIB: Fivebrane webs

The previous NS5 — D4 setup becomes NS5 — D5 under T-duality [1]. Type
IIB fivebranes sit in a (p, ¢)-multiplet of the SL(2,7) S-duality group, with (0,1)
corresponding to NS5 and (1,0) to D5. These can respectively be taken to extend
along the 0,1,2,3,4,5 and the 0,1, 2, 3,4, 6 directions. As before, the effective gauge
theory has 8 supercharges — it is the N’ = 1 d = 5 theory, and it describes the shared
worldvolume in the 0, 1, 2, 3,4 directions. Meanwhile, the details are encoded in the
internal dimensions. More specifically, in the 5,6 plane.

Due to quantum-mechanical effects, a D5 brane cannot end on an N S5-brane
without it bending. Charge conservation dictates that at vertices where branes

meet, we have to impose
= Yu-
i i

if we fix the orientation in the direction towards the vertex. Further, to preserve
8 supercharges, a (p, q)-fivebrane has to be stretched along a line in the 5,6 plane
located at

T p
.ZUB - gs q
Gauge theoretic quantities can be easily read from the fivebrane web, see [5]. Of

much interest is the polygon dual to the fivebrane web, called the grid diagram —
the process of going from the ITA brane web to the type IIB fivebrane web to the
grid in one way is illustrated in Figurel.2. In [5, §D], the authors show that if the
5-direction is turned into a circle, so the d = 5 theory in question is on R* x S,
and also if the 10-direction is compactified, then an M-theory realisation may be
obtained. It corresponds to an M 5-brane with worldvolume R'? x 3, where ¥ is a
curve inside the 4, 5,6, 10 directions. The curve itself can be obtained from the grid
diagram If parametrised by coordinates

z6+iz10 z5+iz4

s=e Mo | t=e¢ M

it is simply given by
F(s,t) = Z CrmS"t"
(n,m) in grid

The four-dimensional Seiberg-Witten curve is recovered by taking Ry — oo.

1.5.3 Topological string: Geometric engineering

Yet another way of obtaining d = 4 or 5 gauge theories is by geometric engineering,
which means compactifying the type ITA string theory or M-theory respectively on
a Calabi-Yau threefold X in the large radius limit and decoupling gravity [139, 168].
This is a different perspective than all the other sections, where we sought the theory
as a worldvolume theory of an extended object. Here, we want to take string theory
on R3 x X and "integrate out" X.
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> [N >

Figure 1.2: The Hanany-Witten NS5 — D4 setup for Ny =4 N =2 d =4 SU(2)
super Yang-Mills, along with the fivebrane web featuring a possible flop, and a grid
diagram which encodes a Newton polygon.

The main idea is to consider a resolution of an ADE singularity C?/G, the ALE
space. ALE spaces are, of course, non-compact, which turns out to be a simpler
case than looking at a compact Calabi-Yau. Its exceptional divisors correspond
to simple roots of the Lie algebra g corresponding to GG, and D2-branes can wrap
around them, giving us massless states corresponding to d = 6 gauge bosons, if we
compactify just on the ALE space.

To get to a d = 4 gauge theory, the ADE singularity should be fibered over some
genus-g curve Y, so that the resulting space is a Calabi-Yau threefold. The electric
and magnetic Wilson lines of the d = 6 gauge theory compactified on X, will give
us 4g scalars, which turn out to be parts of g adjoint hypermultiplets.

In case of a torus, we get N’ = 4 d = 4 theory, because the fibration turns out to
be trivial, and fails to break the supersymmetry from 16 to 8 supercharges. There
is a single massless adjoint hypermultiplet, so is expected.

To further break supersymmetry, a nontrivial fibration is needed, and since we
don’t want adjoint hypermultiplets, the base is taken to be P*.

This can be generalised. For instance, consider the Riemann surface ¥, to be
holomorphically embedded inside a Calabi-Yau threefold X. The tangent bundle
splits, TX |y, = T%, ® N, and the normal bundle has to have ¢;(N) = 2g — 2 to
preserve the Calabi-Yau condition. Near 3,, X looks like the total space of a rank
2 vector bundle, tot(N — X,). If ¥, = P! then by Grothendieck’s theorem from
section 1.4.1.1 the vector bundle splits into O(—a) & O(—2+a) — P!. In this case,
a = 1 turns out to correspond to local P! x P!, which engineers pure SU(2) d = 4
gauge theory.

If what is holomorphically embedded inside X is a closed surface .S instead of a
curve, the analogous condition for the normal bundle is

Cl(N) = —01<TS) = Cl(T*S) = Cl(Ks)

where Kg is the anticanonical bundle. Since N is a rank-1 vector bundle, this
condition identifies them, N = Kg. In particular, one gets all in this way the
anticanonical bundles of almost!’ del Pezzo surfaces. These are, in turn, classified
by reflexive polytopes [61, §3].

In fact, it turns out that any toric (necessarily local) Calabi-Yau is represented
by a toric diagram which is a convex lattice polytope [135]. And here is the main

19Generalisation of del Pezzo, see [230] for the definition.
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point: this polytope can be identified with the polynomial given by the grid diagram
of a (p, q)-fivebrane web [113, 187].

On the other hand, to calculate the topological A model on a local Calabi-Yau
threefold, the topological vertex formalism has to be applied directly to its toric
diagram [1]. Or, to use the topological B model, topological recursion may be used
on the Newton polynomial [52], which can be seen as a mirror curve for a local CY
X of the form {—wywy + F(t,s) =0} C C* x C2.

Finally, to connect with gauge theory, a dictionary between Kahler parameters
and gauge-theoretic quantities must be given, and a scaling limit taken, see [14, §3]
for a discussion relevant to this work.

1.5.4 M-theory: Class S

There is yet another construction, directly from M-theory, which makes the AGT
correspondence explicit. An outstanding review is [37].

A large class of Yang-Mills theories with extended supersymmetry may be con-
structed from low-energy effective descriptions of M-theoretic compactifications
[127, , ]. Especially important are so-called class S theories. Given a simply-
laced Lie algebra g, S theories, usually labelled T'(g, C, D), are compactifications of
the "strange" maximally superconformal d = 6 A/ = (2,0) theory, usually labelled
X(g), on a punctured Riemann surface C' with data D attached to the punctures.

The theory X(g) is a superconformal theory thought to describe the worldvolume
of M5 branes [270, |, as well as NS5 branes in type ITA. It seems the theory
itself has to be non-Lagrangian, as the N’ = (2,0) tensor hypermultiplet (¢, \, B)
contains the real tensor B with ASD field strength xdB = dB. It is unknown if a
Lagrangian construction which corresponds to a well defined local QFT exists for
this self-duality constraint.

Schematically, a stack of M5-branes is wrapping R* x C' or R?I,eg x C. Compact-
ifying further on C to obtain a d = 4 theory, a partial topological twist has to be
applied to preserve 8 supercharges. The Coulomb branch, from this point of view,
occurs when a stack of N M5-branes arranges itself as an N-fold ramified covering
of C, ¥ C T*C. The M-theory background itself is R* x T*C x R3.

The genus of the Riemann surface provides global constraints. For example, it
constrains the space of meromorphic functions with perscribed divisors of poles, by
Riemann-Roch, and the genera themselves provide us with a Torelli marking con-
sisting of 2g cycles. These are, in turn, dual to g cocycles, which correspond to the
number of complex structures on a given surface. Indeed, let M, ,, = {Cy..}/is0o de-
note the moduli space of the aformentioned surfaces. Then, for a surface [E] € My,
the tangent space TjgM,,, may be identified with the cocycles H°(E, Q). Phys-
ically, these will correspond to deformations on the space of theories - given, e.g.,
by the renormalization group flow. In the context of isomonodromic deformations,
the variations of complex structure will provide us with a set of g times ¢;,...,1,.

On the other hand, the punctures serve as boundary conditions - giving mon-
odromy datum around punctures is equivalent to specifying fluxes of fields, i.e.
their mass according to Gaufi’ law, if we recall that a punctured disk is conformally
equivalent to a long tube.

The fact that surfaces, 2-real-dimensional objects, know anything about 4-
dimenional gauge theory is then a consequence of this compactification, akin to
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a quantum Fubini’s theorem - we may view a theory compactified on M* x C,,
as either'! a 4-dimensional theory with certain datum depending on the Riemann
surface, or as a 2-dimensional theory depending on 4-dimensional gauge datum, if
we are able to “shrink” either factor freely. Indeed, for the theories of class S, which
are the ones that fit the bill, the underlying product space theory is superconfor-
mal. We thus get a way to pass from gauge theoretic data to d = 2 CF'T data,
as exepmlified by the AGT correspondence [0] Further, since Cy,, is conformally
invariant, we may obtain various dualities by stretching parts into long tubes, for
example. Playing with such deformations in general will yield dualities between the
4-dimensional gauge theories associated to C, ., which leads to a "groupoidification"
of theory space — N = 2 dualities [96].

The exact details of such correspondences hinge on the construction of Hitchin
fibrations. Let us not go into the details here, but just say that the Hitchin systems
may be reformulated in terms of flat connections, which are in turn purely global ob-
jects and are classified purely by their monodromy data around the aforementioned
cycles and punctures, and of course by their representation-theoretic information.

In fact, this is almost enough to fix the whole situation, but, crucially, isn’t. A
great geometric insight was to explore whether we may change e.g. the locations
of punctures while keeping monodromy the same. The answer is yes, and leads to
the theory of Painlevé equations, which govern these isomonodromic deformations.
These equations have the property of not having branch cuts or essential singulari-
ties depending on initial conditions, although they may indeed have movable poles
and zeroes of any order if allowed by geometry.

1.6 Painlevé equations

Inspired by the discovery of a novel special function arising from a first order al-
gebraic complex ODE in the works of Abel and Jacobi, namely the Weierstraf p,
Paul Painlevé [235] posed the more general problem of

Déterminer toutes les équations différentielles algébriques du premier
ordre, puis du second ordre, puis du troisieme ordre, etc., dont I'intégrale
générale est uniforme,

where uniform means having a single valued general (not singular) solution; a less
strict version is the ability to ensure singlevaluedness, for instance by removing
cuts from the domain. Fuchsian equations certainly only have fixed critical points,
so only obstacles to this problem are movable critical points in nonlinear ODEs.
Therefore the Painlevé Property is conventionally defined as the absence of mov-
able critical points. The old terminology of an integral being a solution implies a
global solution, although in practice novel transcendents are given by series solu-
tions around fixed singular points. As these functions are automorphisms of P!,
it is possible to exploit the action of the Mobius group to obtain distinct classes,
order by order. For first order, only the Weierstra$transcendent is new, the main
contribution comes from the six so-called Painlevé transcendents defined by second

To be more precise, the BPS states counting is equivalent — whether the full spectrum of a
d =4 QFT can be encoded in a d =2 CFT is not known.
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order ODEs, the impact of which keeps growing as we enter the second century of
their discovery,
w” = R(w',w, 2)

with R a rational function in w and its derivative, analytic in z in the domain.
Besides the six novel transcendents, there are 44'? other solutions with the Painlevé
property, but these can be expressed either in terms of the six, or integrated to
first order equations. The Painlevé equations are usually labelled as PVI to PI. For
example, PIII is
w//:w_/Q_E/—FM_'—’ng_'—é

w z z w
and depends on 4 additional complex parameters «, (3,7, d, although we can always
set v = — = 4 by rescaling w, z. The transcendents, called Painlevé transcendents,
have fixed critical points at {0,1,00} € P! and moveable first and second order
poles. They are called transcendents because their general solutions cannot be
rational, algebraic, or depend algebraically on classical transcendental functions
[160, §5]. They also cannot be expressed one in terms of another. However, there
are discrete Béacklund flows which express one transcendent in terms of another
transcendent of the same type with different parameters or with exchanged critical
points. These symmetries are similar to algebraic contingency equations on classical
special functions like the hypergeometric one, which is not an accident since as
special solutions, ie for particular values of parameters, classical special functions
solve

PII ~» Airy, PIII ~ Bessel, PVI ~» Hermite-Weber,
PV ~~ Confluent Hypergeometric, PVI ~» Hypergeometric,

as on these special points the discrete symmetries simplify [230]. Besides these,
there are also algebraic solutions.

Very soon after their stating, Richard Fuchs [92] showed that PVI may be ob-
tained from isomonodromic deformations of a second order linear equation with four
regular points, to be described, and Garnier [102] showed how to obtain others by a
confluence process, which means "colliding" some of the regular points in a certain
pattern. It is in this sense that the Painlevé equations are integrable - because they
arise as a compatibility condition of an overdetermined linear system [2413].

Besides isomonodromy, Fuchs also initiated the study of PVI in terms of what
he calls the Legendresche Differentialgleiehung which are solved in terms of ellip-
tic/Abelian integrals, not necessarily over cycles, ie periods, but morally so. In this
case, a family of elliptic curves of the form Y? = X (X — 1)(X — t) over the base
t € P\ {0,1,00} are given along with a Picard-Fuchs operator

1
Ly =t(t—1)0} + (2t — 1)0; + 1
It annihilates periods but can be shown to be equivalent to PVI when acting on
fO(OX’Y) dz/y if we fix certain boundary conditions. This kind of integrability was

what mathematicians of yore had in mind, a solution by quadratures. How this
additional elliptic datum ties back to isomonodromic deformations is something

125ometimes literature cites 47
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Levin and Olshanetsky elucidated [1858]. From the point of view of physics, I cannot

help but notice a certain analogy to the Seiberg-Witten curve and its periods (a, ap)

which can be gotten from Picard-Fuchs equations [175], but I am unaware of direct

work to tie that geometric approach to the full solution on the Omega-background!®.
What we have described can be summarised as

Painlevé Property Manin > Abelian Integrals
R. Fuchs Levin-Olshanetsky

/

[somonodromy Deformations

Besides this, we shall also comment on yet another geometric method with
phenomenal ability to generalise and unite the study of differential, discrete and
multiplicative Painlevé under one framework, based on Okamoto’s classification
[235] of initial value spaces. We have applied this method to discrete Painlevé
equations.

In our work we also encounter higher-rank generalisations of Painlevé equations
obtained from the Painlevé-Calogero correspondence. However, the author is un-
aware of a general theory behind these generalisations, namely the classification
of their singularities. We may conjecture that moveable codimension one critical
points are absent, but dedicated work is needed for this. Furthermore, we encounter
discrete analogues, although for these a general theory of singularity-confinement
has been developed [244] with some integrability-related subtleties which led to
revision [245].

1.6.1 Isomonodromic deformations

Here we give a brief overview of isomonodromic deformations of Fuchsian systems'*
on a n-punctured sphere, P!\ {a1, ..., a,} with regular singularities. We consider a
matrix representation p : g — sl(N,C)" and let

n
Ay
Z — Q

k=1

with Ay € p(g). We assume that the matrices Ay are diagonalisable, which means
A, = Gk@kG;Zl, OreEbh

and additionally assume that the eigenvalues of A are distinct (so-called non-
resonance). If this is so, in the neighbourhood of each puncture ay, the solution
is

Y(2) = Gi(2)(z — a)™

13 Although the link can be seen to be given by AGT, I am unaware of direct work linking
periods to the transcendent.

4Tsomonodromic deformations are more general, see [265] for a shorter, older review.

15Since the Fuchsian system can be viewed as a flatness condition on the singular connection
0, — A(z) and there is a compatible notion of a gauge transformation which preserves the equation,
A(z) is usually taken to be Lie-algebra-valued.
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and Goo(2)(—2) "t~ around z = oo, where Gy(2) € G[[z]] and Gy(ar) = Gi. Up
to conjugation by Gy, L is the logarithm of the monodromy matrix at the point
ax. We also assume A(z) has no singularity at infinity, so that the monodromy at
infinity is given trivially by the (inverse) product of the monodromies around the
other points, which means ), A; = 0. Without loss of generality, G = id.

As such, for a loop v : [0,1] — P!\ {ay4, ..., a,} enclosing just one point aj, we
have Y (y(1)) = Y (v(0)) M}, on the universal cover, with M, = G} 'e*L+G),. Since
this is a function not of v but actually of the homotopy class [y], this provides us
with a representation

(P \ {ay,...,a,}) — sl,

called the monodromy representation. In general this is then a map from the sin-
gular data SD = {(Ag, ax)} to monodromy data MD = {M}}/. up to conjugation.
This much was known up to David Hilbert’s time, so in [137] he asked his 21st
problem:

zeigen, dass es stets eine lineare Differentialgleichung der Fuchsschen
Klasse mit gegebenen singuldren Stellen und einer gegebenen Mon-
odromiegruppe giebt

In [35] the first counterexample was given, with four 3 x 3 monodromy matrices
that cannot be written as monodromy data of a Fuchsian system. In fact, the
codimension of monodromy data not realisable by Fuchsian systems is (2n—1)(N—1)
[37, 180]. In interesting cases, dim SD > dim MD in a locally constant way. Suppose
we have an isomonodromic family of Fuchisan systems depending on a parameters
a smoothly,

0.Y () = zn: Ag(a)

z—a
k=1 k

Then we expect the parameters to carve out a submanifold of codimension dim SD —
dim MD in the space of singular data. The local behaviour of this family wrt a is
what we mean by isomonodromic deformations. Further, the isomonodromy defor-
mations we have in mind are Schlesinger equations, in which the parameters a are
the locations of the marked points themselves. It was in this case that Painlevé VI
first turned out in the investigations by Richard Fuchs in 1907 [92], which shows that
Hilbert’s 21. problem is much more interesting than it seems at first sight. However,
we note that if non-resonance is violated, not all isomonodromic deformations are
given by Schlesinger equations [36].

Now in [155, | there appeared an interpretation of Schlesinger equations via
deformation theory as a Maurer-Cartan equation. Namely, if d denotes differentia-
tion with respect to z,aq, ..., a,, form

Q=dyy!

which is single-valued and holomorphic in P*\ {ay, ..., a, }. In terms of this one-form,
we have the characterisation of the Fuchs matrices as the residues A = Res,—,, (2.
Constant monodromy is in this case equivalent to dL; = 0. Therefore, near ay,

Q = Gu(=)dCh(2) " + Cu(2) L SE =W g, ()

Z — Q
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and then, noting what the residues are, this implies Q = >, Apdlog(z — ay) + 7'
Consider normalising Y'(z = zp) = id. Then 2 =0 at z = 2, so

Z — Q

Q= Z Ardlog
k

20 — Qg

Looking at the day component of dY = QY means

z—z9 A

OuiY = MY, Moy = =2

Schlesinger equations are the compatibility conditions of the derivations [0,,0,,] =
0, which can be expressed by the Lax-like condition

O, A — 0. M,, = [M,,, A
Their consistency is the same as asking for d? = 0. Therefore,

0=dY =dQ - Y +QAdY = (d2 - QA Q)Y

so {2 satisfies the Maurer-Cartan equation. Using the form of €2, we can write

explicitly
a; — Clj

J#i

20 — @y

which means

8aiAj7£i _ a; — 2o [Ala Aj]’ 8(11-141' _ _ Z [Aza A]]

ai—zoai—aj por a,-—aj

and is slightly simplified by taking the reference point zy = co.
Since from the Schlesinger equations the following one-form is closed, we may
write it as
dlogt = Ztr A;A;dlog(a; — aj) (1.10)
i<j
Locally, it defines the Jimbo-Miwa-Ueno tau function 7, and it can be thought of
as the generator of the isomonodromic Hamiltonian.

Some generalities may be said about the Schlesinger equations. Namely, seen
as an equation on Ag(a), the solutions possess the Painlevé property themselves.
Namely, they may be extended to meromorphic functions on C*\ {a; = a;,i # j}
[155, , |. The divisor of poles is usually called the Malgrange divisor. As
can be seen from the definition of the tau function, this divisor coincides with the
zeroes of the tau function. By T'S/ST, this has connections with exact quantisation
conditions.

Consider the first nontrivial group, A; € sly. If there are three singular points,
Moébius transformations can be used to bring them to 0,1, 00, and the direct and
inverse monodromy problems can be solved in terms of the standard hypergeometric
equation. However, if we have four points, P!\ {ay, as, as, a4}, the space of singular
data has one more dimension than the space of monodromy data. That is, there
is a curve in the space of singular data which maps to the same monodromy. By
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Mobius transformations, we can fix the points to 0,1, ¢, oo, with ¢ the cross-ratio of
a1,2,3.4-

Then, with the z-evolution given by the Fuchsian system, 0,Y = A(2)Y and the
Schesinger equation in this case for only one moveable parameter t, 3,;Y = MY,
the sixth Painlevé equation appears as the compatibility condition [0, d]Y = 0. In
this sense, Painlevé equations are integrable.

However, for A; € sl I have learned of a wonderful trick from A.I. Shchechkin’s
dissertation [255] I have not been able to trace elsewhere, so we can get to PVI
quickly. Namely, recall the "spinor map" R® — sl, of a vector x = (1, T2, 23) to
X = ) .x;0;, where 0153 are the Pauli matrices. Usually in physics, this map
is denoted by switching to spinor indices, 2#* = 2®*. Consider three such vectors
X,y,z, mapped to X, Y, Z respectively. Then we can calculate that

tr[ X, Y]Z = 4i(x x y) - z = didet([x,y, z])

where the last matrix has the vectors as columns. This is simply giving a concrete
expression of the nontrivial element in H3(sl,, k) = k given by the Killing form.
Recalling that the inner products are related as x -y = 1/2tr XY, taking the
square of the previous identity gives

tr X2 tr XY trXZ
(tr[X,Y]Z)? = —2det | tr XY trY? trYZ
tr XZ trYZ trZ?

Now consider introducing

dlog T

olt) = tlt —1)—

= (t - 1) tr AtAO + ttr AtAl
which is morally the Hamiltonian. Then using the Schlesinger equations we find
o =tr AtAO + tr AtA17 t(]_ — t)O’ = tI‘[Am At]Al

which together with the monodromies 6; = 1/2tr A? and A,, = —Ag — A; — A; and
the identity we just derived gives the so-called sigma form of PVI,

202 to—o o+ 605+07+ 67— 02
(t(t—1)5)* = —2det te — ¢ 262 (t—1)6—0o
o6+ 0+ 02+62—-0% (t—1)6—0o 203

This is, then a nontrivial relation on the set of singular data, and it turns out that
along with it, dim M = dim SD = 7. The transcendent w is then found from the
nonlinear transform

2 (t—1)2 . w(w—1) t t—1 t(t—1) wt—1
9 = Tulo—1) (w2t (w ) ) — 1505 + 4(w71)0% - 4w(w7t)0t2 — 0%

Although very much obscure in this presentation, w may be gotten from the 12 com-
ponent A(x,t);2. This confirms what we said about the solution of the Schlesinger
equations A(x,t) having the Painlevé property themselves. This also shows that ge-
ometrically, the tau function is much better motivated than the actual transcendent,
so it is naturally the main player in the Painlevé-Gauge correspondence.
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Having obtained the PVI equation, the other Painlevé equations can be obtained
by coalescences of the singular points. See [59] for details, and in particular the
famous figure 3 therein which shows what this looks like on the 4-punctured sphere.
Coalescences should be seen as mappings between the Painlevé equations, and any
statement or correspondence about the equations themselves (the objects) should
be functorial and include the corresponding mappings.

1.6.2 Initial value spaces and symmetries

There is another geometric approach, initiated by Okamoto [235] and extended to
g-difference equations by Sakai [216]. Sakai noticed that the initial value spaces
of both discrete and continuous Painlevé equations may be realised as dF,, the del
Pezzo surface obtained by blowing up C? at 9 points. The Cremona isometry group
of dPy acting on the exceptional divisors is W (FEy), which is an affine Weyl group
since Ly = Eél).

This affine Weyl group contains a translation subgroup Z® and a finite Coxeter
group part generated by reflections. Realising the action of W(Eél)) or a subgroup
as birational transformations on a set of variables leads to a discrete time evolution,
which can be seen to be equivalent to the q—difference Painlevé equations. See [1(1]
for a review.

Besides the symmetry group, the Sakai classification assigns a "surface' root
system. For g-Painlevé, these two pairs are Eél_)r /Aﬁl) for r = 0,...,8, where
(Es, Ey, B3, B, Ey) = (D5, Ay, Ay x Ay, Ay X Ay, Ay) is standard.

In the case of the six continuous Painlevé equations, the discrete flow commutes
with the continuous one. In the context of the Painlevé/Gauge correspondence [17,
p.30], the un-affinised symmetry group can be interpreted as the flavour symmetry.
For instance Dy = SO(8) is the flavour symmetry of d = 4 N' = 2 SU(2) gauge
theory with four flavours.

In [183, , | and other works, these symmetries were interpreted as sym-
metries of the asymptotic values of the quantum curve coming from the T'S/Tau
correspondence. Since a dictionary between these asymptotics and the parameters
of g-Painlevé equations can be established, the same symmetry group action can
be seen to act on these quantum curves. This is, of course, the same statement
as in the previous case, because the asymptotic values of the curve correspond to
punctures, which correspond to masses. The subtlety is that the symmetries of the
quantised curve must be considered.

1.6.2.1 g-Painlevé/BPS quivers

For the reader’s interest, I will point out that a related line of work was successfully
launched which associates to a toric Calabi-Yau a certain BPS quiver [39, ],
the cluster algebra associated to whose mutations [109] leads to discrete Painlevé
equations [20, 28, 19]. My older academic brother’s thesis [204] devotes an entire
section to this.

1.6.3 The Painlevé-Calogero correspondence

The first part of my work has roots in Manin’s work on the elliptic PVI [191],
incidentally also inspired by string theory, in which a mirror to P? resulted in the
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Picard-Fuchs equation reducing to

d?q 1
a2 —@@r(q 7)

which is deautonomisation of the Calogero-Moser integrable system. The mecha-
nism of deautonomisation was described by Levin and Olshanetsky [188], extended
to other Painlevé equations and to higher rank by Takasaki [260), ] who realised
this naturally describes isomonodromic deformations on a one-pointed torus.

De-utonomisation merits its own discussion. First we discuss Levin and Ol-
shanetsky’s method which realises isomonodromic deformations in a very "classic"
integrable system way, namely by restricting a flatness condition to a symplectic
quotient. Then we discuss the very concrete manifestation exploited by Takasaki.

Our ultimate goal is to describe motion on the moduli space of stable curves
Ygn, but for now forget the points and consider an unmarked genus-g Riemann
surface X, , — X, along with a compact complex Lie group G with representation
G % Aut(V) on a finite dimensional vector space V. Let g = T.G be the Lie
algebra associated with G. Form the associated bundle £ = P x, V from the
principal G-torsor P — ¥, and consider the space of all connections Conn(%,) =
{(Vi=d+ A: Q¥E) — QF1(E)}, the space of flat connections, FlatConn(%,) =
{V 4 € Conn(%,)|V%4 = 0} and the space of gauge transformations G = T'(AdP)
where AdP = P x 5qG which naturally acts on connections. The moduli space of flat
bundles can be realised in two equivalent ways: as the quotient space FlatBun(X,) =
FlatConn(X,)/G or as the symplectic quotient Conn(%,)//G, which we describe
now. Let (.,.) : g2 — C be the pairing on the Lie algebra induced by the Killing
form, nondegenerate by the compactness assumption. Then

w1t / (5A,5A)

is a symplectic form on Conn(X,), with 64 = Q'(3,,g). The momentum map
simply maps a connection 0.4 to it’s field strength F4 € Q*(3,, End(P)), and the
equivalence of the two is established. We move on to deformations. First, fix a "base"
complex structure on X, in local coordinates (z, Z), and decompose the connection
d+ A= (0+A)®@dz+(0+A)®dz'. Levin and Olshanetsky then introduce chiral
deformations and a spectral parameter. First, consider a small change of variables
to new coordinates (w,w) such that

w=z—¢€(2,2z), W=7z

which means 9, = 9,30, = 0 + pd, where u = Je/(1 — Je)(d ® dz) € Q-LI(X,) is
the Beltrami differential. We assume the deformation e to be small, in particular
this means we assume p = de. The amount of complex moduli is 3g — 3, so given a
basis of complex moduli'” {/Ll}:;i 13, we can decompose our transformation as

39—3

= Z Tik
=1

169 =9,,0 =0

TProperly, global diffeomorphisms of Y, induce an equivalence on the Beltrami differentials.
This lets us consider the moduli space of deformations. The deformations themselves are then the
tangent space to the moduli space, and this is 3g — 3-dimensional.
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The spectral parameter £ is introduced by replacing 9 — k0 and to preserve dy =
0 + pd we also rescale ;1 — p1/k. Then the connection V 4 in deformed coordinates
becomes

(kO+A)®(dw+0edw)+(0+ A" @dz = (KO, +A)@dw+ (%(ma +A)+0+ [1’) ®@dw

so that, defining A = A"+ £A, the (0,1) component becomes (95 + A) ® dw. All
this interests us because of the Hamiltonian. In these new, deformed coordinates,
the symplectic form w becomes

w1 / (A, 5A) = / (A, 54) — 2154, Ayop
2 S, S, K

Recalling the decomposition of y, we have 3g — 3 Hamiltonians governing complex
deformations, H; = % fzq (A, A)y, associated with times 7;. The equations of motion
of this system are ‘

-1
0, A=—-Aw, 0,A=0
K
which can be seen as the compatibility condition of

(KOw + A)p =0
kKO, =0, 1=1,..,3g—3

for the Baker-Akhiezer function ¢ € Q°%(3,, EndE). The last equations signifies
that a change of monodromy 1 — M, where M is a representation of the funda-
mental group m(2,) — G does not depend on the times 7;. These equations are,
however, trivial on FlatConn(X,). To find nontrivial equations all we do is pick a
representative of the G-orbits. We pick a function f € C*°(¥,) and use it to pick a
representative L and define its dual L by

A=fO+pd)ft+ fLf
L= f'50f + fLAf

Finally, defining M; = 0,,f - f~* leads to the equations

(kO+ L)Y =0
(04 pd+ L)y =0
(KO, + M)y =0, [=1,...3g—3

which are the compatibility conditions of

KOp L — kOM;, — [L, M;] =0
K@Tl[: — (5 + ,U@)Ml — [E, Ml] = L,ul

Equivalently, we fixed a particular Baker-Akhiezer function by ¢ — 9 f.
Autonomisation is then the x — 0 limit when 7, = 70 + xt;. The compatibility
equation reduces to the standard Lax equation

Oy L —[L,M;]=0
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and in fact the entire system reduces to the Hitchin integrable system. This can be
seen from the behaviour of the connection itself, as the (1,0) component reduces to
(kO+A)@dz » A®dz € Q°(3,, g x K), which we identify with the Higgs bundle.

Now consider adding n marked points (z1,...,2,) to ¥, and write 3, ,, for the
n-pointed curve, and associate to each point x; a flag variety Flag, = G/P; with
P; a parabolic subgroup'®. Then we need to restrict the diffeomorphisms of 3,
to diffeormorphisms which vanish at the marked points, and also restrict the gauge
transformations & to reduce to the Borel subgroup at the points. Over the cotangent
bundle of each flag Flag, there is a natural affine space, the coadjoint orbit O; =
{p: = Ad,pY|g € G,p? € g*}, which is equipped with the Kostant-Kirillov symplectic
form WK = (p;g~1og A g~16g) = fzg §(x;){pig~0g A g~1dg). We simply add these
to the symplectic form

n
W w+ Z wZKK
i=1
The moduli space of deformations is fibered over the one of ¥, with fibers isomorphic
toUd C C", and as a result the dimension is increased to 3g — 3 4+ n, giving us
times (71, ..., T34-3, 1, ..., t,). The space of connections Conn(X,) is replaced by
connections with prescribed singularities

COHD(Egm) = {(A, A)‘A’Uz = O,A u, = pz(zz - .’L'i>_1 + 0(1),331 € Z/{Z}

and the flatness condition is replaced by Fa4 = > . p;d(z;). As such, the system
reduced to the usual G-Hitchin system when x — 0, where the Higgs bundle,
coming from A, has prescribed singularities.

For sl,, parabolic subalgebras are determined by partitions of n, and the di-
mensions of the flag varieties are given by the hook formula. In literature on AGT,
punctures are often associated directly with Young diagrams.

The Painlevé-Calogero correspondence is the observation that for the one-pointed
torus T,, the same Lax pair L, M satisfies both

atTL = [L7 M‘r]

and 0.L + .M = [L, M,], where 7 = 7y + kt.. The single point can be fixed to
z = 0 using z — z+¢, ¢ € C constant, so the only motion is the deformation of the
complex structure 7. Takasaki [260] has noticed that the appropriate Lax pairs have
been found by Bordner et al [50, 51]. Following an idea by D’Hoker and Phong [71],
non-simply laced Lie algebras receive a slightly modified treatment, with coupling
constants dependent on root length. However, we consider in all cases "root-type'
Lax pairs with a single coupling constant. For simply-laced algebras with roots R,
these are |R| X | R| matrices

Lg, =7 - Bogy +ig Z 2(q - 0, 2)0a,8- +22(q - @, 22)020,8—,
acR

Mgy = ig (@(q BT+ ) elg- vIT)> Oy +1i9 > Y(q+ @, 2)00p + y(q - @,22)620.5-,

¢-B=1 a€ER

18Recall that a choice of complex structure on G' means a decomposition of its Lie algebra
T.G=g=n" ®tdn" into negative roots, the Cartan and positive roots. Let b = t® n™ be the
Borel subalgebra. The parabolic subalgebras p are formed by choosing p = b d n, with n C n~
possibly empty. We have nt c b Cp C g.
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where

01(z — u|1)01(0|7)
01 (2|7)01(ulT)
is the Lamé function, the most important property of which for Takasaki’s proof is

the heat equation 270,z + 9,0.x = 0. The Hamiltonian coming from L is

x(u,z) = Jy(u, z) = Oy (u, 2)

1 2L 5 g
H:QtrL =57 —l-Eaesz(q-ozh)

up to m,¢-independent terms. This is the elliptic Calogero-Moser Hamiltonian.
When standard Hamiltonian mechanics are considered, the equations of motion are

simply
dg; dm
d—tjzﬂja J:—gzpq a|T)a
acR

However, the equations of motion equivalent to the isomonodromic "Lax" equation
2710, L — 0, M = [L, M] turn out to be equivalent to formally replacing % — 27?2'%,

d
27 zd—qJ—ﬂj, QWZ—:—gqu alT)a

aER

Manin’s Painlevé VI emerges from this discussion from the specialisation to G =
SU(2). 1 have used this correspondence to work with pure gauge theory and not
on the torus proper — for this I would like to advertise my older academic brother’s
terrific work [38, 39, 68].

1.7 The Painlevé-Gauge theory correspondence

In [151] it was noticed that the asymptotics of the PIV tau function at t = 0 can
be written in terms of two integration constants o, § as

T(t) ~ const. ¢(7° 06 -0)/4

(1 L@ - —

802

(03— (0, =€) (0% — (01 = ea))" 7 + O

56
a Z 1602(1 + €0)?

e==+1

However, notice that the 4-point conformal block in ¢ = 1 Liouville CFT is

B(A, Alg) = >4 (14 E@Q A1 = A) (A= Ay = A)g+O0(gh)) (111)

Noticing the similarity between the two expressions as "A ~ 62", the landmark
paper [100] proposed that the complete expansion of the most general PVI tau
function at ¢ = 0 can be written as a multiplicative Zak transform

7(t) = const. Y C(0;,0 +n)t" ™ = B(02 (0 + n)?t)

neL

Further coefficients can be calculated by the combinatorics of Nekrasov functions
coming from the identification of these conformal blocks with A/ = 2 gauge theory
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on the Coulomb branch of AGT. Of course, the direct comparison that we sketched
was historically just the last step of obtaining a dictionary for the Painlevé-Gauge
correspondence. The actual links between isomonodromy and CFT were known
before, but it took the prudence of Gamayun, logorov and Lisovyy to recognise
that they can use the then-recent AGT to calculate the whole tau function.

1.7.1 AGT or CFT/Gauge

Before discussing AGT, I introduce Virasoro conformal blocks. The Virasoro algebra
is a central extension of the Witt algebra of Diff S with generators L,,, m € Z, and
central element ¢ with relations

C
[Lon, Ly = (m —n) Loy + Em2(m — 1)dmino

In CFT, these are to be viewed as coming from the conserved energy-momentum

tensor OT(z) = 0 of the conformal symmetry [231], so
L,
I'(z) = Z 2
nez

We naturally have the Borel b = {L,,|m > 0} and define using it the highest weight
representation

Lm Va = 5m70Aa Va

with the highest weight vector V, of conformal weight A,. Denote the primary
state corresponding to A, by |A). The Verma module is formed by the descendants
Vay = L_yV, where Y is a Young diagram — this can be arranged using the algebra
relations. The dimension of the descendant is A,y = A, + |Y|. By the state-
operator correspondence, operator-product expansions (OPEs) of chiral operators
corresponding to the descendants is defined as

Ca:37Y3 Va3,y3 (Z/)

’Y ,Y
Val’yl(z)va%}@(zl) — Z a1,Y1|az,Ys

(Z _ Z/)Aal’yl +Aa2,Y27Aa3,Y3

(1.12)

as,Ys

and the Virasoro algebra then implies that the structure constants C' are defined

. Yz Aq
by those of the primary states, Czinlaz,Yz = sz"w Aaf, A, (Y1, Y5]Y3) where § are
purely representation-theoretical objects, and C'**  depend on the dynamics of the

atlas
two-dimensional theory. Define the two-point function, or the Shapovalov matrix!?,

QAO/M}/Q) = <A‘ LYlL*YQ ‘A> = <LY1VA(O)L*Y2VA(OO)>

which by the algebra vanishes unless |Y;| = |Y5|. It lets us express ( in terms of the
three-point function,

Yoy Bag By (V15 Y2, Y3) = (Loyy Vi, (0) Loy, Vi, (D Loy Va, (00))
Aa
D Bar a., (Y1, Ya[Y)Qa,, (Y, V)
Y

To define insertions at z = oo, it is customary to take the scaling limit (V,(c0)---) =
lim, o R22(V,(R)---).
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which follows from (1.12). We denote the special case when Y; =Y, = & by

Au Aa
A 8oy V) = B8’ A, (@21Y ), Yo, 80g80, (V) 7= Va0, 80,080, (F, D, Y)

For primary fields, general theory gives the three-point function exactly. Namely,

(Varo(21)Vay,2(22)Vas 2(23))
OAO‘I’AQQ’AO‘B
(Zl P Z2>Aa1+Aa2_Aa3 (Zl — 23>Aa1+Aa3_Aa2 (22 — 23>AQQ+AOL3_AD¢1

Since it can be seen that [L_1,V,gs] = 0.V, z, this can be used to show that
VarA.0; = A1 —Ag+Ag. Using the OPE twice, the four-point function of primaries
can be seen to be

<Va1,® (zl)Vam@ (22)va3,® <Z3)Va4,®(24)>

Y Y-
_ Z 0511,2@|;22,@(Z2) 035,4@\21@(24) W, (2)V, (24))
a12,Y12,0i34,Y34 (Zl - 22)Aal+Aa2 ~Re1 iz (23 - Z4)Aa3+Aa4_Aa34’Y34 cnz iz 72/ Taas Faa L
Setting (z1, 22, 23,24) = (1,00,q,0) by a Mobius transformation lets us express
g y

this four-point function in terms of the representation-theoretic conformal block.
Namely, with some dynamical factors C', we get the s-channel expansion

(Var,o(1)Vaz,z(00)Vas,o(@)Varz (0)) = Y Oney 8y 80 Cindag 0, 021 B(Agy, Aal)

B(Aaﬂ A‘q) = Z Q‘Yllﬁﬁal,AaQ (Y)QA(YD }é)ﬂﬁ%,A%
(Y1,Y2)

= Z 0"Yan, 20, a(Y)QR (Y1, Y2) VA0, 80,0
(Y1,Y2)

Then (1.11) follows by explicit calculation,

Qa(2,2) = (AlA) =1
Qa([], 1) = (Al L1l [A) = (Al L1 Ly + 2Lo [A) = 24

and the ya, A, a,4([1]) we already have. See [195] for more details. The conformal
block itself can be seen to be the square of the norm of a different representation,
the Whittaker vector [97].

The exact combinatorial structure of the Virasoro conformal blocks turns out
to be given in terms of Nekrasov functions [0, §4.3]. Further, the dynamical 3-
point factors in this theory Ca, a, a, are given by the DOZZ [76, | formula and
correspond exactly the one-loop contributions [0, §A.2]. The original AGT proposal
is given in terms of an n-point function of a Liouville CFT on a Riemann surface
C, which has a chiral and antichiral part, and N' = 2 class S gauge theory on the
squashed sphere with UV curve C' = C\ {z1, ..., 2, },

Zgi(T(5u(2),C,m)) = (Vi (21) -+ Ve, (20)) @
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which localises to the north and south poles by supersymmetry [125, |, at which
it is given by the theory on the Omega-background. It may, however, be directly
related to the Omega-background by the general philosophy of class S theories and
2d/4d dualities. Schematically, the superconformality of the d = 6 theory on a
product manifold lets us shrink either factor manifold

2¥eal(C) = Z(C xR ,) = Z9(RY )
In this reduced case, there is a direct equality of the instanton part with the con-

formal block, .
7™ (a,my)q) = B(Aq, Alq)

along with a dictionary, €; : e = b : 1/b, ¢ = 1 + 6Q* where Q = b+ 1/b is the
background charge of the Louville theory. The dimensions are A,, = a;(Q — «;),
and they are linear combinations of the gauge theory masses for SU(2) gauge theory
with Ny = 4 fundamental flavours,

my =3 — s+ Q/2, me=o01—ay+Q/2,
ms=a; +as —Q[2, ms=az+as—Q/2

while for A = a(Q — ), a = a+ Q/2, with a the scalar vev. In the more general
case of a genus-g UV curve, sewing parameters ¢ associated with thin necks are
related to the UV gauge coupling as ¢ = e?™vv,

In the higher-rank case, the Virasoro algebra is replaced by Wyy-modules.

1.7.2 Isomondromy/CFT

From the definition (1.10), it can be proved [100, §2.2] that the isomonodromic
tau function for the n-punctured sphere and Mobius transformations f(z) = (az +
B)/(yz+9), ad — py # 0 transforms as

o =TT[Z] " o

i=1

which is also how an n-point function of primary fields with A; = %tr A? in CFT
behaves. For n = 3, we explicitly get the tau function as the 3-point function

Ag*AlfAz (0/1 A27A17A3 (CLQ Alngng

7(a1, az, az) = const.(a; — as) — as) — as)

This line of work was started in [247], where the Fuchsian system was explicitly
solved in terms of the fundamental matrix given by a CF'T Ansatz,

(Op,(21) -+ OL, (z0)tha(20)105(2))
(Or,(21) -+ Op,(24))

where Oy, are holonomic fields or twist fields, primaries in a ¢ =1 d = 2 CFT with
dimensions A; = $tr A7, and v, ¢ are free fermions with OPE

Qs = (2 — 20)

Palzo)palz) =~

zZ— 20
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This OPE guarantees that ®(z — zy) = 1 is normalised at the reference point
29. The twist fields Oy, are constructed to realise the monodromies of the original
problem,

Or (z)¥a(2) ~ (2 — )" O (2)

with O(Loia some local operator. This approach was recently fully developed and
even extended to W-algebras in [27, , 105]. The tau function is then the n-point
function,

7= (0L, (21) -+ Op,(z))

1.7.3 Kiev formula or Painlevé/Gauge

Having expressed the isomonodromic tau function in terms of CF'T, AGT enabled
Gamayun, Iogorov and Lisovyy [100, | to propose that the Painlevé VI tau func-
tion, as the isomonodromic tau function corresponding to the 4-punctured sphere
with regular singularities, is proportional to the dual or Nekrasov-Okounkov parti-
tion function of Ny =4 SU(2) super Yang-Mills on the self-dual Omega-background

7PV o ZNO- = g ™M Z (a4 n,m, e, —elt)
nez

as the self-dual Omega-background corresponds to ¢ = 1 CFT, as well as to extend
the correspondence functorially to other Painlevé functions via coalescences. A host
of proofs has already been given: directly from representations of Virasoro [29], from
Nakajima-Yoshioka blowup relations [32], from the Riemann-Hilbert problem [103].

Extending this to higher-rank isomonodromic problems and general gauge groups
G via the Painlevé/Calogero correspondence was a major focus of my work.

1.7.4 Spectral curve

The appearance of the Riemann surface C'in all of this merits a brief discussion. The
Painlevé/Gauge correspondence identifies the 4-punctured P! of the isomonodromic
problem with the UV or Gaiotto curve, of which the Seiberg-Witten curve is a double
cover of. This is not the SW curve itself. At this point we note a subtlety. On
the Hanany-Witten brane realisation of in type ITA string theory , the M-theory
curve of SU(N) can be seen either as a "horizontal" 2-fold branched cover of one of
the NS5 branes taken as the base with N + Ny/2 punctures, or as an (N + Ny/2)-
fold branched cover of a 2-punctured D4. The UV curve corresponds to the latter
realisation.

There is one more curve associated to each Fuchsian system, and that is the
spectral curve, which is for a sly-valued A(z)

1
Y det(yl — A(2)) = y* — 5 tr A(2)* =0

It is a double-cover of the z-plane, which we already know is the UV or Gaiotto
curve, and a canonical meromorphic differential A = ydz € H'(3). Then it will
come to no surprise that in [17] it was noted that this is exactly the Seiberg-Witten
curve of N' = 2 SU(2) super Yang-Mills with N; < 4 flavors, and an explicit
dictionary was given mapping all the Painlevé equations to the gauge theories,
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including the non-gauge Argyres-Douglas theories. The singular behaviour needed
to specify A is the same as the one of A(z), which corresponds to the UV behaviour
as masses are attached to punctures. On the other hand, the double cover involves
the o function, which corresponds to the IR Coulomb data.

In this scheme, confluences on the Painlevé side correspond to decouplings of
fundamental hypermultiplets, or to Argyres-Douglas scalings.

The spectral curve is not fixed by isomonodromic deformations, but the system
can be mapped to an isospectral one which fixes the curve and doesn’t involve
motion on the moduli space, the Whitham deformations, which correspond to RG
flow [113]. This is also physically expected, as the SW curve is a feature of the
un-Omega-deformed theory.

1.8 Defects

Defects in a QFT are a set of boundary conditions on the fields and boundary
couplings that one imposes on sub-manifolds, fitting, as such, very naturally in
the scheme of functional interpretations of QFT [219], like in the Atiyah-Segal
formalisation [3, 250]. The AGT correspondence can be extended to defects. On
the d = 4 gauge theory side, surface operators assign a singular boundary condition
to the field normal to the defect [119, 121],

A=ad¢p+ ...,

where a € t specifies the residual gauge symmetry on the defect by its commutant
and ¢ winds around the defect — for instance, the surface can be at (21, zp = 0) C C?
S0 2y = re'® — as well as the monodromy around D by the associated Levi subgroup
L C (. Besides a, the magnetic charge of the defect

b
exp{;—ﬁ/ F}
D

has to be specified. The two parameters are packed in a single complex parameter
n € @QV in the coroot lattice. So called full surface operators, with L = T the
Cartan, can have their monodromy twisted by a central element of Z(G) = PV /Q".
In fact, they generate the one-form symmetry of super Yang-Mills, which is valued
in Z(G) [958, 115].

The surface operator can be seen as an improperly quantised Wilson loop, as
S pF = fa p A. Therefore, to restore single-valuedness suggests to introduce

(n,olt) = Z NN Z (g + X+ n,mlt)

nev

where A € Z(G) additionally shifts the scalar vev. This is exactly the Kiev Ansatz.
Computations from blowup relations also imply that a surface defect has this form
224]

I obtained Toda-like equations for the RG-flow of these operators, which is the
physical interpretation of differential equations they satisfy in ¢. This system is the
radial reduction of a d = 2 Toda lattice on the cylinder C*, and it arises naturally as
the tt* equations [58] for a Landau-Ginzburg model describing complex deformations
of a Z (@) singularity, miniscule flag manifolds [162].
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This is explained by looking at a different way to introduce a defect. Rather than
purely from the d = 4 side, a half-BPS surface defect can be seen as a d = 2 theory
coupled to the d = 4 bulk — a sigma-model. More precisely, this is a N' = (2,2)
d = 2 GLSM describing maps D — G/L. For a full surface defect, the target space
G/L = G/T is a complete flag variety. Its Hori-Vafa mirror is the GLSM.

From the class S construction, these defects are M2 branes probing the geome-
try, with pointlike support on the the CFT side in AGT.

1.9 Topological string

Topological string theory on a Calabi-Yau three-fold X encodes Gromov-Witten
invariants in the following way. Seen as a sigma model of Riemann surfaces into
the target manifold, the partition function can be written as a genus expansion

log Zx(t, gs) Zgzg 2Fy(t) = F(t, gs)

g>0

in terms of the genus g free energies Fy(t), where t is a basis of H*(X,Z). This
is a perturbative expansion, as membrane effects O(e~/%) are hidden, and exact
calculations can provide the non-perturbative completion. We ignore this issue for
now, and reserve the name "perturbative" for something else. The structure of the
free energies is such that

siairtitity + >4 Nie ™', g=0
o(t) = bit; + dod Nie—dt, g=1
Cy+ > Nie g>2

where a;j;, are classical triple intersections in H%(X,Z) and C, is the constant map
contribution to the free energy. We will call the all-genus sum involving a;;x, b; and
C, the perturbative part, and distinguish it from the BPS part of the total free
energy of the topological string which encodes the rational GW invariants,

FPP(t,g,) = Y )  Nje *'g297% = F(t,g.) — F*"'(t, g.)

g>0 d

This BPS part be resummed in terms of the integral Gopakumar-Vafa invariants

[110]
FBPS(¢,g.) = ZZZ (

g>0 d w>1

2g—2
) g efwd-t

Even though this is a much simpler theory than any full string theory, calculation
remains challenging, as we rarely have a firm computational grip of the required
invariants. Dualities may, however, simplify the theory enough for direct calculation
to be possible - we have elsewhere commented on the A-model partition function
on the resolved conifold being given by Chern-Simons theory on S, the underly-
ing mechanism being the geometric transition between the resolved and deformed
conifold. The generalisation of this argument to toric (and therefore noncompact)
Calabi-Yau threefolds is the topological vertex [1]. On the B-model side, we can
use topological recursion [52, 84].
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These methods have a two-parameter refinement [150], which will on suitable
local Calabi-Yau threefolds turn out to correspond to super Yang-Mills theory on
the Omega-background [262]. In refined setting, the Gopakumar-Vafa invariants
are be generalized to refined BPS invariants N¢ . which depend on spins j, jr.

JLJR
They are integral and are related to the usual Gopakumar-Vafa invariants as

Z X (@) (2jr + 1 ]L n Zn 1/2 71/2)29’

JL:JR g>0
where - i1
wilg) =
’ q—q!

is the SU(2) character for the spin j. Then the BPS part of the refined topological
string free energy is given by

Xj (QZ)XJ' (q%) —wd-t
Fref t 61762 Z Z ]L JR u)/2 L—w/2 5/2 —w/2 € ’
irnwdsl ¢ "N e )

where 15 = €12, q; p = e(9F2)/2 and the perturbative by

or 1 1
Frzf t(t, €1, 62) = _e . (gaijktitjtk + (471'2 — (61 + 62)2) b?stl) -+ bltz
1€2

where the b can be obtained by using mirror symmetry as in [279], so that the
full refined topological string free energy is their sum, and has an expansion
Fret(t, €1, €2) = Fpert(t €1,62) + Frg O(t, €1, )

ref T

— Z €1+ €2)"(e169)9 117,179(75)

n,g>0

The coefficients F), 4(t) can also be obtained using the holomorphic anomaly equa-
tions. Also, there is a subtlety regarding shifting the Kéahler parameters ¢ by a
certain B-field which ensures some pole cancellations, but this can be glossed over
as for local P! x P!, which is mostly the example to keep in mind in the whole
introduction, it can be ignored [116, 192]. There are two notable limits. First of all,

Fref(ta €1 = (gs, €2 = _98) = F(t7gs)

gives us back the unrefined topological string. Secondly, the Nekrasov-Shatashvili
limit
FNS(t h) = lim €, Fief(t, €1, h)

e1—0

can be expressed in terms of a new "gauge coupling' h as

Mo (251, + 1) sin 22(2j5 + 1)

- NS —wd‘t

F2(th) = hal]ktt et b h+z Z Jr.JR 2uw? sin® 2 .
JL:Jr wid

It has the expansion
FNS(t,h) =Y " FNS(t)R* .

n>0
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This is the limit featured in ABJM theory. There is an important behaviours which
links the refined topological string to d = 5 N' = 1 gauge theory on the Omega
background, provided X engineers it,

Zx(t, €1, 62) = ZNek'(Ela €2, @, m|Q)

with an appropriate dictionary between the vevs a and masses m and the Kéhler
parameters, checked for the self-dual case in [83, , , | and refined [262],
although the worldsheet description of the refinement is not yet known. This can be
understood in terms of M-theory on X x S* xR, .,, which reduces to the topological
string [71]. The appearance of the 5 dimensional theory is not a surprise if one
considers that the toric diagram of X is the same as the (p, ¢)-fivebrane web in type
I1B which realises the same theory.

1.10 Pivot to 3d

1.10.1 Warm-up: GOV correspondence

We note also that the effect of including points is We recall the Gopakumar-Ooguri-
Vafa correspondence, which relates SU(N) Chern-Simons theory on S* with level

k to the closed topological string A-model on the resolved conifold with g, = ki”N
and complexified Kahler volume of the exceptional divisor of t = 1Ngs = ZF’]]\\,{ This

is a Large N duality, such that g, = g2¢, with the t” Hooft parameter A\ = gZ¢N.
The result can be verified by writing the exact result

o3 (N-1)N k—I—NN 1
Zos(S?) = (k:+N)N/2V H 28111( ))N = exp Z/\29 2F,(t
g>0

and recognizing the conifold free energy [110, |. The underlying mechanism
of this duality is the geometric transition, an extremal transition connecting two
different components of the Calabi-Yau moduli space using a degeneration. This is
secretly a closed-open duality, since it can be viewed as a topological sector of open
type IIA string theory on N D6 branes wrapping the S inside a deformed conifold
being related to the closed A-model on the resolved conifold with flux through the
P20, The branes dissolve into the geometry, and we obtain a gauge-gravity duality.

We note that, besides the deep geometric intuitions behind it, this is a beautiful
example of a duality in the sense of relating two differing regimes.

1.10.2 M2 brane worldvolume theory and the ABJM ma-
trix model

The duality above is of considerable interest, yet inexact. To apply the machin-
ery of equivariant localization, we instead look at supersymmetric theories. The

20 Actually, much can be said about the relation of the open topological string and Chern-Simons
theory. The precise link was given by [277], relating open topological strings on the cotangent
space of a 3-manifold with IV Lagrangian branes wrapping the zero-section to the Chern-Simons
theory on the 3-manifold itself. It forms the backbone of the topological vertex formalism, which in
principle allows computation of exact topological string partition function for any local Calabi-Yau
described by a brane web.
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worldvolume theory of M2 branes will naturally be a 3-dimensional theory, with
various amounts of supersymmetry depending on the configuration. On the other
hand, if a duality linking to gauge theory exists, we expect a 5-dimensional theory
with an S! fibration, corresponding to the lift to M-theory. This theory of branes
was long sought after. Why is M-theory harder to deal with than type II theories?
Consider d = 11 supergravity as a low-energy model. It has black brane solu-
tions corresponding to M2 and M5 branes. By counting microstates from entropy
calculations, stacks of N such branes have degrees of freedom growing as [177]

N M2~ N3% NM5~ N?

None of these agree with any gauge theory, which scales at large N as N2, the
number of independent components of a unitary matrix, and which agrees with
how D-brane microstates scale [176]. M5 branes have been the focus of the other
parts of this work, as they feature in class S theories. Here we are interested in the
M?2 brane.

The initial attempt was BLG theory [15, 16, 123], which involved an (almost)
2-Lie algebra structure, a trilinear operator on the scalar fields satisfying a higher
analogue of Jacobi’s identity, which came about from attempts to generalise Nahm’s
equation of D2 — D4 intersections to M2 — M5 intersections [18]. It was recognised
[185] that this theory described the worldvolume theory of 2 M2 branes probing a
C4Z-singularity. As far as I'm aware, the "higher' Lie algebraic datum turned out
the be a red herring. The BLG theory also featured maximally supersymmetric, ie
N = 8, conformal super Chern-Simons theory with matter, and this led to successful
generalisation.

The particular theory is ABJM, a maximally supersymmetric conformal Chern-
Simons theory with gauge group Uy (N7) x U_x(N2) and matter in the bifundamental
[3, , 132]. The target space is C*/Zy,, and if Ny = Ny = N, the theory describes
a stack of N M2 branes stuck the Aj singularity; otherwise, we're looking at a
system of min(Ny, No) M2 branes and |N; — Ny| fractional branes [2]. If k = 1,2,
the amount of supersymmetry enhances to N' = 8 from the usual N' = 6, and for
k =2 and N; = Ny = 2 we reduce to the BLG model. It is possible to also introduce
FI terms as well as masses to the bifundamental chiral multiplets while preserving
N = 2 supersymmetry by turning on the vevs of the background vectormultiplets
of the flavor symmetries [90], but more on that in the more specialised sections.

Imamura and Kimura [1416] showed how more general circular quiver superChern-
Simons theories with bifundamental matter describe stacks of branes.

"""""" UWNi—)kiy ——= UWNi)ky 7= UWNis1)pyyy
For these kinds of theories, supersymmetric localisation [22, | can be used to
calculate the partition functions exactly. For instance, for the theory on S%, the
rules are such that for each node we get an integration with a

ki 5~ 2 N; . op—0q 2
1 AVig, e 2% 1Y (2sinh 2%
U~ o7 [ o reo (2500 #77)

oy ——

factor in the numerator and for each bifundamental

U<Nl)kz R U<Ni+1)kz‘+1 ~

(1) _ (2

Ni N'H—l O'p —Uq
[1,5 TT,25" 2 cosh =~
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The brane configuration whose worldvolume these theories describe can be presented
in type IIB string theory in terms of stacks of IV; D3 branes and (1, n;)5-branes as
[3, 23, | The Chern-Simons level of the node corresponding to the i-th stack is

(177%')5 (17ni+1)5

/ N; D3 / Niy1 D3

Figure 1.3: The type IIB setup for a AN/ = 3 super Chern-Simons necklace quiver.

the difference of the D5 stacks of the (p, q)5-branes they are suspended on. This
realisation makes it apparent that we need

Zkz:o.

In any case, the rules outlined above realise the partition function of stacks of M2
branes to a matrix model. The ABJM matrix model for U(N), x U(N + M)_y, is,
ignoring some overall signs,

N N+M ~ .
Zk M(N) = ! / d%e d™s e%(zj(’?_zj&?)
’ NN+ M) @0)F oy

N2
I (2sinh %)2 | <2 sinh @)

p<q p<q
N
N 7 1N+M op—0yg
[, I1, (2 cosh 7272

Consider M = 0 for now. We will use this case to illustrate the Fermi gas formalism.
Using the Cauchy determinant formula,

4 Zp—Tq : Yp—Yq
||p<q251nh 5 p<q281nh—2
Ip—Yq = det Ip—Tq

| |p7q2(:oshT pa 2 cosh =~

we may write

1 dNo  dNs ein% % 1
Zio(N) = / 7= det [———| det | —————
’ NB o 2m)N (2m)N pa | 2cosh 22572 | pa | 2cosh 2572
We can use the Andréief or Gram or Heine identity next to get "rid" of one integra-
tion,

/ ﬁdu(xﬁ det[fi(ax)] detlg; (wx)] = N1det { / dﬂ<x>fi<x>gj<x>]

leading to

ik 2 _ ik ~2

1 davy do 17 % 12 %
Z1,o(N) = _/ g det[ UL]

(2m)N pa 27 2 cosh? %
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The Fermi gas formalism [192] interprets the determinand in terms of a quantum
mechanical operator,

kol )_ﬁ (27 ) e <x1]p|x]> P= 2ctosh‘%36 ’ QCoshg’e i

where [z, p| = 2mik are canonical position and momentum operators, and the iden-
tity essentially follows from

(@l sl = |

2k cosh g 27k 2 cosh g

The name Fermi gas follows from the observation that if p = e~ then this is the
partition function of N free fermions with

H= logZCosh%9 + logQCoshg

as the one-particle Hamiltonian at f = 1, which can be seen to reduce to the har-
monic oscillator in a scaling limit of small p, 2. Crucially, the inverse of p turns out to
be the Newton polygon corresponding to the mirror of the topological string on local
P! x P! with the two Kéhler parameters, the sizes of the P'’s, equal. Under T-duality,
this is exactly the Hanany-Witten geometry which realises the Coulomb branch of
N =2d =4 SU(2) super Yang-Mills as the IR theory. To see this, note that under
a similarity transformation p — e~ =x?” pemr®” = (2 cosh p/2) (2 cosh #/2) !
pl = TIRI2DIBE/2 | /202 4 o mwik/2 =242 | =p/2-0/2

The road to the TS/ST correspondence as well as the identification with the topo-
logical string comes from the grand partition function,

n—1 dn,
Eko(p Ze FZko(N Z He”d""d ' (—172 trﬁn>

N>0 >0 n=1
i (_1)n—1 X
| | exp| ————e""trp" | = exptrlog(l+ e"p) = det(1 + ep)
n
n=0

where the second equality comes from decomposing the permutations coming from
the integral of an N x N determinant into cycles. The end result relates the zero-
divisor of Zj (i) to the quantisation of the one-particle Hamiltonian H.

Of more interest is the case of unequal ranks, M > 0, which describes a theory
with fractional branes. There are two different approaches, which we mention in
brief.

The first of these is called the closed-string formalism [12, , ]. Here, the
goal is to "absorb" the fractional branes into the background geometry, modifying
the M = 0 operator p to pys. It can be shown that, if we define the potential

M-1
et |
V(e) = (ef + ey ™ T tanh 2220 +2k7”8
M-1

S=— B}
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then the matrix model, normalised by the N = 0 partition function®', becomes

Z:(0, M) / Ark) NHt h HV (xp) /2—det (xi| par |z5)

with (2| par |y) = VV2(2)(2k cosh Z2)VV/2(y). The explicit inverse can be obtained
by using Fadeev’s quantum dilogarithm [167], and reduces to

le( 1)M _ mik/2=2miM p/2+3/2 + eP/2-1/2 + o~ Tik/2 —P/2+/2 + o—P/2-/2

which can be seen to be the same curve with a different Kéahler parameter. The
spectral determinant is now

Sonr(i) = Y N Zy(N, N + M) = Z,,(0, M) det(L + e pyy)
N>0

The other way, called the open-string formalism [200] is to keep p the same and
calculate the corrections,

Erm () = ZExo(p) det(H (M))

where H(M) is a finite-dimensional matrix, whose elements turn out to be com-
putable recursively in terms of traces tr p" using the TWPY formalism [213, ).

I would like to thank my co-worker Tomoki Nosaka for explaining these things
to me. A good review is [131].

1.10.3 The grand potential and the nonperturbative topo-
logical string

ABJM can be seen to provide the exact, nonperturbative completion of the topo-
logical string. In M-theory, the fundamental string and the D-brane descend from
the same object, the M2 brane, and the two effects of worldsheet and D2 instantons
get unified in terms of M2 branes wrapping Calabi-Yau three-cycles [20]. In the 't
Hooft limit, with k fixed and N large, ABJM is dual to M-theory on AdS x (S7/Zy).
As explained in [130], M2 branes on S7/Z; can wrap the three-cycle S®/Z;, coming
from the S® fibration of S7, and this corresponds to worldsheet instantons on P* in
type IIA, but they can also wrap 3-cycles in H3(S"/Zy,,Z) = 7, which corresponds
to "D2 instantons" wrapping the Lagrangian submanifold RP3. This connection to
the topological string can be made concrete by defining the grand potential,

Z eJ(u+27rin,k) _ Ek,O(,U)
neZ

which we here consider just for M = 0. The same potential may be obtained by
Jrave(y k) = log Zgo(p) and dropping an oscillatory part which restores the 2mi
periodicity in p. The grand potential splits as

J(/JJ’ k) _ Jpert(ﬂef‘f, k) + an(lueff’ ]{Z)

21This is equal to the U(M) Chern-Simons partition function, Z;(0,M) =
k:_M/QHS (25111 5 $)M=s [274]
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where the relation between p and pf will be explained shortly. The perturbative
part is cubic in u [30, , , , 200]

C
Jpert(/ub7 ]{3) — ?k/ubii +Bk,u2+Ak,

2 1 k
Ck:ﬂ_2k27 k:?)_k_ﬁ7

2((3) A /°° z B
AL = 1—— — d log(1 — *
k w2k ( 16 + 2 Jo xe’m —1 og( ¢ )

For integral k, the last integration can be performed exactly. The effect of M # 0
here is to modify only Bj quadratically in M. Because Z;(N) can be recovered
from J(p, k), the purely perturbative part gives

d pert — . —
Z]sert(N) _ / _N’eJ (k) —pN _ Ck 1/3€AkA1 (Ck 1/3<N N Bk:))

R 2T

which confirms the N3/2 scaling of the free energy along with corrections, as Ai(z) ~

_2,3/2

e~ 372 1p= 1221/ for & — 400, or indeed from a saddle-point analysis which
gives u ~ /N/C. In fact, the actual coefficient tells us slightly more, including
the volume of the compact manifold Y in the gravity dual AdS* x Y [136].

The non-perturbative part is given by

1 0 et 1
T (k) = F(tF, g,) + — NS =
(II"L’ ) ( Y g ) 27TZ 895 (g < gs Y gs ))

for local P! x P!, where the two Kéhler parameters are t57 = 4u°T /k  7i. Note
that this explains the origin of the effective chemical potential . Namely, as seen
from the Fermi gas formalism, ABJM theory quantises the mirror curve to local
P! x P'. The periods of the mirror curve H(x,p) = —1+e"+eP + 216 % + 29¢ P = ()
are related to the Kéhler parameters via the quantum mirror map which relates

_ qeff
Q:l: = e tj:/gs :ZieHA

and z;, can be identified with the bare Kéhler parameters as z, = e *+/%. This
total free energy satisfies the HMO pole-cancellation mechanism [132], so that order
by order in e~7 there are no poles in g;. Both the NS part of the grand potential
and the effective Kahler parameters t*f encode nonperturbative terms of the form
e~Y9 coming from the quantum periods from the B-model side.

1.11 The TS/ST/tau correspondence

The results of this section build up on and generalise the correspondence of the
ABJM theory with topological string on local P! x P!, which engineers d = 4 ' = 2
super Yang-Mills. My attempt was to explain the correspondence by building it up
using an easy toy model, mainly based on the work of Marcos Marino and colleagues.
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1.11.1 TS/ST

Consider a B-model mirror curve for a local Calabi-Yau threefold X of the form
{—wiwy + Wx(e?,e”) = 0} C C? x C2. Here and elsewhere, we restrict our focus
to Wx Newton polynomials

W, e®) = 3 pysertse
'7]’

We consider only the zero-section
Wx(ep y ex) =0

This is an algebraic curve in e?, e*. As of date of writing, the theory we describe
is exactly known for several cases, some of which are infinite families, but not in
full generality. By exactly known, I mean exactly calculable, a property which cur-
rently hinges on several properties of Fadeev’s quantum dilogarithm — eiven enough
numerical ingenuity, however, no obstacle to general calculations is immediately ob-
vious. In specialibus generalia quaerimus, therefore we restrict to the genus-1 case,
the first nontrivial one*. The concrete example I have in mind that of X as local
P? ie X = Kp2 = tot(O(—3) — P?)?3, and

=

Wx(ePe®)=eP + e +e P "+ 275 =0

This is an elliptic curve with a single modulus corresponding to the interior point.
To motivate the discussion, let us calculate the classical periods

Hap = f pdz, ps=log {—z‘é -tk \/(z*% +er)? - 4ex}
A,B

For now, we consider the regime z — 0, which means
e’ +e"+e P = oo

under appropriate scaling. Correspondingly, let us identify the A-cycle with a loop
around the vanishing e*. Consequently, the A-period becomes, with a rescaling of
convenience®?,

3
Iy = 5 Res [p. —p-] = log.z — 6z + 452 — 5602° + O(=")

The B-period is harder to evaluate — the reader can find it in [278]. It yields
2 2 3 423 , 3 4
I = log? z + 2log z (—6z + 452 — 5602° + ...) — 182z + - 267227 + O(27)

Armed with the periods, we can calculate the genus-0 prepotential Fy(t) defined
implicitly via
dfy 1
dt 6
22Later we comment on genus 0 as a limiting case of a more general family.

2 Calabi-Yau, since ¢;(O(=3)) + ¢1(P?) = =3+ 3 = 0.
24Periods are projective.
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to find
£, 45 _,, 244 _, 12333 _,
Fo(t):E—i—Be —ge —|—76 ——p ¢
1 3 —dt
= galllt +2Nd,0€
d>1

where the numbers Ny o € Q are the genus 0 Gromov-Witten invariants of local P?,
a list of which can be found in the appendix of [62]. Properly, these numbers are
of interest in the A-model of the topological string, and what we calculate is maps
from a genus g Riemann surface ¥, to the Calabi-Yau 3-fold X. In this topological
string theory limit, the maps are holomorphic, and the ¢ is a holomorphic Kéhler
modulus, in this instance the only one. What we’ve done is calculate the genus 0
version of the more general free energy in the large radius limit,

F,(t) = Z o Jug 1) _ Z Ny e~

hol. f:5,—X d>1

with w € H?(X;C) the Kahler class. What is, of course, interesting about this
calculation is that it involved periods of an elliptic curve associated to X as a
section of its mirror Calabi-Yau. We’ve seen this here in a very concrete manner,
as z is the complex modulus of the mirror CY, related nonlinearly to the Kéahler
modulus t. It’s important at this point to stress that the large radius limit was
involved, which was ¢ >> 0,z << 1. The individual prepotentials can be organised
as an all-genus sum as in section 1.9

F(gs,t) =Y Fy(t)g2e?

920

A key insight comes from the combinatorial argument
Fy(t) ~ (29)!, g>>1

which indicates that the above sum is an asymptotic series. General arguments on
resurgence give rise to the expectations of this being rather a trans-series:

Flgot) = Y Fy(t)g2 7 + O(e7V/9)

920

Several remarks are in order. Firstly, only the first term has, as yet, a combinato-
rial interpretation in terms of counting holomorphic curves (GW invariants). The
second term is non-perturbative and counts BPS effects. Secondly, the general form
of the series strongly suggests we view the higher genus corrections as being, in a
sense, quantum corrections. We are interested in curve quantisation in the sense
described in [120]. That is, to the elliptic curve we associate the operators

2,p = &9, [5,p] =ih-id, F>0
Wx(z,p) =0 Wx(x, —ihd, )Y (x,h) =0

The idea is to repeat the previous calculation to get all the higher-genus corrections,
after an appropriate identification of g, and the Planck constant. At this point we
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can solve it perturbatively using a WKB-type Ansatz

1 e
(2, h) ~ e I AEPEN)
p(z, h)
pla,h) = p(z) + > B"p,(x)

n>1

The leading term is just the classical period, from Wy (z,p(x)) = 0, so it makes
sense to define quantum periods using p(z, h),

s p(z,h) = ]{Ugdxp(x,h) =114 5(2) + O(h)

and consequently
dfF, 1
— =11 h), t=1I h
dt 6 B(z’ )7 A<Z> )
This almost works. In fact, what we get from this process is the prepotential in the

Nekrasov-Shatashvili limit [202],

Fy(t) => n"FN(z)

n>0

which we discuss elsewhere. In a sense, this is orthogonal to the series we wanted.

Since g; = €1, where € = —ey and h = ¢; where €, = 0, we could conclude that in
this case,
1
gs ~ 73

This means that the solution is again perturbative. Note that WKB is in general
an asymptotic solution. These issues can, however, be fixed if we recognise that
we’ve not really been doing quantisation, since we had no Hilbert space. In fact, to
be less sloppy, we consider both our operator and our state vector.

For the Hilbert space we take the canonical choice L*(R). The curve, now
promoted to an operator we're looking at is of the form

WX(eﬁ, ei’) _ Z ,Uz',jeiﬁJrjj
]

once we adopt Weyl ordering. Here e?, ¢ are unbounded, self-adjoint operators on
L*(R), but and it’s not clear that their bilinear combination is self-adjoint on the
Hilbert space. In general it isn’t, however, for our example and many others, it is
self-adjoint [116, |. This, on its own, is a big surprise. In a sense, a conjecture
is lurking here: for Wx which define mirror Calabi-Yaus, the associated operator
is self-adjoint on L?(R). What is interesting is that the associated equations are a
difference equations, in our case

U(z + ih) + (x) + ez — ih) = z_1/3¢(x)

Turning back to ¢ (z, h) itself, trying to ensure it’s square-integrable leads to the
Heisenberg quantisation condition

1
HB(Z,FL) = 27h (n+§) , n € Ny
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However, we know that, classically, Iz = log® z+.... Consider writing —z~1/3 = .
The quantisation condition translates to
En ~ 7,111/2
and the equation itself to
OAK]P,Q = €E”¢n, OKPQ =P + e’ + C
With this estimate, we come to the crux of the TS/ST correspondence of [117], which

equates a strongly-coupled quantum spectral problem to the exact non-perturbative
completion of the topological string. Namely, let p = O~! be the inverse mirror
curve operator. Then, due to the estimate on the eigenvalues of O‘l, for every
[ >1,
Try pl = Z e P < 0
n>0

In other words, p is trace-class. Crucial to the conjecture are the so-called fermionic
spectral traces

)V Ty, 5y
Z(NB) =Trwy pA o Ap= Y. H( )70 Ty )
— myllm
N times {my| Y2 lmy=N}

which naturally arise in the context of ABJM. Then we form the spectral determi-
nant
E(k) i=det(1+rp) = [[ (1 +re ™) =1+ Z(N,h)r"
n N>1
The main claim of [116, 180] is that the spectral determinant is entire in k € C. As
with the rest of the claims of this chapter, this must be established on a case by
case basis as a more general theory is lacking.

1.11.2 Conjectures on limiting behaviours

The spectral determinant admits three different limiting behaviours, its behaviour
there governed by distinct expansions. The first of these is the large-radius limit.
Let k = e*. Then, consider the scaling limit

@ — 00, h— o0, =t fixed

s
h
Then in this double scaling limit,

logE(k) ~ Y Fy(t)h* >

920

plus oscillatory contributions, where F,(t) is the genus-g GW invariant. This corre-
sponds to the large-radius limit of the CY geometry, which corresponded to z >> 1
in our toy example. The second conjecture regards the so-called orbifold or dual
magnetic limit,

N
N — 00, h— oo, E::)\ﬁxed
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under which the coefficients Z (N, h) of Z(k) are conjectured to behave as

log Z(N,h) ~ Y FP(\h*>

920

where
FP(\) = ¢\ 4> FP A
n>0

are the dual GW invariants, defined around the "conifold point" A\ = 0 where the
Kahler parameter of the A model vanishes. The first term is a pole, ¢, being a com-
binatorial factor. This is a resummation of the standard GW invariant generating
function. How are we to interpret this from the point of view of our toy geometry,
from the B model side? We present a geometric argument first. Using the birational
equivalence of an elliptic curve with its Jacobian, C' = Jac(C'), we can write the
curve x?y + y?x + 2~V 32y + 1 = 0 in its Weierstrass normal form as

1+ 24z n 1+ 362 + 21622
x
4824/3 86422

V=2 +ar+b=1—

and calculate the discriminant
A = —16(4a® + 270%) = =27 — 27!

Therefore there is a distinguished point in the moduli space, z = —1/27, at which
the curve becomes singular. The physical argument is as follows: in terms of z, the
Yukawa coupling has a pole

dt\* &°F 1 18 378 1 ~1
— | ===+t =+—+.. —— 43 632 +.. | =———40
(dz) de3 ( 23 * 22 * z * ) ( z oz ) 323(1+ 272’)jL ()

at z = —1/27. At this point, the fermions acquire infinite mass, and the theory is
purely magnetic. Finally, the third distinguished point on the moduli space of our
toy CY is z — oo, when the curve becomes y? = 23 + 1/4 and the CY becomes
C3/Z3. This is the "orbifold point', and in fact this is just the expansion in small
k = —z /3 from the original definition of the spectral determinant. Besides the
conjectural asymptotics, there is an exact conjecture

=y (e,u) _ Z eJX(u-i-Qﬂ-in,h)

ne”L

for any such local CY X, where Jx is called the grand potential and is an involved
resummation of refined GW invariants along with BPS corrections. For h = 2,
symmetry enhancement turns the RHS into a theta function, and proofs become
possible [259].

1.11.3 Enter Dilog

The main strength of this formalism is the ability to exactly calculate the spectral
determinant. Our ability to do so so hinges on being able to invert the mirror curve
and obtain p, as well as performing the subsequent integral. To follow the calculation
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as in [160, ], we introduce Fadeev’s quantum dilogarithm [85, 80], which is
morally a deformation of the exponential of the ordinary dilogarithm Y 2" /n?,

—2ixy d b bfl
() ::exp/ Y \Im{x}\<Re{ *2 }

Rti0 4sinh by sinh ¥ ?

which circles around the pole at y = 0 to the upper half-plane. The relevant
property here is
o(x — F)
op(z + 2)
Of course, we're dealing with an operator with canonically conjugate variables

[z, 9] = ih. With some hindsight, we should consider for now a linearly transformed
set [¢, p] = 2mib®. Then, using Taylor’s theorem,

e f(g)e " = f(g — 2mib*a)

we can write the quantum dilog’s recurrence relation as

-1 4 627rbx

X 1 q b 1 P o_p q
1+el= - Ps( =) =e? 200(5
do(5L + L) 2mh 2 (51 omh

N—
g
s

More strenuous exercise yields the identity we need to invert the mirror curve,
namely

e

SN

———— (e et — ) =Tt e =0
(bb(ﬁ + 23b)

Finally, we can calculate the matrix element of the inverse mirror curve,

2p

e 3
N o P o
(@ 102) = (ol B @)1 (@) )
dz €%
:F1<q1)F2(q2)/ml—i_ezezﬂﬂ(m q2)
Fi(a) Pola) - 1
= 1 QI 2 q2 " —
4mb? cosh [ — 5]

Finally, by the Cauchy determinant formula, we can calculate

1 N 1 dVa Ry Re{V(x; Hi<] 2sinh[2]=5% IZ
Z(N,h) = N'/d Id€t<%|/0|%> N'/(2 )Ne eVt )}H..QCOSh [M_ﬂ}
,J 2

6

and check the conjectures hold. The result is a deformed O(2) matrix model, and
its spectral curve again is a level set of e” + e¥ 4+ e™77¥ [283] .

1.11.4 Further comments

Other examples are, conjecturally, all the anticanonical bundles of almost del Pezzo
surfaces. There are, in fact, only 16 possibilities, since all such nonlocal CY 3-folds
are built from reflective polygons. Indeed, toric geometry may be used here [0,
Prop. 8.2.7.]: if we want a global section of w = X; 'dX; A... A X, 1dX,,, with {X,};
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the torus coordinates corresponding to a particular choice of basis of the lattice,
this is the same as O(— ), D;) being trivial, with D, the toric divisors. This is
equivalent to >, D; ~ 0, which is equivalent to the existence of a w such that
>-:{u,v;) D; = 0, but this finally equivalent to (u,v;) = 0 Vi, meaning all the v; are
coplanar. Of course, coplanarity ensures non-compactness. The fact that we need to
look at anticanonical bundles further restricts this to be a reflexive polytope by the
Batyrev-Borisov theorem. These are all genus 1 curves, since they necessarily have a
single interior point. However, the conifold may be reached by a limiting procedure
[128]. The standard procedure to build mirror curves then follows. For simplicity’s
sake, we focused on dP, here, however, more can be said for Fy = P! x P!'. Indeed,
in a series of works [11, 15, 16, | my coauthors have described the links of the
spectral determinant with the tau function of Painlevé I3, Seiberg-Witten theory
of pure SU(2), and further generalisations to g-difference equations and 5d gauge
theory on R* x S'. In this special case, we can see that quantisation of the curve
actually reduces to solving the Poschl-Teller potential,

Ep = (e’ +eP+e" +e 7)Y = p(a+ih)+y(z—ih)+2 cosh zy)(x) ~ —h*Y"+2 cosh zyp

as well as the simple harmonic oscillator when z is small. This can be generalised
further to anharmonic oscillators. Namely, we start from the topological string
(eP,e”), take the geometrical engineering limit to get to the Seiberg-Witten curve
(eP, x) and finally use Argyres-Douglas scaling to get quantum mechanics with an-
harmonic potentials (p,x). Provided the quantum mirror curve can be inverted,
this translates the difficulties of anharmonic potentials to an easier calculation in
the topological string, followed by nontrivial limits.

1.11.5 TS/Tau

The main interest in this work is, however, the conjecture

—_
E~T

for appropriate polytopes and isomonodromic systems. For X being the local P! x
P!, it was shown in [10] that the spectral determinant =(z) satisfies the g-Painlevé
113 equation in tau form. In this case, = is explicitly given by the ABJM theory,
along with a dictionary which links g-shifts to rank-deformations. By shrinking the
M-theory circle, the spectral determinant reduces to the topological string and the
g-difference equation reduces to standard Painlevé 1113 [11] and expresses Seiberg-
Witten theory as a Fermi gas, explicitly in terms of a matrix model. Since the
large- N expansion calculates the theory in the magnetic frame, one application of
this presentation is to probe the multi-monopole point as done in [69].

More generally, the TS/ST correspondence suggests a link between the spectral
determinant of the quantum Seiberg-Witten curve and the five dimensional NO
partition function [16]. Via geometric engineering [5, ], M-theory compactified
on a local Calabi-Yau threefold defines a five dimensional N' = 1 gauge theory,
whose Seiberg-Witten curve is identified with the mirror curve, while the topological
string partition function gets related to the Nekrasov partition function in a self-dual
Omega background [221].

The TS/ST correspondence was extended to higher genus curves [63, 6], which
turn out to be related to G = SU(N) N = 1 theory on R? _ x S, and it was shown

€1,€2
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that in this case the T'S /tau correspondence holds as well [15]. For X corresponding
to SU(N), the Y0 geometry, a matrix model realisation was found by my co-author
Tomoki Nosaka [231] from mass-deformed ABJM.
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Chapter 2

Generalized Painlevé equations

2.1 Extending the Painlevé/Gauge correspondence

In the introduction we have seen how the Painlevé/Gauge correspondence means
the Kiev Ansatz for d = 4 N = 2 G = SU(2) super Yang-Mills theory on a self-
dual Omega-background gives the general solution of the corresponding Painlevé
equation in tau form.

Interpreted as a surface operator, we can associate two different tau functions
70,71 to the pure SU(2) theory, since |Z(G)| = 2. The shifts involved mean that
71(o]t) = 70(0 + 3|t), which can be seen as a Bécklund transformation. It turns out
they satisty PIII3 in Toda form

2 17'12
810gt10g7'0 = —t273,

0

2

2 R )
alogtlogﬁ = —tzﬁ

1

which can be interpreted as surface operator RG flow. The first part of this section is
based on joint work with my advisors, Alessandro Tanzini and Giulio Bonelli [12, 13].
We worked to extend this Toda representation of the pure SU(2) Kiev Ansatz to
a more general group G. This was possible by starting with the Painlevé/Calogero
correspondence, which has a natural extension for any gauge group G, and is
known that appropriate Lax pairs of the elliptic Calogero-Moser systems furnish
the Seiberg-Witten curves by the SW/Integrable system correspondence. When
deautonoimised, they should therefore lift the theory to the Omega-background.
The resulting isomonodromic problem on the torus involves the whole root system.
This gets simplified if the Inosemtzev limit is taken, which takes the Calogero-Moser
problem to the Toda system involving only the extended positive roots of the Lang-
lands dual Lie algebra. At the same time, the torus geometry degenerates to that
corresponding to the pure gauge theory by AGT.

My key insight was to put the appropriate shifted Kiev Ansétze to those nodes
which correspond to elements of Z(G), which are the cominuscule weights. The
A, system is therefore an anomaly, as every node has this property. What the
other nodes then represent is still a mystery — they seem to be composite surface
operators. In any case, they can be expressed in terms of the special nodes I selected.
Eliminating these middle-nodes leaves us with usually a single equation on the tau
functions of the cominiscule nodes. The form of the Kiev Ansatz is then enough
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for us to recursively solve for all of the equivariant volumes of instanton moduli
spaces, even when an ADHM description is unavailable, which is the case for the
exceptional algebras.

I have also generalised this to the 5-punctured sphere, which corresponds to a
certain degeneration of the Garnier system. The exact relation between these Toda
equations and the Gariner system is however unknown, and represents a promising
direction for future work.

In the second part I present some additional work. It is shown how to generalise
the results of the first part to g-difference equations which correspond to d = 5
N = 1 gauge. The relation with the blowup formulas is discussed. Finally, I
show how to extend the G = U(2) results (not SU(2)!) to an arbitrary amount of
fundamental hypermultiplets, including greater than four.

2.2 Surface operator flow

In this part we study the partition function of N/ = 2 super Yang Mills theories
with general simple gauge group G in presence of a surface defect. As mentioned
in 1.8, the latter is described by a two-dimensional N = (2,2) gauged linear o-
model living on the defect and coupled to the bulk four-dimensional theory. This
implies that the defect partition function obeys tt* equations [5&], which for the
theories under consideration correspond to a de-autonomized Toda system. The
defect partition function is vector-valued according to the set of admissible boundary
conditions, labeled by the roots of the affine Langlands dual Lie algebra (g)"[121].
The deautonomization corresponds to studying the gauge theory in the self-dual €2-
background (e, —e¢). The limit ¢ — 0 reproduces the classical Seiberg-Witten theory
[252] which is known to be described by the autonomous Toda chain of type (CA?)v
[111, ] by the SW /Integrable systems correspondence.

The system of equations we study is the radial reduction of tt*-equations which
describes complex deformations of a Z(G)-singularity, Z(G) being the center of the
gauge group. These are the equations of non-autonomous twisted affine Toda chain
of type (G)V, where (G)V is the Langlands dual of the untwisted affine Kac-Moody
algebra G. In order to clarify the appeareance of the Langlands dual group, we start
from the analysis of the surface operators in the AV = 2* theory in terms of the de-
autonomized Calogero system, whose limit to super Yang-Mills naturally produces
the relevant root system. Each node of the resulting affine Dynkin diagram defines
a surface operator, the associated 7-function being its vacuum expectation value.
A special role is played by the surface operators associated to the affine nodes.
These are simple surface operators whose monodromy is twisted by elements of the
center of the gauge group Z(G). As such, they are bounded by fractional 't Hooft
lines and generate the corresponding one-form symmetry of the gauge theory. This
is manifest as a Z(G)-symmetry of the 7-system and will be used to simplify its
solution. Our analysis will be based on the observation that the surface operators
associated to affine nodes are described in a perturbative regime of the bulk gauge
theory and as such the partition function of the theory in their presence admits the
Ansatz (2.6).

The time flow of the non-autonomous system corresponds in the gauge theory
to the renormalisation group flow, the time playing the role of the gauge coupling
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constant. The system of equations produces recurrence relations for the coefficients
of expansion in the gauge coupling (2.6) thus providing a new effective algorithm
to calculate instanton contributions for all classical groups G. Actually, general
recursion formulae based on bilinear relations can be provided for the A, B and D
groups, while for gauge group of type C, E, F' and G a case by case analysis is
needed.

On the mathematical side, the 7-functions we provide the general solution at
the canonical rays for the Jimbo-Miwa-Ueno isomonodromic deformation problem
[155, 156] on the sphere with two-irregular punctures for all classical groups, which
to the best of our knowledge was not known in the previous literature.

The recursion relations we obtain are indeed different from the blow-up equations
of [216] and further elaborated in [171]. The latter necessarily involve the knowledge
of the partition function in different 2-backgrounds, which makes the recursion
relations and the results from blow-up equations more involved and difficult to
handle. Nonetheless, we expect a relation between the two approaches to follow
from surface defects blow-up relations. The isomonodromic 7-function for the sphere
with four regular punctures was obtained in a similar way from SU(2) gauge theory
with Ny = 4 in [153]. An analogous analysis for general classical groups is still
missing in the literature.

In particular we study the cases of twisted affine Lie algebrae and linear quiver
theories. We find that the 7 function for the twisted affine Lie algebra BC' inter-
estingly satisfies the radial reduction of Bullough-Dodd equations, and it is related
to the v.e.v. of surface defect in N'= 2 SU(2) gauge theory with one massless hy-
permultiplet in the fundamental representation. We also study the BCy for which
we do not have at present a gauge theory interpretation.

We conjecture bilinear relations satisfied by the 7-functions of SU(2) linear
quiver theories which can be obtained from M-theory compactification on a Rie-
mann sphere with two irregular punctures and n — 2 regular ones [96]. From the
mathematical viewpoint these 7 functions describe isomonodromic deformations of
SL(2,C) flat connections on the very same Riemann sphere, and can be obtained
from a suitable confluence limit of the Garnier system on the Riemann sphere with
n + 2 regular singularities. While the bilinear equations we write govern just the
isomonodromic flow in the moduli of the two irregular punctures, we observe that
a general solution can be found by imposing consistency of the system in suitable
asymptotic limits. It would be interesting to complete the 7-system with the equa-
tions governing the dependence on the moduli of the regular punctures and study
the relation of the results we find with bilinear systems for the 7-functions of the
Garnier system [267].

2.2.1 Isomonodromic deformations

In this section we derive the relevant equations on the 7-functions for the Toda
system related to any simple classical group. These are derived starting from the
elliptic case in which Langlands duality is manifest.

On the one-pointed torus, C;; = T, = C/Z®7Z, where 7 € M = (H, )PSLCAy
{v/—100} denotes a complex structure and corresponds to the isomonodromic time

7!. The isomonodromic system is given by a Fuchsian system together with an

I Confusion with the same label used for 7 functions will not arise; in any case, we will soon be
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isomonodromic flow
0.P(2) = L(2)®(z), (27i)0,P(z) = —M(2)P(2)

where z € Cyp [200]. The related autonomous integrable system is the elliptic
Calogero-Moser system [132] which in gauge theory corresponds to N/ = 2*. The
reason for starting with an extra adjoint hypermultiplet as opposed to the pure
theory is that the limit to pure theory gives the context as to why the Langland dual
extended root system plays a rdle, since these are the only roots whose contributions
survives in the decoupling limit to the de-autonomized Toda system.

The deautonomized elliptic Calogero-Moser system can be formulated for any
complex simple Lie algebra g of finite rank k, whose root system we realize in a
finite dimensional C-vector space V' equipped with an explicit basis {e;}i=1._dimv,
so the root system is R C V. We identify V'V = V using the canonical product.
Let ¢ : M — V be a vector valued function satisfying the deautonomized elliptic
Calogero-Moser system

2mV/-1)2p = —— Z ¢ (- p|T)ax

acER

where ¢'(z|7) denotes the z-derivative of the Weierstrass elliptic function, and M
is the mass of the adjoint hypermultiplet. There is a well-defined autonomization
procedure which maps the isomonodromic to the integrable system [260]. These
deautonomized systems are quite non-trivial. Indeed, in [191] the so-called elliptic
sixth Painlevé transcendent was defined as the solution to the equation 9%z =
—¢'(2]7)/(87)?, and this is the simplest such system, corresponding to the Lie
algebra g = A;. Let us briefly recall how the autonomization procedure works.
Essentially, here we need to pass from the full problem formulated on the moduli
space M of the one-punctured torus with complex structure 7, T,, to its tangent
space at some fixed complex structure 7o, TM|r, = H(T,,, Q") = C. As described
in [188], we take 7 = 79 + €t, O, — €0,,, and take the ¢ — 0 limit, perhaps ridding
ourselves of some convenient 27i factors as well. In the context of gauge theory,
this limit corresponds to turning off the Omega-background.

Let p¥ and hY denote the dual Weyl vector and dual Coxeter number, respec-
tively. The decoupling of the hypermultiplet which brings to pure N' = 2 Super
Yang-Mills or non-conformal AGT [196] is the Inosemtsev limit, achieved by setting

1
T ony1® ( )

=@+ lo — .
e 2m/—1 B g<M> p
and then sending M — oco. A € C plays the role of the time.

To perform the limit, we quote the g-series of the relevant elliptic function [257],

vV

which can be proved using the Lipschitz summation formula [282, § 2.2],
1+ wz 14+ q"w_,
oo = S S
n>0

ditching this time variable for another
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where ¢ = 2™V=17 is the so-called nome and w, = ¢*™V~12. To perform the limit,
first note that we may restrict ourselves to positive roots, as ©'(—a, Q|7)(—a) =
¢ (a, Q|T)ar. Second, examine the powers of (A/M)?, and use the properties of
positive simple coroots and the longest coroot given by the level function, as follows.
Following [70], define the level function ¢ : R — R by a — () := (p", ), where
p’ = 331 € g”is the dual Weyl vector. Then, {(a") = 1 if and only
if € Ay, and ¢(a”) = hY — 1 if and only if & = 6Y, where h" is the dual
Coxeter number. Examining the terms remaining after the limit, we see we have
contributions either from positive simple coroots, or from 6V.

The elliptic system reduces to a trigonometric one, and only the roots corre-
sponding to the dual extended root system survive, namely the ones whose affine
Cartan matrix got transposed. The significance of the dual affine system to SW

theory is well-known [73, 197]. The resulting system is
oo = S v o
QEAJF

where ¢t := A"’ A, = {#} U A, are the extended positive roots, and we redefined
(2mi)¢p — ¢ for simplicity. Once the asymptotic form of the solution is specified,
the solution can be found by series expansion with a non zero (possibly infinite)
convergence radius. The natural choice is to start with the homogenous solution
and let ¢ = a +logt-b + £ for constant a and b. The prefactor t'/*’ can be
eliminated by setting b = o — h%pv. After this, a solution in terms of a power
series in ¢t and {t°'}¥_, can be found recursively from

—0V. —0V.oc —0. v, V., v,
aﬁ)gtézeve 0 atl 7] %0 0§ E a\/ea ajo’-o o 13

a€A+

from which we see that to ensure convergence, o € Wy’ ., the fundamental Weyl
alcove of the dual root system, as

1-6Y-0>0 WY
=0
o) - o>0i=1,.,r fund.
Therefore, solutions are in bijection with points of Wy, 4 -
The choice of the affine root is not unique if outer automorphisms of the affine
Dynkin diagram exist. For the simplest case A;, there is one root which we realize

as a = (1,—1) and the automorphism is the reflection around the origin. Then we
have p=1/2-a = (1/2,-1/2) and h¥Y =2, so

= () == () - () - ()

The effect of the reflection is o1 +— o9 + 1/2, 09 — 01 — 1/2. We should really be
specializing to the sly slice o1 + 09 = 0, which we often neglect to make expressions
simpler; setting ¢ = 01 = —o9, however, we see that this is really the Béacklund
transformation 7(o|t) — 7(1/2 — o|t) of Painlevé 1113, analyzed in detail in [30]. In
A, cyclic transformations may be seen to shift o by fundamental weights. We use
this redundant to solve the system, since as we will see it reduces the order of the
equations drastically.
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2.2.2 The Hirota relations

For any a € A, we define the formal power series 7o € C[[t, 17", ..., 17]] associated
to ¢ as a solution to the following equation

\%

O 108 T, 1) = the e (2.2)

up to constant and logarithmic terms.
We claim that the 7 functions generate the Hamiltonian, in the sense that they
satisfy
Z Dogt10g To = hVtH
acA

up to a constant, where
1, 1 oV
- - e »
tH(p,m,t) = 5T + ¢ g e
a€A+

is the Hamiltonian of the deautonomised system.Indeed, we check that

(19 (130 = (10) [ = 17 3 oo

OIEA+
1 v av.so 1 1 OLV‘QD
:'ﬂ'-alogt'ﬂ-+ tW E [0 AN .alOgtcp+WtW E [
a€A+ QEA+

and since the first two terms vanish on-shell, so the claim follows. Equipped with
these 7 functions, we note that (2.1) can be rewritten as

- (QD + Zajv logTaj> =0

J

We can integrate this and then reconstruct the solution ¢ in terms of 7 functions
from the components in the expansion ¢ = ). ¢;e;, namely

@i = c1; + cpilogt — log H [Ta ()]
aGAJ,-

where the integration constants c;, follow from the ambiguity in the definition
of the 7 functions. Feeding back into (2.2), the isomonodromic system may be
reformulated purely in terms of the 7 functions as

aﬁ)gtlog Ta = —t7 H [Ta]_ﬁv.av (2.3)
BeEA,

were the minus sign in the R.H.S. of (2.3) is obtained by a rescaling the time
variable as t — eV~ 1™t We will find it useful to rewrite this expression in terms
of a logarithmic Hirota derivative defined as

D*(f) = f*Oigelog [ = [Ogif — (hogef)?
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and satisfying
DA(f") = 202" D?(f7)
D*(f-g) = [*D*(g) + g°D*(f).
We can then rewrite the system as

ra® 2D 70) = 77 [ [ral 7 (2.4)
B#a
where the factor of Tﬁﬁv'ﬁv has been extracted from the product and carried to the

other side and the definition of the Hirota derivative was used. Moreover, using the
first Hirota derivative identity, we get

\ 2 av-av BV‘BV — V. Bv
o 2D 1) = T D[] 5) = i [ [l

and redefining [7,]” 2 > 74 for every root a we finally get the equation

a’-a’ —aV.
D?(ra) = =5t I el (25
BeA B#a

The above redefinition leaves unchanged the 7-functions corresponding to miniscule
coweights. By the ambiguity in the constants of integration, both (2.3) and (2.4)
may be modified by a constant or a power of ¢. Further, we will be writing D* :=
D? o D? D* := D? o D?"2. Finally, the 7 function associated to the constant
solution ¢y = a is immediate from (2.2),

Ta (0, 1) = exp{ (hv)chLV e""a}

Eq. (2.5) is the de-autonomization of the 7-form of the standard Toda integrable
system. From [111, 197] it is known that this governs the classical Seiberg-Witten
(SW) theory [251]. The de-autonomization is induced by coupling the theory to
a self-dual Q-background (e, €2) = (€, —¢) [17]. In the autonomous limit ¢ — 0,
the relevant 7-functions boil down to Riemann 6#-functions on the classical SW
curve [39]. These were used to provide recursion relations on the coefficients of the
expansion of the SW prepotential in [32].

The actual form of equations (2.5) depends on the Dynkin diagram. In partic-
ular, these reduce to bilinear equations for the classical groups A, B and D, which
we solve via general recursion relations. Instead, for C, FE, F and G groups the
equations of the 7-system are of higher order and must be studied by a case by case
analysis. The 7-system displays a finite symmetry generated by the center of the
group G, namely

g ‘An‘Bn‘Cn‘ D2n ‘D2n+1‘En‘F4‘G2
Z(G)‘Zn_l_l‘Zg‘Zg‘ZQXZQ‘ Z4 ‘Zg_n‘l‘l

The center is isomorphic to the coset of the affine coweight lattice by the affine
coroot lattice, and coincides with the automorphism group of the affine Dynkin
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diagram. As in 2, the coweights, and by extension the lattice cosets, corresponding
to these nodes are the minuscule coweights. We recall that a representation of g is
minuscule if all its weights form a single Weyl-orbit. This remark will be crucial to
solve the T-system.

The 7-functions corresponding to the affine nodes, namely the ones which can
be removed from the Dynkin diagram while leaving behind that of an irreducible
simple Lie algebra, play a special role. In the gauge theory interpretation of the
Introduction, these are related to simple surface operators associated to elements
of the center Z(G), and are bounded by fractional 't Hooft lines. As such, they are
the generators of the one-form symmetry of the corresponding gauge theory, [95].
Since their magnetic charge is defined modulo the magnetic root lattice, a natural
Ansatz for their expectation value is

T (07, M| Kgt) Z 2z ()’ B 4 nlt) (2.6)
nEQ

where B(o|t) = Bo(o) Y .~ t'Zi(o) with Zy(o) =1 and QY = Alg+QY, QY being
the coroot lattice equipped with the canonical inner product normalized such that
the norm of the short coroots is 2, and (AYg, &) = Ogafia for any non-extended
simple root a. The constant kg = (—ngy)"*, where ng is the ratio of the squares of
long vs. short roots and ry , is the number of short simple roots. For simply laced,
all roots are long and x4 = 1.

In the A, case, (2.6) is known as the Kiev Ansatz. In particular, in the A,
case, it was used to give the general solution of Painlevé III3 equation in [152] and
further analysed in [203]. It was crucial for these results to identify the expansion
coefficients of (2.6) with the full Nekrasov partition function in the self-dual -
background. We will now show that this still holds for general classical groups.
More precisely, this follows upon the identification o = a/e, where a is the Cartan
parameter of the gauge theory. Let us remark that the variables 1,0 € QV are the
integration constants of the second order differential equations (2.5) and correspond
to the initial position and velocity of the de-autonomized Toda particle.

Let us set now the boundary conditions which we impose to the solutions of
equations (2.5). We consider the asymptotic behaviour of the solutions at ¢ — 0
and o — 00 as .

2 2
log(By) ~ ~1 Z(r -o)log(r-o) (2.7)
reR
up to quadratic and log-terms.

Notice that the 7-system knows itself the one-loop exactness of the N' = 2 gauge
theory! Indeed, if one chooses a more general ansatz for the Wilsonian effective
action as log(By) ~ Y .cp Cam(r - 0)*log ((r- o))", then the consistency of the
equation itself implies that (n,m) = (1,1) and (n,m) = (2,0) are the only allowed
terms.

We will show that the solution of (2.5) which satisfies the above asymptotic

condition is
By(0) = Zicop(0) = [ 55— & 1+r - (2.8)

2Bourbaki [Lie gps Ch. VIII §7]
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where G(z) is the Barnes’ G-function and R is the adjoint representation of the
group G. The expansion of the above function matches the one-loop gauge theory
result upon the appropriate identification of the log-branch. This reads, in the
gauge theory variables, as In [\/—_11' -a/ A} € R and in the A, case matches the
canonical Stokes rays obtained in [1158]. Eq.(2.8) corresponds to the 1-loop term
in the self-dual -background. To see this more clearly, recall the perturbative
Coleman-Weinberg 1-loop term for a massless hypermultiplet in 4 dimensions with
IR regulator p,

3 1 2 > d 1
Firoop(0) = Ztr o — Ztr o2 log (%) = / S_itr e % 4 O(E)
n

where the trace is taken in the relevant representation. In the self-dual 2-background
with parameter €, this gets deformed to

/OO ds —€-tre™*°

L 5 (1—e)(1—e*)

which we can write in terms of the Barnes’ G function by using its Lévy-Khintchine
type representation valid for |z| < 1

1 log2m — 1 1+7 , /Oodsezs—l—kzs—%stZ
———— =expy — zZ+ 2" — —
G(1+2) 2 2 o s (1—e)(l—e)

where the substractions in the integrand serve as an infrared regulator. For a general
gauge group in the Coulomb phase, tracing over the Cartan yields

®ds —€®-trpe 7 1
]:1—100 — R .
e P = ex — —— =: By(o
p{/ﬂ s (1—686)(1—6_55)}WgG(l+U-a) (@)
The most important property of this expression is that, given some 3 € RV,

(_1)Ln/2jp(_a o))"

Bulo+8) = Bol@) [] (2.9
"‘5,%251 Na-o)"(a-o)" k];[l(a co + k)2

where we can pick only positive n’s since the product runs over the whole root
system.

2.2.3 The operators Y"

Besides the Hirota derivatives, we will make frequent use of the operators recursively
defined as

Yif) =1 (2.10)
YA(f) = D*(f)
YU(f) =) TIDIYTNS)), n>2

Besides being shorthands, their utility consists in the property that they act on a
formal power series as

n

Vi _wit) = 3 Iwat™ 11 (o —2a)? (2.11)

1 yerin =1 k<i=1
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It is easy to calculate by hand that is true for n = 2. For n > 2, suppose we only
have a total of n distinct exponents x;, in the sum ) . y;t". Then if we assume
(2.11) holds for n—1, Y™~ will by assumption have only ,,C,,_; = n terms, differring
by one pair of indices. Without loss of generality, consider two terms with the last
index labelled differently. That is, let Zgame = Zk 1% and z; , # z; . By
assumption of the induction we have that in applying Y™ ! to >, y;t“ we end up
with two different terms

c1 t$same+$n717 Co tffsame‘i‘zn c Yﬂ—l( E thCEz)

where the coefficients c; o are

n—2

2
1 =Yi,_1 | |(:E7,k - xin_l) * Csame
k=1
n—2

Co = Y;, H('Ilk - xin)Q * Csame

k=1

where

n—2
2
Csame — I_IyzJ H xzk _xil)

j=1 k<l=1

comes from the exponents purely inside Zgme. Considering the application of D? to
just those two terms we obtain

. . . 2 . .
D2 (ClCsaunetws‘m‘e—Hﬁl"*1 + CQCsametxsameJ’-zm) = CICQCSame (xinfl - xin)Qt TeameF Tin_y FTin

which we can write as

n—2 n
T; x; 2
Hyz] v 11 @ =) Hyzj v 11 @i =)

k<l=1 k<l=1

n—2
_Hyljt N H Ilk_mil)Q'Yn(Zyitwi>

k<l=1

and in the last line we've used (2.11) in this particular case of only n distinct
exponents. The term in front explicitly lacks the pair of indices we chose. Now if we
extend by linearly to all such pairs, we see that we have shown that D?(Y"71(f)) =
Y™ 2(f)Y™(f). But now we are done since we can reduce the general case of more
than n distinct exponents to this one by multilinearity.

2.2.4 The Lie algebra Zoo
2.2.4.1 A,

T Tj—l Tj Tj+1 Tn
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The A, case is the simplest but already illustrates most of the ideas of our anal-
ysis. The simplification in this case comes from the fact that every node of the
extended Dynkin diagram corresponds to a miniscule (co)weight and that the re-
sulting equations are strictly bilinear, none of which are true in general for different
algebras.

We realise the roots using an orthonormal basis {e;} of R"™ as {£(e; —¢;)} for

i # j. The algebra is simply laced so the coroot lattice is the root lattice and is
n+1 n+1

QY =Q ={> ¢eil > ¢; =0}, while the fundamental weights
i=1 i=1
L(ln-‘rl)

Ai: 1i70n+1—i _
( ) n+1

are all minuscule. Here (17,0""'77) stands for a vector whose first p entries are 1
and the remaining entries vanish, while in (1"*1) all entries are 1. Moreover we
label the 7-functions as 7, = 7; and identify 7; = 7,414; periodically. Then the
T-system can be written succinctly as

DZ(T]) = _t%_HijlTj+1 . (212)

Due to the Z, 1 outer automorphism group of the Dynkin diagram, each of the
nodes of A, can be taken as the affine one so that the corresponding 7-functions
can be expressed through the Kiev Ansatz (2.6). Therefore, all the 7-functions are
determined by a single one, say 79, as 7; = 7o|@sq,- Owing to the Z, 1 symmetry, it
is enough to solve (2.12) corresponding to j = 0. Henceforth we adopt the shorthand
flyxz) = fly+2)f(y —x). The Ansatz (2.6) for 7y reads

o(o,mt) = Z 2V Iy (e 4n)* i (6 4 n)Z,(o + n) (2.13)

neQ,i>0

It is necessary to discuss the effect of shifting the lattice () by A;, since we explicitly
write the shifts A; and simplify them, instead of considering three different lattices.
In the Ansatz, the initial conditions n, o € R™™!, along with the whole root system
and all n € Q as such, are orthogonal to the (1"*!) direction. Therefore, o - A; =
o-e, 0N, = —0-e. Therefore, By(o) and Z;(o) will be fixed by functional
and recursive relations which involve only +e;, as only such inner products enter.
Therefore, we will write, e.g. Bo(o +n+ A1) = By(o +n + e;). With these and
some other simplifications, Inserting the Kiev Ansatz (2.13) into (2.12) gives us

2
/1 i 2 i o 1 1 S
E 2V Hnutna)myani+ong i fizto (n1n2) (51’13 - 51’13 +ip —is+ 0o (0 — HQ))
n;,n2€Q

11,420
X By(o +1n1)By(o +1n2)Z;, (00 +11)Z;, (0 + ny)
_ Z 627r\/jl(m1+m2)-nt1+%m%+%m§+el-(m17m2)+j1+j2+0-(m1+m2) %

m; my€EQ
J1,5220

BO(O' +m; + el)Bo(O' +msy — 61)Zj1 (0’ +m; + 61)Zj2(0' +my — 61)
This is solved as a power series in ¢,t7", ..., t7". To fix By(o), we look at the lowest
order. The lowest order is linear in ¢ and produces the quadratic constraint

1

1 ) ) 1 1 ) )
GO+ gm i tia =1+ omi+omiter - (m—mo)+ji+jp =1 (214)
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as well as n+1 linear constraints on the root lattice variables (ny, ns) and (m;, my).
Let us fix p,q € {0,..n + 1}, p # ¢ and look for terms with ¢t°»=%. The linear
constrains are n; +ny = m; +my = ¢, — ¢,. Up to Weyl reflections, the only
solution to the above mentioned constraints is given by n; = e, — ¢4, ny = 0 and
m; = e, — e, My = —e, + €1, with is and js in (2.14) vanishing, leading to the
functional equation

(14 (e, —eg) - 0)° Bo(o + €, — eg)Bo(0) = —Bo(o + e,)Bo(o —¢,) . (2.15)

Now we suppose that By(o) = f(o)[l,cn m First of all we show that of
ratios of ['-functions which arise from manipulating the Barnes’ G-functions cancels.
Namely, consider, for 3 € QY + AV in a general Lie algebra

o= I <—Fp[{aa. },T])n

a-B=n

which is the product of I'-functions in (2.9). Noting that

NEEN]| (%—aa- 'cr?]fﬂ

ao-‘ggo
1ot () ™ L )

we get A A A
L(B)I(B2) =T(B1 + B2) -

In particular if >, By = >, vk, which corresponds to the linear constrains,
106 =108 =TQ_w) =T]T0w)
k k 2 k

Therefore, these products of I'-functions cancels from all formulas, as we obtain
all of them by matching equal powers of 7', ....t°». This discussion is valid for
all Lie algebras. For the A, case, the LHS of (2.15), after discarding products of
I'-functions, becomes

(1+o0,—0)" flote,—e)flo) flo+e,—e)f(o)
—(op —0)* (1 +0p — 0q>2ﬁ( I1 )71:8 o (0p — 04)? 7}2[# (Uﬁ - 01%)(‘71% - ‘73) .

This has to equal the RHS

flo+ey,) flo—e,)
[[(o2—0}) [T(o} —02)

k#p k#q

Simple arithmetics converts this to f(o +e, —e,)f(o) = f(o +e¢,) f(o —e,) which
implies that f is periodic on the lattice. The asymptotic condition (2.7) reads as
f ~1when & — o0, so that f = 1.
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The higher order terms in ¢,t7*, ..., " provide the recursion relations

By(o £ n)
ACEE szg(a —n)Zj,(o +n)
n?+j1+jo=k 0
nee1+Q, j1,2<k
. . Bo(o£n
© Y (it o) %z@d(a £ n)Z, (0 —n).

n2+i1+i2:k 0

new, i1 2<k

where By(o) is given by (2.8). In particular, k& = 1 gives the simple expression

n+1 n+1

Boo'iez _ n+1
S 3RS

Upon abbreviating o,; = 0; — 0;, the k = 2 term gives

j;ﬁz - Jj)2 .

n+1 n+1

Zy(o) = _%1 Z %[ZI(U—F&)‘FZI(U—Q)]+Z(0i_0j)230(0-;;((§.32_ o)

i=1 i<j

which we can write as

1 1
+
Z Hﬁez H (zk: [T (on + 0 — 0u)*  Tlisx(om — 0 + 51i)2>
1

(0ij +1)*(0s; — 1)%0 Oij Hi;ﬁk;ﬁj O—izko—?k

1<j

1 1 1
= — _'__
4 Z i ok Hk;&‘(aki —1) 4 Z [Lizi 07 - Tliss(owi + 1)
1
20

_ 2
i<j z 1 Hk;ﬁz Ukz Hk;é] Uk:j

where in the second step we cancelled the off-diagonal terms in the double prod-
uct, to simplify the comparison with Nekrasov formulae for k = 2 for ¢y = —ey = 1.
Indeed, the three sums above correspond exactly to ZSU™ (V) of (1.4) with ¥
having two boxes H or two boxes (17 in the i-th position and the last double sum is
over Y such that one box is in the i-th and another in the j-th position. These are
all the possible tuples Y such that |Y| = 2.
To summarise, the above coincide with one and two instanton contributions to the
SU(n + 1) Nekrasov partition function as computed from supersymmetric local-
ization [221, 225]. Let us remark that the use of the 7-system (2.12) provides a
completely independent tool to compute all instanton corrections just starting from
the asymptotic behaviour (2.7). This procedure extends to all classical groups.

2.2.4.2 B,, D,

Due to our strategy of solving the problem by attaching Kiev Ansétze to nodes
corresponding to minuscule coweights, we treat the algebras B, and D,, simultane-
ously. The coroot lattices are likewise the same, so the only difference between B,
to D, is the asymptotic condition the extra roots of B,, impose.
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To

T2 O === O
T3 Tn—3

T

D, is a simply laced algebra, whose coroot lattice is the checkerboard lattice Q) =
QY ={>"1, cies| >, ¢; € 2Z}. In this section we consider only n > 4 and leave the
special cases of n = 2,3 to a separate section. There are four minuscule weights,

Ao = (07, Ay = (1,0770), Apsy = (1)L =1), Ap = (1)1, +1) and these
correspond to the "legs" of the affine diagram. Whatever the rank we consider, we

always have the consistency conditions
D*(r) = D*(r1), D*(7-1) = D*(7) (2.16)

which immediately follow from the equations D?(7y) = —t'/?"ry, D?(1y) = —t'/?"1,
and the analogue ones at the other end of the diagram. The second consistency
condition is morally just the first one with o shifted by ((3)"). In the special case
n = 4 we have a further equality, due to the enhanced symmetry of Dy,

D2(7'0) = D2(7'1) == D2(7'3) == D2(7'4).

Practically, however, the first condition is sufficient to solve the problem.

To
Ty o - o :=#o
T3 Tn—2 Tn—1 Tn

T1

B, is not simply laced. In addition to the roots of the corresponding D,,, {e; £
e; }ij, it has shorter roots {e;}. This is the first case, however, in which we have to
worry about looking at the Langlands dual algebra, and send each root to the coroot
via R > a— 2a/(a-a) € RY. Therefore, the extended Dynkin diagram above has
reversed arrows compared to the usual, since the roots {e;} get rescaled to {2e;}.
The coroot lattice is still the checkerboard lattice Q¥ = {>"1" | cie;| > i ¢; € 2Z} of
D,,, and the two minuscule weights are Ay = (0") and A} = (1,0""1), corresponding
to the "antennae" of the new diagram, provided n > 3. The additional Z, symmetry
of D, is broken. The 7-system coincides with that of D, i, with the modification
that (i) there is no 7,41 node and (ii) that

DQ(Tn_l) = —Qtﬁm_ﬂn, D2(Tn> = —tTlflTsfl.

The case n = 3 is discussed separately along with the algebra C in section 2.2.4.7.
We limit the present discussion to n > 3 so the analysis proceeds as for D,,, except
we can only consider the first equation in (2.16). This unifies the approach to both
D,, and B,. Explicitly, inserting (2.6) and 7 (o|t) = 19(6 + A|t) into the first
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equation of (2.16) we get

Z e2mV/=1(n1+n2) 1y 3ni+3n5+is +iz+o(n1+n2)

ni,n2€QY
11,120

2t 2
BO(O' —+ nl)Bo(O' —+ IIQ)Zil (0’ + 1’11)Z¢2 (O’ + Il2>
_ Z GQWle(m1+m2)-ntl-l-%mf-l—%m%-l—)q-(m1+m2)+j1+j2+0'-(m1+m2+2>\1)

1 1 2
(—l’l2 — —ng—I—il —ig + o - (1’11 —n2))

mi,my€QY
J1,J220

| 1 o ’
(51’112 — §m% +71— 72+ (0' + A1) : (ml - mQ))

BO(O' —+ m;, —+ Al)Bo(O' —+ msy + Al)Zjl (0’ —+ m;, —+ Al)ZjQ(O' -+ ms + )\1)

In the following, p,q = 1,...,n, p # ¢, and following the discussion in the previous
section, we look for the lowest terms in powers of ¢ and {t7}. Explicitly, the term to
consider is ¢! (¢»*¢a) which we got by putting n; = e, +e, and ng = 0 on the LHS,
up to symmetry. To get this term we need to impose m; = ep— €1, My = €, — €1 On
the RHS, with all 7’s and j’s vanishing. The functional equation we get, analogous
to (2.15), is

(1+ (e, +eq)-0)’Bo(a)Bo(o + e, +¢,) = (e, — eq) - &) Bo(o + ¢,)Bo(o +¢,) .

The two cases are distinguished by the different asymptotic conditions (2.7) the
root systems impose. Indeed, we have

n

(Dal \ _ 1
BO (U)_HG(liO'Zzl:O'j>

Bn (T 1 Dy
By ](U)—<gm) By (o)

One can show that the large o asymptotics of these different solutions are consistent
with the full 7 system, not only the reduced consistency condition we are consider-
ing. Next, since the equation and the Ansatz are the same, the recursion relations
are as well, and turn out to be

By(o +n)
2 . . 2 L0
K2 (o) Y. ZulotmZulo —n) (i ot 2me o)’ SR
(n=X1)*+j1+j2=k
nex +QV ji2<k
By(o£n
— > Zylo+n)x Zy(o —n) (i1 —ir+2n- o)’ Bolo £ n) (2.17)
25 4 B(](O')2
n“—+iy+io==k
neQv, i 2<k

This result is in line with the contour integral formulae for the relevant Nekrasov
partition functions. Indeed the poles in the D,, and B, cases are the same, but
with different residues, as noticed in [193]. From the above recursion relation we
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can compute the l-instanton terms

ZZ:I U_Qli022’ BTL
O ot

2
Dt g_a) Dy,

i#k

and the 2-instantons

-1
72l7) = QZ (a-a)((a-0)?~ 1) T[ (B-0)’
) B-a=1
"\ Zi(o+ep)(on+ 1)+ Zi(o — e)(ok — 3)?
+2 I B0

Bep==1

and so on. These are easily compared to the instanton counting from the introduc-
tion 1.3.2, and the appendix of [193] where the results were first presented.

2.2.4.3 D2 = Al X Al

An interesting thing about (2.17) is that it generalizes to lower n. Explicitly, under
the isomorphism

017 = (01 + og) A<Ml (2.18)
O_£D2] — (0_1 _ 0_2)[A1><A1]

we find
Zl(O')[D2] - Zl(gl)[Aﬂ + Zl(ag)["“]
ZQ(O')[D2] - ZQ(O-l)[Al] + 221(01)[A1]Z1(02)[A1} + 22(02)[A1}

That this continues can be confirmed by the recursion relations or instanton count-
ing. Together with (2.18) which splits Qp, = Qa, X @4, this suggests

o = () P = ()

Since D(75")) = —#12(r[*)2 and D7) = —#/2(7"))2,
D2((T(EA1])2) — Q(T(EA1]>2D2((T(EA1])2> _ 2t—1/2D2((Tl[A1}) )t1/2 [A1] DQ(( [Al]) )

So (2.16) is valid in this case as well. From the isomonodromic viewpoint, a linear
quiver such as A; x Ay corresponds to the degeneration of the sphere with 5 points
where we have two complex deformations, the Garnier system. Up to now, we
have not considered masses. However, due to this identification, we expect an
identification between D, with one fundamental flavor and the SU(2) x SU(2)
quiver with one bifundamental. Indeed, we find

Z ZP by — by, by + by, m)t! = e Z ZM M by by, m) (- 1)1

i>0 i>0

This agrees with [135].
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2.2.4.4 D3 == Ag

Paralleling the previous discussion, there is a linear isomorphism of Ds and Ajs.
Their extended root systems are the same, and from (2.3) for D3 we can obtain
(2.16), (2.17) since

D*(1y) = —tY*rymy = D*(1y)

so the equations are likewise the same.

2.2.4.5 C,

O=-0—O0——0—0==0

T0 T1 T2 Tn—2 Tn—1 Tn

Here there is a potential issue of normalizing the roots, so we must make note
of our conventions. In writing (2.6) we have stressed that the bilinear form is
fixed by demanding |a|? = 2 for all long roots a. If we decide to choose roots of
C, as {D, roots} U {£2¢;}, clearly |2¢;]> = 4. So we should normalize them as
{i\%ei + \/igej} U{#+v2¢;}. The dual lattice is then Q¥ = v/2Z". In literature, the

factors of v/2 are sometimes avoided, which can be accommodated in this approach
by rescaling time and working with

T = Z em"’lt% Z?:1(0i+mi)2B(o' -+ ml\/g) (219)
meZr+\Y

The minuscule weights are Ag = 0 and X, = ((\%)”) Bilinear relations are only
available for n = 1,2, where accidental isomorphisms map the algebras to those
already considered. We explore the lower ranks explicitly up to and including Cj.

As for the analysis of the higher order algebras, these produce more complicated
recurrence relations to be solved by a case by case analysis, unlike in the A, B, D
types which allow for a unified treatment. We performed explicit checks for C5 and
Cs up to one-instanton, again in agreement with [193].

2.2.4.6

This is the simplest case, in fact isomorphic to A;. The coroot lattice is Q¥ = v/27Z,
A1 = 1/4/2, and the equations are formally the same as A,

2, D*(m) = —t%TOQ

N

DQ(T()) =—1

2.2.4.7 (Cy

For the subsequent rank, the lattice is Q¥ = /272, X = [(\%)2] The full system

D7) = —tin, D(my) = —2t372r2, D(m) = —tim

leads to the single equation
D*(1y) = D*(1y)

Fran Globlek 87



Generalized Painlevé equations

As with the rank 1 case, there is an accidental isomorphism at this level, namely,
Cs = By, i.e. sp, = s035, leading to the same equation. The isomorphism is realised
by

20502] = (o1 + 02)[32} 20502] = (01 — 02)[32] )

As such, we find a recurrence relation for the equivariant volumes of the instanton
moduli space which resembles the other recurrence relations we have already found,
but it does not generalize to higher rank and pertains only to Cs.

One easily finds that

1
T G(1£v201)G(1 £ v201)G(1 £ (o) £ o))

B()(O')

as well as the simple recurrence relation which we can write as

k . .
2(§)ZZk(0') = Z (i — 2 +2(A+m) - o)
%m+)\-m+j1+j2:%

By(o + (A +m))
B0(0)2

— > (h—ir2+2n-0) Zy, (0 +n)Zy,(0 — n)

n2+i1+i2=§
i1,2<k/2

Z3j (0 +A+m)Zy,(0 — A —m)

By(o £ n)
By(o)?

2.2.4.8 (4

In higher ranks one gets higher order relations among the 7-functons. In particular,
while for C, with n even the central node is seen to be invariant, n being odd
presents an interesting challenge. In the following, Q¥ = V272, and A3 = ((\%)3),

and the 7-system is

D2(7'0) = —tiTl

D?*(my) = —QtiTng
D?*(1y) = —2tinr§
D*(r5) = —tim, (2.20)
By multiplying (2.20) by 72, we obtain
0 D*(13) = _tiTOQTQ = %Dz(ﬁ) = %t§D4(TO)

Dividing by 7y and using the Y operators defined in 2.2.3 we rewrite this as the

cubic system
Yg(’]'o) = 2t1/270D2(T3)
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Inserting (2.19) we obtain

3
Z H ezﬂin'nkt%(a+nk)2+ik BO(U —+ nk:)Zlk (0' + nk)

n1,2,3€\/§Z3 k=1
i1,2,3€Np

1 , ?
3 H < n; + iy, — QniQ — i, + (g, — ny,) - o‘)
k1<k2
3
= 2t1/? Z H e2min D5 (@tng) i By(o +1ny)Z;, (o + ny)
mie/223 k=1

m2 3622343
J1,2,3€Np

1 1 . ’
(—mg +]2 — —mg — 73 + (m2 — mg) . (0' + )\3))

2 2
Then, sceing that 2 x A3 = 2 and rewriting m; = mgo) my3 = mgg + A3 where
m§02 3 € V27?, we reduce to the constraints
1
Z Sl i =24 A;- (m + m{”) +Z§<m,§°>)2 + i (2.21)
k=1
3 3
Sni=2x+ Y m'” (2.22)
k=1 k=1

Let p1, p2, p3 be a permutation of {1,2,3}. We consider factors of {V20(epyepy)+2 i
other words (2.21)=2 and (2.22)= v/2(e,, +¢,,). For the LHS we find the solutions
n; = v2(e,, + €p,), Ny = n3 = 0 and permutations thereof, for which the LHS

vanishes due to degeneracy, and n; = /2 2ep,, Ny = V2 2ep,, N3 = 0 For the RHS,

there are two solutions m§°) = méo) =0, m(o) —/2¢,,, and m — m:(;)) — 0,

mé = —/2e,,. We are led then to the equation
(1 + \/50-1)1)2(1 + \/§Up2>2(0171 - Up2)2BO(o- + \/561,1)30(0' + \/iepz)
= 40'12)33()(0' + Ag)Bo(O' + A3 — \/§€p3>
Using (2.9) we find on the LHS
9 2 2

(5, = 030, — 03,) 03, (03, — 3,) (03, — o)

(Upl - Up2)

and on the RHS

e 1 1

P2 010y 0ps (Opy + 02 ) (Opy + s ) (Opy + Oy ) Opy Oy (=0 ) (1 + ) (0 — s ) (0,

as there are no roots 8 such that 5V - A3 = 2. Due to this an equality, we get

:l_IGli\/_aZ HG azzlzaz))

=1 1<j=1
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Keeping (2.21)=2, but letting (2.22)=+/2¢,,, we find one nonvanishing solution
for the LHS, n; = \/§ep1, ny, = ng = 0, and 75 = 1 or i3 = 1, with the rest zero.
This leads to the term

4

N (0py £ 0py) (0, £ 0p5) “4ie)

On the RHS we can describe the four solutions as the two couples m; = 0, my =
1/V2ep, £ 1/V2(ep, + €y,) and my = 1/v2e,, F 1/v2(ep, + ¢,) and my = 0,
my = 1/v/2e,, + 1/v2(%e,, F ep,) and mz = 1/+/2¢,, + 1/v/2(Fe,, + +e,,). This
gives the RHS

16
U%U%U?g(am + 0p2)<0p1 + Up;a)

so that Z, (o) = @, which is indeed the 1 Sp(6) instanton equivariant volume,

with the v.e.v.s rescaled by V2 factors.
Continuing to two instantons, we have to collect {V20ep +3 terms, as we find
that ¢V20 (e +er)+3 ones don’t involve Z, and lead to an identity involving shifts of

7, and rational functions. The structure of solutions is more involved. By picking
(p1, P2, p3) = (1,2,3) for readability, we find the relation (v/20; — 1) 20303 Z5(0) =

2 (o) + oow; + o3ws) 2
= Z 2 2 = 221 ) 2 ; t221(9)
(o)1 D11y O (\/501 + 1) (1 + o2wi) 2 (01 + o3w2) 2 (Gaw; + o3ws)

(\/502’11:1 +V203w; +1) 22, (01 + %, o2+ Uk o5+ %)

+
- RY
(w1,w2)€{(—1,-1),(~1,1),(1,—1),(1,1)} 2 (a2w1 + o303)
X Z 205 4 2(7§
03 (03 —03)? (1 — ﬂa;;w) 2(o3w+01)2  0%(03—02)2 (1 — \/50’21[!) 2 (oqw + 01) 2

N Z B 203 (\/50'1 + V20w + 1)? B 203 (\/501 + V203w + 1)?
w=t1 (‘/5‘71 + 1) 203 (05 — 03) % (01 — oaw) 2 (\/QG'Q'LU + 1) 2 (\/QJ, + 1) 202 (03 — 03)2 (01 — o3w) 2 (ﬂo;;w + 1) 2
3203 3202 1 v 2 9 9
- - - — — “— - — — = 201 +2) ‘05037, (o) Z 0+\/§‘0‘0;
(\/§Ul+1)2(1—20§)2(05—0§)2 (\/§Ul+1)2(1—20f)2(05—0§)2 4< 1 ) 20371 (0) 1(1 » 02, a)

which gives the correct 2-instanton equivariant volume compared to instanton count-
ing, although in a vastly different presentation.

2.2.49 (04

In this case n is even, so under shifts, the middle node gets mapped to itself, up
to some power of ¢ as required by asymptotics. The relevant lattice is Q¥ = /27,

the shift Ay = ((\%)4), and the full system is

D?*(1y) = — 57y, D*(my) = —Qt%Tng, D?*(1y) = 2457173
DQ(Tg) = —215%7'27'3, DQ(T4) = —t%Tg

We can eliminate the middle node tau function 75 from the following
D*(1y) = —275_%70272, D*(1y) = —2{;_%7—27—3

to write
T4Y3(7'0) = T0Y3(T4) .
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We can repeat the calculation in the previous section, this time in short. Inserting
(2.19) we obtain

4
Z H 2 miyg (Tt Hik B (g 4 ny,) Z;, (o + ny)

n;ev2Z4 42, k=1
n2,3,4€\/§Z3
11,2,3,4€Np

4

1 1 . ’
H (inil + Uy — §n,2§2 — Uy -+ (Ilkl — nkQ) . 0')

= Z H T T B (0 4 1y) 2, (00 4 1)

mj €v/274 k=1
m2,3,4€\/§Z4+)\4
J1,2,3,4€No

4

1, 1, ?
H §mk1 +]k1 - Emkg = Jko + (mkl - mk’Q) o

k1<ko=2

Then, as 2 X 1)\?1 = 2, we decompose the vectors in terms of the coroot lattice as
n, — n1 + Ay, No3g = ng?;A, m; = mﬁ‘” myszy = mé?% + A4 which implies the
constraints

4 4
1 , 1
k=1 k=1
4 4
S o =22+ m{? (2.24)
k=1 k=1

Let p1, p2, p3, p4 be a permutation of {1,2,3,4}. To obtain the functional equations
for the one-loop term we consider factors of #V27 (enFer)+2 (9 93)=9 and (2.24)=
V2(ep, + €p,). For the LHS the only nonvanishing solutions are n{” =0 and N9 34
permutations of {v/2e,,,v/2¢,,,0}, while on the RHS the only nonvanishing ones
are m§°) =0and m(z(,)%A permutations of {—v/2e,,, —v/2e,,,0}. Some factors cancel,
leading to

2(1 + \/_Up1)2(1 + \/§UP2>2(UP1 - UP2)2BO(G- + \/§€p1)30<0' + \/561)2)
- 401)3 (0ps — Up4)202430(0' + Az — \/EGPB)BO(O' + A3 — \/ﬁem)

We checked that (2.8) satisfies this relation also in this case. To find the one-
instanton term, we need to collect factors of tV2¢n1 2. The solutions on the LHS
are either with all ¢’s vanishing, that is with n(o) = (0) —V2 2e, for any k,p €
{2,3,4} and the remaining two vectors equal to \/_ epl and zero respectively, or
with one out of i334 being 1 with a single vector — of index different from both
1 and from the index of the is — being equal to \/§ep. On the RHS, j’s vanish,
m§°) = 0 and the rest are a permutation of {v/2ez,,v/2e5, + v/2¢5,,0} with fas4 a
permutation of {ps, p3,ps}. After some cancellation of rational functions, we find
the correct one-instanton term Z;(o) = —8/0%0303073.

One continues similarly up to higher order. We have checked agreement with
instanton counting until four instantons.
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2.2.4.10 Fq

Even though the equations presented up to this point were novel, the instanton
volumes were able to be obtained by means of instanton counting as in the intro-
duction 1.3.2. We now turn to non-classical Lie algebras and describe novel ways
of obtaining instanton volumes where instanton counting is unavailable. We note
that yet another way to obtain them is via blowup relations, likewise conjectural
at time of writing, and these serve as a cross-check. They are also described in the
introduction 1.3.2. Computationally, however, the equations we find are quicker,
because they only involve instanton volumes at the same (2-background. We begin
with the simplest simply laced exceptional Lie algebra, Fg.

O—O0—O0—0—->0

71 T2 73 Ts T6

Q

T4

O

To

Due to the similarities of the root systems of the E-type algebras, we will give a
brief overview of Eg at this point and describe the others as its reductions. The
root system is the union of Dg roots {e; + e;}iz; and (21, ...,x25) € R® of length
2 such that all z; € Z + % and ) . x; is even. The coroot lattice can be obtained
from two cosets of the Dy one as QE) = QIPsl U (QIFs) + ((3)"',—3)). Eg is then
obtained by projecting all of the roots to have the last three coordinates equal,
(21, ..., Ts5, Tg, T, Tg). Clearly, this forces the Dg-type roots to an embedding of Dj,
with the last three coordinates zero. Unlike Fg, which is unimodular and has no mi-
nuscule coweights, Fg has three: Ao = 0, A; = (1,0, (—3)?), and Ag = (0%, (—3)%).
The Dynkin diagram exhibits an outer Zs symmetry. For this exceptional algebra
we obtain the 7-system

Ti=—t" D7), T=—t1Dr), 75 =—t 12D%(r) (2.25)
D?(13) = T TyTyTs

_tiery = 75 'D?*(1y) = 7, ' D*(12) = 75 ' D*(73) (2.26)

Focusing on the legs with 75 and 75, inserting (2.25) in the last equation (2.26) and
using the operators defined in (2.10) gives us

Y3 (1) = Y?(76) (2.27)
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The Kiev Ansatz we insert likewise has o, € C®, but with the last three compo-
nents restricted to be same. The equation to be solved becomes

3
Z H e2ﬂiﬂ'nkt%(0+nk)2+ikBO(a' + nk)Zik (0’ + nk)

ni 2 3€Q k=1
11,2,3€N

1 1 _ ?
H (511%1 + Uy — §n,2€2 — Uy -+ (nk:1 — nkQ) . 0')

k1<ko

3
_ Z t2 . H 627ri77'mkt%(a+mk)2+)‘6'(a+mk)+ikBO(O' +my, + >‘6)ij (0_ +my, + >\6)
mj 2 3€Q k=1

j1,2,3€N

1 1 2
H (5“1%1 +jk1 - 5“1%2 - jkz + (mkl - mkz) ' (0‘ + AG))
k‘1<k‘2

To get the lowest order equations which specify By, let pq, ...p5 be a permutation of
{1,...,5} and let & := ((3)®). Then looking at the coefficients of ¢2+(2¢r1FensFen;)
gives the equation

(L4 0, 4 0p,)° (L+ 0y, + 0p,) (09, — 03,)° Bo(0) Bo(0 + €, + €1,) Bo(0 + €, + €,) =
2 2 2
((6 — €py — ep3) o) ((6 — €py — €py — Epy — €p5> o) (Up4 + Ups) X

By(o+0+A)By(c+6+X—e,, —ep)Bolo +e, —A/2)

The solution satisfying the asymptotic behaviour (2.7) is

5

1 1
plEsl _
" inl G(1+0; £ 0) slinl 1 ; .
<J &i G143 €ioy)

I, =1 :
i=1%? ’ =
Eg=E7—=€g =1

We also solved the recurrence relation arising from (2.27) up to three instantons. For
one instanton, our results agree with the ones of [170], and for two instantons they
agree with the blowup formula. Three instantons proved to be too computationally
intensive to check using the blowup formula, however it obeys the expected large-o
limit described in appendix B. The one instanton contribution follows most easily
by looking at the coefficients of t2T¢r1 ¢ where we obtain

3!(‘71)1 + aps)2(1 + 0p, + Upz)QBO(O')ZBO(U +ép, + €p2)Zl(a')

3 3
= Z H(a- (ni—nj))QHBo(aani)
ni+ns+nz+3A 1<y =1

=ep, tepy
1.2 —
5nk+)\'nk—0

— Y. Bio)(o- (1 —12)(0 - n1)*(o - m) B + 1) Bo(or + )

=ep; +epy

2_ .2
ni{=n;=2

The higher instanton expressions are too cumbersome and unenlighting to display
here?.

3These can be provided privatly to any interested reader.
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2.2.411 F,

o—O0—AO—C—(0C—"—C—-00

To T7 T6 T4 T3 T2 T1

T5

The roots of E7; are obtained by projecting the Eg ones to have the last two coor-
dinates equal, (x1, ..., x5, T6, T7,27). F; has two minuscule coweights Ag = 0 and

A1 = (1,0°,(—3)?). The Dynkin diagram exhibits an outer Z, symmetry. For this

exceptional algebra we obtain the 7-system
= —t"18D*(19), T = —t_%DQ(ﬁ)
Te = —t_%T()_lD4(TQ), T3 = —t_%Tl_lD4(7'1)
75D (1) = —t7 %57y = 757" D? (1) (2.28)

When we rewrite (2.28) in terms of the single equation, the powers of t1s drop out
to give

1 D4 1 D4
D2( (TO)) _ DQ( (7-1))
DZ(T()) T0 D2(7'1) T
Here we recognize an operator defined in (2.10), which enables us to write
1 D*(f)
Y4 D2 Y4 — Y4
(f) Dg(f) ( f ) = (7-0) (7—1)7

The Kiev Ansatz we insert likewise has o, 7 € C®, but with the last two components
restricted to be same. The equation to be solved becomes

4
Z H eZﬂ'i'n-l’lkt%(U+l’lk)2+’ik BQ(O' + nk)Zik (O’ + nk)

ni 234€Q k=1
11,2,3,4€EN

1 1 . ?
H (511%1 + g — 511%2 — Uy + (nkl - nkQ) ' 0')
k1<ko

4
_ Z £ He27rir]-mkt%(a'+mk)2+>\1.(cr+mk)+ikBO(a_ +my + A1) Z, (0 +my + Ap)

m1,2,3,4€Q k=1
J1,2,3,4€N

| 1 . ’
H <§mi1 + Jk1 — §m22 — Jko + (mkl - mkz) ' (0’ + )‘1))

k?1<k2

With regards to the linear and quadratic constraints obtained from comparing ex-
ponents of ¢, {t7'};, this is similar to Cy. In, A = 2, so in the analogue of (2.23) we
end up with %)\% = 3 in pure powers of t. Likewise, we have even powers of 7, and
2A1 € Q. Both of these lead to well defined analogues of (2.23) and (2.24). The
lowest possible order in ¢ is ¢3. If we pick py, ..., ps to be a permutation of {1, ..., 6},
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looking at powers of 317 (2ep1H+2ep+26p3) e get
3
By(o) H(l +0p; + Upj)2(0p¢ - Upj)2BO(0' +ep, +ep,)
i<j
3 3
=DBy(oc+6 —e1—ep, —ep — €p) H(—(SM + 0, £ 0‘pj)2 HBO(o- +d—e—ep.,)
i<j i=1

with & := ((%)8) as above. Clearly, the only lattice points satisfying the quadratic
constraint while summing up to 2(ep, + €p, + €,,) are €y, + €y, €py + €4y, €py + Epy
and zero, while the ones on the shifted lattice, which can be inferred from the
above equation, are similarly unique up to permutation. The solution satisfying the
asymptotic behaviour (2.7) is
6
5= 11 G(lii—ia-) 11 18
i<j=1 i J Hg:i::l:l X G(1+ % S &i04)
i=1 &= i=1

E7—=E8

The one instanton contribution follows most easily by looking at the coefficients of
t3+29m 499,193 where we obtain

Aoy, — Up3)2(1 + 0p, + Jpz)Q(Um + Up2)2<1 + 0p, T+ Up3)2(0p1 + Up3)2

Bo(a)2B0(0' + ey, + €p,)Bolo + ey, +€,,) 21 (0)

4 4
= Z H(o- (n; —nj))QHBO(U—i—ni)
ni+no+ng+ng+4A i<j i=1
=2ep, tepytepg

%niJr)\-nk =0

_ Z By(o) H(a’ - (n; — n;))? H(a’ -1;)?By(o + n;)

=2ep, t+epqy +eépg
2_n2-_n2-9

ny=ns;=nj

This can be compared with the general one instanton term, most easily when we
specialize all variables except one; for example, leaving intact o7 yields a ratio of
a degree 50 and a degree 66 polynomial in Clo7]. Comparing other powers, i.e.
t3tenter: and 3 yields different expressions for Z; (o). To obtain the two instanton
term, we can look at t*+2¢r1 Tér2t¢rs - Similarly to the previous case, we obtain a ratio
of a degree 166 to one of 198 in C[o7|. The large-o limit conforms to the expected
limit from appendix B.
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2.2.4.12 FEj
C e e I\ e e e O
U \ U U U
78 T7 T5 T4 73 T2 1 To

T6

For the exceptional algebra Eg we obtain the system

V() = Y(s) (2.29)
T6D2(7'8) = Y7(7'0) (230)
D*(75) = Y°(m0) (2.31)

Here, 75 needs to be determined from (2.29), and then fed into (2.31), once 74 has
been eliminated using (2.30). As the algebra with the largest root system, it was
not practical to explicit calculations for the above Ey system.

2.2.4.13 G,

e

To 1 T2

G is a non-simply laced exceptional algebra. As can be seen from the (dual)
extended Dynkin diagram, eliminating the node corresponding to 75 leaves us with
a copy of Ay, which is a subalgebra which we previously embedded into a hyperplane
orthogonal to (1, 1,1) in R?. We will use the same embedding for Gy, with oy + 0y +
o3 = 0. Besides the 6 roots of Ay, G has 6 other roots of the form e,, + e,, — 2e,,
for p1 23 permutations of {1,2,3}. In the normalization where G3’s longest roots
have length 2, the coroot lattice is the span QV = Z\%(—Q, 1,1) @ Zv3(1,-1,0) -
we are not aware of a simpler definition. The 7-system is

D*(ry) = —tom (2.32)
D?(ry) = ~tomomy (2.33)
D?(13) = —3to7 (2.34)

By using (2.32) to eliminate 7 from (2.33) and then using (2.33) to eliminate 7,
from (2.34), the 7-system reduces to the single equation

D?(ry ' D*(m0)) = 3t(D*(10))’
which can be simplified to
Y*(79) = 3t(D*(70))?
since the Kiev Ansatz (2.6) implies D?(1y) # 0. We insert
=\ 2 —t
To(o, m|t) = ng@:v g2rinm (?) By (a’ + n];)
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and after a rescaling ¢t — —3t we obtain the equation

4
Z H e2ﬂin'nkt%(a+nk)2+ik30(a —+ nk)ZZk (0' + nk)

ni,2,34€QY k=1

11,2,3,4€Np
1 1 ) 1 .
(E H (51121 + iy — §nz2 — gy (nk‘1 - nk2) ’ 0)2
' k‘1<k‘2
9 1 ) 1 .
—Zt(§n% + 1 — §n§ — 19 + (1'11 — ng) . 0')2

1 , 1 .
(§n§—|—23—§ni—z4+(n3—n4)-0')2> =0.

4

2 2
The coefficients of #*7 (V3" Va"v3) are the lowest order powers which give the
functional equation for By(o). Instead of a quartic relation we find that it simplifies
to the following quadratic one

(e ) mom o 1 0)- () (225
y (01—2\2+o—3)2 (01—1—%—203 +1>2 (0—1—2\/032+03 +1)2
X By <0' + %(1, -2, 1)> By (0' + %(1, 1, —2))

By imposing (2.7), these are solved by B([)G2](0') =

w

3 3

1 1
E G(1+ \/%(07; —0;)) g G(1+ %(2@. — 0, —03))
cyclic

However, such a simplification doesn’t apply to the higher orders or different powers
of t, {t?}. The l-instanton contribution is obtained by considering the coefficient
of the next order 3+ (V30.=V3) term: curiously, all By(o) factors drop out and we
obtain just

G 486 o3=—01—02 3
Zy(o)le2 = — =  T533
(01 4 09 — 203)%(01 — 209 + 03)%(—2071 + 02 + 03)? 20703(01 + 03)?
This expression is in agreement with (4.39) in [170] when @ = 0 and their a; =

(01 — 09)/V6, as = (01 + 03)/V/3 as well as with the blowup-formula from 1.3.4.
The next order in ¢, t477(V30.-V3) gives the 2-instanton term Zy (o)), o o, =

3 (9011 (602 + 1) + 1807 (603 + o) + 302 (1802 + 902 — 2) + 6010 (302 — 1) + (1 — 303)2)
02 (1 —302)* 02 (1 — 302)° (01 4 02)2 (1 — 3(01 + 02)2)?

which agrees with the expression obtained from the blowup formula of the introduc-
tion 1.3.4. Z3(o) can be obtained by looking at >t *5-1/V3 although it is much
to cumbersome to display. At this point, comparison with the blowup formula again
becomes impossible, and we have to be content with checking that the large-o limit
of appendix B is correct.
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2.2.4.14 F,

oO—O0—C=0—-oO
\
7o 1 T2 T3 T4
F} is another non-simply laced unimodular exceptional algebra. As such, we have

to express the system of equations in terms of the single tau function 7y associated
to the extended node. From the system

D*(ry) = — 107, D?*(my) = — Y77, D?*(1y) = —t 91y
D?*(3) = —t1/97'227'4, D?*(1y) = — /97,
we obtain the single equation
2, Y°(10)
Y3(7)

Like for Eg, we leave it as it is, being beyond our computational power.

) = —812Y* ()

2.2.5 Twisted affine Lie algebras: radial Bullough-Dodd and
BCy

===6)

To T

We consider the twisted affine Lie algebra, called either Agi) or BC,,, with roots of
three different lengths inherited from a folding of affine Ds,,,; the roots are +ey,
+e; + e, as well as £2¢;, of lengths 1,2, 4 respectively®. The simplest case n =1 is
slightly exceptional in this regard. Indeed, it comes from a quotient of affine D, by
its order 4 automorphism and possessing no middle roots. It gives us

1
D*(my) = —§tl/37'1
D*(7y) = —2t"%7;

We redefine ¢ — 32742 from which we obtain the single equation

Y3(7) = —6t*7 (2.35)
suitable for inserting an Ansatz analogous to the one used for the A; case,
nolonlt) = Y B (0 4+ n) Zi(o +n), (2.36)
neZ,i€Ng

yielding from (2.35) the equation

3
Z H 627rinnkt(0+”k)2+ik BO(O' + nk)ZZk (U + nk)

ni,2,3€% k=1
i1,2,3EN

< H (N, + gy — np, — Gy + 2(npy, — Ny )0)? + 6t2> =0.

k1<k‘2

4Note that the BC nomenclature refers to both sets of roots +e; and +2ey,, which are peculiar
to algebras of B,, and C,, respectively, being present along with the usual roots of D,, algebras.
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The lowest order terms are the ones proportional to t2. For terms proportional to
the 6¢2, the solution has no shifts or instanton numbers, while for rest of the the
only nonvanishing possibilities are n; = 1,no = —1,n3 = 0 and permutations. After
a cancellation of a By(o) factor, this leads to

40 (1 — 402)? By(o £ 1) = By(0)? (2.37)

At this point we have to discuss what kind of asymptotics would be suitable. No-
tice that we have the roots +2. If we identify these with the ones of the usual
SU(2) adjoint representation, then the roots +1 correspond to the fundamental
representation. Both representations are obtained from the folding of a pure Dy
Super Yang-Mills theory. As the parent theory has no mass parameters, it is natu-
ral to consider asymptotic conditions corresponding to an SU(2) with one massless
fundamental flavor, i.e.

log(Bo) ~ (o) log (7)? — §(20)"log (20

We find that the solution to equation (2.37) with the appropriate asymptotics is

G(l+o)

Bolo) = Gz 20)

(2.38)
Further, by looking at t2**29 terms in (2.2.5), we find that there is a unique
term proportional to

(2k — 1)*(1 — 2k + 20)*(1 4+ 20)*By(0 + 1) Bo(0) Zop_1(0)

which comes from a factor from the Kiev Ansatz with ¢'*2? one with no shifts,
and another with only an instanton contribution t**~!. All the other terms are
necessarily combinations of terms proportional to Zy_; with &’ < k. To get t?++20
have to solve

ny+ng+ng =1
ni 4 n3+nj +ii +is +iz + (2) = 2k

The first equation, however, implies n? 4+ n3 +n2 is odd, and so one of the i’s always
has to be odd and accordingly Zs,_1 = 0. Indeed, for k = 1 there is only one such
term possible and we find that it has to vanish due to (2.2.5), so by induction we
can conclude that

Zodd<0) =0.
For the rest we find
3
Zo(lo) = ——m8M ——
)= =5 (1 - 402)?
9402 +1
Zy(0) = ( 2 ) 2
2702 (1 — 40?)" (9 — 40?)
Zo(o) 57605 — 21600* + 532402 + 75
o) = —
’ 2952 (1 — 402)" (9 — 402) (25 — 40?)
(o) 3 (4608010 — 7833608 + 48256005 — 6158240 + 24374202 + 62475)
8l0) =

21652 (1 — 02)% (1 — 402)* (9 — 402)* (25 — 402)* (49 — 402)?
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We can recognize here exactly the SU(2) Nekrasov functions with one massless flavor
in the fundamental representation. Note that, starting from PIII; in the form

/2 ] 1—20)¢? 2
jo 44 =204 5 2
q(t) t t t2

2/3

and setting ¢ = t~*/? exp{w}, 0 = 1/2 gives us

g = t23(e? — 2¢7)
Setting w = a + 2(c — 1/6) logt + X (¢), since p/h¥ = 1/6, gives us
8120th — €2at4U€2X o 2€at1—2oe—X

This cannot be obtained by directly applying (2.1) to this affine root system. Instead
we must start from D, and require a solution of the form ¢; = ¢, = 0,03 = —¢o
Let us comment on other interesting directions to investigate further and look at
the equation for the surviving degree of freedom. This is exactly the folding which
gives the diagram BC) depicted at the beginning of this subsection. Solving the
equation we find

X(o,alt) = 2log (o, alit) — log (0, alt)

where 9, , log 7 (0, a|t) = €**t*?¢*¥, normalized such that 71 (0, a|0) = 1, 7 is (2.36)

with perturbative term (2.38), first four instanton terms we found and the initial
condition
_ 1 ['(1—20)T(0) S i
a=a—1lo — im0 + —
S\ T(20)°0(1 — o) 2
Note that this is different from the tau function defined in (2.25), (2.29) of [101].

o=C=0

To 1 T2

The slightly more general case of n = 2 gives us the system

1
D*(7y) = —5751/571
D*(my) = —t1/57'§7'2

DQ(TQ) = —2151/57'12

from which we obtain the single equation
1
7Y (1) = (Y3(n))* = —575761172(70)

The lattice is Q¥ = Z?2, rescaled by a factor of v/2, as the underlying finite root
system is Cy. Examining the lowest order terms we find that from the Ansatz,
where the rescaling is taken care of by fractional t,

To(o, |t) = Z eQWﬁ“'"t%("*n)Q*iBo(a +1n)Zy (o +n)
neZ?,i€Ny /2
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we find that Z;(o) should vanish again. Looking at the lowest order gives us the
equation

16 (201 + 1) % (01 — 02) 203 (01 + 02) 2 (205 — 1) * (20, + 1) 2
X Bo(o)Bo(o + e1)Bo(o + e3)Bo(o — e3)
— (20'1 + 1) Bo(O') BQ(O’ + 61)

with the solution

G(1+0)G(1 £ o)

Bolo) = Ga T oo G £ 200G 2 01 2 03]

and further we find

240] — 320307 — 40? + 2405 — 402 + 1
2 (20’1 — 1) 2 (20’1 + 1) (0’1 — 0'2) 2 (0’1 + 0'2) (20’2 — ].) 2 (20’2 + 1) 2

Zy(o) =
We do not have at present a clear 4D gauge theory interpretation for this case.

2.2.6 SU(2)" linear quiver gauge theories

In this section we will be focusing on the case of linear SU(2)*" quivers in the pure,
non-conformal case. Our proposal is the following modification of the SU(2) system

Tgalogtl alogtn log To = —t}/4 e t711/47—]_2 (239)
T]_Qalogtl alogtn log ™ = —t}/4 e t717,/47—(?

Notice that, in the case n > 2, the system of equations explicitely describes only
the dynamics associated to the irregular punctures moduli. As we will see in the
following, the dependence on the moduli of the regular punctures is uniquely fixed by
suitable asymptotic conditions on the solutions. These are obtained in the limiting
cases of identity punctures leading to trivial monodromy or degenerating limits
dividing the punctured Riemann sphere into disconnected components.

We solve to above equations in terms of the following generalised SU(2) quiver
Kiev Ansatz

ok mtt o t) = 30 T (™) Bo{ortned) Za,.oi, ({ontmid)

N1y Nk €y iz 1=1

where Z; o = 1. Notice that the shift is simultaneous in all the lattices as there is
no mixing. In the next subsection, by imposing appropriate asymptotic conditions,
we will find that By({o}, + ng}) = BV ({0} + ni.}) where

n—1
H G(l —+ my;i+1 + 0; + O'i+1>G<1 + m;i+1 — 05 + O'i+1>
quver({ak}) — i=1 _

[T G(1 + 203)
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where m; ; € C are arbitrary bifundamental masses. We conjecture that these
one-loop terms, along with the recursion relations arising from (2.39) and suitable
additional constraints, lead to the identification

H sz und. (0'1,71/170-1 I’Y; 17ml7, 1)
Ziyin({on}) = Z d S
Hi:l Zbifund.(o—ia }/;7 03, Y;a O)

Yn)
Yy, 1\+|Yk 2|=ig

where Zy; fynq. is defined in 1.3.2.

2.2.6.1 One-loop normalisation
Examining the [], ¢, 77 term in (2.39) gives, for general n,

(1+200)(1+20,) Y (Gl

pl:--anG{O,l}

= —B, ({ak + %})2 (2.40)

Bo({ox + pr})Bo({on + 1 — pr})

We prove this by induction. First, we need the auxiliary result that, for ki < kj <
ky <ky <..<k' <k ,if we denote

o = (01,.4.,0191,71,016;, +1,...,0k_1, +1,0k_1,+1 ,,,,, ot Uk;r +1 ...,o'k2 +1 Jk;+1 ...,a'liril Uk?, +1,..., ; +1 0k7+1 on)
o_ = (Ul+1’m’o-kf'—1+1’Uki*'"”’o-k1_’o-kl_+1+1’m’o’k;—1+1’o-kg'"”’gk2_’o-k2_+l+l Ot +1 o'k?_,m,o'kl_ akl_+1+1 on + 1)

then it follows that

Bquiver(a+)BQUiVer(0-_) _ H?’:_ll(l +0i + 0ip1 £ Myiq1)
— Bquiver ({Uk + %})2 Hz(l + 2Ui>2

l
o H Uk+ 17 Okt + My k+)(0k— Ok +1 + my- k—+1)
1

g —|—Uk+ |+ O 1k+)(1—|—0k + O Ty 1)

Next we need another auxiliary result which we use to tame the summation in
(2.40). Namely, for n > 3

-1
—<O'1 — 09 + ma 2 < Z 0-11 O41+1 + mi1,i1+1)
(1401402 £myp) = (14 03y + 0iy41 £ My i41)

n—1
n Z (03, — 0441 £ My iy 41) —(04y = Oipr1 £ My iy11)
1 + 04 + Oi 41 + ml1,l1+1) io=i1+1 (1 + Oiy + Oigt1 + mi17i2+1)
n—1 n—1 n—1
n Z —(03, — T4 41 £ M4y 1) —(0iy = Tiyy1 T My iy 1) Z (04 — Tig1 T Mg i541)
i1=2 (1 + 04 + 0441 + mllﬂlJrl) do=iq+1 (1 + Oiy + Tiyq1 + mi17i2+1) ig=ig+1 (1 + Oy + Oiz41 + mi3,i3+1)

n—1
i +H —(Ui—0i+1imii+1) >
i (1+Uz+az+limzz+1)

_ (01— o3 Em)(1 + 209) (1 + 20,) [T (1 + 204)°
H?:_f(l + 0+ 01 Emyiq)
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This also follows from induction starting from n = 3, for which
(02—a3j:m2,3) (1+20’2)(1+20’3)
—1 —+ —
(1+02+03:tm2,3) (1—1—02+03j:m2,3)
by iterating the identity we get
(01 — 0y £ my2)(1+209) (1 + 20, 1) T11=7 (1 + 203)?
[122(1+ 0y + 01 £ my i)

n—2
—(Op—1 —on £ Mp_12) (1 . Z —(04, — Oiy1 £ My iy 41) 4 )
(14 0p_1+ 0, £Mmp_14) - (14 04y + 0441 £ My 4y41)
_ (o1 = a2 £ ma ) (1 + 205)(1 + 200, 1) 125 (1 + 20;)° (1 4 —(On1 = O E My 10) )
H?:_f(l +0; + 041 Emyi) (1+op1+0nEmp_1n)
(o1 — o Emao)(1+ 209) (1 + 20,) [105 (1 + 20,)?
H;:ll(l + 0+ i1 M)
which is what we wanted. Using both results, (2.40) becomes equivalent to the
following identity after some reorganizing,

(01 — 03 £ m1a) (1 + 209) (1 + 20,) [T155 (1 4 20)?
H?:_ll(l + 0+ 041 Emyiq)
(02 — 03 & mas)(1+ 203) (1 + 20,) [17=, (1 + 203)?
H;-:;(l + 0 + 0ip1 EMiig)
- (Opn—2 — Opn—1 £Mp_2,-1)(1 + 20,-2)(1 4 20,) B (0n — Opn—1 £Mpn_1)
(14+o0p2+0p1Etmpyon1)l+o0,+001Etmpn) (L+0,+ 01 Emyu1)

(14 201) (1 + 20,) [T7, (1 + 203)°

H?;ll(l + 0+ o1 M)

1+

2.2.6.2 Instanton terms

The one instanton contributions can be obtained in a similar way. Let us focus on
the detailed analysis of the simplest cases, starting with that of n = 2. To obtain
the instanton terms, we need to impose correct boundary conditions.

o The first condition is the one corresponding to the identity puncture. This
implies that when m; o = 0, by setting o1 = o3 kills off-diagonal terms in the
expansion of the quiver tau function. Once we equate t; = t5, the solution
has to equal that of pure SU(2) as the equation it solves is the same. ° A
detailed proof of this is in the next section.

o The second condition is the one associated to the dividing degeneration limit.
This is obtained by sending my » — oo while scaling ¢15 — t12/ miQ, inducing
the factorization

o\t \™ ok
Zkhkz(alv 02) - Zk‘l (Ul)Zkz (02)t11t22

mio mio

5In the D-brane language, this condition can be seen most easily from the Hanany-Witten
brane setup - this is the point at which the theory touches the Higgs branch and the gauge group
gets broken down to the diagonal. There is no bifundamental, and the branes are fixed to move
in unison, ignoring the intermediate NS5 brane.
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This is consistent with (2.39). Indeed, under the scaling itself, the RHS goes
to zero as 1/my o, while, the LHS automatically vanishes if the tau function
factorizes.

2.2.6.3 Nekrasov function factorization

Let us show the claim from the previous section, that for the n = 2 quiver,

Z Zbifund.(o-a _0-7}/17}/%0-7 —0, W17W270)
Zadj.(0-7 —0, Yh YQ)Zadj. (Ua —0, Wla W2)

(2.41)

Zkl,k2 (0’, U) |m1,2=0 =

[Y1|+|Ya|=k1
W1 |+|Wa|=k2

= Ok Zpl P (0)
This can be seen to follow from
Zbifund.(aa -0, le? }/2’ g,—0, Wla W27 0) = 5Y1,W1 5Y27W2 Zadj-(aﬂ —0, va YVQ) (242)

which we show to be true in the self-dual case. In the general 2-background, the
equality (2.42) is not true. Nevertheless, the full sum (2.41) seems to be true
universally, although this follows from more complicated cancellations. In any case,
we are interested only in the self-dual case €; = 1, e = —1. With that in mind, we
write

Zbifund.(o-a -0, Yl; )/27 g, —a, le WQv O) =

ITTIe(=0" 20, v:, Wiss0) [T (—6((=1)' 20, W3, Yis, ¢))

i=1 ceY; ceW;

2
H Hf(O,Y;,WZ',C) H (—{(O,VVZ,Y,,C))
i=1 ceY; ceW;

We prove the last line vanishes unless the Young diagrams are equal as Y} = Wy,
Y, = W,. Focusing on just one factor,

€(0,Y,W,c) =leg(c,Y) +arm(c, W) + 1

consider row diagrams Y = (1) and W = (12) with [; # l,, WLOG, assume
1 > 1. In this case for ¢ = (I;,1) we have

leg(c, Y) = (]_ll))i — ll = ll — ll =0

arm(e, W) = 0—1 = —1 }:>§(0,Y,V[/,c)—0 1+41=0
However, adding any amount of rows to any of the diagrams after the j = 1 one
doesn’t change this calculation. The other case is [; = l. Then, for the same
cell, arm(c,W) =1 —1 =0, and £(0,Y,W,c) # 0. In fact, both the arm and the
leg lengths have to be positive indefinite, since the cell ¢ is contained within the
diagrams Y and W, so £(0,Y,W,¢) # 0 for the whole row, i.e. i € [1,14], 7 = 1.
Next, we add rows to both diagrams, and we are in the same situation as before.
If the rows are of equal length, the cell will be contained in both diagrams and the
relative hook length will never vanish. Otherwise, if the j’th row is the first one of
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unequal length, with lengths [; > l~2, say, then the relative hook length of the cell
¢ = (l1,7) vanishes by an analogous calculation. If all rows are equal, the diagrams

are obviously the same, and there is no vanishing factor. Along with the trivial
equality

Zbifund.(aa —0, }/17 }/Qa g, —0, }/la Yéa O) - Zadj.(ga —0, }/17 }/2)
this proves our claim.

Direct calculations indicate this is true on the general Omega-background as
well, but I do not have a proof available.

2.2.6.4 Instantons from the Kiev Ansatz

The equation for n = 2 yields two bilinear equations related one to the other by
o; — 0; + 1/2 symmetry:
Z eQﬂ\/jl(ner)-nt(ol+n1)2+i1+(02+n2)2+i2t(01+m1)2+j1+(02+m2)2+j2
1 2

n,meZ?
11,1220

X (i1 — ig + (n1 — ng)(n1 + np + 201)) (J1 — J2 + (M1 — mg) (M1 + ma + 207))

X By(o1 4+ 11,00+ my)Bo(o1 + ng, 02 + ma) Z;, j, (01 + 1y, 02 + my) Zy, 4, (01 + na, 03 + ma)
_ 6277\/7—1(n+m)~17t1+(0'1+n1)2+0'1+n1+i1+(02+n2)2+02+n2+i2
E 1

n,mcZ>?

41,i2>0
x t1+(01-‘rml)2+01+m1+j1+(02+m2)2+02+m2+j2

2
1 1 1 1
X 30(01 + nq —+ 5,02 +m1 + E)BO(O'l —|—n2 + 5,02 +m2 + 5)
1 1 1 1

X Ziy g (o1 +n1 + 502 +my + §)Zi2,j2(01 +ng + 502 +ma + 5)

The t1t57°2 term gives

230(0’1—|—l O'Q—Fl)Bo(Ul —1 0'2+l) 1+202
Z 1)-2 _ 202t 3 3o2tg) 1
10(91,021) = Z10(01, 02) (14 205)By(01,02)Bo(01,09 + 1) 207

once we put By = BV The unique solution satisfying the boundary conditions
is

miQ + 0% — 03
202

Note also the obvious symmetry Z; ;(o1,02) = Zj (09, 01) which leads to Zy;. Fi-
nally, the t;727 41272 term gets us

Zl,0(01702) =

21,1(01702) - Zl,O(UhUz)Zo,l(Ul,UQ)
230(01 + 2,00 —3)Bo(o1 — 3,00+ 3) + Bolor + 3,00+ 3)Bo(o1 — 3,00 — 1)
30(01702)2

2 2 2
Mmio — 01 — 03

doio3
giving the correct mixed 2-instanton term

miy(mi, —1) +0f 403 — (0f — 03)°

21,1(01702) =
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In general, we find that the coefficients of the form Zj (o) satisfy simple recurrence
relations, while mixed terms are determined uniquely. We checked agreement with
instanton counting up to Zs 3(o).

For the SU(2)? quiver, the boundary conditions are the logical extension of the
above.

o When m;, = 0, setting 01 = 02 has to kill all terms Zy, , x, With ky # ko.
Further, if we put t; — ti/Q and ty — ti/Q, then

(Zk1»k27k3 (01,01, 03)‘m1,2=0) tlflt§2t§3 = Dy ks (01, 03)tklt§3

where on the RHS we have the partition functions of the SU(2)? quiver.
Similar considerations apply if my3 = 0 and o9 = 03. Clearly, at this point
previous considerations apply, and we are free to set the remaining mass to
zero and reach pure SU(2) again.

o We can decouple bifundamental hypermultiplets individually. For instance, by
sending my o — oo while scaling ¢ 9 +— 12/ m%,Q, we obtain the factorization

k1 ko
t t
Zkl,k‘z,ks (017 02, 03) ( - ) ( 2 > tlgs - Zkl (Ul)Zkz,kg (027 a3>t]f1 t§2t§3

mi2 mi2
Again, under any factorization, the LHS of (2.39) vanishes.

We present in brief the lowest order calculations for the SU(2)? quiver. The
t;T20145T2724512%5 term leads to the one-loop term already discussed in general in
the main text. Next, the Z,; . coefficients with positive integers a?+b+c=1

are accessed by looking at ¢} (7971} F2(170)o2 1420170075 g This leads to

(—2m§’3 + 20’2 (O’Q + 1) + 20'3 (O’g + 1) + 1) Zl,O,O (0'1, 09, 0'3)
= ((02 —03)® —=m33) (2Z100 (01, 02,03+ 1) — Z1 00 (01,02 + 1,03))

(203 + 1) (209 + 1) 2
207

—+ ((1 + 09 -+ 0'3)2 — mg,g) ZI,O,O (0'1,0'2 + 1, 03 + 1) +
m3,+ o7 — 03

2 Y
207

= Z1,0,0(01,0'2,<73) =

an analogous equation for Zj; which we omit, and finally

Zoap (01,02,03) + Zo1o (01 + 1,090,053 +1)
(201 4+ 1) (203 + 1)

= 2010 (01,020,035 + 1) + Zy10 (01 + 1,09, 03) +

203
—4o3mygmas +m3 s (mi, — of +03) + (05 — 03) (mi, — of + 03)

= Zo,1,0(01702,03) = 202
2

The Z,p,. coefficients with positive integers a® + b* + ¢* = 2 are likewise accessed

1+2(1=a)or  1+2(1-b)a2 4 1+2(
2 3

by looking at t; 179 torms. They feature the terms we cal-
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culated in the previous step.

(Zoao(01,02,03) + Zp10 (01,092,035 + 1)) Z100 (01,09,03) + Z110 (01, 02,03)

(2054 1) (—m3 4+ 0% + 03
= (402;22 - 2) + 22010 (01,09,03) Z1,00 (01,002,083 + 1) + Z110 (01, 02,03 + 1)
102

2 2 2 2 2 2 2 2 2
doymy oma 3 (m1,2 +o071 — 02) —Mmis (m1,2 - 1) (m2,3 +05 — ‘73)

= Zl,l,O(O-ly 02, 0-3> = - 40_20_2
1¥2

(o} — (202 + 1) 0% + 05 — 03) (mig + 02 — 0?2))

2 2
4oi0;

as well as an analogous equation for Zj; 1, and

27101 (01,02,03) + Z101 (01,02 + 1, 03)

= Zooa (01,00 +1,03) Z100 (01,02,03) + Zooq (01,02,03) Zip0 (01,00 + 1,03)

(2054 1)2
+Z10,0(01,02,03) Zo o1 (01,02, 03) + 40207
(mi, + 0t —03) (M35 — 03 +03)

= Z1,0,1(01,02703) = 5 5
doio;

Finally, Z; 1, is found from the ¢;#5t5 terms,
2 2 2 2 2 2
(—mLQ +o7+ 02) (—m273 + 05 + 03)
2 2 2
8010503
= Z0,0,1 (017 02, 03) Zo,1,0 (01, 02, 03) Zl,o,o (017 02, 03)

+Zl,0,o (017 02, 03) Zo,1,1 (01, 02, 03) + Z1,1,0 (01’ 02, 03) Zo,0,1 (01, 02, 03)

—2Zp10 (01,02,03) Z101 (01,02,03)

Z1,1,1 (017 02, 03) =

403 (03 — 0f) mioma s (M3 5 — 05 + 03) — dogmi ymas (M35 — 03 + 03)

= Z1,1,1(01,02703) =

80?0303
(01— @203 + 1) o} + 05 — 03) (=mis +mi5 + 03 — (203 +1) 03 + 05 — 03)
8020302
_miQ (m%g - 1) (_mg,:s + m%,:& + U% - (2‘7% +1) U% + U§ - ‘7?2,)
8020302

2.2.7 Discussion
Let us comment on other interesting directions to investigate further.

e From the bulk four dimensional gauge theory perspective the T-system we find
and its possible generalizations are expected to describe chiral ring relations
in presence of a surface operator. Schematically, we expect eq.(2.5) to derive
from the following fusion rule among the chiral operator @ = tr ¢? and the
surface operator Wp

BY-BY i v
<: 02 . Wg) _ _Ttl/h H <Wa>—aﬂ ;
aeA,a#B

while higher chiral observables should generate the flows of the full non-
autonomous Toda hierarchy.
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108

o The 7-functions we compute in this work could be used to describe through

their zeroes the spectrum of the quantum Toda chain integrable system along
the lines of [25, 44].

It should be possible to apply the approach proposed here to general class-S

theories [90] by studying the related isomonodromic deformation problem, for
example for circular quivers, generalising to other classical groups the results
of [38, 39]. Tt would be also interesting to extend the analysis to non-self-dual

-background, which should amount to the quantization of the 7-systems, and
its lift to five dimensional gauge theories on R* x S*, which should correspond
to quantum g¢-difference T-systems [28, 10, 11, 16, 55, |. T address this last
issue partly in the next section.

The expansion in the large couplings regime should also be considered by ex-
tending the analysis of [17, 152]. Actually, the RG evolution at strong coupling
can be analysed through late time expansion of the 7-functions. In particular,
in [45] the solution in this regime for the A,, series has been given in terms of
a matrix model describing the theory around the massless monopoles point
which generalizes the O(2) matrix model of [201]. As a related problem, it
would be also interesting to priovide a Fredholm determinant/Pfaffian repre-
sentation for the 7-functions presented here, see for example [33] for the case
of orthogonal groups. It would also be interesting to study the extension to
defects in supergroup gauge theories, see for example [173].
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2.3 Other directions

Here I present other work related to extending the Painlevé/Gauge correspondence.
First we look at d = 5 theories and g-difference equation lifts, then at ¢ = —2 tau
functions from blowup equations, and finally at a generalisation of the G = U(2)
tau system to an arbitrary amount of fundamental flavours.

2.3.1 5d Nekrasov functions

In the introduction and in the first section, we focused on d = 4 super Yang-
Mills. Consider now pure 5 dimensional super Yang-Mills with 8 supercharges on
Sk x R‘éh@ with simple gauge group G on its Coulomb branch, parametrized by
a € g¥ = LieG*. Following [28], write g1 = €12 u = e and let further
w = logu/y/—log ¢ log g2, where these are to be understood component-wise in

the canonical vector space where the root system is realized. Then

> log? u; }

—2log q1 log q2

ZCl<u7 q1, Q2’2’) = eXp{lOg ((q1q2)7hv/2R2th)

-

2

= ()™ 2R =)™

Zlfloop(ua qi1, C]2) = H (ua; q1, Q2)oo
acR

\2 Vv k
Zinst(W, q1, @2|2) = Z <(Q1Q2)7h /2R Z) Zk(u, q1, 42)

k>0

All information about the special functions will is collected in the appendix A.
Invariance under ¢q; < ¢» and, separately, u — u~! is immediate for Z, and Z1—loop;
and therefore, for the full partition function, inasmuch as Z;,s follows from the
classical and 1-loop asymptotics. For SU(N), the instanton part is invariant under
QL Qe = g gyt [2106, ]. This is to be expected in the general case, as well.
Recall that the localization in equivariant cohomology is done by a topologically
twisted scalar supercharge ) which squares to a rotation up to exact terms,

Q*=Ly+ ..., v=e (0104, — 120,,) + €2(030,, — 40,,)

Therefore, the signs of the € parameters should be immaterial. On the other hand,
the symmetry properties of the classical® and 1-loop parts are

)h\/_ > log2 u;

Za(w,qi ", g5 |2) = (quge)” Posutse Zy(u, g1, gof2)

Z1to0p(0, G175 g5 ) = H (—u*0 (u®, q1)0 7 (™, 42)) Z1100p(W, 41, G2)

acRL

= ()Ml TT (07 (™, 107" (4™, 42)) Z1-100p (W, 1. 02)

acER

As is to be expected, for the self-dual ¢; = q7%, g2 = q both asymmetry factors
become unity. We then specialize to the ¢ = —2 background, ¢; = q7 %, g2 = ¢%. In

6Sometimes, the instanton counting parameter is redefined to absorb the ¢;qo factor, which is
immaterial for the self-dual background.
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this case, using

we find

v Zilog? u;

ch(U—?CIaqd‘Z) =q 4log? q ZCl(“? qil,q2‘2)

Zlfloop(ua q, q72) = H 0<qua; q2) Zlfloop(u7 qila q2)

acRy

Using the identity
0(qz;9%) = 0(q2"";9")0(qz; q")

we rewrite the full expression more symmetrically,

Z (1, q, q_2]z) hv Zilo8? u;
A = 4log? 9
(1) = Zran(u, g7, q2)2) ! H (qu*;q*)

acR

defining an asymmetry factor which does not depend on 2. Using properties of
g-theta functions we find that, if A is a miniscule coweight,

A(quV q) RV _hV A2 ( 1 >
A(u, q) 1 —qu®

acER
a-A=1

It is a fun exercise to show that

Z a=h"), H z =N

acR acR
oa-A=1 a- =1

and, therefore,
A(qu)‘vq) _ (_1)hv)\2
A(u, q)

If X is not miniscule, but any coweight, the same holds, but it is harder to show’.

We have

A(uq >q th hv}\g IR
CA(wq) H 11 ( nzum) =(-1) (2.43)

n=1 a€R
a-A=n

2.3.1.1 g-Painlevé
Noting that if ¢ = ef, as R — 0
D(f) = f(az)f(a~"2) — f(2)* = R*D*(f) + O(R)"

"We can show it just for the simple coroots, since they along with the miniscule coweights
generate the coweight lattice.
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where D*(f) = f?07,.log f, we expect bilinear relations similar to the ones in 4
dimensions. As before, if a is a root corresponding to the a miniscule coweight A,

we assign it the Kiev Ansatz

. = Z gm Zﬁ >, log? (uiq™) Bo(llqm) Zzizi(uqm)

nex+QVY
~~ 7 N———
Defect ch. Zl—loop Zinst
We can give the classical part a makeover by using, as before, w = —— logu, as
) )
’ logq
then
1,24 omat L m?
ch(uqm) — Z2w “+w m+2m
meaning
Dc2|(7—)\) _ § Zw2+%m%+%m§+(m+n).w+i1+i2 (Cl%m%—%m%—l-(m—n).w-&-il—ig . 1)
m;,me€QY
11,2€Z>0

Bo(ug™)Bo(ug™) Zy, (uq™ ) Z;, (ug™?)

Next I define the g-analogue of the 4d isomonodromic systems we already studied,
which I lift in the minimal fashion:

2 a2 —aV-3
Dy(ra) = == I =
BeA\{a}

Here note that the Kiev Ansatz is defined only for the roots corresponding to minis-
cule coweights. The other tau functions can be obtained from the former.

2.3.1.2 1 loop term

Before considering the g-analogues of our isomonodromic equations, we begin the
ritual of painstaking examination of properties of Z;_jo0,. In the self-dual back-
ground we have

m_ .— - a-m . ucx a-m; o
Zl*lOOP(uqm7q) = H(uaqo‘ ’q 17q>oo = H<u q1+ ;q7q>ool = H ( q q)

ua ocm.
a€ER a€ER a€EeR ( q + 4 q>oo

In particular we can write

Zl—zoop(uqm,q):H (U% 0, @) (U¥4*™; )
Zictoop(u,q) L (U™ 0, q)e (U q)e
- 11 (U4 Do (W50, 0)0c (%9 q)o0 (W97 )
(g™ 0, @)oo (W70, 0)oc (U Q)00 (U405 9)oc

acRneN
a-m=n
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Since,

n—1 n—1
(20" 0, 0)e 1o (20T 0)0e
_ n—1
(Z 1; q, q)oo _ H 1
(7lam g g)e i (71 )e

n—1

(0% @)oo 17 (205 D0 1
. o H k. o ]H) 1— qu

(z0)00 oy (2075 0)0c

n—1

(' " 0o e
L q)w _H(l q )

we have the end result

Z1—toop(0g™, q) -] H 1—u*°‘q’“ " (u*q" )

Z1-t100p(, ) aERnEN k=0 L—ugt (umq" " q)o
a-m=n
2.3.1.3 A,
The g-analogue
1
Dg(To) = — 27T,

leads to equations specifying the 1-loop term
(uplupz)_l(qupl - up2)2B0(uqep1 _ep2>BO(u) = _QBo(uqepl)BU(uq_ePQ)
where p; # py and

By(ug®)By(ug—
Zi(u) = —2 Zoq oq )

_ 2
1 q -

via the lowest order. Note that the term
. 1
(I1-9? (1-qgH(1-4q)

corresponds to the character of C? under the self-dual U(1)? rotation, corresponding
to the center of the instanton.

2.3.1.4 B, D,

The g-analogue
D¥(ro) = D¥(ry) (2.44)

leads to the equations specifying the 1-loop term

(i, tp, — 1) Bo (g "%2) By () = q(up, — tp,)* Bo(ug ) Bo(ug®2)
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where p; # po. Consider now

Zanloop( ) - H - ooH Uﬂbw ) oo(L;q_lacDoo

U; U5
i#] ] 1<j L)

_ 1
2100y (0) = 2100y () [ [(wi 07" )oc( 107" )

By the properties from a previous section, we see that the following holds for both
functions (X € {B, D}):

lenloop( qep1+5P2>Zl)("loop<u) _ <1 - > ( ) (1 umum <1 - _up11up2 q_Q)
25y (00 253 007) (1 g 1) (1- =) (1= o) (1 wyu9)
P1 P1 pz

<up11up2q_13 Q)OO (%q_1§ Cl>oo (%q‘l; q) (uplumq q) oo
1 —2. Up; | Upy | _

<“P1up2 a5 q) oo ( Upy q>oo (upl ’ q>oo (uplupz, q)oo

( (1 ) umupz) (1 - ﬁq_Q)

I )
(- e =20 (1= ) 0 o

1 .— U — -1
X q- _in 1)<l—ﬂq 1)(1—uu)
( uplupz ) ( Up, e
1—

(1 — q- ) (1 — up, up,q) (qup, up, — 1)

Upy “172

therefore we can set By(u) = f(u)Zi_je0p(u) and f(u) will be a periodic on the
coroot lattice. Next we have the 1-instanton
1 — 2 QBDn er BDn —ep
2P () = — 9 Z( ;Lk) o "(ug D) o "(ug™*)
(1—a)3 < By (u)?

For n > 3 we can compare these with universal expressions and we find agreement.
The case n = 2 is special. Note that we have an isomorphism Dy = A; x Aj.
In the 4 dimensional case, we found 772 = (7%1)%) but there we could use special
properties of the Hirota derivative to find that

D*((15")%) = 2" *D?(r5") = 2D*(r")(r")* = D((1i")?)

The g-analogue does not share the same properties. From the definition we get the
following behaviour of the Hirota g-derivative:

Di(f™) = (D3 + 17)" = ™
Di(f - 9) = Di(f)D3(9) + f*Dg(g) + g°D3(9)
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Interestingly, we find that if we formulate the system (2.44) for Ds, then

(1—q)? Do

(1—9)? p, Cud +ud — dudud 4 uiud + uiug
- ( ) - l,elsewhere(u>

1,here
q

In particular, whereas in the 4d case we found that

1+
(u1 — ug)?(urug — 1) q

Z1%, (01 + 03,01 — 03) = Z{3y(01) + Z{1y(02)
here we see that

7P (u) = ﬁ + 28 () + Z2 (uy )

For the B,, gauge group, we find

—_ U
ZP ) = - S (1w I l

(1—q)* 4 i (e — ) (1 — wpy)?

which agrees with the literature for all n > 2.

2.3.2 (—1)-blowup relations

We can write the d = 5 blowup relations for an arbitrary® simple gauge group G.
The K-theoretic partition function on the blown up geometry C? is going to be
given by” We call these blowup relations (—1)-blowup relations as they have to do
with replacing the origin with the exceptional divisor which is a (—1)-curve. These
relations relate ¢ = 1 to ¢ = —2 tau functions, but cannot give us bilinear relations
on the tau functions themselves.

~ VRV Y Y
Zxna(u, q1, q2|2) = (Q1Q2)7(4d e Z Z(UQ?yQ17Q2Qf1’q;l_72)z(qu,Q1QEI>Q2|(]§_72)

nex+Qv

where d is the "exceptional divisor observable'. The blowup formulas say that

\ v o\ A2
(((th)_h /2R2h Z) 2 Z(u7 q1, Q2|Z) d=20
Zxna(W, g1, ¢22) =  Xov(N)Z(u,q1, ¢2/2) 0<d<h’
v v v 2
(=) ((qrgo) ™" /2R Z)A ? Z(u,q1,¢lz) d=h’

These we specialize to ¢o = ¢; ' = q. Note that, using (2.43), the d = 0 and d = h"
equations equate

v\ AZ/2 B n 34 n _hrY
(772)" " Z(uaalz) = >0 Z(ug ™ a el 2)Z(uq”, g 2 ala 7 2)
neA+QVY
(2.45)

while the others become

_ L Y L Y
XorNZ(w gl alz) = Y Z(ug ™ g7 q%a 7 2)Z(ug”, g7, qlg? T 2)

nex+Qv
(2.46)
8Conjectural, except in case of SU(N) by [216, ], but with strong evidence.
9Comparing with [124], one sees that their "r" corresponds to our hY. We would be in trouble

if that were the rank, but what they consider is SU(r) for which r = hV.
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2.3.2.1 Tau functions

Next we define |PY/Q"| tau functions as the multiplicative Zak transforms of the
hitherto considered partition functions. These we call

Aol = Y ozl g ql2)
nex+Qv

mwolz)= Y o™ Z(ug® ¢ q"|2)
nex+Qv

Next we consider taking the same transform of the blowup equations (2.45), (2.46).
As an example for A = 0, we can say in a unified fashion

\ \
m-n 4—1 .2 7d+hT m4n ,—2 d,hT
To(u, o|z) = E o2 ™ g7 g% 2)Z(ug™*? q72q|q z)

n— n- .- —d+hl nt n - _nY
= Y o7 Zug" g Plg T 2)eT Z(ug™ g7, qlq? 7 2)
nt n—eQVv

d—n’

+ 7 (W, olq® 7 2)

A
=Ty (0, oq"" 2 2)

for any d € 0, ..., hY. We can write this more symmetrically as

nVv

)’ )75 (u,olg™ 7 2)

A\ V V
2r(u, 0]2) = 7 (u, olq~ % 2) E E

7o (0,097 2)+7 (u, olq™

and restrict d < hY/2, which gives 1 + [h"Y/2]| equations. We can distinguish 2
cases, depending on the parity of hY. In the case of an even Coxeter number we
necessarily have the two equations

210(2) = 273 (2)75 (2) = 74 (a2)75 (a7 2) + 75 (a7 2)75 (92)
Therefore, as in [27],
70(g2)10(q™"2) — 10(2)? = 7 (42)75 (¢2) 7 (¢ )75 (¢ 2) — ;l(T(T (g2)75 (q7"2) + 75 (¢7'2)75 (g2).
1 + —(—1 +(,—1 - 2
= _Z(To (g2)7 (¢ 2) — 79 (¢ 2)75 (g2))

In the case of an odd Coxeter number we necessarily have the two equations

1 3

1,1 S| 3\ _, _3 3\ _, 3
270(2) = 79 (¢22)7 (¢ 22)+75 (47 22)7 (¢22) = 79 (¢22)75 (¢ 22)+79 (¢ 22)75 (g2 2)
Therefore,

To(g2)70(q"2) = 70(2)” = (15 (7 2)75 (472) + 7 (472)75 (42)

x (5 (g7 22)my (g7 22) + 13 (¢ 22)75 (q722))
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In [32], it was found that for G = SU(2) the blowup equations imply the Toda~
like tau form. For other groups, however, I find that I can rewrite the ¢g-Painlevé
Toda-like equations for the ¢ = 1 tau functions in terms of the ¢ = —2 tau functions
using the above formulas. In simplifying the sum, differences of vectors in different
lattice cosets can yield a vector in yet a third coset — attention must be payed to
the root system in question. However, this ends up being a system of equations for
the ¢ = —2 tau functions. I was not able to reduce it further.

2.3.3 U(2) with Ny fundamental flavors

Recall that the equation for the one-loop normalization obtained from inserting the
Kiev Ansatz for G = SU(2) in the appropriate tau form equation is (2.15). Consider
writing it as follows,

Bo(O'l + 1, 09, {mk})Bo(Ul, 09 — 1; {mk}) _
By(oy + 1,09 — 1;{my}) Bo(o1, 02; {ms.})

where I have inserted some extra parameters, the explicit dependence on which is

30(01702;{mk}) = B(J)‘und (01702?{mk}) (01702)

—(1+ 01 — 09)? (2.47)

where
Ny
Bgund.(o_l, oo: {my}) = H(;(l +my 4+ 01)G(1 + my, + 02)

k=1
1

G(l + 01 — O'Q)G(]_ — 01+ 0'2)

By (01,02) =
as {e1, €2} are weights of the fundamental (), and {e; — ez, e3 — e, 0} of the adjoint
representation (1) of U(2). We already know from before that

BS%Y(oy 4+ 1,04)B3Y (01,02 —-1)
Bad](al—i—l 0'2—1>B (0'1,0'2)

—(1 + o1 — 0'2)2

and we calculate directly that the same is true in this case, as
Bg“”d'(gl + 1, 09; {mk})Bgund'(Ul, ox — L {mu})
Bfund.(o_l + 1,05 — 1; {me ) BI"" (51, 0o {my.})

_H Gl+mgp+o1+1)Gl+mg+09)  G(1+my +01)G(1 +my + 09 — 1)
Gl4+mp+o1+1)GA+mg+0y—1)-G(1+my+ 01)G(1 +my + 09)

:1

Therefore, we have a solution of the one-loop normalization, with asymptotics
\ 2 )
IOg BO ~ Z )\ddj 10g<0' . A?d]) _Z Z(Jz\f“nd+mk)210g<a . }\{und + mk;)
koo

Further, by inserting this solution into the recursion relation, which is unchanged,
we obtain

Zi(o;m) = —Z Bulo £, Z i Ak mk)Q

i1 B() g, m ]7&1(01 0 )
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and a more involved expression for higher instantons. These all agree with instanton

counting (checked up to 4 instantons with Ny = 1,2, up to 2 instantons with
Ny =3,4,5).
Next is the 2-instanton:
n+1
Bo(o +e;;m
Zy( Z ol . [Z1(0'+el, m) + Zy(o — e;;m)]

B(]O'm

o+ (e; —¢;);m)
o Z 2
1<J

This is for U(n), we specialize to U(2) to get

1B +1. 00
Zy(o1,09;m) = —= o(o1 ,09; M)

[Z1(01 + 1,09;m) + Z1(01 — 1,09;m)]

130(01,02:|:1;m)
-1 Bo(o;m)? [Z1(01,09 + 1;m) + Z1(01, 00 — 1;m)]
_(0-1 _ 0.2>2B0(0—1 + 1,0-2 — ]"m)BO(O-l — 170-2 _|_ 17m)

By(o;m)?

The new thing to calculate is the last term. We consider just one flavor with mass

B()(O'l + 1,0’2 — 1;m)Bg(01 — 1,0'2 + l,m) _ (G(l +m + Ul)G(l +m + 0'2))_2
Bo(O';m)2 G<1—|—0'12)G<1 —0'12)
Gl+m+o+1)GAl+m+oy—1) Gl+m+o,—1)Gl+m+oy+1)

G(3+012)G(—1 — 012) ' G(—1+012)G(3 — 012)
_ G2+ m+o0)G(m+o1) G2+ m+o)G(m+ o)
B G(1+m+ 02)? G(1+m+ 03)?

% G(l + 0'12)2G(1 — 012)2
G(B + Ulg)G(—l + Ulg)G(—l — 0'12)G(3 — 0'12)

Now use
G2+ 2)G(z) _ T+ 2)(@)G()® _

G(1+ x)? ['(x)2G(x)?

for the first terms, and, treating independently o5 and —o9,

G(x)?
G(l+z)? D(2)?T(~1 + 2)2G(—1 + z)?
GB+2)G(-1+2) T2+ 2)L(1+2)0(2)T(~1+ 2)G(—1 + z)?
_ I'@)l(-1+2) 1
IR+ (1+2)  (1T4z)22(1—2)
to get
Bo(O'l + 1,02 — 1;m)Bo(01 — 1,02 + Lm) . (m + 0'1)(771 + 0'2)
By(o;m)? (L 012)%01,(1 — 019)?
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Therefore we obtain the two-instanton term

7l ) 1m+ o (m+01+1 m + oq ) <m+01—1 m + o9

01,09, M) =—

SR 4 0'%2 (1 —+ 0'12>2 (1 —+ 0'12)2 (—1 -+ 0'12)2 (—1 -+ 0'12)2
1m+02—( m + o1 m—f—ag—i-l) ( m + o1 m-+ oy —1
4 0'%2 (—1—|—0'12)2 (-1+0’12)2 (1+O’12)2 (1+0’12)2

(m+ o1)(m + o3)
(1 + O'12>2O'%2(1 — 0'12)2

Before we attempt to simplify, we have to look at what instanton counting tells us.

We have the following components of the count:

(m+ o9)(m+ o9 — 1)
40%,(1 + 019)?
(m+ o3)(m+ o0y + 1)
402,(—1 + 012)?
(m+ o1)(m + 03)
—1+4012)%(1 + 012)?

(m + 01)(m + 01— 1)
Aoty (=1 + 012)?
(m+o1)(m+o;+1)

Z == y Z =
H,@ 40'%2(1 +O’12)2 @’H

) Z@,l:\j -

Zrmp =

Zon=
(

Therefore we can distribute and identify

1m+01 m—+ 02
Z im) = Zg + -
2(017 02; m) H,@ + 4 0%2 (1 + 0.12>2

1m+01 m -+ 09 1m—|—02 m -+ oy
+ 0+ < - +7
0, (Flton)? 4 of (—1+op)? M

(m+ o1)(m + 03)

1 + 0'12)20'%2(1 — 0'12)2

+1m+02 m—+ o1
4 0'%2 (1+0’12)2

Manks
(

And finally we have that, collecting all the rest,

Im+4o0, m+ o, Im+o;, m+ o9 Im+oy m+o;
4 o2, (1+012)2+4_1 o2, (—1+012)2+Z 02y (=14 012)?
Im+o0y m+oy (m +o1)(m + o2)
4 o (1+012)2_(1"‘012)20%2(1—012)2

- 20’%2(1 + 0'12)2(1 — 012

B (m+ o1)(m + o2) B
T (140021 —0)? Zop

) )2 <(1 +012)* + (-1 +012)° — 2)

Therefore,

Z2(017 09 m)isomonodromy — Z\:\:W) + Z@E\j + ZH’@ + Z®7H + ZI:L]:I _ Z;ounting

2.3.3.1 SU(2) vs U(2)

Note that in equation (2.47) we vary the vevs independently. This is the same
situation as in instanton counting. Later, we can set 0, = —oy = ¢ and all our
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results reproduce massive SU(2) theory. However, if we start from SU(2) directly
we cannot obtain anything other than pure theory. It is easy to check that
Bo(o +1/2; {mu})?
Boy(o + 1; {mu.}) Bo(o; {mx })

=—(1+20)?

is not satisfied by

By(o) = =

G(1+ 20)

unless Ny = 0. Here there is a mystery. Namely, the U(2) Kiev Ansatz has to be
the same as the SU(2) one, in the sense that they have to share the same lattice
Q = {(n,—n)|n € Z}. My manipulations in the previous section imply that

(o, mlt) =D "2 By(o 4 n;m) Z (o + n;mt)
new

satisfies
Dy (o, mlt)] = —=7(o — (1,0),n[t)7 (o + (1,0), nlt) (2.48)

Consider, however, an alternative definition, with the lattice Q = Z2. In the follow-
ing it will be convenient to write

B(o,mlt) = B( H ,mlt)
)
From the definition of B, it is clear that

57 2] ity = (7 ot el

09 +w

holds. Consider defining o4 := 01 + 05. Then

or+o_

B 02| it = B e | ol = B ] om0

2

which is a consequence of the previous identity.
I now define the tau function with the lattice Z2,

T Rl o et ]
ni,no€Z

I want to compare this to

o1 n — nim+nang 45 (01+n1)2+2 (02+n2)? o1+ 1
TU(2)({UJ ; {7721 ,mlt) g e t2 2 B( S, ,mlt)
TLu_anZO
ni+no=

which I found satisfies (2.48). What equation does 7y (o) satisfy? Let

Ny :=nyxtny, 04:=01F£02, nNt:=1m LN
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and use it to rewrite the definition of 7;(9),

g_+n_ o4+n4
1 O+ P+y2 1 T— 1 "=12 +
E FN+M+ + PR + 2 2
e2 t( 2 2 ) ez t( 2 2 ) B( |:_U_+n_ + U++n+:| ,m\t)
2 2

n4,n_€”Z

and then use the property of the conformal block to write

o n o n o_+n_
> eé"*"*tW*?’Qe%"—"—t(w2>ZB<[ oan] m+ T
T2

ny,n_€7Z

Splitting the sum over n_ into even and odd parts,

oy m o_  m_ o—tn—
Z Z + Z e%"+n+t(%+%)2€%n_n—t(7+7)2B( [_ 0‘_2+n_:| ,m—|—0+ +ny 1)

ny€Z \n- even n_ odd

I can rewrite

7 g 1, oy g o 0 I
TU(Z)([U;] | m i = 2 e (TU<2><{—%_] , {—%} mot =)

o- ;1 n— oL +n
+€;n_TU(2)(|: 20__+ 2;] ) [ 217__} , M+ %H))

Only in the special case where Ny = 0 does the term in the brackets decouple, so
that

) . i
Tu(2)( {01} : [nj [t) = t7+/10, (u = 100 + o logt) g = t1/4)

02 Ui
o_ n_ 1 o 1 n_
— — |t n— _— — |t

where 7(0,n|t) is the SU(2) PIII3 tau function. Even in this case, however, it is
unclear which equation is satisfied by 7;(2). It seems, therefore, that 772y is a better
definition.

2.3.3.2 Other groups

Similar considerations let us calculate U(N), SO(2N), SO(2N + 1) with funda-
mental matter and, via the accidental isomorphism s0(5) = sp(2) (this is complex),
Sp(4) (the 4 is real and corresponds to the compex 2) with antisymmetric multiplets,
because the fundamental of SO(5) corresponds to the antisymmetric representation
of Sp(4) via the isomorphism.

Again, this we check for quite high order in many ranks.

2.3.3.3 The tau chain
Recall 2.48,
Dy lr(o,m|t)] = —=7(e — (1,0),n|t)7(0 + (1,0),n]t)
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Shifting o — o + (1,0) gives us
Diggilr(0 +(1,0),m|t)] = =7 (e, mlt)7(o + (1,1), m|t)
I can rewrite the last term in that equivalent way, since (2,0) — (1,1) € Q. Notice
that in the pure case, 7(o,n|t) o< 7(o + (1,1),n|t). Here, however,
(o, m|t) ¥ (o + (1,1),mt)

since neither the 1-loop term, nor the instanton volumes have that symmetry. So
we obtain a chain of tau-functions which does not close.

The equation (2.48) should be compared with [234, Theorem 14] for PIII; and
(236, eq. 0.17] in the general case'’. Tt is not so simple to pass a verdict, label
them exactly the same. In the case of PIII,, in section 2.3.3.5 we do find that (2.48)
reduces to a bilinear Toda equation. In the general case, the derivatives themselves
are different, and aren’t given in terms of J,q; but, for example, ¢(1 —¢)0, for PVL
Further, the Weyl group in these U(2) tau functions acts on the initial condition o
only and not on the parameters of the equations — although in reductions to SU(2)
these get mixed with shifts of the masses, as seen in the next section.

This relationship should be explored more thoroughly.

2.3.3.4 Reducing to Ny =0, PIII;

In the pure gauge theory case, from the Kiev Ansatz we see that for w € C
(o +w(1,1),lt) = 7Y erente e’ B (5 1 n)Z(o +nlt)
neE
In other words,
™ ((0,~0) +w(1,1),m]t) = 7 (0, ~0). 1)
Note that to reduce to SU(2), we need arguments equal but with opposite signs,
i.e. both 0 = —0y and 1, = —1n9. We cannot do this for (o; + 1,03), but we can
for (o1 +1/2,09 — 1/2), obviously, just by setting o1 = —o5.
Using the previous relation, we can reduce 7(o + (1,0),n|t) to SU(2), since
T((O-v _U) + (17 0)7 77’75) - T((U7 _U) + (1/27 _1/2) + (1/27 1/2)7 77|t)

= tY47((0 +1/2,—0 — 1/2),m|t)
An analogous calculation gives 7((o, —0)—(1,0),n[t) = tY/47((6—1/2, —0+1/2), n|t).
Therefore, the equations (2.48) tell us

D*(1o(o,n[t)) = —t*m0(0 — 1/2,n|t)70(0 + 1/2,7|t)

Using Z-periodicity of o, we can write this as two equations

DZ(TO(Jv 77|t)) - _t1/27—1(0-7 77|t)2

D*(ri(o,n]t)) = —t"10(a, m|t)?
where we have defined

’7'1(0', 77|t) = 7—0(0 + 1/27 77|t>

This is the Painlevé 1115 in tau form.

19T would like to thank M. Bershtein for pointing this out.
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2.3.3.5 Reducing to Ny =1, PIIIL,

In the previous case, the main thing we did was close the chain, but now
T ((07 _U) + W(l, 1)7 n, ml‘t) 7& thT ((07 _0)7 n, m1|t)

so we cannot do that. However, a similar operation is possible. Consider the 1-loop
term shifted by w(1,1):
G(l+my+ 01 +w)G(1+m+ 02+ w)
G(1+ 01— 02)G(1 — 01+ 09)
G4 (my +w) +01)G(1 + (my 4 w) + 02)
N G140y —02)G(1 — 01 + 09)
= Bo(o,m; + w)

By (o +w(1,1),my) =

Note that, at the level of instanton counting, we have the analogous result
Z(o+w(l,1),m|t) = Z(o,my + w|t)

which is easy to see, because the fundamental contribution is equal to a prodcut of
my+ o012+ €e(i12— 1)+ €2(ji2 — 1)) terms for each of the Young diagrams. We see
that we can 'transfer’ shifts in both vev’s to the mass. In particular, we get

T((Ua _J) + (U(l’ 1)7 n, m1|t) = tWQT((O-7 _0>7 n,mi + w’t)

Let us define 7o(o,n,my|t) = 7((0,—0),(n, —n), m1|t) as before. The equation
(2.48) becomes after calculations analogous to the pure gauge case

DQ(TO(Ua 7, ml‘t)) - _tl/QTO(O - 1/27 n,my — 1/2|t)7—0(0— + 1/27 7, my + 1/2‘t)

Note that in this case, we cannot use periodicity to simplify further to a square.

Indeed, define
Tl(av 7, m1|t) - 7—0(0 - 1/2’777 my — 1/2|t)
T2(07 n, mlu) = TO(U + 1/27 1, 1my + 1/2‘t)
Then the equation (2.48) reduces to
D2(Tg) = —t1/27'17'2
Is this Painlevé I1I,? We can distinguish between two different tau forms of Painlevé
equations, in general:

1. The first form is what I will refer to as the full form. It uses a single, unshifted
tau function which we define starting from the equation written in terms of the
transcendent. It is essentially a change of variables of the Painlevé equation

For example, for PIII; we can take the Hirota derivative of one of the equa-
tions:

D*(D*(r)) = tD*(17)
and then simplify further the RHS using the other equation:
D*(D*(1y)) = tD*(12) = 2tm2D?(7y) = —2tY2D? (7o) (—t1/72)
which, although it can be simplified a bit, is already enough, since it’s written

in terms of a single tau function.
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2. The second form is what I will refer to as the Bdcklund form, because it uses
many tau functions defined on a lattice of shifts in parameter space.

Returning to our equation D?(7y) = —tY/?77,, we see that we are dealing, at this
stage, with the Béacklund form. We can use this equation to eliminate one of the
tau functions, say 7. But then we need (at least) two more equations (since the
problem is nonlinear), to eliminate another tau function, say 72, and to plug it all
into a single equation which is just in terms of 7.

The Bécklund form for PIII, is given in [234, Theorem 15|, but explicit param-
eter identifications have not been made there. It is also available for g—Painlevé in
[198] with an explicit dictionary. In that case we have

T~ =q (g = )7
T — T = g (g — 1) V222
D}(ro) = —(q — 1)/t 77y

This is equation (5.3) in ], but I have written 7 instead of their 73, and I have

[
written D?(f) := ff—r=

f
If T write ¢ = e® and ¢t — R3¢, and let R — 0, at first order these equations
reduce to
T90logtT1 — T1Ologt T2 = — /272
D*(r) = —t'*mmy

These are only 2 equations. I have checked that the first equation is true up to 4
instantons, but it is unclear where it comes from. Further, these equations are not
the same as the already mentioned [231, Theorem 15], as they do not involve the
mass/Painlevé parameter explicitly.
2.3.3.6 Reducing to N; = 2, PIII,;
For two flavors, completely analogous calculations yield

T((Ua _U) + W(L 1)7 n,mu, m2|t) = tw27_((07 _U)v n,mi +w,mg + w‘t)

Using that, the equation (2.48), which is true for all flavors, when specialized to
Ny = 2, becomes

D*(o(0, 1, m1,malt)) = —751/270(‘7_%’7%7”1—%’m2—%|t)m(cr+%’77,mﬁ%’mfr%ﬁ)
In [198], there are 4 tau functions which are considered. They all have shifts:
7 = 1o(0,m,my — §,m2|t), Ty = 10(0, M, My + %,m2|t)
1 1 1
73 = To(0 — 5 1M, My — §|t), T4 = 1o(0 + 511 Ma, Mo + §|t)
In the last equation, we can therefore shift m; — m; £+ % and get two equations,

1 1
D¥(r) = —t"ro(o = 5o,y = 1,ma = S|t)

1 1
D2(72) = —tl/QTo(U + 5777777’&1 +1,my + 5\75)73
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Shifting instead, together, o — o £ %, ma % yields

1

D2(73) = —tl/QTo(U —1,np,my — §,m2 - 1’75)72
1

D*(1y) = —t*10(0 + 1,1, mq + 5 M+ 1t)m

So in this case, all of the equations are qualitatively different than the ones in [195].

2.3.4 Discussion

The Toda-like equations for pure d = 4 N = 2 gauge theories with arbitrary groups
can be generalised to d = 5 N = 1 theories on a circle by a straightforward lift
of the ordinary Hirota derivative to a g-analogue. Due to the different behaviour
of the g-version, some more complicated manipulations may become unavailable,
for instance those involving the ordinary Y™ operators. It would be interesting,
however, to obtain these equations using quiver mutations as in [20, 28, 10].

The link to blowup equations needs more work. In [251], (—2)-blowup relations
were used — perhaps generalising this would work for g = A,, theories with n > 1.

Finally, the G = U(2) super Yang-Mills with an arbitrary number N f of fun-
damental multiplets satisfying the same equation as the N f = 0 case represents a
mystery. From the SW /integrable systems 1.4 point of view, this should correspond
to a deautonomised XXX spin chain. The fact that we cannot close it perhaps hints
to some quasiperiodic boundary conditions. It would also be interesting if blowup
relations can help derive this.
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Chapter 3

Magical matrix models from three
dimensions

3.1 Extending the ABJM /Painleve III; correspon-
dence

In the introduction we have seen that ABJM computes the gq—Painlevé Il tau
function via the T'S/ST/Tau correspondence. It is natural to ask for an extension
of this correspondence to other g-difference equations.

In the first part, I present my work with my collaborators Naotaka Kubo and
Tomoki Nosaka and my advisors Alessandro Tanzini and Giulio Bonelli [11]. We
used recent progress on spectral curves to realise the tau function of q-PVI as a
matrix model.

In the second part, I present my work with Tomoki Nosaka. There we computed
the grand partition function of the D-type quiver exactly in terms of a Fredholm
Pfaffian, for a simpler, degenerate case D3, as well as for Dy, and we gave a rank-
deformation which works. Both the exact computation and the rank-deformation
are novel. We had hoped to use the ADE classification of superconformal Chern-
Simons quivers to explore what kind of relations are satisfied by a quiver of D-type.
With the data we have available, however, we were unable to find any bilinear
relations. There are, however, other directions to go.

3.2 q—PVI matrix model

This section is based on joint work with Naotaka Kubo and Tomoki Nosaka [11].
We studied in detail the case of g-Painlevé VI, corresponding to five-dimensional
N =1 SU(2) gauge theory with four fundamental hypermultiplets Ny = 4. Via
geometric engineering this corresponds to topological strings on the local Dj del
Pezzo Calabi-Yau threefold.

This came about through a series of intensive studies of the four-nodes theory

U(N), xU(N)yxU(N)_, x U(N), [192, 209, 210] which describes N M2-branes
placed on (C?/Zy x C?/7Zsy) /Zy, orbifold [116]. There it was found that the large
p = log k expansion of the modified grand potential J () (related to the grand
partition function as = (k) = Y. e/WF2mn)) [133] : , 212] of this theory is

consistent with the refined topological string free energy on local Ds del Pezzo
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geometry at large radius. Later this result was generalized to the case of different
ranks U (Ny), x U (Na), x U (N3)_, x U(Nyg),, finding that the three extra degrees
of freedom of the rank differences realize a three dimensional sublattice of quantised
values in the full Kéhler moduli space of local Ds. This enables us to show that the
five dimensional moduli space can be realized by turning on the Fayet-Iliopoulos
parameters of the Chern-Simons matter theory. As it is the case for the T'S/ST /tau
correspondence between the ABJM theory and g-Painlevé 1113, by using the exact
values of the partition function of U (Ny), x U (N2), x U (N3) _, x U (Ny), theory
at fixed moduli we can check the 7-form of the g-Painlevé VI equation in the small
K expansion.

In section 3.2.1, we first recall some background material and fix our notations.
In section 3.2.2, performed a detailed analysis of the matrix model of the quiver
superconformal Chern-Simons theory and the related quantum curve. In section
3.2.4, we give a thorough check that the grand partition function of the above theory
satisfies g-Painlevé equations, thus providing a conjectural Fredholm determinant
representation for the corresponding 7-functions. In section 3.2.5 we describe the
coalescence limits from the viewpoint of the analysis of matrix models and quantum
curves, providing matrix model realizations of the g-Painlevé 7-functions. In section
3.2.6 we discuss the coalescence limit from the viewpoint of g-difference equations by
considering both the perturbative gauge theory realisation of the 7-function and the
magnetic matrix model one. Finally, in section 3.2.8 we discuss some open questions
for further investigation. We collect in the appendices some relevant definitions and
details of some computations.

3.2.1 Five dimensional gauge theory, g-Painlevé and TS /ST
correspondence

3.2.1.1 Five dimensional gauge theory and g-deformed PVI equations
in bilinear form

As mentioned in the introductory section 1.7, the relation between Painlevé VI
differential equation and two dimensional Liouville CFT with ¢ = 1 was first noticed
in [100]. This connection arises from the formulation of Painlevé VI equation as
the isomonodromic deformation problem of an auxiliary sl(2,C) linear system on
the Riemann sphere with four regular punctures. This linear system is solved in
terms of the degenerate four point conformal block of ¢ = 1 Liouville CFT [147].
By the AGT correspondence the isomonodromic 7 function is given as the Fourier
transform of the full Nekrasov partition function, the Nekrasov-Okounkov partition
function introduced in [225]. In this sense the Painlevé equation can be viewed as
a non-trivial identity among Nekrasov functions.

In the Introduction, there was some mention of d =5 N = 1 super Yang-Mills
on the d = 5 Omega-background, which has a circle fibration and reduces to R* x S*
in the Seiberg-Witten limit. More detail was given in the section on Painlevé-like
equations.

By using the five dimensional uplift of AGT correspondence [11, 13] g-Virasoro
four point conformal block can be computed in terms of the five dimensional Nekrasov-

126 Fran Globlek



Magical matrix models from three dimensions

Okounkov [225] (NO) partition function, as:

7 (00,01, 01,0003 5,0, 8) = > s" TV 0B (09,010, 000:0 + 1) Z (00,01, 01, 0003 0 + 1, 1)
neZ
[leoes Go(L+ el — 01 + €0) Gy (1 + €0 — 0, + €'6p)
Gy (1+20)Gy(1—20) ’
H s N¢ Y (qeﬁm—el—ela) N)\ 8 (qea—et—eleo)
Z (0o, 61,604,003 0,1) = A+l Z2ee == P .
0,Y1,Y¢ /\g HE’E/ N>\e:>\5/ (q(e—e )0’)

C (907 817 0157 Qooa U) -

(3.1)

Here C,Z are respectively the one-loop determinant and the instanton partition
function of the d =5 N =1 SU(2) Yang-Mills with Ny = 4, whose Seiberg-Witten
curve reads

(w —mi) (w—mj)t*

1 1
INVANE 5 NVANE
NE ((“;1%) () )w2+Ew_mgmg (( o ) () )]t
m'mh\ 2
o (22 (= ) o= ) =0 62)
31104

ms
o _ (M) , (ot
q°°-(—,> | t—q( , ) | (33)
my myms

The Omega-background is chosen to be self-dual e, = —¢;, and q = e %, where
3 is the radius of S! on which the five dimensional theory is compactified. This
parameter identification can be obtained by comparing the results in [17] and [157].
The g-deformed Painlevé VI equation is defined through the g-difference version of
the analogue isomonodromic deformation problem [158]. This suggests a connection
between g-PVI system and g-Virasoro algebra — it was shown in [157] that the

associated linear system can be solved in terms of g-Virasoro five point conformal
blocks. Note that solving q-PVI equations does not fix uniquely the choice C' in
(3.1), as it was also the case for ¢-PIII3 [31, 16]. We address this point further
in section 3.2.8. This 7 (0, 61, 0;,0;s,0,t) is a g-uplift of the isomonodromic 7
function (1.10) of the Painlevé VI differential equation from the Introduction. The
relation between the 7-function and the g-Painlevé transcendents is not obvious.
Nevertheless, building on results in the differential case one can define them via
some identities satisfied by the g-uplifted 7-function (3.1). Specifically, for g-PVI
we define y, z as

26,1 tT3T4

0i—61—1 t_;7 8
, =2
T172

Yy=q )
T5T6

z=—q
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where 7;, 7;, 7; are defined from a single T-function 7 (g, 01, 6;,0; s, 0,t) as

1 1
9070170t79 +2 8707t)7 TQ():T 00701781579 §;S,U7t),

1 1
o — 5791,91:,900;3,0— 5

-7 2

1
7—(0 917015’ 00780-_’_2 > 7_4(t):7—

1
907917915 900,3 g —

1
00a01 gta 00y S, 0, t) T6 (t) =T <9 791 + _a0t7900;8a07t) )

1
(90,(91,9t OO,S 0"|‘2 t), 7_8()
) =n(a""t), 7)) =m7(at). (3.4)

The g-PVI equations follow from the bilinear identities satisfied by the five dimen-
sional Nekrasov-Okounkov partition function [157]:

T Ty — cf%1 ~tT3Ty — (1 — C|7291 . t) 576 = 0,

T Ty — t’7'37'4 — (]. — q_29t . t) 7'57_'6 = 0,

T1To — T3Ts + (1 — C|_2‘91 - ) qQGtT 75 =0,
7172 — Ty + (1- q -t t) 077 = 0,
T5T6 + q_61_9w+9t_% AT7Ts — T2 = 0,
T5Te + q_61+9°°+9t_% AT.Ts — T1Ty = 0,
T5Te + 4 °+29t 7T8 — q 7374 = 0,

T5T6 + 4 90+20t1778 —q"r37, = 0. (3.5)

These eight equations provide the 7-form of g-Painlevé VI system.

3.2.1.2 TS/ST contribution

As detailed in the introductory section on TS /ST, it has been conjectured in [117]
that the operator O-! , the inverse of the the operator 0= E(m )£(0,0) Am.n€™ z+np,
with [Z,p] = ih, Wthh is quantum version of the mirror curve Wx (e*,e?) =
Y imm Gm €T = 0 in C* x C* to the topological string on a local toric Calabi-Yau
threefold X , where W is the Newton polynomial of the CY3 X and the sum over
m,n runs over a finite set in Z? determined by the toric fun of X, known as the
Newton polygon of the curve [19, 60, , ], is trace class, that is trO~" are
finite for n = 1,2,---. This has been checked in some relevant cases in [1(7, ]
and our analysis in this work extends the verification to other cases. In particular,
the following Fredholm operator admits a well defined spectral determinant:

=(k) = det (1 + m@_1> . (3.6)

This spectral determinant is conjectured to provide a non-perturbative completion
of the free energy of the topological string on X. As mentioned in section 1.10.3,
the perturbative expansion of the topological string free energy displays infinitely
many poles, while the spectral determinant (3.6) is finite for an arbitrary value of
the topological string coupling A. Interestingly, from the viewpoint of the topolog-
ical string free energy the right analytic properties of the spectral determinant are
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achieved by cancelling these poles by a proper combination of refined and unrefined
topological string amplitudes [133].

When X is the local D5 del Pezzo, one obtains by geometric engineering d = 5
SU(2) super Yang-Mills gauge group minimally coupled to Ny = 4 fundamental
hypermultiplets. The quantum mirror curve is given by

1 1 1
~ 2 2 2\
O =g m1ms o—+D _ m1ms +q a1az Py Bt
M3y a1az m3miy

1
mime \ 2 _ N
—q( ! 2) (m3+my)e "+ E — (my +my)e®

ms3iny
1 1
PP aias \ 2 mzmg\?\ _5
e P —myme +q e P
mims a102

+ mymee® . (3.7)

D=

+ ¢ (mymamsmy)

Here m;, g are related to m}, ¢ in (3.2) through the following rescaling |11, ]:

2 2
logm, = % logm;, logq = % log q. (3.8)

The Planck constant is related to the Omega deformation parameter q = e™?4 as

Together with (3.3), we obtain the following relation between Painlevé parameters
(0o, 01,0, 0,1) and the coefficients of the quantum mirror curve (my, mo, ms, my, q)

1 my 1 1 1
Op = —log—, 60, =—1 0, = —1
07 4 08 ms’ ' 4mi og (mama), 0 A OB myms’
1 logt 1 2
Gm:—_log%, 08 =—1lo qmaima -
471 Mo logg 4m mims

The Coulomb vev o is related to k. Let us notice that in the correspondence the
spectral determinant computes the s = 1 NO partition function.

The TS/ST correspondence suggests that the spectral determinant =(x) (3.6),
with O given as (3.7), is equal to 7(0y, 01,0, 0.0;1,0,t) (3.1) up to a k-independent
overall factor and upon an appropriate relation between x and o. Combining this
with the five-dimensional uplift of the Painlevé/gauge theory correspondence [10]
it follows that =Z(x) should solve the g-Painlevé equations (3.4)-(3.5). Notice that
while the Nekrasov-Okounkov partition function is written as a small ¢ expansion,
the spectral determinant is manifestly given as a small x expansion, and hence
solves g-Painlevé equations in a different regime. The difficult part of this program
is to invert the operator O for a generic set of the coefficients my, mq, ms, my, q.
It is here that the three dimensional Chern-Simons matter theory as described in
1.10.2 enters the story.

3.2.2 Chern-Simons matter matrix model and quantum curve

In [183, 184, 208, 212] it was found that N' = 4 U (Ny), x U (N2), x U (N3)_, X
U (Ny), superconformal Chern-Simons (CS) matter theory is related to the Dj del
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Pezzo geometry (3.2). More precisely, it was conjectured that the partition func-
tion of the CS matter theory computes the fermionic spectral traces of the inverse
quantum mirror curve of Dj del Pezzo geometry (3.7),

.’L’j> s

Z(N =0) / dNz N
Z4(N1, Na, N3, Ni) = det (z;
k( 1,4V2,4V3, 4) N' (27T> S
where we parametrize the four ranks as Ny = N+ My, Ny = N+ M, N3 = N + Mo,
Ny = N, and assume N, My, My, M > 0. This is represented in Fig.3.1 where we
also describe the IIB D-brane set-up. Therefore the grand partition function of this
theory gives, after resummation, the spectral determinant (3.6):

~

071

i/{N N17N27_NS;N4) = det (1—}—/%(/9\_1) . (3.9)
=0

Here O is the quantum mirror curve (3.7) with A = 27k, where the three rank
differences N; — N correspond to a three dimensional subspace of the five mass
parameters of the curve, while the overall rank N is dual to the true* modulus.
In order to turn on the remaining mass parameters we further introduce Fayet-
Iliopoulos (FI) terms for each gauge node in the following way'

U (Ny), x U(Na)y x U(Ns)_, x U(Ny),

S U (M), X U(Na)y_, X U(Ng) e, x U(Na)y_o, - (3.10)

07—C1 k7<2

The partition function of the resulting gauge theory on S? is reduced by supersym-
metric localisation to the following integral [164]

Z (N Ml; M27 M Cl? CQ)
N3 N4 d)\(4)

——+
N1'N2'N3'N4 /H i 11_[

% 6% i= 1<)‘(1)) — 5 i 1()‘(3)> s} (Zj\,H A - Ziv21 )‘52)> iC2 <Z£V31 AP - /\54))

2@ _y(@)
4 HK] (2 sinh Z—)

NOENGDE
N, Ai A
a=1 [N L [121 2 cosh 5

X

(3.11)

where N5 = Ny and A = A

3.2.3 Fermi gas formalism

We address the study of the matrix model (3.11) in the Fermi gas formalism. Our
derivation extends the one in [183] to the present case with rank deformations

*Here we follow the standard terminology already used in [46] (see section 2.1) distinguishing
the complex moduli of the mirror curve into a "true" modulus which we call k and mass parameters.

"We could consider more general choices of FI parameters and also introduce hypermultiplet’s
masses. However, such extra deformations either do not preserve the Newton polygon of the
quantum curve (3.2) or do not affect the quantum curve at all.
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0121 3 | 4 |56 |7|81]9
D3 v |V

NS5 v v v v

@Lk)5 | v ok) | ak) | 0k)
(1,k)5 NS5 UN + M

NS5 :"Cl (1; k)5 +<2 ) ( 1)/67(1
(U + Mo, U(N)o,—c.
N+M ' N+M/N+DM|N \
D3 . .
/ / [U(N + Mz)—k,cgj

Figure 3.1: Left: Type IIB brane setup of the three dimensional superconformal
Chern-Simons matter theory (3.10), where (k) in the row of (1, k)5-brane stands
for the direction with an angle arctan(k) from the first axis in each of the pairs;
Right: The quiver diagram of the three dimensional Chern-Simons matter theory
realized by the brane setup.

and generic Fayet-Iliopoulos parameters. In the following we assume that the FI
parameters (; are real, we use the parametrization

N1:N+M1, N2 N+M N3 N+M2, N4:N,
and assume that N, M;, Ms and M are non-negative integers as in the main text.
We also assume M; > M and My > M.

The integrand of the matrix model, after shifting all of the integration variables

as p — %, can be divided into two parts as
Ny
1 d,un ~ dv, .
Z (N My, Mo, M, G, G) = W/H 5 5 Yvia N (0, G 16, 1) (Yivivg v (G, 0511, v))7
’ ’ n=1 n=1
(3.12)
where
YN4,NN2 <C 204 )
o / [] Bt b(5it )58 )
Hm<m 281nh% n<n 2 sinh 22w ’\ : Hﬁ<m 2smh%nfj§n 2smh%.

X

1

Ny
m=1

_, 2cosh “—

Hm 1HN2 2 cosh ’\m o

(3.13)

We first focus on Yy, y v, and rewrite it in the operator formalism. By combining
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the Cauchy determinant formula and the Vandermonde determinant formula [200]

L oy TEXED)
L ok \Hm—An
K fom =y, K+L An—X,/ L —
[T,ncny 2sinh =t TT 20 QSmh T _ et {( )" Seomh pmpn |
K+L . Lx(K+L
T I 2 cosh [6%(%_7”)%} (K+L)
rn
K+L )\m /\ ! l/n V1
I1I,.2, 2sinh Hn<n 2sinh
K+L )\m Vn
IL,.2 Hn 1 2cosh
(K+L)><K
~ L (xn,— K+L)xL
(Am=vn) 1(Ly1_ (
= det ( [(-1)L chghw} [ek( 2 T>/\mi| 5 (314)
2k mn m,r

we can rewrite the third line of (3.13) as the determinant of the product of two
matrices. The notation for the operator formalism is in (3.56). We will make use
of the following identities

I eng(p’_A) L dp e%(p imL)(u—X\)

(=1) = (=1)

2 cosh ‘“2;;‘ R 271' 2 COShé—7
|4
:‘“<“ eonh EE A>+ D () e,
coshl ———
2 r
e+ = Vk (2mio | A) (3.15)

where in the second line, as we shifted the integration contour to R + ¢7wL, one
obtains a summation over the resulting residues. Fortunately, the contribution to
the determinant of the latter vanishes being a linear combination of rows. Indeed
it is evident from (3.14) that the sum of the residues is a linear combination of
the lower (or right) elements. To write all of factors in the operator formalism, we
multiply the first matrix by a Fresnel factor. We also include the first FI factor,
depending on (, in the first matrix and the second FI factor, depending on (’, in
the second matrix. After performing the similarity transformations

e TP e T = f(p+27C), (pleT T = ((p—2n(],

we obtain

YN4,N,N2 (C? C/) /’L7 V)

- N [kr <Mm
_”d t

= [\/E <<t7<,M,r

><det< k(o V>I;N [VE Qu | ~t 5] 57 )

where M = Ny — N and t;,,, is defined in (3.54).

2 cosh p+2nC—in M
2

1

pt2mw¢! +m(N N2)
2 cosh —_—=
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We now return to the matrix model (3.12). Upon the similarity transformation
/H d,U/n |,un> <Mn| = /H duneﬁzﬂeﬁlﬂ |Mn> <H’7’L| 6‘2%7,1026—%;327
n=1 n=1

N N
/ LT ax ) 0l = / [T e [A) (] =57,
n=1 n=1

J T lvad ol = [ TLvaei™ ) o 57
n=1 n=1

(p| ez e = Viewa?” (p],

we find that the matrix models can be written as

Zi (N5 My, My, M, (1, o)

1

il du AER *
— 1O (M1,M2,M,(1,62) / —rn -y (0, (o <}~/’ .
e Ny4,N1,N-: 7C17:uuy) Ny4,N3,N: (<2707,M7V) )
' ‘ 4,4V1,4V2 454V3,4V2
NoINV,! nlzll n 117

n=1

(3.16)

where

YN4,N,N2 (C? CI7 lu‘7 V)

. N?, M N k
1Tz TR d\, l <Nm
N /H?det

1
2 cosh i+27r§2—i7rM

N4><N
vl

MxN
n=1 [\/E <t7§,]\;[,r ’ )‘"ﬂ i
. IENQ f(NfN )
et |]€ <>\m QCoshw Vn>:| [\/E<>\m ‘ _tC,’N_N2’T>>i|mT 2 ’
2 m,n ’

and

@k (Mh M27 M7 Cla Cz) =

)

k(Mlao) +9k (Ml - Mvcl) _ek (M27C2) _ek (M2 - M70)7
[% (M* — A1) —MCQ].

Yy, ., can be computed as follows. Since the second determinant is an anti-
symmetric function of \,,, we can simplify the first determinant by using

i

N
N!/dNAdet <[gm (A@]ﬁf)f(Al,Az,...,AN) :/dNAggn ) £ (s Ay o5 M) S

which holds for any anti-symmetric function f (A). We decompose the other deter-
minant by using (3.15) and (3.14) backwards. Now we can perform the integration
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by using the delta functions coming form the inner products of the position opera-
tors. After a short computation, we obtain

~ 2 T [ ~
Yo, (G pv) =i T (St Tt (09 (M>

Ny Pntte i1 Na
HT | 2sinh 1

2k H

2 M Unte
ol QCOShm i 1Hr | 2 cosh - 6aLr

2%k
N:
2 sinh Am—tm/ 2 2ginh &

% m<m 2k n<n’ 2k
Ny N2 tm—Vn )
[L.t 11,2, 2 cosh Fzr
where
s
Z,g ) H2sm— 7 =17,
?j<it

is the partition function of U (L), pure Chern-Simons theory. We again use the
determinant formula (3.14) and the operator formula (3.15) for the factor at the
third line, and we include the FI factors and the factors in the second line into the
matrix. As a result, we obtain

~ N2 wice! N ~
Y, w.n5, (¢ v) = e 2 <M> (3.17)

Ny x Nao
o )
x det m,n

S (T +21¢) ————=7C7 (T + 27C)

9 cogh PH2m¢/ —inM
2

Mx N !
VE (t-car | Oy (@ +270) 1)
where
r— 271'1(&—7")
2sinh 7272 1)
Sy (z) = o1l 2sin 2% Oy (2) = ! (3.18)

2727ri(%7r)\

2 cosh ""‘““L ’ HL

By using the recursive formula for the quantum dilogarithm functions (.84),
(3.18) can be written in terms of the quantum dilogarithm as

L i T il
SL (.Z') :ek;ka(I)b (27rb 2b _'__b) CL (I’) :eixq)b (f_F?)
Py (355 + 55— 3b) 506 T %

By substituting (3.17) into (3.16), we finally arrive at
Zx (N; My, My, M, C1, G2)

_ ot o 01y 250
NI (N + M)! St 2m

N

J’_
S

Il
—

n

~ NXx(N+M)
[(pom | DY 2]

x det VX (N+M)
[({toare ||

ca ( [fm | ] (o]

m,n

o] Y19

m,r
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where
~ L . 1 i¢) ~ R
DYI =ec F xSMl (I> 2 cosh ﬁ—wrMe k mCMl <$) )
&Y' = e FE0, (@),
1

WSMQ (l’ + 27TC2)

C/IgfI = CM2 (/.CC\—F 27TC2).

Let us perform a short digression on the formulas which can be used to rephrase
our final result (3.19) in a more concise way, though we do not use them in the
main text. Note that by using the formula

_;/WmmWMmm?waQ<>m?%ﬂmG/wmw%wrm)

m,n

(3.20)
the partition function for M > 0 (3.19), which is written as a (2N + M) dimensional
integral, can be further reduced to a N dimensional integral:

Ly, (N' M17M27M C1,C2)

eiOr (MMM 1) 7(O8) (h 1y Z(9S) () d,un
= i / H (3.21)
VI VI NN VI ’\/I oM
[ [ PEDY [ 1a)], [ \D o)),

x det

VI VI VI VI
dy" D, dy"dy

(o (e M

which implies that the grand partition function (3.9) can be written as [200]

)|

o0

Zy (N; My, My, M,
Ek (K’ Ml’M27M7 Cl?€2 Z K,N k 1) 2 Cl CZ)
N=0

Zi (0; My, Mo, M, G1, o)

= Det (1 + HDVIDVI [<<t0 M,r

3.2.3.1 M =0 case

7 —
1+ kDYDY

When M = 0, the matrix model (3.21) simplifies to

Zy (N; My, M, 0, ¢, () = ei@k(M1:M2:0,Cl7éz)Z(CS) (M) Z,gCS) (M)
dpin
/H s det <[<#m ’ Pk (Mla M27 0 Cla C2) ‘ Hn)]NXN> 5 (322)

where

Z)\k (ML MQ: 0, Cl, CQ) = ﬁ}”ﬁ;}l

M=0
1 1
=Sy, () —————=Ch, (T) Cop, (T + 27 ~ S, (T +27(2) . (3.23
My ( ) 9 cosh P+227TC1 My ( ) M ( €2) 2COSh§ M ( CQ) ( )
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This is the same as (3.29). For this expression, we can relate the density matrix to

the quantum curve [107, ]. The important relations are
T i L i ~ L .
o7t @757 (@) = b2 — R Dol vy =) s

<I>b(27rb+”i ) @ (5 = 2+ 30)

15 linL 1
_ ot3p < +4irL 38 |  FainLy—3 >7

z iL i z iL i
521 (@) ei%ﬁcgl (@) i;mLe—;ai Em + 122 " ?2 ib (? 2 T 2 ) +1p
b\2mp 2_b 2
_ ( JszrL +€:t z7rL )eﬂ:%ﬁ7 (324)

where we used the Baker-Campbell -Hausdorff formula e®®efP = e2miaBkefPeo® and
(.84). By using these relations, we obtain

- 1
51 (F) QCoshpC L (@)
= [eap <62”Le + 6_%iﬂL€_%£> + (3_%"a <6_%ML€%§ + B%MLG_%E)] - )
Cy, (7) L, (z)
2cosh &
- [(e—%“@e%f 1 ezimle éf) 2P 4 ((32””:62”0 + e_%”rLe_%5> e 2p] B . (3.25)

The inverse of the density matrix is the product of the above two quantum curves.
Therefore, we finally obtain

~1
pk; (M17M270 Cl;CQ)
1~ 1o 1~ 15
— |:<67717rL —|—€2 L 51) €§p+ (e2z7rL +€ 2 Le 5:1:) efip]
15 1, 15 1z
% |:€2p< 'ZTI'L +€ 57 L >+€ 5D (6 2zﬂ'L +€2 6 2x>]
_ 67””41;%)+7r(<1+<2)655+ﬁ i [67“““2‘MZ>+7r(cl+<2)+mk n 67“’(“41;”@+7r(<1—<2)—mk]6ﬁ
i ew.,_ﬂ(cl_@)e_ggﬂg

n [ew.i_w(—ﬁ-ﬂb) + ew-&-w@ﬁ'@)]@i

+ 6%"'”(—@—@) + ew-i-ﬁ(ﬁ-i—@) + ew"‘”(_@"{?) + eww(ﬁ—@)

w.,_ﬁ(gl_@) w—&-ﬁ(—ﬁ—@)]e—z

+ [e +e
7i(— My +Mg) o 7i(— My —Mg) ) 7i( My + M) .

+ e%"‘”(—CH—@)ex—P + [6%4'”(—(1—@)4-7”/’C 4 e%-’-”(—@-ﬁ-@)—mk]e—p
mi(My=My) |

te 5 rnaG) TP, (3.26)

This is the quantum curve associated to the (2,2) model for M = 0.
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3.2.3.2 The quantum curve

The matrix model (3.11) can be written in the following form (see (3.21))
Zy (N5 My, My, M, (1, G2)

z@k(Mth,M €1,¢2) Z (CS) (Ml) Z (CS) M2 d,un
_ i / H (3.27)

DVIHVI NN pvigvi| _y NxM
Hm 1 Yo | Hn Hm 1 o 0,M,s

m,n m,S

N AVI MxN x M
D m)] [t ..

This is manifestly an ideal Fermi gas partition function only for M = 0. Indeed, in
this case (3.27) reduces to

VI GVI
dy"dy

Z (N M17M2a0 <17<2) (328)

Z@AAMMMM@M/INM@%MM%MAMMmMmmm”ﬂ,

with the density matrix py(M;, M, 0,1, (o) given as (3.23)

Z)\k (Mb M2707<17C2)

_ ewc2e(_1<71+§_1;4)€1) o, (% - :%l + :3:) 1 Ae(i€1+Ml+Mz) Dy, (% + z%l)
Dy, (27rb + %~ 5) g P, (? - 2b1)
WG E) 1 et
X r zMg [©} P : * T zMg b [ (329)
(I)b(zn + )2COSh ( 7 T b)
where b = Vk.

Although an explicit Fermi gas formalism is presently not available in the case
M > 0, we conjecture a formula for the corresponding quantum curve. In [183] the
following formula for the quantum curve at M > 0 and vanishing FI parameters
¢; =0 and (, = 0 was proposed?

,/021 (M17M27M7070)

mi(—My+Mg) |~ wi(—My—My) . wi(Mq+Mog) wi(Mq—Mg) ~, ~
—e 2 e T+p 4 [672 +mik e =z ﬂzk] te = 6x+p

mi(— My —Mo+2M) mi (M +My—2M) ~ wi(— My —Mo+2M) mi(M]+Mg—2M)

+ [e 2 +e 2 le*+ E+]e 2 +e 2 le*

mi(—=M;+Mg)

TR P e 2 e®13.30)

wi(Mq—Msg) ~ wi(—Mq—Mg) . wi(Mq+Mg)
——a 2 +mik te 2

T e

Here E is a constant depending on k, M;, M, and M.5 Notice that the parameter
dependence of the coefficients is multiplicative. In other words, the functions in

IThere are a couple of notational differences. First, the sign of the Chern-Simons level between
an NS5-brane and a (1, k)5-brane in this work is opposite to that in [183]. Second, according to
[183], we should care of the position of the node whose rank is the lowest. In this chapter, Ny is
always the smallest.

SThe procedure in [153] cannot decide the overall phase, the constant term E and the constant
shift of T and p. We fixed the overall phase and the shift by comparing to the exact result (3.26).
We will also fix the form of E in (3.32).
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the exponents are linear combinations of the parameters. This is also the case for
the exact result (3.26). Therefore, it is natural to assume that the full parameter

dependence is also multiplicative. With this assumption, we can uniquely combine
(3.30) and (3.26) into"

Pt (M, My, M, ¢, G)

wi(—M1+Ms) _ o~ mi(—My
= e 2 +7T(<1 CQ)e T+p + [6 2

—N12)+7r(§1+(2)+7rik i 6%4_”(@_@)_”%]61’;

+ ewﬁ‘ﬂ(ﬁ-i-éb)efﬂ?

7i(— My — Mo+2M) 7i( My +Moy—2M) ~
+ e%*‘”(ﬁ—@) + 6%—”(_@_@)]6_1 + B

n [eﬂi(flbflf;\/[Qﬁ*Ql\/I) r(—Ci+Ca) + em(z\/[ﬁzzu?sz) +W(C1+Cz)]65

M+ﬂ(,clfg2)e,§,ﬁ w+ﬂ(7<1—§2)+wik 4 ew+ﬂ(*41+42)*ﬂik]€*ﬁ

+e +le
i ewJﬂT(*CﬁrCz)e@*ﬁ, (3.31)
where

wi(—Mq+Mo)
2

E = ew‘*‘ﬂ(—(r@HﬂwlM te +m(C1+G2)+miag M

+ ew-&ﬂr(—ﬁﬁ-@)-i-m'%ﬂ/f + ew-l—ﬂ(ﬁ—@)-ﬂriazxﬂ/f’ (332)

with unknown constant parameters a;. Notice that, when M = 0, the quantum
curve (3.31) — or equivalently, (3.26) — is factorized into the product of the two
quantum curves appearing in (3.25). These quantum curves are the ones associated
to the ABJM theory. Therefore for M = 0 the quantum curve of the (2,2) model is
factorized into a product of two ABJM quantum curves. On the other hand, when
M # 0, this factorization does not occur, and this makes the inversion of (3.31)
more difficult.

By comparing the coefficients of (3.31) with the coefficients of the quantum
Seiberg-Witten curve (3.7) we can read off the parameters of the five dimensional
gauge theory in the following way. First we compare the equation p~t|z 55, = 0
with the Seiberg-Witten curve at the four asymptotic regions r = 4+o00,p = o0,
see Fig.3.2:
riMa=M) _mi(—Mi+M)=2m1

r—o00: e =my,myg=— ,

T — —00: € =g, my = —e M= M)=2mG - omi(=Mot M)
p— 00 et = tla t3 — _eTl'lMQ—QTK'CQ—WZk’ _e—li—i-mk7
. x _ 7 7 _ miMy—mik —miMo—2n(o+mik
p——00: €¥ =ty ty=—""TT" ¢ 2 2mCatmik (3.33)

TWhile this draft was in preparation, the quantum mirror curve for general values of

(My, My, M, (1,(2) also appeared in [94]. Our formula for the quantum mirror curve is their
. . [FMMN] [FMMN] |

eq. (A.1) combined with eq. (3.5), where m;, and z; in [94]

differences My, Mo, M and the FI parameters (1, (s as

being related to the rank

FMMN i(—
m[l I _ il Mi+Mz)

FMMN - FMMN —omc
z% I_¢ 2mCy Z:[J, I _ g—2mCa

FMMN] oM —k)
b

FMMN ; M
m[2 - ] ori(Mi+Mo—M R

N _

We thank Prof. Moriyama for pointing it out.
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- ~ eP

ty to

Figure 3.2: Five-brane web diagram corresponding to the classical limit of the
quantum spectral curve (3.31). 7; and #; are the asymptotic positions of the 5-
branes in the limiting classical curve.

The quantities with tilde can be rescaled as
(7%17 ﬁl27 7%37 7’%4, %/17,{27?37%:1) — (Oéﬁll, 0”77@7 Oé,fﬁii; 047714, ﬁftvla 5%/27 ﬁftzﬂa ﬁ%:l) )

with arbitrary non zero complex numbers «, 8 associated to the coordinates trans-
lation (p,x) — (p —loga,x —logB). In (3.7) these ambiguities get removed by
fixing the product a;as. The gauge coupling ¢ is given by

1
tsts \

q = == s
tito

which is by itself rescaling invariant. On the other hand the physical mass param-
1

eters are identified once ajas = 1 is fixed. This amounts to set o = < b )5 SO

mlﬁgfg
that
1

~ 7 ~ 7\ 2
~ m1t1 ~ m2t1
my=amy; = | —= , Mg =aMy = | ——= )
Mats myto

_ Mty _ Mty
ms = ams = —= , My = amy = —=
mats msts

By substituting the explicit expressions of m;, {; we obtain
ﬂi(szM)Hf(CrCz)’ My = eﬂi(*MlJrM)HT(*Cl*@)’ ms = effi(Ml*M)HT(*Q*@)7

mi(=MaAM)+n(G=C) g omi(=Mi=Mo)t2mik, (3.34)

N

[N
(ST

mp =e

my = €

3.2.3.3 Parameter identification with ¢g-PVI system

According to the discussion at the end of subsection 3.2.1.2, the relation between
the g-PVI tau function and the grand partition function of the superconformal
Chern-Simons quiver theory (3.10) follows by combining the above results (3.3),
(3.6), (3.8), (3.34):

T (‘907 917 eta 9007 1, K, t)

F(My, My, M, (1, (o) N
= N (Q(My, My, M Zi (N, My, My, M
Zk (07M1’ 7‘[27 7”" ClaCZ) N_O( ( 1, {2, 7C17C2) H’) k( ) 1, 4412, 7C17C2)

= F (My, My, M, (i, o) det [1 + Q (M, My, M, (1, G) kpi (My, Ma, M, 1, (2)] (3.35)
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where F' (M, My, M, (1, o) and Q (My, My, M, (3, (2) are some functions indepen-
dent of k, with the following parameter identification:

0o -1 1 02 0 M, —k
0, - 20 2| [ M-k
b, |=-|-1 -1 2 0 2 M —k (3.36)
0 1 -1 0 2 0 —1Cy
T —4 —4 40 0 —ily

As already discussed in the previous section, an explicit formula for the spectral
density matrix py is known to us only for M = 0. We therefore can calculate only
the 7-functions generated by the action of the affine Weyl group transformations
which fix the M = 0 condition. It is therefore useful to rewrite (3.36) after a suitable
change of basis obtained by a Weyl group transformation W (Ds) so that we can
realize as many of the shifts in (3.4) as possible without varying M. Let us compute
the relevant change of basis.

The full Weyl group is generated by the fundamental elements s,, a = 1,...,5
associated to each node of D5 Dynkin diagram which linearly realise the group
action on the parameters (M; — k, My — k, M — k, —i(;, —i(s) as follows!

1 —-100 -1 1 —1001 1 0 00
-1 1 00 -1 -1 4 001 0 -1 00
51 = —% —%10—1 , SS9 = —% —%101 , s3=10 —1 1 O
0 0 01 0 0 0 010 0 0 01
- =2 00 0 1 2 000 0 0 00
00 1 00 1 0 000
11 -100 0 1 000
si=110 0 00|, ss=|21 1 010
00 0 10 -3 -3 100
00 0 0°1 0 0 001

Since each of these fundamental Weyl group transformation induces a similarity
transformation s : p~! — Up~'U~! on the quantum spectral curve, the spectral
determinant (3.6) is invariant. We may therefore choose an arbitrary element w €
W (Ds) to identify the g-PVI parameters as

0o
0,
0,
QOO

logt
logq

—1
—1

-1

1

—4

IThe explicit expressions for sy, 2,53,84,85 are written in [133]
ferent basis (log h1,log ho,logeq,loges, log 65) ,

(Ml — k,Mg — k,M — k, —i<17—’i<2) as

log h1
log BQ
log €1
log e;
log es

140

=

=== O N

1 0 2
-1 2 0
-1 2 0
-1 0 2
-4 4 0

Fran Globlek

which
0 0 0 0
2 -2 0 0
1 -2 2 0
1 0 0o -2
1 -2 -2 0

is

M1 —k
MQ —k
M-k, (3.37)
—1G
—1G
but in a dif-

related to the current basis

M, —k

My —k
M-k
—i¢1
—iC2
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instead of (3.36). In particular, if we choose

—% % 0 -1 0
-5 5 0 1 0
W = $35951535455515354595359 = 0 1 0 0 0},
0 0 0 0 1
1 11 0 0
we obtain
9_—2'@—2'(2 9_M1+M2—M—k G—M_k
0 — 2 ) 1 — 2 ) t — 2 ’
900 _ Zgl ; ZCQ’ ;= Cl]Vh*k — 627721\/[1’ q= e%, (338)

With this parameter identification, the allowed 7-functions are manifestly the ones
not induced by a shift in 6;, namely all of them but 775, 7; 5, 77 according to (3.4).
By using (3.38) we find that 7;, 7;,7; for M = 0 are given by

i

)
T2 =T (M1,M2,07 G F 57@ + 5) )

7 7
T34 =T (Mh M,,0,¢ £ 5 CE= 5) ;

T56 = T (Ml,Mz + 1,07C17C2> )

7 7
11,2:7'(M1—17M2+170;C14:§;C2i§),
137427(Ml—l,M2+1,0,(1i%,§2i%),

I5 :T(Ml - 17M2707C17C2>7

7 7

7_'1,227'<M1+1,M2—170;C1¥57C2i§)7

7—3,4:7—(M1+17M2_1707€1i%7<2i%)7

T =7 (M +1,M>5,0,(,C2) - (3.39)

Since the variables 775,75, 778 are obstructed to us, we can check the system
(3.5) only after their elimination. This provides a subsystem of six equations in
six variables out of (3.5) given by the first two equations, which explicitly do not
involve 778,77, T7g and other four. Actually, by eliminating 775,75, 778 we can
obtain from the remaining six equations in (3.5) three bilinear equations and a
quartic equation. All in all, we then get the system

TITo — q*291 73Ty — (1 — q7291 . t) 576 = 0, (3.40)
T1T2 — t7'37'4 — (1 — q_2et . t) 1577-6 = 07 (341)
Tim = q ¥ nTy — (1—q7) 757 = 0, (342)
T3T4 — C|2907'3£4 - legt (1 - CI290) 7576 = 0, (3.43)
79 — q 000t Ly <1 o t) 7576 = 0, (3.44)

(172 — T374) (7'17'2 - q26t7'37'4)
— (=g 7)) (1= a* - t7) ¥ (1,72 — T576) (T2 — 7576) = 0. (3.45)
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We found that these hold provided the factors F' (M, M>, 0, (3, () and Q (M, Mo, 0, (1, (o)

satisfy the following relations:
FFy = FyFy = FyFy = FyFy, F\F, = F\Fy = —F3F, = -y F, = F3Fy,
— i = —ifdy = i3 =iy = Q5 = — Qg = 1, =iy, = —idy = —iQ), = -0
=iy =iy = —iQly = —iQy = Qp. (3.46)

Needless to say, here we adopt the very same notation as in (3.39) for the tau
functions, both for the labels 1,2,--- 6, and for the under/over-line as shifts of
the parameters (M, My, (1,(2) . The following choice is consistent with all of the
conditions (3.46):

m(My=M))(¢) +p) _mMIZMy) 461 6y)

F(M17M2707C17C2) =€ 2 ) Q (M17M2aO7Cla<2) =€

and we adopt it from now on.
In the next section we explain how to check equations (3.40)-(3.45).

3.2.4 Checks of the g-Painlevé equations

In this subsection we provide non-trivial evidence that the 7-functions (3.39) defined
as Fredholm determinants satisfy the bilinear and quartic equations (3.40)-(3.45).
In order to do this, first we prove some symmetry properties of p; under a given
set of linear transformations of the parameters (M;, Ms, (1, (2) which are a subset
of the full W (Djs) symmetry acting on the quantum mirror curve (3.31). Next,
by using this symmetry property we provide two types of non-trivial checks of
the bilinear/quartic equations: check around the symmetric points under transfor-
mations and the direct proof of the equations at the sub-leading order in s with
(M, My, (1, C2) kept unfixed. Lastly, by reducing the problem using the above sym-
metries, we provide non-trivial checks of the equations at higher order in x around
a discrete set of points (M, M, (1, ().

3.2.4.1 Relation among bilinear equations under Weyl transformations

In this section we consider the discrete symmetry of the spectral density matrix
Pk (M, M5, 0,(p, (o) given in (3.29) under similarity transformations which do not
change the spectral determinant (3.6). In particular, under a suitable similarity
transformation (cyclic permutation) we can rewrite the equivalent density matrix

x il ib x _ iMs @
12t )G O (o~ ) B (o — S+

G2

b

) 1

pi (My, M5,0, (1, C) = el—F My b i 5
(o2 + 55— 5) @0 (55 + 522 —5b+

o,
gonpis B (s ) W (gt 4 S) 1
®y (35 — 57 )q)b(ib_lg?*F%)Qcos(hg?)
3.47

which for simplicity we still call py, (though they are not precisely equal to each other
as operators).” We now consider the symmetry properties of the above density
matrix among different values (My, M, (1, (s) while M = 0 being preserved.

x e%

**Explicitly, px in (3.29) and py in (3.47) are related by the following similarity transformation:
523'47) _ (7[356:5.29)(7_1’
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First, by reordering the quantum dilogarithms &, (2%) + - ) within each group

of four ®, separated by 2colsh = we obtain
R (M + My, . M +M i (M, — M.
Pk (M17M2707 <17<2) ~ Pk <% _Z<-27 1 2 : +ZC2’O,C17 ( 12 2)> 7
(3.48)
~ _(Mi+ My . M+ M, (M — M
Pk (M1>M2a07617g2) ~ Pk ( : 2 - +ZC2’ : 2 - - ZCQ’O’ Cl’— ( 12 2)) ‘

Second, by exchanging the first line and the second line in (3.47), which is a cyclic
permutation and can be realized by a similarity transformation, we obtain

ﬁk (M1>M270>C1>Cz) ~ ﬁk (kf — M,k — Ms,0, _C17C2) .

Lastly, we also find

ﬁk (M17M2>0,C1,C2) Nﬁk (M1>M2’0>C2><1)- (3'49)

It turns out that the above four transformations acting on (M, Ma, (1, () are the
four generators of the Weyl symmetry W (A3 x A;) C W(Ds).

Notice that by using these symmetries one can generate the five bilinear equa-
tions (3.40)-(3.44) just from the two equations (3.40), (3.44). Let us denote the
above Weyl reflections (3.48)-(3.49) as

My + M- . M+ M. . (M, — M.
s (My, Ms, Gl G) = (172 Gy, +z@,§h%> 7
M + M. . M+ M. . 1(M; — M.
ra s (M, Mz, G Go) = (1—2 + 1(a, % — 4G, C1, —%> ’
ry: (My, My, (1, () — (K — My, k— My, —(i, (o),
Tq : (M17M27C17C2) — (M17M2’<2,<1) . (350)

Then we find

(3.41) = —¢ - [(3.40)], (3.42) = (3.44) — 2= - [(3.44)]

ror1)(M1,M2,(1,82)

(3.43) = qPot0r0t3 ([[(3-44)]7«3(1\41,1\42,41,42)

ra(M1,M2,(1,¢2)

—(3.44 3.51

R (XTI, PRC 0
where [(- - )]ri(Ml,M%Cl,@) stands for the left-hand side of each equation with (M, M, (1, (o)
substituted by their images under r; (3.50). We will use (3.51) in section 3.2.4.3 to
check the bilinear equations at first order in k.

with

b (54§ -+ 1)

Mo\~
3k )ac

N

T =l
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3.2.4.2 Special checks around symmetric points

Taking into account (3.50) and (3.51) we notice that (3.42),(3.43),(3.44) are trivially
satisfied for some special choices of parameters (M, M, (1, ().

For example, by restricting on the subspace (; = (» which implies 6, = 0 by
(3.38) and noticing that this is the fixed locus of the reflection 74 in (3.50), we see
that eq.(3.42) is satisfied.

In the same way we can also show the following by using Weyl transformations.

For (M, Ms,(1,() = (My, Ms, (1, —C1), the coefficient of the third term in
(3.43) vanishes, the coefficient of the second term is —1 and also 73 (k/€3) /F3 =
Ty (K/Q4) [ Fy, 74 (k/Q5) JF3 = 7, (k/Q,) /F, (recall our definition of 7-functions in
terms of the spectral determinant (3.35)) follow due to the Weyl symmetry rsryrs

raryry o (My, Ma, (1, Go) — (My, My, —C1, —Ca).

Together with F3Fy = F3F, and Q3 = Q, = —Q,; = —, (3.46) these implies
T4T4 = T3T,, hence (3.43) is trivially satisfied.
For (My, M, (1, () = <M1, Msy, (1, w), the coefficient of the third term

in (3.44) vanishes, the coefficient of the second term is 1 and also 7, (k/Q,) /F, =
Ty (K/Q4) [ Fy, 70 (K)/Qa) [ Fo = 174 (k/Q3) /F4 follow due to the Weyl symmetry r;.
Hence, together with Q, = Q4,Q, = Qy and F1\F, = —F,F; (3.46), we find that
(3.44) is trivially satisfied.

Moreover, we notice that (3.41) at (M, Ms, (1, (a) is equivalent to (3.40) eval-
uated at a different point obtained by a Weyl transformation (Mj, My, (], () =
(k — My, k — My, —(1, —(2), hence the equation (Lh.s. of (3.40))—(Lh.s. of (3.41))=
0 is trivially satisfied at the fixed points of this Weyl transformation, which are
(Ml, Mg, gl, CQ) = (Ml, k — Ml, 0, O)

3.2.4.3 Analysis to first order in «

Due to the values of the overall coefficients of each term, the bilinear equations
(3.40)-(3.45) are trivially satisfied at order k", while the quartic equation (3.45) is
trivial also at first order in k. At higher order in k these equations are non-trivial.
For the bilinear equations (3.40)-(3.44), we can analytically check the equations
at order k for an arbitrary choice of the parameters (M, My, (1,(s). First let us
consider (3.40). At order s the bilinear equation reduces to the following linear
relation on pg (M, M, 0,1, C2):

o~ ) 1 - 1 i
tr [@Pk (Ml, M,,0, ¢ — B% Co + 5) + 1pk (M17M2,07C1 + §>C2 — 5)

N i AN i :
+q 2 (zpk <M1, M,,0,¢ + > G+ 5) + 1Pk (Ml’ M, 0,6 = 2’ G~ 5))
- (1 - q7291t) (ﬁk (Mh M2 - 17 07 Clv CQ) - ﬁk (M17 M2 + 17 07 Cl’ C-z))] = 0(352)

Notice that for all the shifts of the parameters in (3.52), the arguments of the
quantum dilogarithm in pj, are different only by units of ;. Hence by using the
recursive relation (.84) we can express all the pys entering (3.52) by using only one
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of them up to rational factors:

N 7 7 1A 27y | My F\ o~ 1 A 27y wiMy \ -~
Pk <M1,M2,0,Cl—§,éz+ )Zze 2k’”(l—e FTE ek) 162k"<1+e R ek) 2,

M17M2707C1+%,C __> :—i€2k§(1—e ko ‘k

A (
D <M1, M5, 0, ¢ + %; G+ %) — jen? (1 — €2Wk<2+7ri’]:[26%> Aﬁfiﬁ (1 + 6$7ﬂ’1@6%) /\2,
2 (

1 7 1~ 27Cy  wiMs F\ A~ 1 ~ 2wCy | miMy  F\ ~
. — = e = 7 + =
M1,M2707C1—§7C2—§) = —e 2 (1—6 k k 6’“) 162k <1+€ k k 6’“) 25

—~ /1‘\ _ &:\ oz m‘i‘ﬁiMQ z o~
P (My, My —1,0,(1, () = 2" 1 2* (1+e 2 e ><1+€ % z ek>]2,

2n¢y wiMo

P (M, My +1,0, 61, Go) = 757 (1 e T4 752 ) (1 - 52752 ) L3,

where [, I, are

) T M ib T M ib € i
o erise( et lan = Hy) Mlpg o F ) L
X 2 1 X 2 7 2 2
Py (55 + 5t — 2) Po (g + 5* — F+ % — 35) 2cosh §
S (apnsnys (5 4+ ) O (5 + 5 + %+ %) 1
L =elr T D (2 _ M1 _ b\ (& _ Mz 4 G _ i) 9eosh P (3.53)
b (o — % — 5) P55 — 57 T % — 35) 2cosh }
Summing (3.53) with the coefficients in (3.52) we find

—~ 7 1 R 1 7
1Pk <M1>M2,0>C1 - §,C2 + 5) + 1Pk <M1, M,,0,¢ + 2 Co — §>

- ) ) - ) 1
+ quel <Zl3k <M1; M,,0,¢ + Bk Co + 5) + 1pk (Ml, M,,0,¢ — 5742 - 5))
- (1 - Cl_%lt) (b\k’ (Mla M2 - 1a07§17<2) - b\k <M17M2 + 17()’ Cla C?)) = 07

hence (3.40) is satisfied at order k. We can also show (3.44) at order k by a
completely parallel calculation. So far we have proved that (3.40) and (3.44) hold
at order k for any values of (M, M, (1, (2). Since the other three bilinear equations
(3.41),(3.42),(3.43) can be written in some combinations of these two equations by
using (3.51), our calculation also proves that (3.41),(3.42),(3.43) also hold at order
k for arbitrary (M, My, (1, (o).

3.2.4.4 Exact values of trp, (M, M5,0,(1,(;)" at integer points

In order to check the equations at higher order, we need to calculate the exact
expressions for the higher traces of the spectral density matrix. In this subsection
we explain that this can be done systematically when k € N and My, Ms, 2i(; € Z.
For My, Ms € Z, the ratios of quantum dilogarithm in the density matrix py for
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M =0 (3.29) reduce to products of hyperbolic functions:

(1T 1 _ 2 . . 1
ﬁk (Mlg MQ,O, Cl, <2> —= /L.M1+M26_C71— (HQS]nh 71—20_17 >

2 cosh ”li e} 2k 2cosh £
M M.
: 1 i1 (oD 2 1 1
X H2 hx 2mioy ek ek H2 h;r 202, 2COShE
cosh —5,—= cosh —,—== 5
M. .
R 2mioy, 1 _iCop
X H 2 sinh ———¢ &k,
2k 2 cosh ””—;MZ
M;+1

with o;, = 5= — r. See the section 3.2.3 for details. For k € N, by using the
following formula

. x—2mi( 2L .
HL%mh%— - (0<n<k)
r+min - S k—ntl_ )\ ~ >~
Zeosh = 1 2eosh =220

which can be obtained by the standard formula 2" — y" = [ <$ — e y), we
can further rewrite py (M, M>,0, (i, (o) as

N RISt 1 1 1 SRSy
pk(MbMQ,O,Cl,CQ):@ k — ek ek
k—M- I+t0 k—Mq,r p My m+t0,M17T
HT 1 2cosh — 2 cosh Hr:l 2 cosh —
1 1 1 _i¢aP
X — k

= = €
Mo x+t§2,M2,r p k—DM> 1’+t§2,ky—M2,r ’
HT:l 2 COSh 5 2 COSh 2 HT:l 2 COSh - 9

where we have defined ¢¢,, , as

: +1
tenr = 27¢ + 2mi (nT - 7") . (3.54)
By performing some similarity transformations we obtain

pr (M, M5,0,(1,G) ~ p' = P ps,

with

\/_
\/_

k—M T+t k M. T+t ’
HT 1 12CO h 0,k— M1r>< 22COSh Co,k— ]VI27‘>
X

/N

2k

71
k

/N

T+t - M. T+t ’
1M, 2 cosh g <H > 2008h%>
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The operator p’ has the following property:

Here we have defined the position eigenstates |r) and the momentum eigenstates
|p)) with the following normalizations:

Tle) = xle),  (zly) =270 (z —y),

D) = o), (') = 276 (0 — ), (alp) = ——ci

ek, (3.56)

From (3.55) we can show

If we define ¢, () as

r0(0) = o el ) VDA, 900 (@) = s ol () 71/ B @R )

we can write the matrix elements with insertions of éa as
(@] () C1l0) = VA(2)eF e (), (2| (7)) Cal0) = —/A(w)e go s (2(3.58)

By using the fact that (z|p]|y) = (y|pb|z) and (z|p'|y) = (y|p’|x) we can also write
the matrix elements with D, in terms of ¢, (x), namely:

(01D (7)) = VA (@) o (x), (01D (7) [2) = /A (w)e e (¢)3.59)
By using (3.58) and (3.59) we can rewrite (3.57) as

tr (7)" —k‘/dm nzé(d¢lg<)¢2n1e() ¢1,e($)cw2’nd—;e(x))'

Note that ¢;, () can be calculated recursively as

1 dy ek 1
b1 (7) = N P2 (1) = k/?me(y)ﬁ’

1 Y

¢z£ :E/Qﬂek—f—ek >¢M()
1
k

ek

b1 () = By )4526( )

27r ek + ek
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If we further assume M; + M; + 2i(; € Z, we can apply the same technique as
in [243] to evaluate these integrals. First we introduce a new variable u = €2, to

rewrite A (z) and B (z) as

_ mCo(k=Mpy) u2k—q
E

k=My (o —Lto. M k=M [ o — Lt koM.

_ wloMy w4

M 2 —Ltom Ma 2 —&teo. M

where ¢ = My + M + 2i¢;. The integration of ¢, () can be evaluated as [213]

)

A(u)=e

Y

bro (1) 1 _neuy / P 1 vt 1
u) = —e v —
20 ™ 0 u? + v? HM— (’02 + e—%tO,M_,r> HM+ <’U2 + 6_%t§27M+'T> \/E

r=1 r=1

1 = 1
= LT (—2mi) Z Resy=u {

2 2
m U+ v
wE(C\]RZO

r=1 r=1

i+l 1 log™ v
X 1 1 _Bl o
HMf <112 + e*EtO,M,,r> HM+ <U2 + e_EtCQ,M+,r> \/E 2mi

Here log™) u is the logarithm with the branch cut chosen as u € R, and B; ()
are the Bernoulli polynomials.!" The poles w contributing to ¢s (u) can be listed

explicitly as
+iu
w={ tie~woas (=12 M)
j:z'e_ité‘z’MM, (r=1,2,---,M,)

TWe can also chose Bj (z) as any polynomials satisfying

B (x+1)— B (x)=0U+1) .
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In the same way the recursion relations of ¢;, can be rewritten as

e (u) = o) (u) (logu)’,

j=0
~ 1 m¢o(k—Msy) (27TZ A
7 =—-e k - R v=w
P (u) = 2e Z( j+1 D, Res
j=0 weC\R>
1 Uzk—q+1¢§’Jé) (v)

2 2 _ 1 _ 1
U + v k—M 2 —2tok—M k—M> 2 — 3ty k—M
H’r:l v € k& LT H’r:l v € k c2: 2.7

logH)v
B. 3.60
X Bt ( 21 ( )
Gie (u) =D 0) (w) (logu)’,
j=0
1 _wemy (2m i 1
¢i,£+l (U) = ;6 k Z ( Z Resv —w m (361)
j=0 wE(C\R>O

vq“%” (v) Bi, log
Hﬂ/ﬁl <U2 + efitOxMM") HM2 <U2 + e Ftea My, 7"> a 2m ,

where the poles contributing in (3.60) are

+iu
tiemmloh-Mir (p=1,2--- k— M)
tie micok-dzr  (p=1,2 - k— M)
poles of gzﬁgfé) (w)
and the poles contributing in (3.61) are

Tiu

+ie o (p=1,2-- M)

j:z‘e_itiz’MW, (r=1,2,---, M)
poles of ¢§,]€) (w)

We can show by induction that the poles of ¢;, and @g satisfy the following inclu-
sions

{poles of ¢; ¢ (u)}
. M, L Mo L k— M, L k—Ms
C {j:efﬁto,Ml,r} U {:}:e*ﬁtQ»Mg,r} U {iiefﬁto,kal,r} U {:I:@'efﬂtiz’k*MQﬂ"}
1 1
(oot 7. 0}

. M . M . k—M; . k—Ms
c {aiesrtomns L U fopiemaktamar L G {aem skt b T G L sktcanar |

r=1 r=1 r=1 r=1
(3.62)

)
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for both ¢ = 1,2 and any ¢ > 0. Once we obtain {¢; ¢}, , we can calculate tr (5')"
as

n—1
o, AdPan—1-¢
Z < Ju Gon—1—t — ¢1,£T> Z ‘I’ 10g U)

/=0 3>0

Y A (2
tr(p)" = %e_ S Z( mi)’ ) Z Resy—w

>0 weC\Rsg

2k—q

- log
T (4) B4 :
[T (w2 + ebtoman ) [T (w2 4 e Haimnr ) ! 2mi

Here the poles w contributing to tr (p')" are the ones in the set {poles of ¢;, (w)}
listed in (3.62). By using these results, we are able to perform the checks of the
bilinear and quartic equations for the 7-functions at higher order that we list in
Table 3.1.

3.2.5 Coalescence limits: matrix models and quantum curves

The g-Painlevé equations were classified by their symmetry type in [246], where
their coalescence patterns are also discussed. In particular we are interested in the
following one concerning g-Painlevé VI equation

VI — V = III; — III, — 5. (3.63)

The g-Painlevé 1113 equation, which is the end point of the above coalescence di-
agram, is related to the ABJM theory [16]. In this section, we study the above
coalescence limits in terms of the matrix model and the quantum curve. The de-
generation pattern of the quantum curves matches the one in (3.63). Since the
coalescence limit is similar at all the steps, we study in detail the first one and omit
the details for the others.

The coalescence can be seen as a degeneration of the tau function. In (3.35),
we saw the relation between the g-Painlevé VI tau function and the grand parti-
tion function of the quiver superconformal Chern-Simons matter theory displayed in
Fig.3.1. In (3.35) we normalized the grand partition function by Z, (0; My, My, M, (3, ().
In this section, we adopt a slightly different normalization factor, namely we define

Zy, (N3 My, My, M, (1, Ca)

€@K (MMM 1 62) 7S (A ZE9) ()

ZYN(N; My, My, M, ¢y, (o) =

AVI Nx(N+M)
/H dﬂn gy an det |:<,um ‘ Dl yn>:|mn
o Mx(N+M)
w1 1| o)
~ (N+M)xN (N+M)xM
xdet( [(va] DY un>} [ @t )] ") 300
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(k, My, M>, (1) | (3.40) | (3.41) [ (3.42) | (3.43) | (3.44) | (3.45)

(2,1,0,0) 7

(2,1,1,-1) 3 3 3 3 3 3
(2,1,1,0) 2 2 2 2 2 2
(2,1,1, 1) 3 3 3 3 3 3
(3,1,1,—i) 2 2 2 2

(3,1,1,—2) 2 2 2 2 2 2
(3,1,1,0) 2 2 2 2 2 2
(3,1,1,%) 2 2 2 2 2 2
(3,1,1,9) 2 2 2 2

(3.1.2,-) 2 2
(3,1,2,0) 2 2 2 2 2 2
(3,1,2,%) 2
(3,2,1,0) 2 2 2 2 2 2
(3,2,1,%) 2
(3,2,2, i) 2 2
(3,2,2,0) 2 2 2
(3,2,2,%) 2 2 2 2 2 2
(3,2,2,1) 2

(4,1,1,—2) 2 2 2 2 2 2
(4,1,1,1) 2 2 2 2 2
(4,1,2,0) 2 2 2 2 2 2

Table 3.1: The list of (k, M_, M, (;) for which we have checked that bilinear equa-
tions (3.40), (3.41), (3.42), (3.43), (3.44), and the quartic equation (3.45) for the
Fredholm determinant hold. Each number in the table means that we have con-
firmed the bilinear/quartic equation at least up to a possible O (FL#—H) correction.
Blank cells stand for the cases where we could not check the equations beyond the
first order in k (we could check some of them with fixed values of (; to higher order
in k).
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where we used (3.19). Notice that the integrand of Z)! can also be written explicitly
as

VI (A7 - - n -n
2 (N My, My, M, G, G) = (N+M)!/Ulm 11 5%

J n M 3 n i M —2< )
X H e(_KTlJ'_zk_AQ/[k_MQ )#nq) (% - Z_l + %b) q)b (27rb _ ZQZ—bQ + %b)
D,

00 0 (5 - T )

N+M iMy vy o iMa+2G
y H (4 MatMz ), Oy (5 + ) B (5 + )

Dy (21/_7?1; - %) Dy, (27rb - %)

2
N o — N+M Un—V,1
y [L,,<,w 2sinh Errml T2, 2sinh =52
N+M
T T M 2 cosh bm o n

(3.65)

The normalization factor in the first line of (3.64) is the prefactor appearing
n (3.19) and is independent of N. This normalization factor provides a result
consistent with the known result in [10] at the end of the coalescence, as we will
comment later. Note that this definition does not contradict our previous analysis
since for M = 0 the two normalization factors coincide (see (3.22)).

For clarity, we will study the coalescence limit by treating at the same time the
matrix model and the quantum curve. In such a way we can provide the relation
between them while flowing along the coalescence. For this purpose, we first clarify
the relation between the matrix model and the quantum curve for g-Painlevé VI.
The conjecture (3.31) implies that

ZYN (N3 My, My, M, (1, G) (3.66)

VE(0; My, My, M, G, G) /H 2 det ([ | 2" (M1, Mo, M, G G) [ )]0 )

where py! is the conjectural form of the inverse of p, ' in (3.31). This is our starting
point of the section.

The consistent ways to take the limit of the parameters in each step of the
coalescence (3.63) can be pictorially described through the toric diagram. Indeed,
by Painlevé/gauge theory correspondence [17] we know that each step of the co-
alescence corresponds to the decoupling limit of a fundamental hypermultiplet in
the five dimensional A/ = 1 gauge theory. Since the mass parameters are encoded
in the Seiberg-Witten curve, which we identify with p;', as the positions of the
asymptotic regions at x, p = +o00, i.e. the external legs in Fig.3.2 (see also Fig.3.3),
the mass decoupling limit corresponds to sending one pair of horizontal and vertical
legs to infinity (or to zero) while keeping the other legs fixed.

The first coalescence from g-Painlevé VI to g-Painlevé V is realized by sending
the bottom-left pair of external legs to zero. This can be achieved by introducing
the following new parameters

iMy =iMy+27\, G=¢—A G=A, (3.67)

and taking the limit A — oo while keeping the other parameters fixed, and at the
same time shifting p as p — p+ 27(s so that the locations of the other external legs
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. . . . eP
__p—TiMy+mik __ ,miM,—2n{,—mik
e e t ox
_eni(Ml—M)—Zn{1 _eni(Mz—M)
_em'(—M2+M) _en'i(—M1+M)—2n'{1
_e—niM2—2n62+rrik _em'Ml—nik

Figure 3.3: The asymptotic behavior of (ﬁxl)_l, or equivalently (3.31). This figure
can be regarded as the five-brane web diagram of the 5d ' =1 SU (2) gauge theory

with Ny =4 in Fig.3.2.

. , ] , eP
_e—mM1+mk _emMé—mk
T—> e*

. li . !
—eMi(My=M)-2m{; _em(MZ—M)
_ em‘(—M1+M)—2n{{
emM—mk _emM1 —Tik

Figure 3.4: The asymptotic behavior of (3.68). This figure can be regarded as the
five-brane web diagram of the 5d N' = 1 SU (2) gauge theory with N; = 3. This
diagram is the degeneration of the diagram in Fig.3.3.

(3.33) are kept finite:

m}/l — _ri(Ma—M) _ ﬁzY _ efQﬂATfﬁYI _ _em‘(Mé—M)’
m;/l _ _6m’(—M1+)—27TC1 N m;/ _ e—Qﬂ'Am;/I _ _eﬂi(—Ml-"-M)—QﬂCi’
mgl — _pri(Mi—M)=2mCy _ m;)/ _ e—QWAT"‘,’L:\))/I _ _em(Ml—M)—zwq’
mXI — _pmi(=Ma+ M) _ mZ/ _ G—QWAmXI _ _em‘(fMéJrM)fM-A — 0,
%}/1 — _riMa—2n(a—ik _ a/ _ a/l _ _em'Mg—m'k7
%‘;/I — _em'leﬂ'ik N Z;/ — %;/I — _em'lem'k’
't\;)/I _ _effriM1+7rik N /t\;/ _ E\’,]I _ _efTriMlJrﬂk’
’t‘Xl _ _ o miMa—2m(atmik _ a/ _ 't‘XI — _miMytmik—ATA _
See Fig.3.4.
Note that the ratio £, = my (a’)_1 = emM-mik s kept finite under the limit
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A — oo. Under this procedure the quantum curve (ﬁxl)fl transforms as

PN —1
(o' (M, My, M, (1, G))

A~ -1 . —r PR -1
- (pZ <M17 é?Mv Ci)) = Ah—I)roloe @ (PXI (M17M27M7 ClaC?))

p—p+2mC2
i(— My + M) PN i(— My — M, . i(My + M), . ~ i(My — M) PO
— lim [em( PG TP [T ik SO e ik P o T ] 4
A—o0
wi(— My —Mb5+2M) ; mi(My+My—2M)
+ [6—2 +m (] 47TA_|_672 WCl]e T +E
mi(—My—Mb54+2M) mi(Mq4+Mbh—2M) ~
+ [e T T4 7 et
. gt .o VA . /
R e [67’”( 32 (| —dm ik 67“(”[12*1”2)44;4%]67;7
i(— M+ M) PN
+€w,ﬂ-q €mp:|
i(— M+ M) PN i(— My — M) . i(Mq+ M) N i(Mq — MY o~
= ST G D [T ik T ik p g S ] 4D
. ! . ! . 4
+ efrz(Ml+]2M2—2]\l) —7'('4-{ e_,z\ + E/ + [eﬁz(—N11—2A12+2M) —Wci + eﬂ"L(M1+;\42—2]\/I) +7T<ij|6’$\
mi(My+My) o mi(—Mi+Mb)
e T e mke Pye— =2 WC16~T p7 (3.68)

where E is given by (3.32) and E’ is given by

s ! S0 ! . _ //
E/ — 677”( MzﬁMﬁfWCiJrTrimM + 677”( MQI+MQ)+TrCi+m'a2M 4 eim(Ml? AIQ)*WC&‘FTI”L’U,gM.

Here we have rescaled (Z)\Xl)_l by a factor e™™ so that the coefficients of limiting
curve remain finite.* The resulting operator (ﬁX) ~can be regarded as the quantum
mirror curve of g-Painlevé V.

We now consider the same limit for the matrix model (3.64), or equivalently the
left-hand side of the conjecture (3.66). First, corresponding to the shift p — p+27(,
in the quantum curve we perform the following similarity transformation

Koz _on Koz _os

) (pl = e ® 7 ) (ule™ +7, vy (v = e* " |v) (v]e + 7.
Corresponding to the overall rescaling of ﬁ;l by e7™2 we also multiply both sides
of (3.66) by €™ This changes DY to e™2DY!. All in all, DY and dY are changed

HIn terms of the grand partition function, which appears in the right hand side of (3.35), this
operation corresponds to rescale k as ™2k,
Matching the similarity transformation and the shift guarantees the equality between the
density matrix and the quantum curve at operator level. We explain this point at the end of this
section.

154 Fran Globlek



Magical matrix models from three dimensions

mnto
) ) T 1M1 % ") T
N P VP T +5b 1 i Dy (55
ek DYIGk — ek 55 L (2gb 1 ) p mM kxe%m (2gb
®, (3 — 3b) 2cosh (575
VI L2z €y 5Py (ﬁjL 2 )
di’ex® =eFTe2 o~
P (L _ ZMl)’
b\ 270 2b
i M} +-4A
P <i+Z 2 ) -
iCy ~ o~ iCo ~ Mbh—ain__ b\ o0 2% 1 k— M, 44iA
(o 772:1: VIGTQm:e%rAe 2% z 22k z

b
S A
@y (27rb + % 2
5 iMb+4A
Mj—4iA o o, (27rb T >

e 2k - ,
z My
@y <27rb T2 )

where we used the new parameterization (3.67) for the right hand side. In this
expression, we can take the A — oo limit. In this limit, the quantum dilogarithm
function behaves as (.85). In the third line, the factors depending on A and the
divergent part of the asymptotic value of the quantum dilogarithm cancel out. On
the other hand, in the fourth line, an overall factor

= ((z’M§+2A)2+4A2)+%(k+k*1)’

appears. However, the same factor also appears in the right hand side of (3.66)
since this factor is independent of N. Therefore, we can get rid of it when we take
the limit:

Ah_l;goe 4k ((1M2+2A) +4A2) mM (k;-i—k ) TI‘CQNZ;/I (N; Ml; ]\42’]\47 Clu C2)

where we defined

d,LL N+M
n=1

ol
(o
x det ( |:<Vm ‘ DY

dl/n

x det >7]n1\7}x (N+M)
v

r,n

(N+M)xN —~
) (o | &

>>] (N+M)xM )
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with IA)ZV and CZ\/ defined as

ol ’ & iMy o i ol & M
DV — 27 k;gllﬁv\q)b(%rb %+ 3b) 1 iz %aq’b(zwb +95)
OO g (L B gy geosn B O g, (£ — ALY’
b \27b 2 2 b\ 270 2b
o i 1My L&?\Z
= e%fe%fq)b (wa + ) - €2n
1= (I)(i_iMl)” 2 7 M}
b \27p 2b Dy (55 — 52
27b 2b
o 7 1M i
EV i im0 ex” 1 o <27’b % T 2b>
= e 4 2 — -
2 ~ . i =2
®, (2 _ M)\ 2cosh W et
b\ 2xp 2b

The grand partition function associated to Z) is expected to be the matrix model
representation of the g-Painlevé V tau function. We remark that, as was the case
for ZY1 (3.65), Z) can also be expressed without using the operator formalism by
using (3.15) and (3.14) as

17\' z7r I'N N+M
kN—*MyN an

N' (N + M) /H27rk: H ok

A (_ﬁ"'k;}yl)“" 47rk#% (I)b ( o % + lb) (I)b (% o 212‘/[é + %b>
XH€ (pb(;nb+ZM1_%b)

Z) (N; My, My, M, () =

n=1
N+M (it M ; iMy
< I1 e( ERE ARSI s (325 + %)
iMy iM)
n=1 Py (27rb 2b ) P, <27rb 2b
2
N o =y N+M Un—V,/
[Lncny 2sinh = ms TT 200 2 sinh =
N+M Un
T T M 2 cosh T

Combining (3.66), (3.68) and (3.69), we find that the coalescence limit VI — V
(3.67) reduces the conjecture (3.66) into the following

Z]z/ (N;M17M£7M7 Ci) =

Z (0 MlaMévM C1 /Hd,un det ( Hm ‘ b\)c/ (MlvMéaMa C{) ‘ /jln>L]:]L7>;LN> :
(3.70)

To implement the remaining steps of the coalescence, we can simply repeat the
same procedure. First, we consider the coalescence from g-Painlevé V to g-Painlevé
1Ty, where we send the top-right legs to infinity. This is achieved by taking

iMy — oo,

under which the positions of the external legs become

~ i M. ~ i(— _orc! ~ ; — M) —9xc!
My = —e miM+miM) Mo _€7rz( Mi+M) 27r§1’ M _ewl(Ml M) 2#{1’
T —mik+miM, mM —mik T —miMy+mik
t, = —e 2 = 00, tg— TRty = —e ! ,

My o
64 _ e7rzM ik

)
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; . ; . e?
__p—TiM,+mik —niM+mik
e e t ox

—mi(My~-M)-2m(]

_em'(—M1+M)—2n{{

wiM—mik

e _eli—mk

Figure 3.5: The asymptotic behavior of (3.71). This figure can be regarded as the
five-brane web diagram of the 5d N' = 1 SU (2) gauge theory with N; = 2. This
diagram is the degeneration of the diagram in Fig.3.4.

with ¢, = mqt; ! = e ™M+ finite; see Fig.3.5.
The quantum curve, with an appropriate overall rescaling, becomes

lim e 2™ (5Y (My, Mb, M, ¢)) ™" = (A (My, M, ¢))

where we defined

(™ (M, M)

i M i I
- ) e_x—l—p +e L B —mk

=€
+ eﬂ'i(M12—2]VI) _ﬂ'Cie_E + [6 7rzM1 —TFC1+7T’L(11M + o 7r1]\/[1 +7r<1+7rm2M] + eﬂi(kfl2—2]\/f) +7r<i 653\
7rL1\41 _ _ _ miMy
+e mGomike Py o a TP, (3.71)

This operator can be regarded as the mirror curve corresponding to g-Painlevé II1;.

Correspondingly, on the matrix model side we first multiply by an overall factor
1. ! . . . .

e2™M2N and then take the iMj} — oo limit, to obtain

lim e2i™Ms 2N 7V (N; My, My, M, ) = Z™ (N; My, M, ¢}),

M} —o0
where we defined

Zl{:Hl (N7 M17 M7 Ci)

N EHIl Nx(N+M)
dvy, Pom | 21| Pn

L e S (T

(N+M)xN o
)| [ e
m,n

m,n

C/Z\Hll >:|M><(N+M)
I/TL

(N+M)xM
)

inp L2 1 Ltz
xdet( [<ym‘e4 €2n me 2n

In this limit, DY and dY are not affected:
DBy, B -

Z,IcIIl can be regarded as the matrix model corresponding to g-Painlevé I1I;. Again
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. . . , e?
e—mM+mk e—mM+mk
T_, e*
—emi(-M1+M)
eTiM—mik _em'M{—rrik

Figure 3.6: The asymptotic behavior of (3.74). This figure can be regarded as the
five-brane web diagram of the 5d N' = 1 SU(2) Yang-Mills theory with N; = 1.
This diagram is degenerated one from the diagram in figure 3.5.

we can also write the integrand of Z,?Il in the product form:

Z3 (N My, M, )

wk /H d“n N+M an H (—Tl ),un 4”#” (I)b (57:1) zM1 + %b)
~ NI(N + M)! 27r/<: 27rk q)b(Jﬂ+ZM1_i)

27h 2

N+M (i 4 My um u N+M T
X H e< Lo Jont ot P (27rb 2b) Hm<m 2sinh =75 [T 27 2sinh 2%

B (- )\ T T 2eonh s

Combining the above results, the conjecture (3.66) is now reduced to the following

ZM (N My, ML)

_ Znh (0; My, M, ¢}) i /Hd,un det <[<um ’ AIHI (My, M, () ‘ MnﬂNbea 72)

We now consider the coalescence from g-Painlevé III; to g-Painlevé III,. We
send the top-left pair of external legs to g — oo and t3 — 0, by first shifting
x,pas ¥ — T — 7w, p — p— w(; and then taking A — oo with the following
reparameterization

iMy=iMi+ A, G =—A (3.73)
Under this procedure we are left with
Ty = _eml(fM{+M)’
%; — _eﬂiM{—Wik
0 = i’% _ omiMtTk g ? _ eriM-mik sty = e~ miM+ik
1 4

see Fig.3.6. The quantum curve becomes

lim e2™ (ﬁml (My, M, Cl))

A—o0

(ﬁiﬂz (M{, M))il,

S3-n(l, pop-(]

where

1 miM]

(b\iﬂz (M{,M))i — e 2 fm'k:eﬁ

mi(M]—2M) A _‘m,']M]’_ . mi(M]—2M)
_}_672 e x+e — +7rm1M+€72 ea:

miM] ~ TiM]

+e T TheP e P, (3.74)
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This operator can be regarded as the mirror curve corresponding to g-Painlevé
1 /
III,. On the matrix model side, we first multiply e~ 2™ perform the similarity

transformation
ich 5 1 i¢] 15

X} (A = =55 |3 (3] e~ 575
both for |x) (1] and for |v) (v|, and then take the limit A — oo with the reparametriza-
tion (3.73). We end up with

lim e 5 (M+A) =555 (k™) =3V 710 (N v V) = 2% (N MY, M),

A—oo

where

7" (N; My, M)

; nN+M i, Mm(f){lh
N+M /H H Ldt K

2 (o
)

) (N+M)xN )
iT 3 A2 _ 12 2
x det ( [< ‘ eikem? —2COShlﬁ+mM e 2r" Mn>] [< Vm ) e2r®
2 m,n

>:|N><(N+M)

m,n

(/Z\IlHQ " >:| Mx(N+M)

(N+M)xM
)

D™ and (’jﬂh are changed into

z ZM{ K 22
DUl _ 2k~ LinM] s (27“’ m 2b> 1 ez
et e L2 p—irM 7 iM o\’
e2r 2 cosh == ¢, <# _ 2b1>
22
EZHI? e2h
1 - z iM!
Dy (% - 2b1>
In the product form we have
ZM2 (N My, M)
wka T”Ml N+M . ’ .
/ H L He T LR
~ NI(N + M)! (N + M)! 27rk' 27rk 2mh 2b 2
N+M N m—tty 1 TTN+M Un—vs\ 2
X H eﬁ v 1 <Hm<m’ 2sinh % n<n’ 2sinh T)
iM! N+M m l/n
@, (27rb 12\/21> Hm T B

Z,ICII2 can be regarded as the matrix model corresponding to g-Painlevé I1I;. Com-
bining the above results, we obtain

ZIIcHQ (N; M{,M) ZIIIQ (O M{, N| /Hdlun det (Kum | A1, M{’ ‘Iun>]N><N> .
(3.75)

Finally, we consider the coalescence from g-Painlevé III; to g-Painlevé I1I5. We
can send the bottom-right legs to s — 0 and 5 — oo by taking the iM] — oo
limit, which leaves ¢, = Mgty = ™M —mik finite; see Fig.3.7.
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P
—miM+mik —miM+mik N
e e t ox

en'iM—m'k emM—mk

Figure 3.7: The asymptotic behavior of (3.76). This figure can be regarded as the
five-brane web diagram of the 5d A" =1 SU (2) Yang-Mills theory. This diagram is
the degeneration of the diagram in Fig.3.6.

The quantum curve becomes

lim e 2’L7TM (,/0\212 (M{,M))il _ (ﬁgh (M))fl’

where
(1 (M))_l = e TMeT 4 oTmIM =R kD | omTik D, (3.76)

This operator can be regarded as the mirror curve corresponding to g-Painlevé I115.
1. !

On the matrix model side we multiply the overall factor ez and take the limit

iM] — oo to obtain

lim e2™MINZI0e (N2 A M) = 28 (N M)

iM{—00
where
Z (N; M)

i fe 7 A2 1 i A2

/Hdwwdt [ e et )|
N+M g

Mx(N+M)
()

(N+M)xN ’
) I

(N+M)x M
Y.
(3.77)
As we mentioned in the beginning of this section, this matrix model coincides with
the partition function of ABJM theory with the gauge group U(N )ox X U(N+M)_op
This integral can be regarded as the matrix model corresponding to g-Painlevé I113.
Combining the above results, we obtain

Nx(N+M)
)]

Q2
e2r”®

=2
e2r®

Zs (N M) = 2 (0; M) N‘ /H dpin det <[<Mm | 510 ( NXNXS 78)

In this section we derived the relations between the matrix models and the
quantum curves in (3.66), (3.70), (3.72), (3.75) and (3.78). We expect that the grand
canonical partition function of these matrix models provide a conjectural Fredholm
determinant expression of the 7-functions for the relevant g-Painlevé equations, at
least at the specific values of the moduli that we are analysing.
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The result (3.78) we get is consistent with previous findings on ¢-PIII3 equa-
tion. Indeed (3.76) is the quantum curve associated with local P! x P*. The spectral
determinant of this quantum curve was already known to satisfy the bilinear equa-
tion of the g-Painlevé III; [16]. On the other hand, the matrix model (3.77) we
find ZEI:” (N; M) is the one associated with ABJM theory, as expected from the
results in [16]. The identification of the matrix models goes along the same lines
we followed in the beginning of the Section, eqs.(3.64) and (3.65). We get

“rlcN N+M
2% (N:M) = ST / Hd“” Yo w4

n=1

Hf:;n (2 sinh bt )2 HN+M (2 sinh 22="n ’)2

n<n’

Hm 1HN+M2COSh ,um Vn HN+MHn 12COSh Vn, — pn

, (3.79)

which is the matrix model associated to the ABJM theory with U (), xU (N + M)
gauge group. Notice that the Chern-Simons level gets renormalised along the flow
to kABIM — 2k Let us also observe that in the relation between ABJM theory and,
g-Painlevé 1113, the rank parameter M corresponds to the time variable, while this
is not the case for the g-Painlevé VI equation we start from.

For the particular case (3.78) we can actually prove our conjecture (3.66). Indeed
in this case an explicit calculation of the inverse of the spectral density matrix
(bqkn“) ' can be performed by showing that this is indeed the quantum Seiberg-

Witten curve for the local P! x P! geometry Opiypi. By using (3.25), we can show
that [167]

-~

B i H 2 sinh x+t° MJ 1 1
/p\}gﬂg (M) — O]PIIX]PH —e2 k

z P TTM Z4to,nm,;
2 cosh 2 cosh 5 Hj 2 cosh —

so that (3.78) becomes

20% M 0)

Z? CS) dpty,
ZIICH3 (N; M) = 2(kM/H

x det [<um

The above can be shown to coincide with (3.79) [1412]. This is a non-trivial check
of the conjecture (3.31). On the other hand, (3.70), (3.72) and (3.75) provide new
conjectural relations between matrix models and quantum curves. Let us also stress
that the normalisation we choose to define Z¥! in (3.64) is consistent with the one
found in [10].

Finally, let us notice that the conjectured relations (3.70), (3.72) and (3.75)
can actually be proved in the M = 0 case by making use of the results of section
3.2.3. In these cases, the matrix models can be written in the form of (3.28) by
using gluing formula (3.20), and the inverse of the density matrix coincides with the
quantum Seiberg-Witten curve. Explicitly, (3.23) and (3.26) are equal as explained
in section 3.2.3. For M = 0, we can show that the other conjectured relations can

90+t0M
i 1 1 H 2 sinh —/%A.41

e M T+t
Trio,M,j 1_7 x
||j 2<:oshT2(:osh2 2(:0:sh2

NxN

)
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be proved at the operator level in a similar way. For example, to show (3.70), it is
enough to prove

_ g My, i _ & iM
[6—’4,}@6'@—22”13% (ﬁ — % T %b) 1 i 5 o Dy (ﬁ + 2b1)

1~ 1, 14 1, 14 1~ 1; 14 1, 14
> |:67rqe§p (e§zﬂM1e§z + 67§z7rM1€7§m) + €7ﬂ-<i€7§p (ef§mM1€§m + engMlefgz):| )

The right hand side is the quantum curve (3.68) with M = 0. This identity can be
proved by using (3.24) and

) 7 MY
2 (I)b x _ X¥2
71116 llﬂ'Mé €2h il}/?\ 2mh 2b
e 4%e2 . Y - et2 eﬁi
D, 276~ 26 +§b

~ 'M/ .
(e
—imk  Lir M} 2rb 2 T 27) +l(p-a)

1
= e 47e2 - e 2 =
& My
P, (%b % T 2b>

{ e—%iﬂMéeéf_‘_e%inée—%E) 037

We can also prove (3.72) and (3.75) at the operator level when M = 0.

3.2.6 Coalescence limits: g-difference equations

Having discussed the coalescence limits at the level of the matrix models, we now
turn to the g-difference equations their grand canonical partition function con-
jecturally satisfy when identified with g-Painlevé 7-functions. In this section we
consider the coalescence limit of the 7-functions in the short-time expansion as in
(3.1). This is the large-radius expansion of the topological string whose gauge the-
ory counterpart is the d = 4 N/ = 1 SU(2) with four to zero flavors in the electric
frame of its Coulomb branch. Although natural from the perspective of gauge the-
ory, this limit is not ideal from the point of view of the matrix model, which we
expect to be describing the dual magnetic frame [11, 15]. The main issue is the
rescaling of the parameter s. Based on the T'S/ST correspondence, we expect the
spectral determinant to be calculating the 7-function (3.1) at s = 1 at any step in
the coalescence series. This can be consistently implemented in a given set of iden-
tifications of parameters (3.37) by choosing a suitable set of Weyl transformations
w so that the s parameter doesn’t flow along the coalescence.

In the following we first briefly recall the standard flow as in [198], then we
discuss the alternative flow in a concrete choice of parameterization.

3.2.6.1 The two types of flow

In 5 dimensions, we find there are two different ways to decouple a massive hyper-
multiplet. This section will serve as an introduction to details of both at the level
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of 7-functions. With that in mind, let us write a generic 5d Nekrasov-Okounkov
T-function, focusing on one particular hypermultiplet of mass # whose decoupling
will be described in the two schemes:

T (07 @“est; S, 0, t) - Z Snt(o+n)20 (07 @“est; o+ TL) Z <97 e_;est; o+ n, t) )

ne’

C (0, 0es o) = (H Go(l— 0+ ea)) Cros (Freti )
e==+

Z (97 é;est; g, t) - Z t‘)\H—H)\i' H N¢,A€ (q_0+eo) Zrest;Ap A (Q_Lest; J) .
A, e=*%

Here, Crest and zest:n, 2 are respectively the one-loop and instanton terms describ-
ing the contributions of the rest of the theory.
Let us first recall the standard holomorphic decoupling limit of a massive hy-
permultiplet
g% =00, t—0, t=tq? finite.

We will realize this limit by setting # = ¥ + iA, t = t;q"+"*. In our case, q = e2™/*

with k& > 0, so g4 = e A 5 0as A — oo Up to some difference of imaginary
units, this is the case worked out in [195], the main points of the calculation whereof

we recall. To begin with, consider the instanton counting part Z (0, é;est; o, t) . Since

Nyu(u) = H (1 - qih(c)ia“(c)flu) H (1 — qlu(C)ﬂu(C)Hu) ’

cEA cep

gD N, | (g7 = H (q+H — @ a©+1y) sy f (7Y,

)

ceE

where fy(u) = ] (—q(©@Ftax(©+1y=1) " This term is nothing but the five dimen-
cEM
sional Chern-Simons coupling.

Slightly tougher is the calculation of the one-loop part, and here also the n-
dependence of the summands has to be taken into account. The functional relations
of Appendix A enable us to write for a shift n € Z

n In|-1 J
Gi(l+x£(c+n) =G (1+z+t0) {%} H [z + sgn(n)o] H[xi (o + k)],

j=0 k=1

(3.80)

a relation the reader should make a mental note of, as we will return to it again
from a different perspective. Presently though, we have r = — — iA and want the
limit A — oco. Recalling the definition of g-numbers, we have for any a € C

a—ilA a—ilA

1—
a—if] = T —~ 31—,
1—q q—1
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as A — oo. Before returning to (3.80), we find it useful to rewrite
L@+0) Tyr+oly(l+r—0) D(+a+0) 1—qTy(l+z+0)
Dz —0) Ty(l+z+0)l4(x—0) Ty(l+x—0) 1—qoT,(1+z—0)
Lo Ly(L+2+0)
Iy(1+z—o0)’

and define To(1—0 —iA + o)
1 -V —1iN+o

5 — 1) 2% 20 (9+iA—5) = 4 v ) 3.81

s=sta=1)"q O G —y (381)

Collecting it all and returning to (3.80) we have asymptotically

Fq(—'lg — A + 0-):|n (q . 1)—n2qn2(—79—i/\)+n0

Gq(l—ﬁ—i/\:l:(o—i-n))NGq(l—ﬁ—iA:I:a){

Ly(—0 —iA—0)
=G, (1-v—iA+o0) <§> (q— 1)*(U+n)2+02 [qfﬁ—i/\] (0+n)?—o?
s
2 | T
— xWy1 (2 _ 1)y (e4n)? | L
@) (5) (a=1) . :

where in the last line we defined the n-independent factor
XO@;0) ' =(q-1)"¢" Gy (1 -9 —iA+o0),

It’s now clear that as A — oo,

T (9, é;est; s, 0, t) —~x® (0;0)" L el <9rest, 5,0 t1> (3.82)
where
7 (@est; 5,0, t) =3 sl (grest; o+ n) z <§rest; o +n, t) ,
nez

(i) = (0 o (e a> |

Zel ( rests 05 t) Z t‘)\”—H)\ | H f Zrest A A— (@est; 0) )

A A
and the superscript "el" stands for the fact that the holomorphic decoupling limit
is studied in the electric frame of the gauge theory in five dimensions. Being the
relevant g-Painlevé equation homogeneous, the multiplicative redefinition in (3.82)
preserves it. Notice that the holomorphic decoupling limit implies a redefinition of
the s parameter as in (3.81).

A different kind of decoupling limit has to be defined if one studies the flow of
solutions of the g-Painlevé equation with fixed initial condition s = 1 before and
after the coalescence. We now turn to discuss a class of decoupling limits suitable
in the sense above. Consider the limit

q’—0,

while keeping all other parameters fixed. In the following, we put § = ¥—¢A and con-
sider the A — oo limit. Consider again the instanton counting part Z (8, é;est; o, t).
Since

Napl0) = T[ (1= 0ot T (1 = gt ) 1,

cEAX CEN
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we are immediately left with just the zuesa, 2 part in each term of the sum. We
now turn to the one-loop part, referring back to (3.80), this time with x = —9 +iA.
Consider first the g-numbers:
1 — a+iA 1
q — .
1—gq 1—q

[a 4+ iA] =
Therefore, the entire nested product in (3.80) gives (1 — q)~". Next consider the

g-Gamma functions. Using their definition, we can write

Lyl +0)

_ oo (@775q) o —2
T =(1-q) =~ 1-q)

(@775 @) o
since ¢* = ¢~ "7"* — 0 and (0;q),_ = 1. All in all, we have
Go(1—04iA+ (0 4+n)) ~ Gy (1 —0+ih+0)(1—q) T+
Therefore, letting
X®(0;0) = (1-9)" Gy(1-0+0),
we have as A — oo,
T (0,«9_;6513;3,0, t> — X@ (g, )7 pmasn (9_;651;;3,0, t)
where

Tmagn (é’lrest; s,0, t) = Z Snt(o+n)20magn (9_;6513; o + TZ) Zmagn (@est; o + n, t) )

nez

Cmaen ((9_;63»5; 0) =(1- q)igzcrest <0_;est; U) ;

magn [ o x|+ = 0 .
Zmee ( resty O t) § tl +I l Zrest; Ay, A <0resta0) .

ApAo

The superscript "magn" indicates that the limit is suitable to preserve the matrix
model realisation of the 7-function, which conjecturally describes the gauge theory
in the magnetic frame.

3.2.6.2 Coalescence limits in the electric frame

Having illustrated the calculation of coalescence limits at a generic step, we turn
to concrete realizations of our dictionary. We first show that the dictionary (3.36)

reproduces the coalescence limits in the electric frame as described in [198]. Formula
(3.36) reads in components as
My — My — 2i¢; 2M — My — M + 2i¢, 2M — My — My — 2i(,
0y = ) 0 = ) 0; = )
4 4 4
M - M - 2 ) Uy
o = —— e I

Let us now examine the holomorphic decoupling limits in the matrix model param-
eters. First, the redefinition My = M} — 2iA, (; = (] — A, (o = A leads to

M—2M7 —Mb+ic}

b 00, t—0, t1=tq Nl =q7 2, A— oo,

q
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which corresponds to §3 of [198]. Next, it can be checked that setting M} = —iA
leads to

q_0t+00 — 00, t1 — 07 ty = th—9t+90 = q_Ml, A— o0,

which corresponds to §4 of [198], up to a redefinition 6y <» —6y, which is a symmetry
of the original q—PVI tau function. Next, it can be checked that M; = M| — iA,
¢; = —A leads to

M-+M]

g o0, ty =0, t3=tq "R =q7 7, A= oo,
which corresponds to §5 of [198]. Finally, one can check that M| = —iA leads to
q_91+00c> — 00, i3 — 07 ty = tSq_01+9°° = q_M> 00,

which corresponds to §6 of [198].

3.2.6.3 Coalescence limits in the magnetic frame

In the following subsections we focus on the coalescence limits suitable for the
magnetic frame, where the 7-functions at s = 1 are identified with the grand par-
tition functions of the suitable quiver Chern-Simons matrix models. This can be
achieved by modifying the dictionary (3.36) as in (3.37) by a specific class of Weyl
transformations. By inspection, one finds that there are 48 = 4! x 2 possibilities
corresponding to the permutations of four masses and the inversion ¢ — ¢t~

We now describe in detail a specific parameter identification among them and
describe the corresponding coalescence limits. At each step, we give the sets of
shifted 7 functions and their bilinear relations. These depend on the specific choice
of coalescence. All the choices, however, end on the identical q-PIII3 equation. For
the other choices, see Appendix C.

3.2.6.4 ¢-PVI — ¢-PV

We consider the dictionary:

6o -1 1 02 0 M, — k
01 1 -1 -1 2 0 -2 My —k
0, =7 -1 -1 20 2 |w|M-k|,
Ooo 1 -1 02 0 —1(y
T —4 —4 40 0 —iC
with the Weyl group element
% % -1 0 1
5 3 —1 0 -1
w = 5985153548283 = 1 1 -1 0 0 y
0 0 0 1 O
-2 0 0 0
which leads to the simple identification
1 M, —k My —k i mi
bo=—5G—C) h="g b="Tg =3 ((H+G), t=q" =
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We proceed with the limit by setting My = MJ — 2iA, (; = (¢ — A, = A. We

have .
- mi(k=Mb—i¢!)  ama
g ot —¢ 2 er =0, A— oo

Further, let 0, = 6y + 6, = & and define the g-PV tau function as
V01,0, 0005 5,0,8) = 3 st CV (01,0, 0030 + 1) ZY (01, 0., O3 0 + 1, ),

neZ
Gy (1—0,+e€0)
CV (6,6,,0.: 1— Gy (1 0. —0 q ,
(01,0, o) = ( q)” Eelji +€ 1+EU)EE G (17 20)
€Ooo—01—€'0 eoc—0,4
ZV (017 9*7 0007 07 t) — Z t|>\+|+|)‘*‘ He,e’:j: Nd)’AE/ (q ) HE?:I: NAE:‘b (q ) .
A, A He,e’ N)\E,)\e/ (q(efe )U)

Let us consider the limit for the 7 functions. First, define the scaling prefactors

1 1 1
X1,2 =X (9079179t7900 + 570—7 t) ) X3,4 =X (90 + 579179t700070— + §7t) )

1 1 1
X5,6 =X (90761 + §7et7600707 t) ) X7,8 =X (90761797& + 5760070 + éat) )

with

X (69,01, 0;,000,0,1) = t%7%(1 — HG (1—6,+6)+e0)”"
e=+

Here, the first or second index will correspond to the choice of the upper or lower
sign, respectively. Next, define the shifted q—PV tau functions

1 1 1
7—1\{2 = TV (0170*7900 + §;S,U,t) ) 7-?},14 = TV (01,9* + 57900;570- + i’t) )

T;{GZT (91$ 9*,900,5025)

Then, our discussion in subsection 3.2.6.1 implies that
Xit 00,01, 0,,00;5,0,t) = 7. (01,0,,000;5,0,t), i=1,23456
Xom (00,01, 01,0003 5,0,t) — 571 -7 (00, 0,, 0003 5,0, 1),
X1 (00,01, 01,0003 5,0,1) — 575 (0o, 0, 000; 5,0, 1).

For the tau functions as we have defined them, w We then obtain the following
nontrivial bilinear identities for the q-PV 7-functions — omitting the "V" superscript
for readability:

n7e — (1 — Cl)i%t%qungzm - (1- lewlt) 7576 = 0,
e — (1 — q)*%t%Tgu — 1576 = 0,

1

T — (1 — Q)_%t_%’/'gﬂl + (1 — q)_%t_5 (1 — q_gelt) T31, = 0,

—01 0o 1.1
TsTe +q (1 —q) 2tir3ry — 7,70 = 0,
T5T6 + 0 I 91+9°°(1 q)” %t%7'37'4 — 11Ty =0,
T57o+ a2 T (1 — q) 7272 (myry — 74m) = 0.

Note that the fourth and eighth equation from (3.5) became trivial.
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3.2.6.5 ¢-PV — ¢-PIII;

The next limit amounts to iM) — oo which means

.
—0, LT

q =q 2 —>O, A — oo.

Let us define the appropriate 7 function as

L (01’ 0.8, 0, t) _ Z Snt(a-i-n)?CHIl (917 O 0 + n) 71 (917 Or; 0 + n,t),

neL

2 G (1—=0,+€eb +€o
CIHl (91’900;0_) _ (1 _ q)—QU He,e =+ q( 1 )

II.- iG (1—1—2&0) ’

N¢>\ —01+€000 — 50)
2 i) = 3 i) [T Al
A, A €,e/=+ AeAer )

Calculations are completely analogous to the previous section. Because of q=% — 0,
it’s easy to see that ZV (6y,0,,0:;0,t) — Z" (6, 0;;0,t). We define the scaling
prefactors

1
X1,2(9179*790070) =X (9179*7900 + 570) >

1 1
X3’4(01,9*,600,0'> = X (01,0* :|: 5,900,0' :i: 5) 3

X5’6(91,9*,900, ) =X (91 + = 6*,600, ) s

with
X<9170*7900) ) (1—Cl HG 1—0 +€O') 1,
e==%
and the shifted g-PIII; tau functions

1
7'H2Il = I <91, O * 5; s, 0, t) ,

1 1
Al PO i (01,000,3 o+ 3 t) Til5h S (91 ¥ 5,900;5,0, t) ;

so that in the limit we find
X1’27'1\{2(91,(9*,900; s,0,t) — 7'111211(91,900; s,0,1),
X3,47'3Y4(91,0*,900; s,0,t) — SJFQTIHl(@l,OOO, s,0,t),
X5,67'5\7/6(01, Oy, 000;8,0,t) — Tilgl(ﬁl, Oso; s, 0,1).
The resulting bilinear equations are the following:
T+ (q — 1)_1q_2‘91t%7'32 — (1 —g7*"t) 7475 = 0,
7172 + (q — 1)_125%7'32 — 1,75 =0,
T+ (g — 1)7125*%7'3? —(q— 1)*175*% (1 —q° t) 7373 =0,
Tyrs— (q— 1) ity — 1y =0,
—01+0

7475 — (4 — 1) q i ootélgT:s — 1,11 = 0.
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3.2.6.6 q-PIII, — q-PIII,

We now consider the limit M; — M{ —iA, (; = —A which in our dictionary implies
gt — q—k_le o2k o

Let us denote by 6, = 6, + 0, and define the appropriate 7 function as

P (0, 5,0,t) = Z s”t(”"'”)QC’HIQ (0s;0+n) Z (Os;0 +n,t),
nez

1—0,+e0)

2 Gy (
UL (g o) = (1 — q)~% q
2 (0s50) = ( ) 611 Gy (14 2e0)

bl

—0x—eo
7" (0.;0,t) = ) A [T—s Noo (g /) '
He,e/:i N)\eJ\E/ (q(eie )U)

Ap A

We define the scaling prefactors

1
X1,2(01700070-):X 917600:':570-) )

1
X3(91790070) =X (91790070 + 5) 3

1
X4,5(61700070_):X 91:F579007O_) )

with
2

X(01,000,0) =(1—q)" [[Gy(1 =01+ 0s + o),

==+

m

and the shifted 7 functions:

1
7'111212 = 7k (9* + 5; s, 0, t> ,

1
T;IIQ = S% : THI2 <9*;S,0'+ §,t> .

Then we have as A — oo,

X1 57‘HI (61,000;5,0,t) = 112(6,:5,0,1),
X2472Hi (01,0005 8, 0,t) — 752 (0,3 5,0, 1),

X3 1111(01,000; s,0,t) — 7';112(9*; s,0,t).

The resulting bilinear equations are
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3.2.6.7 g-PIII, — g-PIII,

Finally we have M| = —iA, A — oo, which corresponds to

q 0 = _e—m™E ).

Let us define the appropriate 7 function

L1I3 (s, o, t) _ Z s”t(”+”)201113 (0 + n) A (J +n, t) 7
neL
1
OMWs (o) — (1 — q)~%° -
(0)=(1—q) H:Gq(1+2w)
1
HE,G’:i N,\e,)\el (q(676/)0) .

ZM5 (0,0, 0,1) = Z HA+IHA-]

Ap A

To perform the limit, we first define the scaling prefactors

1 1
Xi2(0,0) =X (9* + 5,0) , X3(0.,0)=X (9*,0 + 5)

with
X(0.0)=(1—q) " [[Ge(1—b+e0),

e=%+

and the shifted 7 functions

f 1 1
=5 0t), 7 =s27!Ms (s,a + i’t) :

Then we have as A — oo,

X1,27_11,1212 (9*7 S, 0, t) - 7_1HI3 (87 g, t)a

X37§H2 (0y;8,0,t) — 721112 (s,0,t),

and, as expected, we find these to satisfy the bilinear equations of g-Painlevé 1113,
7'12 —T,T1 — t%TZQ =0,

T2 — 2 (722 — 127_'2) = 0.

3.2.7 Different coalsecence limit

The identification in the previous section is not the only possible limit. An analysis
of the scaling parameters identifies 4! x 2 = 48 different elements of the Weyl group
which lead to a well-defined endpoint in q—PIII3. We consider another choice. We
pick

0, -1 1 02 0 M, — k
0 -1 -2 2 M, —k
b, |=-]-1 -1 20 2 |w| M-k
b | 411 102 0 —iC
BT —4 —4 40 0 —iC
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with the Coxeter group element

% % 0 -1 0
% % 0 1 0
W = $38455595354555153845558953 = | O 1 0 0 0],
0 0 0 0 1
- -2 1 0 0
which leads to the identification
=G — A6 My, - M M- M _iC — G
90 - 9 ) 91 - 9 ) et - 9 ) 900 - 9 )
2miMq 274
t=q M F=e"% , g=e*. (3.83)

3.2.7.1 ¢-PVI — ¢-PV

Let 0, = 3(Mj — M —i(}), in terms of which (3.83) under M, = M} — 2iA, ( =
(1 — A, (= A becomes

—01+ 0 = —0,, —0;—0=—0,—i(;+2iA, A— o0

Noting that as q¢ = *™/* and k > 0, we have g~ 0~ = q=%~€ie=4mAk 5 (. To
perform the limit, first define the scaling prefactors

X (00,01,0;,000,0) = (1 —q)” HG’ (1—6; — 0 +e0) "
e==%

1 1 1
X172 =X (90,61,915,900 + 5,0’) X374 =X (60 + 5,01,915,900,0' + 5)

1 1 1
X56 =X (90,91 + §,9t79m,0> Xrg=X (607917915 + 5790070 + 5)

Here, the first or second index will correspond to the choice of the upper or + sign,
respectively. Note that the prefactor is not exactly the same as the one found from
the grand canonical partition function of the 3 dimensional matrix model. This
is not surprising, however, as we expect these functions to differ by the arbitrary
functions Z;. Next, define the shifted q—PV tau functions

1 1
=1 (9079*—5797&;570775) =1 (90’9*+§’9t;870’t)
v 1 Y \% 1 1
Ty = 60—1— ,0,,0;; s, U+2,t T, =T 90—5,0*,955,0—5,25

1 1 1 1
7'5}/:7' 0o, 0.,0; — Sa—i— ,t Tg/:TV 0o,0.,0; + =;s,0 — =t
2 2 2
Then, our discussion implies that

XT (90701,91:,900,8 o,t

V(e()v 0*7 000, S, Uat )

l

), i=1,234
— 17 (00,0,,0s0;5,0,t),

)

t

(9079179t7 00y S, O't
(9 01,0;,05;s,0,t
(90791,9157 005 8,0, t

— 7_2\/(0079*79005570at 3
7 5(00,0,,000;5,0,t), i=1,8

~— ~— O~
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We remark that these are again not the same limits as in [198], where the authors
find that, up to the prefactors, 75 and 74 degenerate to g-shifted 7, and 7, re-
spectively. For the tau functions as we have defined them, we obtain the following
nontrivial bilinear identities, omitting the "V" superscript for readability:

T Ty — (1 — q)% . t7'37'4 — (1 — q_QGt . ) 7'177'2 = O,

(1— q)_%7'17'2 — T3Ta + 4701576 = 0,

(1—q) 2nm — q@mn+ (1 - q‘2 t) 4% 7575 = 0,
Ty7o+ (1= q)2q 00

(1- Cl)félﬂz + g%t — ¥y = 0,

AT5Te — T1Ty = 0,

(1-— q)félﬂ'z + q700+29t1576 - Cl ‘1374 = 0.

Note that the first and fifth equation from (3.5) became trivial.

3.2.7.2 q—PV — q—PVge/q—PIIL;
The next limit is iM} — oo which means

0 M+ic)

qf*:q 2

e™E 50, A— oo

Technically speaking, this limit lands us in the degenerate case of g-Painlevé V,
q-PVieq. This, however, becomes q—PIII; after a change of variables. Therefore, we
shall not distinguish them, and write q—PIII;. Let us define the appropriate tau
function as

LI (6o, 04: 5,0, 1) = Z Snt(a+n)2cnh (6o, 0150 +n) 7L (00,0,;0 +n,t),

nez

2 G, (1+eoc—0,+¢€0
CIHl (‘90’ 92&7 O') _ (1 i q>720 He,e =+ -q ( t 0),
[I._. Gy (1 + 2¢0)
N)\ ¢ ecr 09— 6’90)
ZM (0. 6,; 0, t) A+IHA-] .
( 0, Yt )\; E:ﬁll—Ii N)\ )\, (e e)U)

Calculations are completely analogous to the previous section. Because of ¢~ — 0,
it’s easy to see that ZV (0o, 0.,0;;0,t) — Z'"M (0y,0,;0,t). To deal with the 1-loop
terms, using the function

X (0,0.,0,,0) = 1519 (1 — q)=" [] Gy (1 — 0, + €0) ™"

e=+

define the scaling prefactors
X12(00,04,0;,0) = X (8079 F 5.0 >7

1 1
X3,4(9079*70ta0) = X (80 + 570*701570- + 5) )

1 1
X5,6(90, 0,,0;,0) =X (90, 0,0, F 5’ o=+ 5)
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s , o eP
—e oiM,+o (' eHlM T_’ )
ni(M,-M|-ng, ¢
-e
_e—m‘m?i—ﬁ)—nz;

e—niﬁ _eHiDZ+HE'1

Figure 3.8: A rewriting of 3.5. The Eél) symmetry is generated by exchanging
the asymptotics purely in the e directions, likewise for purely e, and finally by
exchanging the asymptotic in the e*™? direction with the asymptotics in the e=*
and e~? direction simultaneously.

We define the shifted g-PIII; tau functions
it = 71 () 05,0, 1)

1
= I <0 +=,0,5,0+ = 5 > 7_;111 = 7k (00 —

B <9 6, — 1 s a~|—;,t) Al _ L (9 6, + 1 o —

1

Then in the limit we find
X7 (00,0.,0,,0:5,0,t) = 1717 (0o, 0y, 035, 0,1), i=1,2
XiTi (807 0*7 9757 0;S8,0, t) — T@'Iilll (QOa 0t7 g;8,0, t)a L= 37 4a 57 6
The bilinear equations obtained from this limit are the following:
- (1- q_29 )7 — (1—q)- tiryTs =0
—(1—9q) s (Tam3 — 7475) = 0,
2 —(1—q)g* - t_%Tng +(1—q) (1 —q 2. t) g% . t_%7'47'5 =0,
7 — (1 - q)q1/4+90+9t

7,711 — (1 —q)g

3 (Tom3 — T475) = 0,

_ 1
1/4=00+0: . 4=3 (ToT3 — 1475) = 0.

3.2.7.3 q—PIII;, — q—PIIL,

Before taking the limit, we comment on the E?()l) symmetry of the setup and our

choice of t = q=*1. Once we have rewritten (Z,p) — (& — (], p — 7(}), the curve
will have asymptotic values as shown in 3.8, where M = M + k, M, = M, + k.
There is a Coxeter group acting on the curve by exchanging asymptotic values. In
this particular case we have the very simple action

~ 77ri]\7[1+7rq _)eﬂiMlJrfrq

S1:¢€

~ SONT — N Y — ! R _ !
5y ewz(M My)—n(q Se wi(M—My)—n(]
33 ewz(M—2M1) N e—7r7,M
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and, further s; = sgl, which means s; sends ]\7[1 — —]\7[1. Therefore, at this point
a redefinition could have been made, had we opted for a different dictionary at the
beginning.

Here we are in a slightly different position as the limit M; — M| —iA, (] =
means

M16—27r/\/k -0

t=q

M|
—6;— —1—

q Oy __ =q 2 27rA/k

— 0

]\4+]Wl

with t; = tq= %% = g~
appropriate tau function as

fixed. Let us denote by 0, = 6; — 0y and define the

THIQ (9*, 3, o, t) — Z Snt(a+n)ZCHIQ (9*, g + n) ZIH2 (6*; o + n7 t) )
neL

2 1 Go (1 — 0,
C1 (0,17) = (1 — q) 2 g — 1) o s oL+ 0 2 00)

Gy (14 2¢0)
21 (9, . 1) Z A A Jleei Moo (a77%) fa(a™)
, Ap A [Lo—s Nooa, (g0

where fy(u) = ] (—g©Fae©+1y~1) We define the scaling prefactors
cEX

X1(00,01,0) = (q— 1)~ q O T Gy (1= 0 — 0, + o) ",

e==+
1 1 1
X2(90>9t,0) (90 + =, 0,0+ 2) X3(9079t,0) =X (90 - 5,9ta0 - 5) )
1 1 1 1
X4(907 eta U) = Xl (907 et - 57 o+ 5) ) X5(907 eta U) - (907 et , 0 — 5) )
and the shifted tau functions:
7'1III2 = 7l (0, 5,0,t)
1 1
2 = Ik (9* 375 o+ 2,q_%t>
1 1
Il _ Il L1
T3 - (9 +2a 27q2t)

To perform the limit, we further put

s = 3(q — 1) 27¢21-b0=b0) Fy(1—6y—60;+e€0)°

Then we have as A — oo,

XM (00,055 5,0,t) — 720, 5,0
Xy (00,043 8, 0,t) = 73"2(0,5 5, 0, qt)
X5 = (907 et; S, 0, t) — 7—§H2 (9*, S, 0
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for the details of the calculation see the similar calculation of Proposition 3.1 of
[198]. The bilinear equations of g-PIII; degenerate to

7'12 —(1- qfe* )T+ (g — 1)%15%727'3 =0
= (q— 1)%(1 - q_e*t)qo*t_% (ToT3 + Torg) =0

7,71 — (94— 1)%q1/4t_% (To3 — 1372) =0

3.2.7.4 q—PIII, — q—PIII,

In the final limit we have M| = —iA, A — oco. Similarly as in the last step,
t = qu/Qefﬂ'A/k =0
g0 = q M 2etME o

with ¢; = tq~% = q=M fixed. Let us define the appropriate tau function
T (5,0,8) = Y st O (0 4 ) 215 (o 4, ),

neL

2 2 1
01113 —(1— —20 -1 —20 ’
=000 g

He::l: f>\e (q760)2
He,e’:i NAe)\e/ (q(eiel)g)

715 (60, 0: 0, 1) = Z A+

Ap A

To perform the limit, we first define the scaling prefactors

Xi(0u,0)=(q—1)"q " [[Ge(1 - 0. +e0)",

e=+

1 1 1 1
Xo(0,,0) =Ch (9* — §7U+ 5) ; Xs3(0,,0) =C4 (Q*+ =y,0 — —)

We define the shifted tau functions

111 : 111 1 .
e =15 0.t), 7, =527 (3,0—1— —,t) :

To perform the limit, we define

s = é(q o 1)—20q(1—29*)0' H Fq (1 . 9* + 60_)76
e==+

Then we have as A — oo,
111 15/«
Xi1 204 8,0,t) — 1 %(8, 0,

11 Iy«
Xory 2(bs; 8,0,t) = 15 2(8, 0,
1 1
XgT?fHQ(Q*; s,0,1) — 7'1HI3 (5‘, o— 5,25 = 827'21112(5, o,t)

We find these satisfy the bilinear equations
-7+ t%z27"2 =0
T — Ty 13,7 =0

The second equation is the degeneration of a linear combination of the first two g-
PIII, equations. By Proposition 4.2 in [32] the functions 7; = (qt;q, )T, ¢ = 1,2
satisfy the usual g-PIIl; equations in tau form.
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3.2.8 Discussion and open questions

In this work we proposed that the grand partition function of the four node circu-
lar quiver superconformal Chern-Simons theory, see Fig.3.1, solves the g-deformed
Painlevé VI equation in 7-form [216, 268]. We showed that this theory describes the
full moduli space of SU(2) gauge theory on R* x S with N; = 4 by extending the
previous findings in [183, , , 212]. Let us notice that a solution to the above
g-difference system was previously proposed in terms of the Nekrasov-Okounkov
partition function of the gauge theory in [157]. While this solution is valid in a
short time expansion, which is perturbative in the gauge coupling, the Fredholm
determinant realisation arising from the quiver Chern-Simons theory can be nat-
urally expanded in the different regime of small x, corresponding to the magnetic
phase of the gauge theory. We provide several explicit checks of this proposal at
low orders in x. Our result therefore allows to study the five dimensional gauge
theory in terms of a matrix model in a regime which is otherwise difficult to access.
Moreover, the explicit results obtained in this work, motivated by TS/ST corre-
spondence, give a stronger check of the latter and enlarge the set of examples where
its rigorous realisation is verified.

Let us list in the following several questions left open by our analysis that it
would be interesting to further investigate.

e The matrix models discussed in this work can be used to study systematically
the dual prepotential of five dimensional SU(2) gauge theories with Ny < 4.
The four dimensional limit can be also studied by introducing a suitable dual
scaling along the lines of [14].

o Generalise our matrix model to the case M # 0 in a representation which can
be analytically continued in M as well as in My, Ms.

o We provided analytic evidence of our conjecture by explicit checks at low
orders in x and numerical checks at fixed moduli. It would be great to be
able to provide an analytic proof, either by induction in the power of x or by
suitable Ward identities on the matrix model itself.

e The g-Painlevé VI 7-functions given as the Nekrasov-Okounkov partition func-
tion (3.1) and the one proposed in this work as the grand partition function
of Chern-Simons quiver (3.35) should be matched by fixing the ambiguity of
the C coefficients and relating the parameters x and o. The latter are linked
through the quantum mirror map whose explicit expression is proposed in [95],
which one could check by comparing the two expressions for the 7-function.

o The identification of the 7-function with the spectral determinant of the quan-
tum operator implies that the analysis of the zeroes of the first solves the
quantum spectrum of the latter [25, 11]. Therefore, the results obtained in
this work provide a method to quantize the integrable spin chain systems as-
sociated to 5d gauge theories with Ny < 4. It would be interesting to pursue
this direction and compare the results with the ones that can be derived from
the Nekrasov-Shatashvili quantization method [228].

o Conversely, by extending the relevant g-difference equations to higher rank
simple gauge groups, it would be possible to use them as a tool to compute
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the multi-instantons expansions of matter gauge theories in five dimensions,
by extending the approach elaborated in [13] for the four dimensional case.

q-PIII3 equation has been shown to be related to five dimensional Nakajima-
Yoshioka blowup equation [217] for pure Super Yang-Mills [31, 32]. It would be
interesting to extend such an analysis to the g-Painlevé equations correspond-
ing to the gauge theory in five dimensions coupled to massive hypermultiplets.

One can also consider the mass deformed quiver Chern-Simons matter theories
[108, 144]. It was found that the grand partition function of the ABJM theory
with N' = 6 preserving mass deformation satisfies a modified version of q-PII1;
[231]. It would be worth investigating whether the grand partition function
of the four node quiver theory with mass deformation also obey a modified
version of q-PVI. Conversely, one could also investigate the grand partition
function of the mass deformed CS quiver theories by exploiting the g-difference
bilinear equations, this in particular concerning the novel phase transition
which was discovered for the mass deformed ABJM theory in [111, , ]
and which is expected to exist also for more general quiver Chern-Simons
matter theories with mass deformation [111, 230].

Generalise the Chern-Simons matter quiver theory and identify its grand
canonical partition function with a Fredholm determinant of a suitable quan-
tum operator and a related integrable system.

Investigate the insertion of observables and their réle in these correspondences.
It would be particularly interesting to find the relevant observable of the three-
dimensional Chern-Simons quiver theory allowing to describe the full set of
initial conditions of g-Painlevé equations, or from the five dimensional gauge
theory viewpoint, the insertion of real co-dimension two defects. We expect
this to provide a description of the wave functions of the associated quantum
integrable systems.

The relation between the S® quiver matter Chern Simons partition functions
and the NO partition function of 5d gauge theories on R* x S! based on
bilinear g-Painlevé is suitable to be dimensionally lift to a relation between a
quiver supersymmetric gauge theory on S® x S! and N' = 1 gauge theory on
R*xT?2. Let us notice in this perspective that the Fermi gas formalism applied
to the 3d partition function was crucial to the study of g-Painlevé system we
performed. It is indeed known that the Fermi gas formalism extends to the
Schur index of a certain class of four dimensional gauge theories [53, 51, 79]
where the relevant integrand is as elliptic lift of our (3.11). It is therefore
natural to expect that these Schur indices could be related to some gauge
theories on R* x T2 and to a related cluster integrable systems.

A direct link between the three dimensional Chern-Simons quiver theories on
53 and the gauge theories on R* x S* involved in this game is to our knowledge
still missing. It is expected to arise from a chain of string theory dualities and
geometric transitions, that it would be worth exploring also with the aim of
a deeper understanding of the TS/ST correspondence.
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3.3 D-type quiver

The Fermi gas formalism of superconformal Chern-Simons theories on S3 reveals a
quantum curve to which the TS/ST /tau formalism can be applied. However, by
themselves, quivers of N/ = 3 d = 3 Chern-Simons theories with bifundamental
matter have an ADE classification [122]. ABJM, corresponding to local P* x P!,
can be seen to fit in the A, type. A natural question is whether the D or E type
quivers lead to interesting relations. This was the question my coauthor Nosaka-
san and I set out to answer, so we considered the simplest D type quiver, the
extended D, quiver. We only considered its rank deformation, without turning on
any mass deformations or FI terms, in hope to connect with the ¢—Painlevé-like
theory corresponding to massless g = Dy = s0(8) d = 5 N = 1 gauge theory.
In section 3.3.2 we also formally extended (or shrunk) the quiver to a Dg quiver,
which is computationally much more tractable. The starting point was the following
rank-deformation, which was found to be exactly computable:

U(N)o U(N)o

W/

U(N + M) _o (N + M)q,

Figure 3.9: The rank-deformed D, quiver.

The matrix model corresponding to this quiver Chern-Simons theory on S? is, by
rules of supersymmetric localisation given in CITE,

2= s oy (%)N (i—i)w (S—W)N (S—Z)N (i—Z)NM

1<J 1<j 2 2 1<J

2 1 _ ¢l 2 ! 2 P
[1Y, (2sinh %) (2sinh 252)° T (2sinh 552 )7 (2sinn 5% ) [ (2sinh 252)°

2N 11N Ep—2 np—zi TTN+M §q—zi Mg —%i
[Ti2) [T,—, 2 cosh *25=2 cosh 5= [ | 2 cosh *5=2 cosh =5~
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There are several Cauchy-van der Monde identities we use:

i N+M i
Hz<] 2sinh =5~ HKJJr 2sinh #54 = (—1)NMH6M”;M det m
1Y, HN+M 2 cosh =74 ; elryi
1
— (-1)(1\2/[) H Myz i det < QCoshZ;;yj >
; e Y
K
Ti—xj N+M Yi— y]
Hz<]2smh HK] 2 sinh HeM S T =
[T HN+M2s1nh i) elrvs
1
= (— (N>+(M) Myl 24 2sinh Y
(—1)\2 2 H det e—nyz
K

where £, = M +1/2 —r. We use all of them as to cancel all factors of e***/2 with
x =&, z,n, that is, those with CS level zero. The result is

o] () (2) () () ()

N+M [—15 5,]
2__pre! ik )12 / . 1755
o s ME oz ML) ot 2sinh =57 | SN (N4M)

i=1

2
rj:Mx(N+M)

1 1
det [2 cosh =5 | sonx(en+ar) | det Zeosh =575 | 5o N x (2N+M)

[emq rj:Mx (2N+M) [e_zryj} 7 M (2N+M)

1
A
det L'h"’”j]
ST N X (N M)

[e_KT‘xj} rJj:MX(N+M)

where x; = (&,€)), yvi = (n;,1}). Next we use the Matsumoto-Moriyama-Andréief
formula [208, B.4],

/dN$det< [fi<xj)]i,j;(N+M)><N [UiS] s:(N+M)x M )det< [gi<'rj)]i,j:(N+M’)><N [wiS]i,s:(N—i-M’)xM’ >

= NI(=1)MM' det ( hl dxfi(x)gj(x)]i,j:(N+M)><(N+M/) [Vis]; s (v ary < ar >

[wis]i,s:(N+M’)><M’ (0] A are
so that defining the convolution kernel

L( ) 1 1 dz 1 1
x = | —
Y 2 cosh § 2 cosh ¥ 2m 2 cosh %5% 2 cosh 432
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7= (N!)2(((_]\})fM)!)2 / (%)N (%)NW (S—DN (i—Z) o

N+M —15 =
12 1 ik 12 . Si TS5
| | e 27r§ 516277771 +Mn; det 2sinh —— i N X (N4 M)

=1

we get

]
rj:Mx(N+M)

L&, ;) L(&m)) emf S
det L( 1{777]') L( 1,777;) efrﬁi det mnh% i,j:Nx (N+M)

. l.
ezsn] eésm 0 {e’ew]’]
r,j:Mx(N+M)

Defining further

ik 2+M$
ear v . ik 2 .
Y(z,y) = Dy Vi(z) = e Wo(z)=e 7% WH(x) = e MW, (2),
2
ik , 2
(& 27ry _My . 7@{227 .
X(x,y) = QSm—;y>V7~ (z) = e 2" MY (2)
2

lets us write further applications of the formula for the " and then for the &
integrations as

b /() () () (i)

=1

1
7

&—¢
det [251nh 12 J

: ] L(&,m;) —(LoY)(&,ny) (LoWF)(&) Vi(&)

pinxvann | det | L(&my) —(LoY)(&,m;) (LoWH)(&) Vi(&)

[ 0€ } Wiln)  —(WieY)(n;)  WyoWF 0
rj:Mx(N+M)

_1\M N N L(&i, ;) —(LoY)(&n;) (Lo W) (&) Ve (&)
_ =D 3 A0\ gt [ xoBE ) —Xozoviia) o Lo WHE) (Xo Vo))
(N')2 27_(_ 27_‘_ (V. toL)(n]») — (V. toLoY)(nj) V., " oLoW] V"o Vs

W/ (n;) —(W}oY)(ny) wiowst 0
Next we consider a generalisation of the de Brujin identity,
N
/d ﬂﬁdet( [fi($j>]i,j:(2N+M)><N [gi($j)]i,j:(2N+M)><N [Uis]i,s:(2N+M)><M )

— N!(_l)(g)Jr(]g)Pf( [f dx(figj - fjgi)}i,j;(2N+M)><(2N+M) [Uis]i,s:(QN—l-M)xM >

[_USi]s,i:Mx@N—i-M) [0 arsar

to get rid of the n integration and get the final expression, where Y=Y -V,

N)+M(J\/I+1)

7= <_1)(2N! / @E)

(LoY oL (&, &) (LoY oL"oX")(&,¢&) (Lo¥oL'oV)(&) (LoY oWs)(&) (Lo wW)(&) Vs (&)
(XoLoYoL"(&,&) (XoLoYoLtoX')(&,6) (XoLoYoLioV,)(&) (XoLoYoWs)(gl) (XoLoWJr)(gl) (X o Vi) (&)
P (V; toLoYoLb)g) (VitoLoYoLtoXb)(E)) V,” toLoYoLtoV* V,,toLoY oWy v,” toLow+ vV, to Vs
(WEoY oLb)(¢)) (WEoY oLt oX?)(g;) W,toYoLfov WioY¥ oW, WfoWJr 0
(Wt o LY)(g;) —(Wirto Lt o Xt)(&y) 7w;rt oLt oV, wvjt o Ws 0 0
—ViE) — (Vo XT)(&5) ~Viov,~ 0 0 0
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To calculate the grand canonical potential, we use the following conjectural formula
for the rank-deformed extension of the Fredholm Pfaffian formula, found for M = 0

in |

, Proposition 2.1],

GHEE

where

2= (-

[0] oo x Now
5ij]i,j:Noo X Noo

V:

the sum is over ordered pairs S = (ny,ng,...,n

which determine

re= |

[Aai,aj]i,j:kxk [B
Oai,a]-]i,j:kxk [Dai,aj]i,j:kxk

[51]]1,3N00 X Noo
[0] Mo x N

[Uis]i,s:NooXQM
[wis]i,s:NooXQM

Epm(z) = (-1

then it becomes the Fredholm Pfaffian

)=

ai,aj]i,j:kxk

2P 2V AL () &
vt oo )l T E (—1)\2/z E pf
k=0 Sc{1,2,...,Noo}

[Aij]i,j:NooxNoo
Cij]i,j:NooxNoo

)= (andraasiean).

[Uai,s]i,s:kX2M
[wai,s]i,s:kXQM

)i~

)L(Agﬂ) Z ZNZ(N)

N>0

Pg
v

)

The N, — oo limit implies that if we define the grand partition function as

Vs

«

[Bij]i,j:NooxNoo
[Dij]i,j:Noo X Noo

)
)

k) with 1 # ny # ... # ng # Ny

Ziu(z) =
Sk, M\ 2
z2LoY olL? 1+z2Lo0Y oLtoX? zLoY oLt oV~ 2LoY o Wy zLo W} 2V
—1+4+z2XoLoYolL? z2XoLoYoLtoXxt zXoLoYoLtoV* zXoLoY oWy zXoLoW+ zX o Vg
det VitoLoYolL! VitoLoYoLtoXx? vt oLoYoLtoV’ VitoLoYoWw, VIt oLoW+ Vi to Vs
Who¥YoL? Wlo¥oLtox?t Who¥YoLtoV,™ W}o¥ oW, whowrt 0
-wtorLt -WtoLt o x?t —W“ oLt oV, Wt oW, 0 0
-Vt -V!oxt —Vtov* 0 0 0

Standard row and column operations we use to simplify this determinant are as
follows, with X = X — X%

1. (3rd column)

2. (2nd row) — (2nd row)
3. (2nd column)

4. (1st row) —

5. (3rd column)

6. (4th column)

7. (5th column) —

8. (6th column) —

(3rd column) —
(4th column) —
(5th column) —
( ) —

6th column

— Xo(1st row)

(1st row) + zL o Y o L*o(2nd row)

2nd column)o(1

2nd column)o

(
(
(1
(
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(
(2nd column)o(1 — zL o YolLto X)fl
(
(

(3rd column) — (1st column)oV,~

(2nd column) — (1st column)oX*

—z2LoY oLloX)™!

—ZLOY/OLtOX)_

2nd column)o(l — zLoY o Lt o X) ™1 o

oV;
o W,

1oWS+

Vs
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They lead to the open-string factorised expression
Erar(2) = det(1 + zp)\/det(H

where p = —LoY o L' 0 X is the M-independent inverse spectral curve and H is a
4AM x 4M matrix composed of 16 M x M blocks [H;jl; j.axa. If we define

Li(z)=(1—=zLoYoL'oX) ™ Lyz)=(1—2Y o L'o X o L)?
Ly(z) =(1—z2LoXoLtoY) ™ Lyz)=(1—2XoLojolL)™

then we can write
Hy Hyp Hys Hig
Hy Hyy Hys Hoyy
Hsy Hsy Hss Hsy
Hy Hyy Hys Hy

V. toLi(z)oLoY oLt oV, V. toLi(2)oLoY o Ws V. toLi(z)oLow; V,mtoLi(z) o Vs
WtoLz(z)oYthoV’ WtoLa(z)oY oWs W’foLz(z)oW+ 2WEoLa(z)oY oLt oX oV,
7w+f o L3(z)oLt oV~ —W Tt o L3(z) o W, —2WiHtoLs(z)oLtoXoLoWS —zWltoLs(z)oLtoX oV,

7VtoL4(z)oV. —2VtoLy(z)oXoLoY oW 7thoL4(z)oXoLoW+ —2V} o Ly(z) 0o X o Vg

3.3.1 Quantum mechanics and divergences

It’s convenient at this point to rescale the integration variables x — x/k, which
rescales L, X, Y by 1/k and V,, V.=, W,, Wi by 1/vk. We introduce quantum me-
chanical notation with canonically conjugate [g, p] = 2mik and label position eigen-
states as ordinary kets ¢ |z) = z |r) and momentum eigenstates as double bracketed
kets p|z)) = z|x)) as in (3.56). Then

L(z,y) = (| (2cosh 5 )2|y>

- tanh 2 ; tanh 2
X(:v,y)z(ﬂ{ % 2e Q”kqu’gq}lw Y(x,y) = (x I{ : 62ﬂkq+kq}|y>
1

21
which use
. dp D 1
1 i hZ zxp €ep _
el—% 271 tan 2 sinh 7z
and
Vi(x) = (x| — 2mil,)) Vi(z) = (2mil,|x)
Vo (2) = (zle 2% —2mif,))  V7Hx) = (2mil,|e” 7T K z)
W,(z) = (z|2mil,) Wi(z) = (—2mil,|z)
Wi (z) = (z|ems 5 92ri0,) W (z) = (—2mil,|ems T+ 5| z)

We can reformulate the block sub-matrices H;; in terms of 1d quantum mechanics.
However, we find that, as written, some of the elements diverge. Consider

AN =2
i 5 ; t hp .
Hyy = <<27W’€r|€7mq27%q 1 -2 (2cosh? an. 627rkq +ia
2 21
N\ =2 5 —1 R
tanhB i oA . tanhp
(2 COSh g) { 2 276_2‘”1@(]2_1\5‘1} ) (2 COSh g) { 2 2 627rkq + T q} |27T'L£s>>
L i
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At the very end of this expression, from the anticommutator we have
Do . . 1 .
tanh 5]27rz€5>> = tanhmi | M + 57 |27ils))

which diverges. However, we have found that the divergences of the second and
fourth columns respectively are proportional the first and third column, and verba-
tim with the rows. This is a case-by-case check. Therefore, the following elementary
operations remove the divergences:

1. (2nd column) — (2nd column) + £ tanh 7i/, (3rd column)
2. (4nd column) — (4nd column) — 2 tanh 7il, (1st column)
3. (2nd row) — (2nd row) + % tanh7if, (3rd row)
4. (4nd row) — (4nd row) — 2 tanhmif, (1st row)

The blocks Hyy, Hi3, H31, H33 stayed the same. Let us display some of new the
blocks of the transformed matrix H.

Hyy ==V, "o Li(z)oLoY" oW,
H14:_w*tovs—kzvrftol;l(z)oLof/oLtoXoV;
1"—]22:_ZI/Vono[Q(z)oLtf(oLoYtoVVS

Hy = 2W!'oY oLy(z)o Ll o X oV,

In fact, these are enough to determine all the others. Using the antisymmetry of X
and Y, we can show that in the new matrix,

(Hij)rs = —(Hji)sr

Similarly, using V.(—z)* = W,(z), V. (—z)* = W;H(x), X(—z,—y)* = Y(z,y),
Y(—xz,—y)* = X'(z,y) and L(—z, —y)* = L(x,y) we have elementwise

* * *
Hss = ZH117H34 = ZH12,H31 = —H13, Hsy = —H g%
* *

This means Hyy, Hio, H13, H14, Hoo, Hoy are enough to determine the others.
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3.3.2 Dj quiver exact calculation

In fact, we can observe that everything up to now holds for the D, quivers

U(N)o U(N)o

U2N)g ——= U@2N)g ——= - —— U(2N)y — U(2N)p

\./
<\

U(N + M) _y,

with 7 — 3 U(2N ), nodes in the middle. The difference is that

L(a:,y):/(dr_w 1 1 y 1

k)3 cosh #5% cosh ®15#2 cosh “r52=4

The property L(—xz, —y)* = L(x,y) still holds. In the case of higher rank ¢-Painlevé
equations, Dj satisfied the same equation as D,>4. Therefore, we have tried com-
puting the r = 3, D3 model. We will comment on its 3d interpretation later. At
the level of the exact computation, the difference is only that now

1 1

Lz,y) = ——— = (x _
(z.9) 2kcosh”"2—_ky <|2cos.h§

1Y)

This makes the Ds model vastly simpler to compute.

3.3.21 M=0

The one particle density matrix for the D, quiver is p = —L o Y o L' o X, which
becomes for r = 3 in the 1d quantum mechanics notation the operator

1 tanh g + tanh ’% 1 tanh g + tanh @

2 cosh g 2 2 cosh f%m 2

p=

Given the structure of p, it makes sense to introduce a different basis of canonically
conjugate position and momentum operators,

A

Q=p+2¢ P=p, [Q,P]:2wm, Kk =2k

in terms of which p is similar to

. 1  tanh % + tanh § 1  tanh % + tanh % 1
p > S =
2 cosh % 2 2 cosh g 2 2 cosh %

Using the following Fourier transform formulas for r = 0,1, 2

1 tanhg ' 1 i(r —vy) 1 1/(z—y
_ SR S F SR Sk DA SN
qQ (7| QCOShg ( 9 ) |y>Q 2r cosh 22 ( 0+ 0r1 e + 0r3 D) < ok
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we can express the matrix elements as

T

o (el plupg = ZDEW LS 4 yo)

ex +er K —
where
e
o) = cent
B =1, w0 =15~ i3 (o)
f3(x) = tathg + 2;—2, g3(x) = tath% - %

This enables us to use the TWYP formalism mentioned in the introduction. Namely,
the previous expression is equivalent to

Lot pet = 3 LQUEQ)I0) e (01E(Q)9:(Q)

=1

e

and can be seen to lead to a recursive expression for p”, whose traces are needed to
compute the spectral determinant,

5+ (1 et = S [ QB0 (01 E@u(@)] 5

which lets us express the matrix element in the Q basis as

0ol g = oy 3 S (1 s ),
6 (z) = ﬁg (2 A F(QEQ)0)r, 6" (x) = ng)P«owE(@gi(@w %)

It’s obvious we have the recursion formula

i dy £ ) i
o) = [ G Be el ped o)

x Y

= e2, v = e2k lets us rewrite this in terms of rational

z
K

The substitution v = e
functions. Explicitly,

W B ) % ,Uk
o (u) = /0 27 (u + v)(v?* + 1)

1 (W -1)0*-1) i (u*—1 ¥ -1
log u
8 4wk +1)(v*k+1  4rm

dr \ w2k +1 " w2k £ 1

1 2 i (uF—1 -1 log u 1 2|
_@(logu) + {_E <u2k+1 + ST + 12 logv — ﬁ(logv) lfl(v)
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Expanding gbl(i)(u) as | N
& (w) = 6" (u) (logu)!

where gbl(i)’j (u) are rational functions of their argument lets us use the following
formula valid for a rational function f(v) and j > 0,

/ " dof () tog oy = - 7£ dvf(v)Bj <log+.v>

0 Jg+1 2mi

(2mg)7 1 log* v
= — . Z Resv:w f(U)B]+1 27TZ

j+1

w:poles in C\Rxg

where v € C is a keyhole contour avoiding the positive reals and B;(x) are Bernoulli
polynomials. Then

k Ny
A=Y Y Rewuyr o)

2k
J20 w:poles in C\Rxq 2 (u + U)(’U + 1)

(274 )7+t log™ v I W*=1D*-1) i (u*—1 o* -1 1
ST B - - logu — ——(1
[ il M\ om )\ 3T a1 T\ e o) R T g gz (lozu)’

27 )i +2 logto\ [ i [u* -1 0% -1 log
B (j+)2 Bj“( zgm' ) dr (u2k+1 +v2k+1) * 4i2]
B (2@')”3 B, s log+.v 1

Jj+3 27 82

The poles themselves are v = —u and v = e % ™Y/ for m = 1,2, ..., 2k. i(u) are
then

o) = (02), P W) = (6), P () = (67)

Then the traces may be calculated as
( n—1
00 uk—
%f@ duuTJ:IZ( )Z¢z (u) nll(u)7 n odd
oo d¢ i
2 Jo© dusdig E( 152 %000 ) even

\ =1
( N
k ouk-t (2mi)i+1 log™ u
2. 2 Res 5t O (u) <_ 1) Bivi (T ). modd
720 w:poles in (C\R>0 =w

i)+l ogtu
Z Z Res on u2k+1q)]< ) <_%> Bj+1 (l §7ri ) , Teven

L §>0 w:poles in C\R>q “~%

where ®J (u), ®J (u) are the rational functions defined from the expansions

3
>0 (Wl y(w) =D @i (w)(log u)’

=0 i=1 §>0
n—1 3 d (4) .
S 0 ()= S dw)osuy
1=0 i=1 Jj=20
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For k = 1 we obtain the following spectral traces:

trA—i t1”2—i L trp® = — 59 + 1
P=30 P 75048 o6m2” P T T 524288 ' 1536072
pai_ 15 323 5 _ 30638080593583367" + 57335857
P = T16777216 © 516096072° - F 287011189555207 1 ’
o 13971 341497159 1

T 549755813888  126962588712960072 * 552960074
7 2298257971609600 + 1637822051509862472 + 301391357156812807132230839221831257°

t
tp 491035458622715854848000070

We can calculate for higher k£ as well. This lets us read off the partition functions
Zi—1.m=0(N). For the k = 1,2, 3, the first three read,

1 1 1
Zio) = —  Z1o(2) = ——— + ——
to(1) 64’ 10(2) 1006 T 384n2
17 59
Z10(3) = —
1003 = ~ 1515576 T 36864072
1 35 1
Zooll) = —.  Zyo(2) = —
20(1) 128’ 20(2) 262144 76872’
313 41 1
Z50(3) = _ _
20(3) 33554432 15728641 9830472
1 883 1
Zao(l) = —.  Zs0(2) = —
30(1) 196’ 30(2) 10077696 T 1152722
7172861 29 89
23’0(3) —

1671768834048 | 1574640735 | 095328077

Already for small N, plotting these against the semiclassical expansion

o _ g :w20k_i+§ Ak:AgEJM+9A§,§JM
) 3 18k 4’ 9

already shows similar behaviour. This is a good check of correctness of our calcu-
lation.
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®  Zip(N)

. &"CPAICT*(N-B)]

b ®  Z50(N) ° ®  Z30(N)
10 CTPAICTAN-B)] | 10 & CBAIC ¥ (N-B)]

Figure 3.10: Plots of the ﬁg—quiver model against the semiclassical expansions for
kE=1,23.

3.3.2.2 Equivalence to (3, 1)y model

Consider again the partition function for the M = 0 D; quiver, which we can get
by substituting back L(x,y) = (2cosh 5%)7!,

= e () () (2 (2 T

N 1 2N 1 N 1
det | ———— | det — det ——
J 2 Slnh % &I 2 COSh TJ 1,7 2 Slnh 1 S j
= 1 / % N/ d_g/ N/ % N/ d_?]l NH@%?T(U?_&Q)

2 1_er\ 2 . I\ 2
[Tj (25inb 52) (2sinh 52 )7 (2sinh 272)* (25inh 257 )

[1; ;2 cosh S19 cosh 5_7%2 cosh 5_777]2 cosh @;nj

1 de\ Y 1 1 | |
_ _/ (i) det (&] - e~ 7Rl _ezwd’ 5 1€5)
N! 27 ij 2 cosh g 2 cosh g 2 cosh g 2 cosh g

where |£) are § eigenstates. This expression coincides with the partition function
of the (3,1) model of N' = 4 circular quiver superconformal Chern-Simons theories
with level 2k. The exact values of Z;(N) were already computed for this model in
[129]. They agree with our results.

This leads to an interesting conjecture, as the equivalence of partition functions
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means

ZZNZ,?S(N) = .| det <1+z

1 tanh % + tanh § 1 tanh % + tanh %)
N>0

2 cosh % 2 2 cosh g 2

1 1
SN ZEV(N) = det <1 + z( )

N>0 2 cosh %)3 2 cosh §

are the same, which seems nontrivial not only from the point of view of operator
theory but also from a geometric standpoint, as the latter operator can be easily
inverted and be expressed in terms of a Newton polygon. For the former, this
geometric side is unclear.

3.3.2.3 M>0

First, for N = 0 we can easily obtain

VioeLoWS} V7 toV,

_ (_1\M r s r s
Zia(0) = (=1)7 det ( Wio Wy 0 )
(,1)Me—§%(22—5§)

= (—1)M det 4kCOS%
(ok i) /2 e+t 0

(2ki) /2B et

Interestingly, this matrix satisfies Zy 3/ (0) = Zj 2k—(0), and it vanishes for M > 2k.
It would be interesting to see whether this "Hanany-Witten duality" and "s-rule"
hold for the full theory. For both M, N > 0, we have to calculate both the spectral
traces tr p" as well as the block-matrix corrections. Luckily, it turns out we are
firmly in the open-string formalism, as p(M) ~ p(0). To see this, write

P P
ﬁ(M) _ 1 _ tanhg eﬁ A2+%Q 1 i tanhg 6_4;»@(’?2_%@
2 cosh g 21 2 cosh g 21
P P
_ 1 i tanhgeﬁéu%é 1 Ae_ﬁ@g_%étanhg
2 cosh g 2 2 cosh § l
P P
tanhgeﬁézﬁ_%Q 1 i tan.hge_ﬁéz_%cé
2 2 coshg l
o . P ) P
pers @i 1ty g wgtanhy
2cosh§ 2 ¢
1 tanh 2
i A A ann = i A A
+emQ2+%Q — - 2 ei 4WHQ27%
2 cosh g ?

Then the similarity transformation p(M) e_ﬁPQG_ﬁQZﬁ(M)eﬁcyeﬁﬁZ gets
rid of some of the e*m=%* factors, and this along with the identity

P2 i

e wi e f(P)er e = f(Q)
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yields

1 6_%Qtanh% tanh%e%é 1 tanh%e_%é

2 cosh Q 2 2 cosh g 2 2 2 cosh § 2

tanh £ tanh tanh 2\
+€%A 1 i an 56_%QA an 5—|—@%Q 1 _ an 5 6_%QA
2(:osh§ 2 2 2cosh§ 2

I 1 tanh Q + tanh P 1 tanh Q + tanh P 5
_enQ 2 2 2 2 ,—HQ

2 cosh % 2 2 cosh g 2

where the i-periodicity of the hyperbolic functions was used. Therefore, we do not
need to calculate the traces again, as tr p(M)™ = tr p(M = 0)™.

To calculate the block-matrix correction, recursive methods can be used. First,
note that due to the presence of poles at mim, m € Z, the following formulas hold
for M > 0, as can be seen by using a rectangular contour,

2 cosh g 2 2cosh £

M 1 tanh 2 i M 1
e =" (| ( 2) ly)ex? = (=)™ (x| = |y) + Az, y)

where we need only

Whereas for the opposite sign, writing also M < 0,

1 tanh 2\ o 1 s
e (z] ( ) ly) e~ %Y = (=1)™ (] ly) + Az, )

2 cosh g 2 2 cosh g

with

M .
~ 1 m ~ W —vy) «
Ro(z,y) = — STt E A (a,y) = MAo(ﬂc,y)

27K

Ai(w,y) = (% — % (mQ;Hy)2> Ao(z,y)
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Then, expanding the first column,

~ ~ -\ —1
(Hi)we =V toLoY o <1 _illoXolo Y) oL'oV, =3 2"(Hi)rm

n>0
N N1
(Ho1)prs = Wf oY o <1 —zI'oXoLo Y) oLlo Vo = Z zn(H21)7"s,n
n>0
~ N\ —1
(Hs1)ps = —WTH oY o <1 —z2It0XoLo Y) olLto V. = Z 2"(Hs1)rsm
n>0

-1

(H)rs = _K«tO‘/'s7+Z‘/7,tOXtoLo}~/o (1—2LtoXoLo)~/> oLtoV;
= _‘/7"t © ‘/s_ + Zzn+1(H41)rs,n

n>0

we find we can write

(Hi1)rsn = —Qi;ewﬂig’z‘?& /du
m

(=)™ i(logv, — logu)

Ay (=2mil,, x)e’s 3%
— o + kA (—27il,, x)e

+ (( ) +/<Ao(—27ri€r,x)en£”_%) (__u—)

U+ u

) s} Qk - ]_
(Ha1)rsn = Mer(M o du2 uk + 1 WM ()

/‘f s} 2
<H31>rs,n = — (M—tr) / M br— 2)\(1 ( )

1 l r _1 2 s
(— _ Uogv, —logu) ) + KAy (=2mil,, x)e’s T2
Uy —|— U

_ T e2 us Z

H rem —
(Har)rs, 8 872

mf

+ (( )" llogu, — logu) /{Al(—zmer,x)enfrm) (__“ )

A
Uy + U 2m 2u?k +1 sin(1)

where © = ex, v, = 6_%&, and the coefficients Aﬁ%(u) are given by the following
recursion relation:

k
A () = et U

NG u?* +1

1 uk lu?* —110v* -1 (=) sty
AD ()= = [ dv——-| — = = A S
san(t) 27r/ V1 2uk +120% + 1 <u+v Bl y)e )

2k 2k _1\M — T
+1 (u 1 LY 1> <( )™ i(logu — logv) +/<;A1(:U,y)e2+ny)

2 \wu?k+1 o2k 1 u+v om

(=DM 1 (logu —logv)?
u+v \8 872

zt+y

)+ wdato)e A 0
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Yy .
where v = ex. The second column is

(le)rs:—vr_to<1—ZLO)~/OUOX> oLoY'oW, = Z (H12)rsm

n>0

-1
(Hop)ps = —2W,0Y o L' o (1 —zLoYolL! oX> oLoYloW, = Zzn+1<H22>rs7n

n>0

. -1
(Hsp)ps = —WH oW, + 2W o L'o X o <1—zLoYoLtoX> oLoY'oW,
— —WT—H o Ws -+ ZZTH_I(H{J,Q)TS’,@

n>0

-1
(H42),,S:—2VrtoXto(1—zLoYoLtoX> oLoYtoWS:Zz”H(HQ)m’n

n>0

and yields the coefficients

(Hl2>rs,n = _ﬁe_?(h_M)Q /duuzr_M_éAg (u)
T
1 migp my, /d (=)™ /1 (logv, — logu)?
er’ T kT u —_
2w/ —1 8 872

(=)™ i(logv, — logu) < . nig o\ [(1u* =1
Ay(—2mil, p)ert—a | (2 =
+(vr+u 27 T RBa(=2mily, 2)e : 2u +1

(H22)rs,n =

(=)™ i(log v, — logu)
vy +u 2w

+ kAL (—27il,, x)e o
2m

V1 migp_mi
(H32>rs,n: GNEE Nfr/du

—1\M - i N 2k _
+ (( D, +KA0(—27rz'€r,sc)enZT2~) (lu—l)

Ur + U

) R _7migp 1u2k—1 =1
(H42)rs,n:_%e (0 M)2/d“2u2k+1 ‘ é)\gz (w)

where Ag%)l(u) satisfy the recursion relation
1 s} Uk Z - 1 1
A& = —ZL (05— M)? v M-}
sot) \/Ee w1\ 2wk 1)
1 k Tu? —110%F —1 [(-1)M ~ o
o & [ () [l -
’ 27 u?t 41

L : A =
S 120 1 \ur g TR y)e

1 /u— 1 o1\ /(=DM i(logu —1 ) ,

*‘(u 3 ><< T Ogv)HAl(x,y)e‘;’“y)

2 \uk4+1  ov2k41 u—+v 2m

(-1)M (1 _ (logu —logv)?

)\(2)
u+v \8 2

s,n—l(v)

> + KAz(%y)e_zT?
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The third column is given by
- -1
(Hi3)ps = —Vr_t o (1 —z2LoYoLlo X) oLo W;r = Zzn(Hl?;)rs,n
n>0
~ N\ —1
(Hag)rs = W' o W+ 2W! 0 Y o (1—zLoYoLtoX> oLoW!
= W;‘t © W:— + Z Zn+1<H23)rs,n
n>0

~ N\ —1
(Haz)rs = —2WH o <1 —2LoVollo X) oLoWS =" 2" (Hs)rem

n>0

~ ~\ —1
(H43)rs - Z‘/rt © Xt © (1 —zLoYo Lt © X) oLo Ws+ = Z Zn+1(H43)rs,n

n>0
We find the coefficients
<H13>rs,n = ;/_EQ_T(ZT_MF /duu&_M—é)‘S (u)
T
1 ) s’ _]. M 1 ]. r _1 2 ~ s’ x
<H23>rs,n _ _2 \/_‘eneﬁﬁer/du ( ) (_ . (OgU Ogu> > +/€A2( 27TZ€T,£L‘) Tl —
T —1

8 82
—1)M i(log v, — 1 . vy 2\ (1uP—1
+ (( )" illogvr Z108W) | A (“omit,, 2)e fr—%> (__“ >

v+ U 2T

s

—1)M (1 r— 1 ~ =
(=1)7 iflogy Ogu)—l—/{A( omil,, x)ex T 2w

v+ u 2w

7 g2 mi
(H33)TS,TL — 27T\/__,L'€N£T ){/Zr/du

+ (=)" + kAo(—2mil,, x)e Wl
v+ u ’ u2k + 1
M-

1 (g, lu?* —1
(H43)rs,n = \/_ & /d ér

2u2k+1

)\(3) ) (u)

m\»—t

AC) (u)

formally identical up to signs to the previous column. The coefficients )\g?’%(u) are
given by the same recursion relation as )\9% (u) but with a different initial condition,

A% () U s W +M-1
U) = —enr"* ——u
NG u?* + 1

1 uk
3 _
(W) = %/d” (_u% n 1)

1 k1 *_1 —1)M4(1 —1 ~ oty
w3 (i) (e g e et )

Tu?* —110%F —1 ((—1)M < _w)

— — A 2K
S 120 51 \urg B0 )e

2\ w2k 4+1 vk 41 u—+v 2

(—1)M <1 _ (logu —logv)?

)\(3)
u+v \8 2

s,n—1(U)

) +/€A2($,y)€_%
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The last column is

(Hu)a =V, o Vit 2V o LoVo (12l o X o Lo¥)  oL'oX oV =3 " (Hi)u,

n>0

= V;«it o Vs + Z Zn+1 (H41)rs,n

n>0
- N -1
(Hoy)prs = zWTt oY o (1 —z2I'0oXoLo Y> oLloxoV, = Z Zn+1(H24>rs,n
n>0
~ N1
(H34)rs - _ZWT—H © (1 - ZLt oXolLo Y) © Lt oXo Vs = ZZH—H(HM)TS,n
n>0

~ ~ ~\ —1
(Hies = Vo X' o LoV o (1=2L' 0 X oLoV) oLloXoV, =Y z"**(Hu)n

n>0

where the expansion coefficients can be written as

\/E i g2 i (_1)M s 3 1u 1
Hif)rsn = —e =% [ d Ao(—2mil,, z)ex 2w
(Hra)rs, 27T6 / B <v,n—|—u+fi o(=2mitr, w)e* 2uk + 1

—1 M 1 T —1 = 7
_ (( ) illog v~ log) + KA1(—27T@'£7«7$)6'€&%) ] A ()

() 2w

Z. K s 1 u2k - 1 1
H — (M—£, ) - M—l-—=\ (4
( 24)1”5,71 ot -_ € d 2u2k‘ + 1“ 2)\5 n(u)
(B = = L0 [ Qa0 )
,7-‘— K

]_ 71'12 s
H rs,m — it d
(Haa)rs, / B g 82

(—1)M (1 (log v, — log u)?
27r\/—

- Ao(—2mil,, x)e o
m—— )—i-/i o(—2mil,, x)e

A (u)

—1)M4(1 —1 mi Lu?* —1
_(( L foen Ogu)‘*”fAl(—Qm[mx) ZT_%) (_u )

Uy + U 21 2u?k +1

and the coefficients )\g%(u) are given by the following recursion relation:

~ k
l i 2wt lu -1 1
AW — T (M—ts) - —M-1
(u) \/E u2k+12u2k+1u
1

k 2% 2% M
4 B u lu* =110 =1 [(-1) oty
AS’"(U) Cor /dvum’C 11| 2wk L1202k 41 + rlo(z,y)e” >

1 * 1 1 —1)M4(1 —1 oty
w3 (i) (e e et )

U+ v

wk +1 w2k 1 u+v 2m

(=DM /1 (logu — logv)?
u+v \8 872

z+y

) + kAo (x,y)e” 2n

A ()
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Having calculated these blocks, we can use the spectral traces we already calculated
to obtain the rank-deformed grand partition function = »/(2). We find the following

result, where we omit the (—1)M+1/2 gjon:

_ P 1 1 5 17 59 5
SR L (S S W I

4096 38472 1048576 36864072

85 121 1 4
+ - + z
134217728 1835008072 29491274

( 397 8379787 1199 ) 5
8589934592  2092789923840072 = 254803968074
1033 1014424093 5165 1 6 7
- + — + z0 +0(z")
54975581388  4875363406577664072  22830435532874 33973862476
=, 1(2) 1 +< 1 . 1 ) N ( 1 N 25 N 1 ) 5
E1,1(2) = = — z - —_— —_— ] z
’ 2 128 3272 8192 1843272 307274
1 121981 169 1 3
- + + +
131072 185794560072 = 176947274 73728076
( 87 804697 49 1 14129 ) 4
— z
268435456  178362777600m4 4718592076 33030144078 385351680072
( 287 N 10002037 . 2380391
17179869184  17978967982080074  1426902220800076
841 N 1 7951622183 ) 5
— z
1902536294408 237817036800710  4616821407744000072
N ( 4235 260802634510919 29158861 32481809
4398046511104  1184713307798372352000074  269684519731200076 ~ 1917756584755200078
1369 1 785289917597813 6 7
+ + )2° + 00"
136982613196800710  251134790860800712 = 6757253681516642304000072
z 35 1 5 313 1 41 3
= z) =1+ — + — 27 + — — z
2,0(2) 128 (262144 76871-2) (33554432 9830472 15728647r)
124679 212743 1 817 4 .
( - + - )zt + 0"
274877906944  10569646080072 117964874 10066329607
1 1 1 123 1 1 1 439 5
E21(2) = -+ (— — z+ — — + — z
(=) 4 (2567r 25671-2) (1048576 460872 4915273 4915274 14745607r)
( 81 451471 203 521 1 1 137377 ) 3
— — - z
536870912  15854469120072 1887436873 7549747274 3145728075 = 1572864076 = 1056964608007
( 317087 1649 1 N 1 4031
1099511627776 7247757312076 4227858432077 = 2113929216078 = 7247757312075
1601313263 24706351 6278849 10532702423 ) 44 065
— — z z
340934503956480072  3044058071040073 = 6088116142080074  125009318117376007
1 3 1 73 7 5 5 2
Eo0(z)=—4+— — — )z - + - z
2(2) 8 (1024 1927r) (2097152 29491272 9830474 4915277)
1113 7559 30433 7 1 188801 3 4
( - + - + + - )=+ o)
268435456 150994944072 = 679477248073 1258291274 235929675 158544691207

The coefficients Zy 5 (N) show agreement with the perturbative Airy formula, with
a shift in B;,.

However, we were unable to find a bilinear formula satisfied by = 5/(z). It does
not satisfy the expected ¢-Painlevé-like D-type formula.

3.3.3 D, quiver exact calculation

The D, quiver is the one we started with. In this case, we have calculated Zrm(2)
for the special case k = 1/2,1 and M = 0, that is without the rank deformation.
Due to how involved the calculations are, there is no use in calculating further until
we can invert the spectral density operator and find the mirror curve.

The one-particle density is in this case written up to a similarity transformation
as

1  tanh % + tanh g 1 tanh % + tanh % 1
2 cosh % 2 (2 cosh g) ? 2 2 cosh %

p=
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Using the Fourier transforms for » =0, 1,2

(x| 1 tanhg T‘> B 1 T —y
@\ 5 2 2 Yio = 2/<;Sinh% 27K

<2 cosh %)

the matrix element of p the Q eigenbasis is

(2] 5|y 1 1 1 —y[tanhgtanh%
Q\IPIYIq = 2 cosh § 2(:oshy2,‘<;smh”C 2Tk 2 2

tanhf tanh%\ iz —y 1 z—y\>
2 2 - —(1-2 ]
+< 2 * 2 )227m+12< (27?&)

which we can rewrite in the form suitable for TWYP calculations,

X E(z)E(y) 1
Q<$\P|y>Q = 1 —Zfi(x)gi(a:)
Er — Er K’L:l
with
e
E(x) =
(7) 2cosh§
T 1 1T T 1 T \?2
= — | =+ - — = =1
filw) TK (12 427k 6 <27m> ) 91()
T 1 T T 1 T \?2
- (b i)
f2() 92() 27?/{( 12+427m+6 2K )
tanh £ g 1/ T \2 tanh Z T
_ 2 R — 2 _
fa@) = — =55 2<27m)’ 95(x) 2 "ok
tanh Z T tanhZ o 7 T \2
_ 2 | _ 2 *
falw) = ——= +ig 9(7) 5 2 2 <27m>

The same form allows us the same manipulations to go through and yield

22t

n—1 4
Q (0" y)g = Z
—ex 1—0

(Zsl(z nll )
1

=

. 1 . . , . . 1
(@) _ ~n (4) _ ~n
Recursion relations can be obtained from this expression, namely
i 1
05 = —=Ji(x)

VE
¢i)( )_/dy E(y)? 1x—y[tanh§tanh%
LA 2T en —ex K 27K 2 2

tanh % tanh 4\ iz —y 1 r—y
2 2 - —(1-2(== }
+( > T2 )22m+12< 27K 4 (0)
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The coefficients ¥ (z) can be obtained from o (x) by
P =0 i =13
¢l]) ¢l] 1)|z»—> z»l = 2 4

where ¢ — —¢ means changing only the imaginary units explicitly appearing in f;’s
and the matrix element ¢ (x| p|y),), not fully complex-conjugating. Once again new

variables u = ex, v = e~ turn this into a rational-with-logs expression amenable to
the Bernoulli residue trick,

1 o f
7 d {
#ilu) = 27r/ U(u—v)(v“+1)2
rl wt—10" —1+ 1 u”—1+v“—1 | N 1 1 log” u }1
— ogu 4+ — - og U
L 8rur + 1o +1 1672 \wr+1 of+1 & 247 272 &

‘1u"€—1v”—1jL 1 u“—1+v”—1 ) . 1 ] 3log? u }1
—|=— — ogu+ — | 1— ogv
L8rur+1ve+1  8r2 \ur+1 vo+1 & 0 &

[ u -1 " -1 log u 9 1 (i)
- 1 ] }
T T6m (u“+1+v“+1) w} 08 v+ Jgy 108" v g9 (V)

_ i v (0,9 v
_Z Z Resy—w oy (u — U)(U“ T 1>2 &7 ( )[

J20 w:poles in C\R>q

(2m’)j“B log* v (1u”—1v”—1+ i u”—1+v”—1 o
i1 M\ o ) \Srwi i1 T16me N\t 1 i 1) B
1 log?
+g(1_ OZgQU))logu
T s

(27i)I+2 logto) /1w —1v"—1 & [uf—1 -1
= RB. <_ 1
T2 P\ om ) G rd s \wrl Tongr) Bt
1 3log? u
(1 )
+247r( 272 >

27r27+3 logt v u”—1+v”—1 1 !
— ogu
13 D o 167r2 vl 1) 1608
2m]+4 log v
) 487r3

J+ jt4
where as before gblz d (u) are rational functions coming from the expansion

Z ¢l log U

7>0

and the poles are located at v = u and v = 62’” (m — %) for m = 1,2,...,k. The

spectral traces can then be recovered from

. koou® (273 )7+t logt v ,
trp" = E E w— — — B. oU)
P Resu—w - T 192 ( 1) B o) &)

720 w:poles in C\R>q

where the rational functions @ (u) come from the expansion of

n—1 4 . d
ZZ <d¢l ¢n 1 (u )_lel)( ¢n = l) ZCDJ ) log? u

=0 i=1 720
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21 (-

and the poles are at w = e 2),m=1,2,..., k. Interestingly, unlike the D case,
there are no terms like 2. Therefore, we can set x = 1, which is Chern-Simons
level of k = % The first several partition functions in this case are

1
230 =I5
1 1
71 (2) = _
1002) = 30500072 ~ 768078
20 .(3) = 337 13 1T 1763
204 79953280074 552960076 51609607 553835200072
Zo () = 19 1 151
200 T TY19876800710 908328960072 650280960007
- 10879 . 110671 N 33161
2438553600007% | 117050572800076 ' 932323392000072
245 9295860389 17004137
1 = —
20 4833164464128000007%  1205152697548800070
- 100577927 . 731 - 1583
295960839779404300072 | 1498247331840710  32699842560007 12
1 348757

9918952243207 14 i 33798352896000078

We have results up to N = 11. For k = 1 the first several partition functions are

1

= 962
3T 1 36277
~ 1048576 ' 58982474 24576075 123863040072

7 191887 1541
ZL()(S) —

268435456 * 14269022208007% 566231040076
31 180619357

66060288078 * 73247647334400072
828980993 59868161

~ 168762579458457600007 * 1278504389836800076
8380522497631 243 293

~ 375402982306480128000072 * 1099511627776 1268357529600710
19 3834259

* 4650644275200712  213084064972800078
484825215577667 226751681927

Z1p(5) = — —
10(5) 324348176712798830592000007%  765875269687836672000076
20535314431317819373 925

101691370219939157627633664000072  281474976710656
16850329 3779

© 2454728428486656000m10  59528246722560007 12
n 8443 92575189433

162512113552588800714 * 28352113349020876800007®

Zl,o(l)

Z170(4)

We have results up to N = 8. Results are available for &k = 3/2 and k = 2, as well.
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° ®  Zipo(N) ° ®  Zio(N)

L eAC—T/BAi[C—T/S(N_B)] eAC’m’Ai[C’”S(NfB)]

Figure 3.11: Plots of the D4—quiver model against the semiclassical expansions for
k=1/21.

3.3.4 Discussion

We were unable to find bilinear relations among the functions considered. However,
there is a clear way forward — by turning on FI parameters and mass deformations,
the symmetries of the matrix model may give a clue as to what the spectral curve
is, and thereby tell us what the model is computing.

There are other possible directions:

We can further investigate the rank-deformed coefficient By (M) and see if it
satisfies a Seiberg-like duality, and see whether this duality is consistent with
the type IIB realisation.

Identify the worldsheet instanton exponents and see if it is consistent with
topologically nontrivial cycles on the orbifold Y7 = S7/G of the dual space-
time. This can be compared with [211], where membrane instantons were
obtained.

Likewise, the shift of By can be compared with the prescription in [31].

If a mass deformation is turned on, we can find a phase transition with respect
to a real mass. We can investigate whether the critical mass coincides with
the point where the real part of the worldsheet instanton exponent vanishes.
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Appendices

A Quantum dilogarithm and other special func-
tions

In the following we assume |q| # 1. We recall the definition of g—numbers,

1—q*
1—q’

[u] =

and the infinite multiple g-Pochhammer symbol

Sl N | 1 lql<1 e . !
2301y -5 Ok ) oo = EXD — — = (1—zq1---q’“).
(F ) {< pzlpl_qu 1—q£>} 11H 1 ’

This is defined for |z| < 1, but can be analytically continued to z € C using the
latter equality. We extend the definition to an empty symbol (z; )y := 1 — z. For
any k > 1 we then have the relations

(27 di, .- -, qk)oo
(qlz; qi, - .-, qk)oo

= (Zu qz,..., qk>00

Let us introduce the g-Gamma and ¢-Barnes G functions

_ @9 e R T LR PR CES U
Fq(“>—(qu;q)m(1 Q) Gq(u) (09,00~ (059)5% (1 —q) :

where |q| < 1, which satisfy the g-analogues of the usual properties of Gamma and
Barnes G functions,

Po(u+1) = [ullq(u),  Galu+ 1) = Iy(u)Gq(u)

and are both equal to one at u = 1 and log-convex [229]. These can also be easily
analytically continued to |q| > 1 using

(u—1)2(u—2) (u—1)(u—2)(u—3)

L) = 52T w), Gylw) = 027Gy ()
Let us finally introduce the quantum dilogarithm function ®, (z) as [167]
<€27Tb(z+%(b+%)); 627rib2>
(FEHD) )

(bb (Z) =
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Note that @, (z) satisfies the following recursive relations

®y (2 +ib) _ 1 @y (2+3) _ 1 (84)
q)b (Z) 1+ eﬂ'ib2€27rbz’ (bb (Z) 1+ 6222 2"1;2 ! ’
and that its asymptotic behavior is
By (2) ~ exp (imz? + Z (b +b7%))  (Rez] = o0) (.85)
1 (Re[z] = —o0)

The K-theoretic analogue of the 1-loop term uses

—Rdx e Rdz e

=1
Ve, 62 Z C_l eRdel _ 1 eRdsg _ ]_ Z kkz qukl dk2
n=1 n=1 1,R2
=- Z log (1 — e™q}*q3?)

k1 ,k2=0
So that
exp{—Ye 0@} = [[ (1—e™q"¢) = (™01, 0)
k1 k2=0

Zl—loop(u7 qi1, q2) = H eXp{_761,62 (a : a)} - H (ua; q1, q2)oo

acR acR
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B The deep Coulomb approximation

Many times in the main text it was useful to check equivariant volume calculations
by performing a large o limit and studying the leading term, especially when we
had either nothing to compare with at all or the blowup technique turned out to be
too computationally costly. To describe this, we first define the auxiliary function

Z%% ), €9, 0) = l| (_—1Z1(1, —1,0'))
n. €1€2
which we call the deep Coulomb instanton function. This is going to be the large o
limit, in which the only contribution to the equivariant volume given by the n-fold
symmetric product of one instantons terms and more complicated configurations of
Young diagrams are not involved. We claim that

Z(e1,€2,0) = lim L/ (R 20 (.86)
Y—

In other words, this is the leading part under the scaling
Zn(er,e2,0/7) =7 "2 (€1, €2, 0) + O 2

Clearly, Z4¢(1,—1,0) = Z1(1,—1,0). In this case, the subleading terms are absent,
and that the scaling is correct can be seen from the universal 1-instanton term, since
there are 2hY — 2 terms in the denominator of (1.6). In the refined case € + €3 # 0,
this is no longer true, but it’s immediate that (.86) is true.

We prove the rest by induction, using (1.7). In the following we split the sum
into one with m = 0 and the rest. For n > 1 write

li Zn(€17€27a/’y)
11m
71=0 Z1 (€1, €2,0/7)

. 1 : : -\ Zi(€1,60,0/7) i, (€2, 61 + €2,0/7)
_ 1 ( _ 1 ) bl 2 J )
711}% 77/26162 i 4;:77,(6121 + (61 + EQ)ZQ)( €2Z2) Z'rcfc(ela €2, 0-/’}/)
1il,22<n
N Z (612'1 +(e1+€)is+m-o/y+ %m2(261 + 62))

19, . L(61761+€2a0/77m)
Zm +i1+12=n
OimEQV,i1,2<n

1
(61i1 + (61 +€)(iz—n)+m-o/y+ §m2(261 + 62))

Ziy (€1, €2,0 /7y + exm)Z;, (—€, €1 + €2,0 /7 + (€1 + 62)m)>
Zi°(e1, €2,0/7)

Assume (.86) is true for all n’ < n. Then the first sum becomes

1 ) (em+(el+62)2~2)(_62i2)(i1+¢2)! ( e )

n2€162 L= 21'22' _61 + €9
7,1'+22:n
11,2<n
_ ! nz_l(—(n—i)%e +n(n—i)(e + e)) —— i
n2ejey — 12 rre ) €1+ €
_q 72 ((n — 1)e; + ney) (n —1)ey? B en!
B n(e; + €)1 nle; +e)n=2 n(e; + €)1
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In the second sum, all terms except the ones proportional to o can be ignored, as
well as all the shifts. It becomes

1 2. 250(5176270/’7)ch(—627€1+€2,0'/’Y)
Z (m- o)’ lim —= 2

n2€162 1.9, . 70 ’YQL(Ehel +62a0/77m)ZgC(61a6270’/’7)
Fme+i1+i2=n

0£meQY, i1 2<n

B 1 o (i +ig + 1) a \”
N n2€1€2(—Zl<1,—1,0')) Z <m U> c1e2 21'22' €1 + €2

%mQ +i1+i2=n
0£meQY,i1,2<n

. 1

%13(1) V2 L€y, €1 + €2, 0 /v, m)
The limit is dependent on the incidence properties of the colattice vector with
respect to the roots. Note that if m? = 2, [{a € R|la- m = —1}| = 2h¥ — 4 which
contribute 1 term each in (1.8) and |[{a € R|a - m = +2}| = 2 which contribute 2
terms each. These vectors are the short coroots. For any other nonzero vector, the
number of terms is greater than 2hY. Explicitly,

0, ifm=0,
hH(l) VZhVL(€17 €1+ €g, 0-/77 m) = (m ’ 0-)4 H 1<a ' 0-)7 ifm e ‘R;/hort7
Y o-m=

00 otherwise.

Therefore, the sum becomes

1 1 (h+i+ D a \”
n?(—Z(1,-1,0)) Z (m-0)? [] (a-0) Z iq1io! ( €1+62>

meRY, - i1+ig=n—1
short oa-m=1 7:1‘2<7L

n—1
€9

n(e; + €)1

using (1.6). This proves the claim. Moreover, we can prove quite easily that the
full expansion around ~ = 0 has to be even,

Zn(€17€2;0'/7) 2k
=1
ch(€1,€270'/7) +ZZR(0)7 ’

since this expression is holomorphic and Weyl invariant, and the Weyl group is

generated by reflections. This can also be inferred from the blowup formula by a
more involved, but straightforward calculation.
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C Weyl transformations

We give the list of 2 - 4! Weyl transformations discussed in 3.2.5 in terms of the

generators, realized also as matrices, arranged by length. A positive integer 7.

represents the product s;, - - s;,:

1 -100
0 01 0O 0 010

/2 12 =10 -1 Y2 1/2-10 1

/2 1/2 —10 1 /2 1/2 -1 0 —1
),213413 PP 0 | 21343 = | T

0 0

V2 —ij2 0 0 0 —i/21/2 0 0 0

5000 ARy bioe
2 2 —1— —
432134 = ((1“1)01(11 g>,452134= 1 -10 0 |,2134213 = (11100),
000 0-1 1{)‘_(1)/22 3701 88 849
Y212 0 1 0 12 12 10 -1 Y2 12 =1 0 1
12 12 0 —1 0 2 12 10 1 Y2 1p —1 0 -1
4532134 = (42 PO 0 L esasiza= [ T 00 | sasaza= [ T 0
2 —1/2 0 0 0 2 -1/2 0 0 0 l/z —1/20 0 0
0 0 0 -1 0 0 010 0 0 -10
Y2 12 0 0 -1 Y2 12 =1 1 0 Y2 1/2 0 0 1
3 o 1/2 —1 —1 0 1/ 1/5 —1
432134131 = | 0 Y00 | as23a31= | 0T TG0 | 432134232 = {2 {2 BT
0 010 0 0 0 0 -1 010
1/2 —1/2 0 0 0 2 -1/2 0 0 0 l/2 l/2 000
2 1/2 -1 1 0 2 1/2 0 1 0 10-10 0
19 —1 — 1/7 1 0 -1 0 _
452134232 = | {2 ot ] aszo13a13i = | T S0 0 | 2345134131 = <?}}8 0 ) ,
0 01 0 0 0o 0 -1 00 0 0-1
*1/2 1/2 0 00 Y2 =12 0 0 0 00010
01-10 0 Y2 12 0 0-1 Y2 12 0 10
— 1 1 001 1 1 0 -10
1345234131 = (H’_% 0 8),2345321341 — [ 000 | 4532134232 = [ TG0 ],
000 0 -1 1/2 —1/2 0 0 0 0 0 0 01
000 ~1 0 010 1212 0 00
IEEE b o0
— - 2 2 —
2345134232 = (i 110 3) 1345234232 — (1 120 ) 1345321342 = [ © 07 S0 0 ),
00001 00 0 l) 1 Y2 -1/2 0 0 0
00 010 00 0 —-10 0 0 0 -1 0
01000 Y2 12 -1 10 12 1/2 =1 -10
/o 1/2 =1 —1 0 1o 1/2 — 0
4321343213 = 19900 ), 4521343213 = [ 7 700 |, 3213452134 = [ U7 1o 0|,
00010 ~1/21/2 0 0 0 2 =1/2 0 0 0
00001 0 0 0 01 0 0 0 01
09800 098 80 ia 14 0 10
2 1/9 -
23453213431 = | 11-10 0 |, 13453213432 = 11-1 0 0 |, 45321343213 = 1 1-100
000 0-1 000 01 1212 0 00
00010 000 —10 0 0 0 01
2 1/2-10 1 Y2 1/2 -1 0 -1 /2 12 0 -10
Y2 1/2 =10 —1 Yo 1o —1 0 1 l/z Y2 0 10
23451343213 = 1 1 -100 |, 13452343213 = 1 1 -10 0 |,32134532134 = 1 -100
—1/21/2 0 0 0 —1/21/2 0 0 0 1/2 ~1/2 0 00
00010 00 0-10 0 0 01
010 0 0 Y2 Y2 -1-10 01000
00 0 2 1211 0 10000
1345321342131 = (1 1-10 0 > 3213452134131 = 1 1 -10 o |,2345321342132 = (1 1-10 0> ,
00 0 0 0 0 0 -1 00001
000 7% a1 0 0 0 00010
Y2 1/2 =1 -10 10-10 0 Y2 /2 0 0 -1
Y2 12 =1 1 0 01-100 Y2 120 0 1
3213452134232 = 1 1 ~10 0 |, 5432134521343 = <1 1-10 0) , 13453213432131 = 1 1-100 |,
0 01 000 —10 “121/2 0 0 0
P 0 00 000 01 00 -10
12 12 0 =1 0 Y2 1/2 0 0 1 Y2 1/2 0 —10
/2 Y20 1 0 2 12 0 0 -1 Y2 12 0 10
32134532134131 = 1 —1 0 0 , 23453213432132 = 1 1 -100 , 32134532134232 = 11 -100 |,
-1 ~1/21/2 0 0 0 0 0 01
71/2 1/2 [] [] 0 00 010 12 =12 0 0 0
1/2 1/2 -1 -1 0 Y2 1/2 =1 0 -1 Y2 12 -1 0 1
1/2 /2-11 0 Y2 1/2-1 0 1 . Y2 12 -1 0 -1
32134521343213 = 1 -10 0 |,54321345213413 = 1 1 -10 0 |,b4321345213423 = 1 1 10 0
71/2 120 0 0 0 0 0-10 0 0 -10
0 00 0 -1 —1/21/2 0 0 0 1/271/7 00 0
100 00 2 12 0 —1 0 01-10 0
010 00 2120 1 0 10-10 0
54321345432134 (1 1-10 ‘l> 321345321343213 = 1 1-10 0 |,543213452134213 = (1 1-10 0 ) R
000 -10 —1/21/2 0 0 0 000 -1 0
000 01 00 0 -1 000 0 —1
Y2 12 0 0 -1 Y2 12 0 0 1 010 0 0
Y2 120 0 1 o s 12 0 0 —1 IO 100 0 0
54321345432134131 = 1 1 -10 0 |,b4321345432134232 = (1] (1) 701 ol 8 , 543213454321343213 = ((1) []] *”] 01 8 )
0 0 -1 — —
—1/212 0 0 0 2 -1/2 0 0 0 000 0 -1
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