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The mathematical framework which quantum field theory constitutes has been very successful
in describing nature. As an extension of such a framework, the idea of supersymmetry was
introduced. This greatly simplified the mathematical description of the theories, making them
more tractable. Recently, the method of supersymmetric localisation, in which one can
compute infinite dimensional integrals exactly, enabled computations of partition functions for
different supersymmetric gauge theories in various dimensions. Such partition functions
sometimes resulted in the form of matrix models or even g-deformed matrix models, where the
latter are not very well-studied. Classical, or un-deformed, matrix models on the other hand
are studied in much greater detail. One particular tool that is used in the study of classical
matrix models is the Ward identities called Virasoro constraints. Motivated by firstly the
desire to understand g-deformed matrix models better and secondly the gauge theory
applications of the results, we studied the derivation of and solution to such g-deformed
Virasoro constraints. We also explored the implications of partition functions taking the form
of g-deformed matrix models in the case of three and four dimensional supersymmetric
gauge theories. Furthermore, we studied various generalisations of the classical matrix
model, such as having different limits of integration and different potentials, in order to
see how the Virasoro constraints and its solution changed. Finally, we made a connection
with the area of integrability and investigated how classical matrix model satisfying the
Virasoro constraints could be related to certain tau-functions satisfying the Hirota equations.
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1. Introduction

Quantum field theory (QFT) has been a very successful mathematical
framework used in describing nature as it combines quantum mechanics
with special relativity. The most prominent example of a QFT is the
Standard Model which currently is the best description of the world
around us. The Standard Model is formulated via gauge theories in which
Lagrangians possess redundant degrees of freedom resulting in a so-called
gauge symmetry. Such gauge theories were later generalised in order
to include supersymmetry; a symmetry imposed between bosons and
fermions through the addition of super-partners to the Standard Model.
Supersymmetry was first introduced in the context of QFT’s in [1,2] to
correct for problems such as the hierarchy problem in the Standard Model.
This problem addressed the large discrepancy between the strength of
the weak and the gravitational interactions. However, supersymmetry
also has the benefit of making gauge theories more tractable and explicit
computations easier. In supersymmetric gauge theories one is typically
interested in computing observables of the theory, including partition
functions and expectation values of Wilson loops. In the last ten years,
the evaluation of partition functions in supersymmetric gauge theories has
seen a great advancement. This is due to the development of a method
called supersymmetric localisation, an area initiated by the work [3]. For a
review on the method and a collection of various results in the area we refer
to [4]. Sometimes such localisation computations of partition functions
results in expressions known as matrix models and it is such models which
will be of interest here. In order to motivate this interest, we can view our
endeavours in the light of what is called the BPS/conformal field theory
(CFT) correspondence [5-9]. In this correspondence, expectation values
of certain protected BPS observables in supersymmetric gauge theories
are shown to have an interpretation through correlation functions in two
dimensional CFT’s. In our case, the observables are typically partition
functions expressed as matrix models and on the CFT side we find that
we can generate the same type of object from a free field realisation of
the Virasoro algebra.

Matrix models first arose in the context of statistical distributions
[10-12] and later as examples of gauge and string theories which were
exactly solvable [13]. In certain cases, the matrix models could alternatively
be recast as eigenvalue models. The canonical example of a 1-matrix model
is the Hermitean 1-matrix model depending on an infinite set of variables
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called time variables. In [14,15] the Hermitean matrix model was shown
to satisfy a set of Ward identities known as the Virasoro constraints. The
name originates from the fact that the constraints are given in terms of
(a subset of) the generators of the Virasoro algebra. In this sense, the
Virasoro constraints provide a link between matrix models on the one hand
and CFT’s on the other hand. Conversely, one can also ask the question
that if a model satisfies the Virasoro constraints, what does the model look
like. This has been referred to as solving the Virasoro constraints. The
answer to this question is typically given in the form of either the compact
notation of the W-representation for the matrix model [16], or through
explicitly determining the correlators (i.e. the coefficients when expanding
the model in the time variables). In papers IV and V we explored such
solutions to the Virasoro constraints.

In parallel with the developments within classical matrix models, there
also existed the concept of g-deformations as a method of generalising
functions and operations by introducing a complex deformation parameter
g. One example where such deformations were investigated, was in the
correspondence between the Calogero-Sutherland model, whose excited
states are given using Jack polynomials, and CFT in the form of the
Virasoro algebra [17-20]. Since there existed a g-deformation of the
Jack polynomials given by the Macdonald polynomials [21], the authors
of [22] wanted to see if this correspondence could be g-deformed. They
then searched for and found, a g-deformation of the Virasoro algebra (as
reviewed in [23]). Later, it was observed that also the matrix models could
be g-deformed in [24]. Additionally, the g-deformed version of the Virasoro
constraints could be considered, for instance as given in [25,26]. This
was the motivation for paper II. There we explored how the ¢-deformed
Virasoro constraints could be derived by the insertion of a specific operator
under the integral, mirroring the usual insertion of a derivative to obtain
Ward identities. This ¢-deformation has sometimes been referred to as a
trigonometric deformation.

Let us now come back to observables in gauge theories. As discussed
above, the programme of supersymmetric localisation resulted in partition
functions for some gauge theories taking the form of matrix models. There
are both classical and g-deformed examples of such matrix models arising
from localisation, but it is the g-deformed such examples that will be of
main interest here. We then introduce a dependence on the time variables
of the partition function, after which we refer to it as a generating function.
These g-deformed matrix models or generating functions then satisfy g-
Virasoro constraints. To be concrete, let us consider a supersymmetric
gauge theory on the squashed three-sphere S7 whose generating function
is given in the form of a g-deformed matrix model. It can be observed on
geometric grounds that Sj can be obtained from gluing together two copies
of D? x, S' in a particular way. What is more remarkable is that the S}
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partition function has been shown to respect such a decomposition into two
partition functions on D? x, S, where the D? x, S* partition functions
then has been referred to as half-index or 3d holomorphic blocks [27-29].
Inspired by this factorisation, the authors of [26] then investigated if this
also holds at the level of the Sp g-Virasoro constraints and found an
affirmative answer. The generators of the ¢g-Virasoro constraints for S}
was then given by two commuting copies of the ¢g-Virasoro algebra, which
was given the name of the modular double. In paper III, we employed
this modular double construction in order to obtain results for NV = 2
Yang-Mills Chern-Simons gauge theory on S and in particular expectation
values of supersymmetric Wilson loops.

The ¢-deformation introduced above can also be taken a step further,
by introducing yet another deformation labelled by ¢’. This deformation
has been referred to as the elliptic deformation, where the elliptic Virasoro
algebra was introduced in [30]. As opposed to the g-deformed case de-
scribed above, in the elliptic case we instead have the generating functions
of gauge theories living in 4d. However, just as in the 3d case, it has been
found that 4d gauge theory observables allow for a factorisation [28,31-33].
In paper I we explored how the modular double construction carried
over to the elliptic case and also applied this construction to the study
of 4d supersymmetric gauge theories on compact manifolds of the form
M3 x S1. This was motivated by the existence of the elliptic deformation
of the Virasoro algebra together with this factorisation of 4d observables.
Finally, it is worth highlighting that the results of papers I, II, III and
IV might appear centred around and motivated by their applications in
gauge theories. However, the obtained results are also valid from a pure
matrix model perspective, as they can be viewed as part of the search for
a better understanding of the structure of matrix models. For instance,
the results can be used to understand connections to integrable models
and also provide applications within the area of special functions, such as
the integral representation of Macdonald polynomials [34].

Another area which deals with solvable systems is the area of integra-
bility, where with integrable system we in broad terms think of a system
where all dynamical characteristics can be determined exactly. There,
the object of interest is the 7-function which can be thought of as the
generating function for correlation functions in a theory with free particles.
One such example is when the particles are free fermions, where for a
review we refer to for instance [35,36]. Then, the 7-functions satisfy a set
of bilinear equations called the Hirota equations [37,38]. One particular
class of 7-functions are classical matrix models (with § = 1) see for exam-
ple [39,40], which therefore satisfy both Virasoro constraints and Hirota
equations. However, the relation between the two sets of conditions and
their corresponding solutions is not fully understood and the purpose of
paper V was to explore this.



1.1 Outline of thesis

This thesis is divided into three parts. In the first part we review classical
matrix models, where the standard example of the Hermitean 1-matrix
model is introduced. We then explore the main tool accessible when
studying matrix models, namely the Virasoro constraints. We review the
derivation of these constraints together with recalling the details of the
Virasoro algebra satisfied by the generators of the constraints. We then
consider solutions of such matrix models, available to us via the Virasoro
constraints. One way to solve such matrix models is by determining the
correlators, or the coefficients when expanding the generating function in
time variables. However, the solution can also be given through a compact
form known as the W-representation. Finally, we close the first part of the
thesis by considering matrix models which have a non-trivial boundary as
discussed in paper V. In this case, the boundary generates contributions
to the Virasoro constraints, rendering them non-homogeneous.

In the second part of the thesis we explore quantum matrix models. We
begin with reviewing some concepts within ¢-calculus to then provide a
summary of g-functions which are used throughout the thesis. Within this
part, we investigate two deformations of the classical model. Firstly, the
g- (or sometimes ¢, t-) deformation which has also been referred to as the
trigonometric deformation. Here we start by giving the ¢-Virasoro algebra
together with the g-deformed matrix model. Using the findings of paper II,
we then solve the constraints which are now ¢-Virasoro constraints. As a
second, and yet further, deformation we introduce the ¢, t, ¢’-deformation
which has also been called the elliptic deformation. Similarly to before, we
then introduce the elliptic Virasoro algebra and the elliptic matrix model.

Finally, in the third and last part we investigate how the knowledge from
the classical and deformed matrix models can be applied to other areas.
In the case of the deformed models, the applications are different kinds
of supersymmetric gauge theories on various backgrounds. We therefore
begin the part with reviewing how to obtain observables in such theories
using the method of supersymmetric localisation, together with recalling
some results which this method has produced. For the g, t-deformed model
we find suitable applications in three dimensional supersymmetric gauge
theories and to be precise on the backgrounds D? x, S' and S}, as found
in papers III and IV. On the other hand, for the ¢, ¢, ¢-deformed models
we instead find an application in four dimensional theories on compact
backgrounds of the form M3 x S!, as explored in paper I. We then close
this part by considering an application of the classical matrix models.
More specifically, we explore the connection between classical Virasoro
constraints and a concept from integrability, namely Hirota equations as
investigated in paper V.
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Part I:
Classical matrix models

In this first part we introduce classical matrix models and the tools
available when studying them. For reviews on the subject we refer to
[35,41-43]. The reasons to why one considers matrix models are because
they are typically easy to study and can serve as a playground for more
elaborate theories. For instance, as we will see later, deformed versions
of these classical matrix models appear in the partition functions of
supersymmetric gauge theories. Consequently, understanding the classical
theories at a more fundamental level can therefore help us in understanding
such applications better. Matrix models early established their importance
when they appeared in string theory and the description of two dimensional
quantum gravity as the generating function for random triangulations
of surfaces. This was useful as such summations could then replace the
integral over all possible geometries when evaluating partition functions
[13,44-47]. (For a review see [48].) More recent applications of classical
matrix models include for instance topological strings and applications
within large N expansions as reviewed in [49].






2. Matrix models

Let us start the first chapter with exploring the world of matrix models.
To begin with, we consider the matrix models themselves, both formulated
using matrices and also using the eigenvalues of the matrices. We then
review some details about integer partitions and certain special polynomials
which satisfies some particularly nice properties related to formulas for
expectation values. Finally, we introduce the notion of correlators of the
matrix model.

2.1 Matrices and eigenvalues

The simplest example of a matrix model is the Hermitean 1-matrix model,
as reviewed for instance in [35],

Z(t) _ /N N[DM} e—TrV(M)—‘y—Z:o:l tsTr(M®) ’ (21)
X

where the complex function V(M) is called the potential of the ma-
trix model. Additionally, the model depends on an infinite set of pa-
rameters usually called time variables which we denote collectively by
t = {t1,t2,...}. The integration in (2.1) is over all N x N Hermitean
matrices M, such that M = MT, and the measure is [14]

[DM]:]J_V[dMi,- I d(ReM;;)d(ImMg;) . (2.2)

1<i<j<N

The measure [DM] is special in the sense that it is invariant under the
adjoint action of the Lie group U(N), under which M — UTMU. This
enables us to diagonalise the matrix, provided that also the potential
V(M) is invariant. In what follows we will therefore assume such an
invariant potential. Consequently, one can rewrite the above using the
eigenvalues of the matrix M denoted by {A1,...,An}. More explicitly, a
Hermitean matrix M can be written as

M =U'DU (2.3)

for some unitary matrix U and its adjoint UT, and diagonal matrix D
consisting of the eigenvalues of M, so that

Te(M?) = Te(D*) = % X (2.4)

13



Then, in order to determine the measure [DM] in terms of the eigenvalues,
one can consider the square of the line element to find the Jacobian.
Following [41] we find

Tr [(dM)Q] = Tr {((dUT)DU + U dD)U + UTD(dU)ﬂ . (2.5)

Expressing dU =i (d7") U for a Hermitean matrix 7" (such that unitarity
dUdUT =T is preserved), we find

Tr [(dM)?] =Tr {(UT (dD +i[D,dT]) Uﬂ _

=Tr [(dD)’] + Tr [(— ([D,dT])*) | = (2.6)
_i (dN)? + i (A = A)? [T

Here, the second line follows from that D and dD commute and that the
trace is cyclic and the second term in the last line follows from

N
~Tr [([D,dT))’] = Z [D,dT],; [dT, D], =
v
- Z (Ai = X5) [T (Ai = Ay) [T

ij=1

(2.7)

and that T is Hermitean. Thus, the determinant of the metric tensor
becomes [T <2<y (Ai — ;)% and the Jacobian is then the (square of the)
Vandermonde determinant A()), in other words

AWP= TT -2 (28)

1<i<j<N
Thus, the measure becomes
N
[DM] =[] dx A . (2.9)
i=1

Finally, as earlier mentioned, we assume that the potential V(M) is
invariant under the adjoint action. Thus

N
Te[V(M)] =Te [V(D)] =>_V(\) , (2.10)

=1

which is the case for instance for polynomial potentials as will be introduced
later. Using this, one can recast the Hermitean matrix model in (2.1) as

14



the eigenvalue matriz model
N N A oo N A\S
2= [ Tana@?e SLYORELETIY )
RY 21

where all the N integrations are over the real line R.
The potential V() introduced above is of the form

P gk,
V(A = —A", 2.12

=35 (212)
where the parameters {ax} with a; € C sometimes are referred to as
coupling constants. To clarify the dependence of the generating function on
the coupling constants, we use the notation Z(t; a) where a = {a1, ..., ap}.
Instead of introducing a potential V' ()), an equivalent interpretation is to
view the potential as being generated by shifting the first p times as

ts > ts — as/s, s=1,...,p. (2.13)

One example of the above matrix model is the case p = 1, which is related
to the complex 1-matrix model as studied in [50,51] given by

/NXN[DM] o~ THVOLMD+ T, (MM ] (2.14)

where the integral is now over the space of all complex N x N matrices
M. We then make the change of variables ® = MM and assume that
the potential V' has a single quadratic term. If we denote the eigenvalues
of M by 6; and the eigenvalues of ® by )\;, then the potential will be
quadratic in 6; but linear in \; = |9i|2. The integration over \; will then
be over the positive real line. Using this, one can write this model in its
most general form as

N N
Z(ta) = [ TLana@P[[ave = B0 BLe Xl 2is)
>0 7=1 i=1
which is the Wishart-Laguerre eigenvalue model reviewed for instance
in [52]. Here, we have allowed for a term parametrised by v where this
term at the level of matrices M corresponds to the determinant insertion
(det(M MT))". To have convergence of the integrals we require Re(v) > —1.
This term can also be introduced via modifying the potential in (2.12) as

p
_ Ak \k
V(A) = =bp1vIn(A) + k; T (2.16)
Another well-known example of the matrix model given above with p = 2
is the Gaussian Hermitean matriz model, which is obtained by a potential
with coupling constants

ap = (5;372 (2.17)
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or alternatively the shift in times

1
to — tg — 5 . (218)

In other words

N
Z(t§ ap = O; a2 = 1) = / H d)\i A(A)2e_% Zi\le A?—i_zs:l ts Zivzl Al .
RN i1

(2.19)

We will return to this example later in the context of the W -representations.

Finally, in order to generalise the above matrix model, one might intro-

duce what is called the -deformation. This is a 1-parameter deformation

of the model in (2.11) in which the square of the Vandermonde instead
takes the form

AP =TI =nP =2 an® = [ e- )
1<i<j<N 1<i<j<N

(2.20)
for a deformation parameter 5. For the model to be well-defined, one has
to take 5 € Z~y. However, from the point of view of the constraints that
this model satisfies (to be discussed in Chapter 3) there are no restrictions
on (3, and we therefore analytically continue S to the complex plane. The
[-deformed matrix model then becomes

N N oe) N s
Zg(t;a) = /]RN [T dn AQ)Pem 2 VOITL Lt 2, X (2.21)
=1

(where we use the restricted contours RY in the case of p = 1 as discussed
above). From now on we assume this S-deformation so in what follows we
simply denote this matrix model by Z(¢;a) to ease notation. It should
be noted here that the S-deformation is not on the same footing as the ¢-
deformations that will be introduced later, in particular the S-deformation
is considered a classical feature.

2.2 Partitions

To ease later discussions, we now introduce concepts related to integer
partitions. An integer partition 7 is denoted by v = {~1,..., v}, where
Y1 > --- > 4 > 0 are positive integers where each v; € v is called a
part of . For a given partition v one can define the following properties.
Firstly, the degree (also called weight) of the partition 7, denoted by |7|, is

W =>a. (2.22)

acry
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Figure 2.1. The Young diagram corresponding to the partition v = {6,4,2,2,1}.

Secondly, the length of the partition, [(7), is given by

Iy)=>_1. (2.23)

acy

Thirdly, one can define #,j as the number of parts j in the partition ~,

H#ad = layj - (2.24)

aey
Finally, |Aut(v)| is the order of the automorphism group of the partition

Y1

[Aut(y)] = [T #49)! (2.25)

J="k
or alternatively

[Aut()] =[] 9 11t - (2.26)
agy 8ta bey

Integer partitions such as v above, can also be described using Young
diagrams. These diagrams consist of left-aligned rows of boxes, where the
number of boxes on each row is non-increasing as you move down the rows.
The number of boxes on the i-th row, counting from the top of the diagram,
is equal to the part ; of the partition v. Thus the number of rows of
boxes is equal to the length of the partition and the total number of boxes
in the Young diagram is the degree of the partition. For instance, the
partition v = {6,4, 2,2, 1} corresponds to the Young diagram illustrated
in Figure 2.1. This partition has degree |y| = 15 and length I(y) = 5. The
automorphism group of 7 is then equivalent to the group of permutations
of rows which has the same number of boxes, in other words |Aut(y)| = 2.

2.3 Special polynomials

Let us now review some properties of the multivariate Schur polynomials
Schur, (Ag), where for details we refer to [21]. Schur polynomials can be
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defined as irreducible characters of U(N). For an irreducible representation
R, and partition -, then for a given group element ® the Schur polynomial
Schur,, (\;) satisfies

chg, (@) = Trg, (@) = Schur, (A, = Tr(d")) . (2.27)

Consequently they form a basis for the space of all polynomial characters,
which in turn can be extended to all symmetric functions using that
characters are invariant under the Weyl group Sy.

The Schur polynomials are indexed by an integer partition v and are

symmetric functions of the set of variables A\, = {A1,..., Ay }. They are
homogeneous in degree, where with degree we mean d = chvzl e for
a monomial A" ... M. For a generic partition v = {7y1,...,9n}, the

general expression for a Schur polynomial in terms of determinants is
det AN
1<ij<n "

—
det A7
1<i,j<N

Schury () = (2.28)

An alternative way of expressing the Schur polynomials is through

Schury (Ax) = my () + > Koy (M) (2.29)

<y

where K, are the Kostka numbers which are non-negative integer coeffi-
cients and m,,(\;) are the monomial symmetric functions defined by

mu(Ak) =Y AT LAWY (2.30)
[e%
where the summation is over all distinct permutations o = {ay,...,an}
of w={p,...,un}. Furthermore, we can define an inner product

N .
W19 = g £, [T T A@AQT Q0™ . 231

2

where we recall the Vandermonde determinant A()) in (2.8) and with
A™' we mean the inverse of each argument {\;',..., Ay'}. Then, with
respect to this inner product the Schur polynomials are orthonormal, i.e.

(Schur. (M) | Schur,(Ag)) = 05,5 - (2.32)

Let us now introduce another set of variables {py}, sometimes referred to
as power sum symmetric polynomials. These typically encode traces of
powers of N x N matrices M according to

pr = Tr(M") (2.33)
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or alternatively using the eigenvalues {1, ..., Ay} of the matrix M in
other words the first set of variables,

N
=Y A (2.34)
=1

Using these power sum variables, the Schur polynomials then satisfy what
is called the Cauchy identity [21],

ot
exp <Z ?) = Z Schur,, (t;) Schur, (px) (2.35)
B!

k=1
where the summation on the right hand side is over all partitions ~.
The Cauchy identity takes a simpler form when one uses the plethystic
substitution ¢, = z¥. In particular, the summation on the right hand
side then only contains symmetric partitions v = {m}, in other words

partitions of length 1. Using the formula for symmetric Schur polynomials

Schur ) (P1, - pm) = > ‘At sz (2.36)

{7 st.|yl=m}
then Schur, (t, = 2F) = 2™ and the Cauchy identity in (2.35) becomes

0 Zk )
exp (Z ]fk> _ Z zmSchur{m}(pl, - ,pm) i (2.37)

k=1 m=0

Similarly, one can find that for antisymmetric Schur polynomials,
Schurgy,..13(p1, .-, Pm), that the Cauchy identity takes the form

o <—Z 2 m) Z (1) Schury (P ) - (2.389)
M—/

k=1

m

To give an example, the Schur polynomials up to degree three are

Schury (pr) = Schurgy (px) = 1
Schurg (pr) = Schury (pr) = m

Schure (pr) = Schurgay (pr) = p%—;—pz
SchurB (pr) = Schurgy 1y (pr) = P ;Pz
Schurer (pi) = Schurgsy (pi) = i+ 3]?1;?2 + 2p3
Schurp (pr) = Schurga 1y (pr) = pi ;Ps
P — 3pip2 + 2p3 .

(2.39)

Schurg (pr) = Schurgy 11y (pr) = 6
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Another family of symmetric functions which we now review are the
Jack polynomials Jacky (). The Jack polynomials are a 1-parameter
deformation of the Schur polynomials, since they in addition to depending
on the integer partition v and the set of variables A\, = {\1,..., Ax}, also
depend on a real positive parameter 5. Let us introduce the inner product

1 SN 5
N |gA)g = = “(AQ)ANT! Ag(A~?
U905 = G ., TS (A2070) 70
(2.40)
which the Jack polynomials by definition are orthogonal to,
(Jacky (Ax) [ Jack, (Ar))s = 8006, TT 5% (#,5)! (2.41)

Jj=21

recalling definitions related to partitions in Section 2.2. Using the power
sum variables in (2.34), the first Jack polynomials are given by

Jack{}(pk) =1
Jack(1y(pk) = p1

Jacka) (pr) = BI;%++BP2
Jackgy 1y (pr) = n ;P2
Jack sy (pi) = B%p? + 38p1p2 + 2p3
3(1 + 15)(2 +5)
Jackga,1y(pk) = foi + ( 1_+62)§1p2 —5
Jackgr 1y () = P 3p1§2 25 (2.42)
One can observe that in the limit § = 1, also called the Schur limit,
Jacky (pr)|5—; = Schury(p) - (2.43)

Thus, the Jack polynomials can be considered the -deformed version
of the Schur polynomials. We will discuss a further deformation of the
above symmetric polynomials in Chapter 5. In what follows we will
almost exclusively use the power sum variables for the Schur and Jack
polynomials.

2.4 Expectation values and correlators

Using the [-deformed eigenvalue matrix model defined in (2.21), one can
also define the expectation value or average. For an operator O()) we have
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the average
N N
©) = [ TTanomame Zurer . 4
RY 21

Similarly, we can define a time-dependent average according to
- 28— S8 VOO)+T 630N
©W) = [ TN 0w Ae T VOHELLELA - (2.45)
i=1

where we use the subscript ¢ to highlight the dependence on the time
variables. The two averages are then related by
(O(A))i=0 = (O(Q)) . (2.46)
Thus we note that the matrix model is given by
Z(t;a) = (1) . (2.47)

Next, one can expand the matrix model in terms of the time variables as

where the last summation is over all integer partitions p = {p1, ..., p,} and
where the order of the automorphism group is defined in (2.25). Equation
(2.48) then defines the correlators c,(a) of the model in question, in other
words the expectation values of the multi-trace operators

cpla) = (Tr (MPY) ... Tr (MP™)) . (2.49)

Alternatively, the correlators can also be expressed as

0...0
cpla) = Z(t;a)] (2.50)
P L%pl Oty o
for a partition p = {p1,...,pn}. Consequently one can view Z(t;a) as

the generating function for the correlators c,(a), which is a name we
will employ frequently. We also note that the correlators depend on the

coupling constants a = {a1,...,ap} appearing in the potential and that
the empty correlator cg(a) can be written as
cgla) = (1) . (2.51)

21



This is by definition equal to the partition function Z(a) = Z(0;a) = cy(a).
It should then be noted that if one can find all the correlators for a given
model, this information is enough to completely determine the model.

Returning to the averages, one particular average that can be computed
is that of the Schur polynomials in Section 2.3. Such averages reduce
to an unexpectedly simple form in the case of a potential of the form in
(2.16) where p = 2, a; = 0 and where 3 =1 [53]

(Schury (pr)) | =g 4, =051 =
1 Schury(py = dr2)
a|27|/2 Schur, (pr = 0x1)

(2.52)

SChur“/(pk = N) C@(al = Oua’Q)’ﬁ:l )

which is valid for a generic partition . This is a phenomenon called
superintegrability, as first observed in [54,55]. In paper IV we explored
this property further and found firstly in the case of a potential with p =1
that for generic 8 the average of a Jack polynomial takes the simple form

(Jacky (pr)) ey =

 Jacky(pr = B (v + BN —1) + 1)) - (2.53)
a . Jack, (pr = f~La10p.1) Jack, (px = N) cp(az) -

Upon letting 8 = 1 one instead obtains the average of a Schur polynomial,

Schur,(pr = N +v)
Schur, (pr = a10x,1)

Schur,y(pr = N) cm(a1)|5:1 )

(2.54)
One can also observe this superintegrability property in the case of p = 2,
where one finds for generic 3

<JaCkv(pk)>|p:2 =
_ Jacky (pr. = (—=1)%87 1 (a10k1 + a26k.2))
Jack, (pr = B~ 1azdk1)

(Schury (pr)) | =y p=1 =

Jack,(pr = N) cp(ar, az) .
(2.55)
In the limit 8 = 1 we then have

(Schury (pi))| g 5=1 =

_ Schur,, (pr = (=1)*(a16k1 + a261.2))
Schur, (pr, = a20k,1)

Schur,(py = N) C@(a17a2)’/8:1 )
(2.56)

generalising the result of [53] (as given in (2.52)) for arbitrary a;.
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3. Virasoro constraints

We now move on to the main tool when studying matrix models which will
be employed to a large extent throughout, namely the Ward identities or
the Virasoro constraints. We investigate how these constraints are derived,
but more importantly how the constraints can be used to completely
determine the model in terms of the correlators. Sometimes we also find
an even more compact and neat way to express the solution, in which we
re-cast the matrix model using what has been called a W-representation.
Lastly, we consider an extension of the Virasoro constraints. We review
the analysis in paper V on how the solution to the Virasoro constraints
can be generalised to the case when the constraints receive boundary
contributions and are effectively rendered non-homogeneous.

3.1 Deriving the Virasoro constraints

Starting from the matrix model given in (2.1), it can be shown that this
model satisfies constraints known as the Virasoro constraints, as first
shown in [14,15]. Following the derivation in [14] (also reviewed in [25])},
we begin with rewriting the eigenvalue matrix model in (2.21) as

Z(t;a):/R ﬁdAi(—l)N(?m IT i—x)fx

Nzl 1<i#j<N (3.1)
X e Zivzl VWHZ:; ts Zi\; A .

Then, one can consider the saddle point equations for the model, where
for each i =1,..., N we have

> 1 0
Dost AT 28 Y ——— V(M) =0. (3.2)
s=1 1<j<N Ai=Aj 0N

J#

This means that there is an invariance with respect to the shift

N = N FoN =N+ et > -1 (3.3)

1t should be noted that with respect to [25], we use ts there = S!ts here and we also
allow for a generic parameter 5 and a generic potential V().
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under which the effective action of the eigenvalue model in (3.1) becomes

N
(Zt Z A+ g PR CEPHEED Y V()\i)) =
= i=1

1<i#j<N
)\’(L«Fl _ )\n+1 N a
s+n 7 ] n+1 _
Zst Zl)\i +51<Z 7&-—&- PRV 3y —V(\) | =
i <i#j<N i=1

0
oy m) —0, (34)

—enZ)\?“(z:st XN +28 Y ST Al
i=1

s=1 1<j<N J
J#i

upon using the saddle point equations in (3.2) in the last step. This
implies that the shift in (3.3) is a symmetry of the matrix model, and this
symmetry can furthermore be rewritten as a constraint. Thus, applying
the shift in (3.3) to the model in (3.1) we find for n > —1,

Z(t;a) —

— - [ﬂ (1+ (n+ 1)e A d)\i] (_1)1\7(12*1) H O — 2)Px

i=1 1<i#£j<N

X e 21 1V()‘)+Ze 1t327 1 z><
al 0
X exp (enZ)\”H{Zst A28 Z NN _)\ GA-V()\i)}> .

i=1 1<j<N
J#

(3.5)

We then use the explicit form of the potential given in equation (2.16),

such that
0

O\

(Ni) = —0paA; +Za Pl (3.6)
k=1

Next, one can use the time-dependent averages in (2.45) to extract the
variations which are linear in €, for n > —1. Starting with the n = —1
constraint (where as we will comment on later this constraint is only valid
when p # 1 to avoid expectation values of negative powers of \;),

0o N p N
<Z sts D XTI =D apy Af‘1> =0. (3.7)
s=1 =1 k=1 i=1

t

Then the n = 0 constraint becomes
<ﬁN2 N+Zst Z)\ + 0p v N — ZakZ)\k> =0,
1= 7 t
(3.8)
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and for n > 1 we have

<( )(n+1) Z)\”+Zst ZA**”+622>\’“A”’“

3,7=1 k=0

p N
+5P71VZ)‘?_Z%Z)‘?+I€> =0,
i=1 k=1 =1 ¢

(3.9)

thus recovering (2.24) of paper IV. One might then trade the expectation
value for a differential operator in the time variables according to

N N
0 0
e 81 Sk = Z 1
() o, @

i1=1 =1

where the powers {s1,...,s;} are non-negative integers and in case it is
zero we replace the corresponding derivative with multiplication by N.
Firstly, the n = —1 constraint in (3.7) can be written as the differential
equation

0 P 0
(Nt1 + zSt 8t8 ) Zzakatk_l — a1N> Z(t;a) =0 . (3.11)

Secondly, the n = 0 constraint in (3.8) takes the form

0
<5N2 N+Zst +5P1VN Zak@m) Z(t;a) =0,

k=1
(3.12)
and thirdly the n > 1 constraint in (3.9) becomes

0 = 0 0?
(“‘5)(’”‘“)&”*2 Gt TP Z N
’ ém>0 (3.13)

+5p11/8t Zak@tn+k> CL)ZO .

The above can then collectively be written as the Virasoro constraints

0
(Ln + 6p711/ <3tn + 6n70N> Z ak

n+k

alNém_l) Z(t;a) =0,
(3.14)
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valid for n > —1 where the differential operators L,, are given by

oo
Loy =Nty + Y st

5=2 Its
= BN? + B)N + Z sto o (3.15)
L, 2N 17 t
20 = 28N 545 > 8W —B)(n+1) +Zs 8t5+n

t+m

4, m>0
It can be noted that from the point of view of the constraints in (3.14) only,
i.e. disregarding the matrix model picture, N can be a generic complex
variable. One can then observe that the Virasoro constraints in (3.14)
posses a symmetry, as they are invariant under the simultaneous shifts

VB -

1 1
N = —pN, ts— —=ts, ap = ——
8 B

ag, V——=U.

1
VB’ g
(3.16)
Upon including also generators L, for n < —1 (whose explicit form can
be deduced from the free boson realisation to be introduced shortly), the
generators L, for n € Z together with a central charge ¢, generate the
Virasoro algebra

(L, Lin] = (0 — 1) Ly + 1—6271(712 — Dopimos L =0, (3.17)
for n,m € Z. It can be shown that the central charge is given by
c=1-060Q3 (3.18)

with ]
Q’B:\/B_\Tﬁ’

where one can note that the central charge is invariant under /3 —
—1/+/B, consistent with the symmetry in (3.16) above.

Before moving on, let us remark here that starting from the matrix
model in (2.1), we have only included time variables {t;} for & > 0 in
order to be consistent with papers IV and V. However, in the literature
sometimes also the variable ¢y is included. This appears through the
inclusion of a factor eM* in the B-deformed eigenvalue matrix model in
(2.21). Consequently, derivatives with respect to ¢y, can be traded for
multiplication by factors of IV and vice versa. By considering the Virasoro
constraints written using derivatives of ¢y instead of factors of N, the
most generic form of a generating function which satisfies the Virasoro
constraints is that constructed from some linear combination

= 3" Z(t;a) e (3.20)
N

(3.19)
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as each Z(t;a) depends on N. However, because the operator 8%0 com-
mutes with the Virasoro constraints (i.e. the combination of operators
appearing in the brackets in (3.14)), 8%) and the Virasoro constraints can
be simultaneously diagonalised. Therefore we can consider a specific value
of N without loss of generality, which is what we will do. In the following
derivation using the free boson realisation, we will however include t; to
be consistent with literature.

An alternative way to see that the eigenvalue matrix model in (2.21)
satisfies the Virasoro constraints, is by constructing the model using
the free boson realisation of the Virasoro algebra [23,26]. To do so, we
introduce the free boson oscillator a,, with n € Z\{0} and zero mode P

together with Q, which satisfy the Heisenberg algebra given by
[an, am] = 2n0p4m0 » [P,Q] =2 (3.21)
for n,m € Z\{0}. We also have the Fock module F, generated by

1(v)
o= {H avkla>} , (3.22)
k=1

for any partition v = {v1,..., )} of length /(7). The state, or charged
vacuum, |«) is then characterised by

1)
[[ala) =0 (3.23)
k=1
a condition which is called the highest weight condition, together with
lo) = e29)0), Pla) = ala) , (3.24)

for a given charge or momentum « € C. Using the free boson oscillators,
a boson field ¢(z) is then given by

#(2) =Q+Pln(z) — Z Ok —k (3.25)
keZ\ {0}
such that
0p(2) =Pzt + Z apz Pl (3.26)
keZ\ {0}

Using this free boson, one might write the Virasoro current L(z) as

L(z) = % : 00(2)00(2) +Q5%62¢(z) (3.27)

with @Qp as given in (3.19). Here we introduced the normal ordering
prescription : : in which we move positive modes a,~g to the right of
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negative modes a,<o and P to the right of Q. Using the expansion of the
Virasoro current in terms of modes,

L(z) =) Lpz "7 (3.28)

nez
one finds
1 1 1
L, =1 Z Dap—kak - +=a,P — -Qs(n+1a, , n+#0
k#0,n 2 2
) P2 1 (3.29)
Ly 25 kZa,kak + Z — §PQB .
>0

The Virasoro current above is then realising the Virasoro algebra with the
central charge as given in (3.19) and |«) is the highest weight state of the
algebra with conformal weight h(«),

o) = 5 (0~ Q0" ~ @3) - (3.30)

Using a differential representation of the Heisenberg oscillators given by?

a_n:iﬁtn, anz2\/B£7
to - ) (3.31)
Q P~2VBN, |a)=e3?0) ~elo? .1,

with n > 0, one can recover the differential operators in (3.15) from the
ones in (3.29). Then, the problem of finding a matrix model which satisfies
the Virasoro constraints in (3.14) can be solved using the construction of
a screening current S(X\). This is defined by
d
[Ln, S(V)] = —<0(}) (3.32)
dA
for some operator O(A) whose explicit form will not be of importance. We
now use this screening current to construct the matrix model by means of

Zla) = /HS(Ai)d)\i ) . (3.33)

This satisfies the Virasoro constraints L,,~oZ|a) = 0 (excluding the poten-
tial) by construction, since

LisoZie) = Lz, Zlle) = [Lso. [ T[SO)aAll) =0 (330

2With respect to [26] we use the normalisation of time variables V/Bts there = ts here-
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for an appropriately chosen contour and where we used the highest weight
condition L,sg|la) = 0 on the charged vacuum (in other words (3.23)).
We then take as ansatz that the screening current is given by

S(\) =: VB .. ef\/gzméo o eV/BQ)\V/BP ; (3.35)

using the boson field ¢(z) in (3.25). As a side note, one can observe
that there is another screening current which also solves the Virasoro
constraints. It is the screening current obtained by performing the shift [23]

1
VB ——
VB
n (3.35). This screening current can be treated similarly and for concrete-

ness we consider (3.35) here. To then obtain the matrix model, we rewrite
the integrand of (3.33) as the normal ordered product

N N
TISO) =: TIS) : A (3.37)

i=1 =1

(3.36)

recalling the B-deformed Vandermonde determinant A())?? in (2.20).
Thus, we finally obtain the matrix model

Z|a) = /Hd)\A N)P#eVBLIL T Fo N\[QH/\\[Pa (3.38)
which, using the time representation of the free bosons in (3.31) becomes

Z|a) ~ b /Hd)\ AN ZeXim VBRIt 0N

(3.39)
where we can note the appearance of the factor V% mentioned earlier
together with the charged vacuum |a) ~ e'oz. Upon disregarding these
prefactors and performing the shift of times in (2.13) to obtain the poten-
tial, one can recover the J-deformed eigenvalue matrix model in (2.21)
(when identifying /Ba = v).

3.2 Solving the Virasoro constraints

Let us now discuss how to solve the Virasoro constraints in (3.14). There
are two ways to solve them. Either we express the generating function
using its W-representation or we use the Virasoro constraints to derive
a recursion relation allowing us to evaluate the correlators of the model.
Let us now discuss the methods in more detail, starting with the former.
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3.2.1 W-representations

Instead of expressing the eigenvalue matrix model as an integral, one can
also derive something which is called the W -representation. Schematically,
in this representation the generating function is given in terms of the
exponent of a W-operator acting on a simple function,

Z(t;a) ~ e - (simple function) , (3.40)

where we will shortly exemplify what “simple” means together with giving
explicit expressions for the W-operators in question.

W-representation for the Gaussian potential

The W-representation of a matrix model can be illustrated in the case of
the Gaussian Hermitean matrix model in (2.19), as was first shown in [16].
For simplicity, in this subsection we use the notation

Za(t) = Z(t;a1 = 0,a0 = 1) (3.41)
to denote the Gaussian Hermitean generating function. Zg(t) then satisfies
the Virasoro constraints in (3.14),

0
87571—‘,-2

L Zg( ) Zc;(t), n > —1. (3.42)

Next, we shift n — n — 2 and take a summation over .2, nt, to find
Z Nty Ln—2Z¢(t) Z Nty (3.43)
n=1

We then identify the right hand side of (3.43) as the dilatation operator D

> 0
D= tn— 3.44
e o
and we define the left hand side to be the W-operator W_s,

oo
W_o = Z ntpLyp_2 =

n=1
62
= 2)t n+m
5n;1n+m+ ) ! +28t at
0 ) (3.45)
1)(n + 2)tpso—
z::n-i- (n+2) gt
0 0
+ Z nmiptm —|—26NZ (n 4 2)tppo=—+
n,m=1 n+m 2 n=1 8t

+ (BN? 4 (1 — B)N)2ty + 2N,
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such that (3.43) becomes
W_9Za(t) = DZg(1) . (3.46)
To find the W-representation of the generating function, we note that
[D,W_g] =2W_5 , (3.47)

together with the fact that D counts the degree in times i.e.
DHtu:(ZN)Htu:’MHtu (3.48)
HEp n€p " pEp HEP

for an integer partition p. In other words, the degree is deg(ts) = s and
deg(t, ty) = deg(t,) + deg(tp). Then, one can arrange the generating
function according to components of degree d in times

Za(t) = i 79 ) . (3.49)
d=0

We now recall the matrices M in the original matrix model (2.1) together
with the expansion of the generating function given in (2.48), such that

> 1
Zg”(t)zzﬁ S (Te(MMY) L Te (MR Lty (3.50)
m=0 """ kit tkm=d

The generating function then respects the grading with respect to the
operator D, in the sense that

DZD W) =dzP 1) . (3.51)
Then using the commutation relation in (3.47), one might deduce that

D (Wooz()) = (d+2) (W2 (1))

(3.52)
W2 () = C(d) 25 1)

for a coefficient C'(d) depending on the degree d. Then (3.46) implies that
W_oZa(t Z C(d)Z8 (1) = DZg(t Z dz9)  (3.53)

so that we must have C(d) = (d + 2). Finally we find that the operator
W_s respects the grading in the sense that

W_oZP(t) = (d +2) 28 (1) . (3.54)
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Thus each Zgi ) (t) is constructed by acting with W_s on lower degrees.
Using this and the observation that odd degrees vanishes one finds

W2

d=0=  zQt)=-—220)

W W_y\2
d=2=  zP1) = 1 —270(1) = 5 (22) 79 (1) (3.55)

W_9 1 W_a 3
i=1= 2@ =222 -5 (52) 200,

for some normalisation Z\° )( t) that is to be determined. Thus we can
re-sum the degrees to find the W-representation of the generating function,

W 1 (W52
Z(t) :Zéf))(t)+22Z§f)(t)+2( 22> ZO9M 4+ =

(3.56)
=2 2zE0()
We then make the observation that
ZO(t) = Za(t)],—y = cplar = 0,ay = 1) . (3.57)

Summarising the above findings, the W -representation of the Gaussian
Hermitean matrix model is then

Za(t) = eV 2¢(a; = 0,a9 = 1) (3.58)

with W_s as given in (3.45). Let us now discuss other potentials.

Other choices of the potential V'())

The above construction can be generalised to other choices of the potential
V() in (2.16) than the Gaussian one, as shown in paper IV. For instance,
in the case of p =1 where V(\) = —vIn()\) + a1 A, one can derive the -
representation for the generating function using the Virasoro constraints
starting from n = 0. This is because the n = —1 constraint in (3.7) is not
valid for p = 1 since there are expectation values of negative powers of
{A\i} appearing. Thus, we have the Virasoro constraints valid for n > 0

0 0? 0
—7(t; = — 1-— 1 28N) —
gy Z{tia) [52 i+ (1= B+ 1)+ v +28N) 2t

ab;O
—i—Zst + 000N (v + BN = 1)+ 1) | Z(t;a1) ,
s+n
(3.59)

which upon shifting n — n — 1 and summing over ) > nt,, becomes

alDZ(t; al) = Wle(t; al) . (360)
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The dilatation operator D is given in (3.44) and the W_; operator is

0? > 0

-1= Dtntmt1 5 tntm ——
W = n;:l(n tmt Donim Ot Ot ’ ;:1 " Ontm—1 -
+HN@p+ BN —1)+ 1)+ (3.61)
- )
+ 2 v+ (L= B+ 1) +26N) (0 + Dtnir 5
Finally, we use that
(D, W] =W (3.62)
to obtain the W-representation for p = 1
Wy W_
t al Z ddl . C@ CL1 = exp < a11> . C@(al) ) (363)

This generalises the results in [54,56], as the above allows for a determinant
insertion parametrised by v.

Another example is when p = 2, where the potential is given by
V(X) = aiA 4+ %A% The Gaussian potential (i.e. a; = 0 and ap = 1) as
mentioned above, was originally solved in [16] and the solution can be
generalised for arbitrary as to

1
Z(t;a1 = 0,a2) = exp <2W_2) ~cplar = 0,a) . (3.64)
a2

To then find the solution for arbitrary a;, we use the above together with

[L_1,W_5] =0, (3.65)
and the Virasoro constraint for n = —1 and a; = 0
0
aggZ(t;al =0,a2) = L_1Z(t;a; = 0,az) . (3.66)
1
One might then write the W-representation for p = 2 as
0
Z(t;a1,a2) = exp | —a1 5~ | Z(t;a1 = 0,a2) =
ot1
= exp (-‘“L_1> Z(tar = 0,az) = (3.67)

= exp (2a2 W_g — —L ) ~cp(ar,az) .

For p > 3 we are not able to obtain the W-representation of the
generating function (see for instance [57-59]). This can be seen from

33



noting that the Virasoro constraints in (3.14) can be re-summed to

p—2 8
ap (D — k; ktkatk> Z(t;a) =

p—1 00
=Yy ( > it 4 pa(p — e w) Z(t:0)
= n=p—1 n—k
(3.68)
with
W_, =(p— Dt1t, 1N + (BN? + (1 — B)N)ptp+
o0 oo a
+ nmipty, —+
;mg—l 8tn+m7p
9 (3.69)
Z 26N + (1= B)(n+ 1] (0 + p)tnipm—+

82

0o 00
Bng Z: n+m+ n+m+p78tnatm

We can now observe that the kernel of the operator D — Zk Kty -2~ T
infinite dimensional. To be more precise, in the case of p = 3 for 1nstance
all the monomlals t¢ for some positive integer power ¢ are annihilated by
D — Zz Kty 2 7, With the result that all correlators of the form cgy 1y
cannot be determined. Such correlators could then be considered as
additional initial data which would need to be provided in order to give a
complete solution of the model.

We would like to end this subsection with a final remark. As the name
suggests, the W-operators appearing in the W-representations above are
the generators of a W algebra. More specifically, they are the spin-3
generators of the W) algebra which is a generalisation of the Virasoro
algebra in (3.17) [16].

3.2.2 Determining correlators

Another way to solve the Virasoro constraints in (3.14), in addition to
deducing the W-representation, is by determining all the correlators c,(a)
as defined in (2.48). These two methods are equivalent since knowing
all the correlators uniquely determines the generating function. Here,
we consider it enough to be able to determine any correlator in a finite
number of steps of a recursion, since any correlator can then in principle
be established with enough computing power.
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Let us give a few examples of correlators for the models discussed so
far, for a potential as in (2.16). For p = 1 one finds, as shown in paper IV,

N+ p5(N—-1)+1)

cpylm) = p colar)
_ Nw+B(N-1)+1)(Nr+p(N—-1)+1)+1)
0{1,1}(a1) = e cp(ar)
_ Nw+pB(N-1)+1)(v+258(N —1) +2)
cpzypar) = 22 cp(a1)
_ Nw+B(N-1)+1)(Nr+p(N—-1)+1)+1)
0{1,1,1}(a1) = a‘;’ X
X (N(v+ BN —=1)+1)+2)cy(ar)
N AN = 1)+ D+ 28N — 1)+ 2)
C{z,l}(al) = ai{’ X
X (N(v+ BN —=1)+1)+2)cy(ar)
cqay(ar) = Ny + 6(2\; —D+1 (1/2 +5v +56v(N — 1)+ (3.70)

+ BN = 1)(B(N — 6) +11) + 6 ) cy(an) -

Here it can also be noted that all correlators in degree 2 and higher are
proportional to the correlator in degree 1, namely c{l}(al). This is because
W_1 is of degree 1 in the time variables, such that all correlators are built
up starting from the single correlator of degree 1. As another example,
the first correlators for p = 2 are given by

a1 N
0{1}(@1#2) = cp(ai, az)
a2
N (a?N +a
cpay(ar, az) = (1a22)60)(a1, az)
2
N (a N—-1)+1)+d?
0{2}(a17a2) _ ( 2(5( a2) ) 1)0(2)(@1,&2)
2
a1 N? (a2N + 3a
caany(ar, az) = —— ( ;3 2)C®(a1,a2)
2
a1 N (ag (BN? — BN + N +2) + a?N
caay(ar, ag) = —— (a2 (9 ﬁag )+ a )cw(al,az)
2
a1 N (3a N—-1)+1)+a?
cqzylar, ag) = — 1N (Baa(5( 3 ) 1)0@(a1,a2). (3.71)

5
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Then, in the case p = 3 we find the correlators

0

c{l}(ala az, CL3) = _aiallcm(al, as, a3)

a 2
6{1,1}(611,@27@3) = (_(%1) cp(ar, az, az)
cqoy(ar, ag, a3) = —arNeg(ar, az, az)

a 3
0{1,1,1}(a1,a27a3) = (_aal) cp(ar, az, as)

0
cipy(ay, ag, a3) = N <1 + a18a1> co(ar, az, az)

cqzylar, ag, a3) = ((5(]\/ —1)N+N)+ a1a> cg(ar, ag,as) , (3.72)

8@1

where it can be noted that we can only determine the correlators up to
ai-derivatives of the empty correlator. This corresponds to the additional
initial data required for models with p > 3, as mentioned earlier.

3.2.3 Determining normalisations

In order to determine the normalisations or initial data — in other words
the empty correlators cp(a) — one can use the correlators given above
together with an additional constraint which the model in (2.21) satisfies,

o 0
Qm+¢&%)ﬂn@o, k=1,....p, (3.73)

as discussed in paper V. This constraint follows from the particular form
of the potential in (2.16), since

0 0
—Z(t; MY = —k—Z(t;a) . 74
875 CL <Z >t 86Lk ( ,(l) (3 7 )
We begin with the providing the example of p = 1, where we recall from

(3.70) the correlator cg1y(a1),

N+ B(N —1)+1)

cuylar) = cp(ar) - (3.75)

The additional constraint (3.73) then results in the condition

0 0
aitl —aialZ(t, al) s (376)

which can be translated to an infinite number of relations between corre-
lators and their a;-derivatives. However, due to the recursive solution to

Z(t; al) =
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the Virasoro constraints we only need the first such relation, obtained by

[aatlZ(t; al)] = [—a(zlz(t; al)] (3.77)

t=0 t=0

Recalling the expression for correlators in terms of derivatives in times
acting on the generating function in (2.50), the above constraint becomes

0

caylar) = —a—alcm(al) . (3.78)

Equating the expression for c{1y(a1) in (3.75) with the one above, we get

0 Ny +pB(N—-1)+1)
- 8711%(@1) =

cglar) (3.79)

ai

which can then be viewed as a differential equation for the empty correlator
¢g(ar). This has a solution

colar) = k{\fﬁwal—N(V—i—B(N—lHl) (3.80)
for some integration constant kiv By depending on N, 8 and v but inde-

pendent of a;.

Another example is p = 2, in which case the empty correlator is cg(aq, az)
and we require two equations to determine it. Using the same logic as
above where we equate the expression for the correlator from Virasoro
constraints with that obtained from the additional constraint in (3.73),
we then find one equation for cy1y(a1, az) and one equation for cgay(as, as).
Starting with the former, we have

0 a1 N
— a—alcm(al,ag) = —;—20@(@,@2) , (3.81)

and for the latter we get the equation

- 2880@(%, as) = Nao (BN = 21) D+ a%)cm(al, asz) . (3.82)
a9 as

We therefore find the solution

_1 - Na?
cplar, az) = kY a, NN -1)+1) exp <2a1> (3.83)
a2

up to an integration constant kév B depending on N and S but independent
of a1 and as.

The last example we consider is that of p = 3, in other words we
wish to determine the empty correlator cy(as, as,as). Similarly to the
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previous examples, we therefore want to use the conditions on the correla-
tors cqiy(ay, ag, as), cay(ay, as, a3) and cgsy (a1, az, a3) to determine this.
However, as can be seen in (3.72) the Virasoro constraints imply

cuy(an, ag, az) = —a—cw(al,ag,ag), (3.84)
ai
which is equivalent to the condition from the additional constraint in
(3.73). It turns out that cgyy (a1, az,as) is in fact part of the initial data, in
addition to the empty correlator cy(as, as,as). Thus we can only use the
equations for 0{2}(a1, as,az) and cq3y(a1, az, az) and we therefore cannot
uniquely determine the empty correlator cg(aq,as,as). Then, starting
with the constraint from considering 0{2}(0,1, as,az) we find the condition
alAf an 8

o + a36a1> cola, az,as) , (3.85)

0
— 26—(120@(@, as,as) = (

with solution

Naia Na3 a?
cg(ar, ag, as) = exp < 2;3 2 _ 12(5) h (ag, ?2 - 2a1a3> (3.86)
3

2
for an undetermined function h (ag, % — 2a1a3>. Upon considering

cgzy(a1, az, az) we instead have

_3700)(0/17 ag, a3) =

aag
(A =B(N-1))N a3 0  aaN a 9
B ( as a% day a3 * az Oay colar, az, as) .
(3.87)
We then insert the solution in (3.86) into the condition above, and upon
2
defining the auxiliary variable y = %2 — 2aq1a3 we find the following

condition on A (as,y),
0 0
—(1=pB(N=1))Nh(a3,y)—4y—nh(as,y)—3as=—h(az,y) = 0. (3.88)
8y 8a3

This can be solved to find
—1-B(N-1))N _
has,y) =ag PNV g (a5 y) (3.89)

for some function g (a§4/ Sy). The p = 3 solution is then

Najay Naé’) a—é(l—B(N—l))Ng (a% - 4a1a3>

cp(ay, az, az) :exp< a3 12a§ 3 2a§/3

(3.90)
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where it can be remarked that this is just a solution to the Virasoro
constraints in (3.14) without imposing it is of matrix model form. The
undetermined function g is therefore a consequence of the fact that we
only had two non-trivial conditions to impose on cg(a1, az, as).

In order to specify the p = 3 solution further, we can impose that the
solution is of matrix integral form. If we for concreteness consider the
case of N = 1, one constraint this matrix model assumption results in is
that taking the trace and taking powers of matrices commutes, which at
the level of the power sum variables in (2.33) implies

ps =pi - (3.91)
Thus correlators of the same size must be equal when N =1, i.e.
0 9 \"
o, Z(t;a1,a2,a3)|y=y = ot Z(t;a1,a2,a3)|n=y (3.92)
and the additional constraint in (3.73) takes the form
0 ( a>k 2t Mol =0, k=123 (3.93)
—_— - ;a1,a2,a = = . :
atk 8@1 y U1, U2, 03 ) N=1 ) ) 4y
Then the constraint for c{oy (a1, az,az) in (3.85) becomes
0 2 ay a9 0
<_(3?a1> cplar, az, a3)|y_y = (—% + ag,(%l) cp(ar, az, as)[y_y
(3.94)
which results in the differential equation
2
—4/3 as — 4a1a3
29(2) = 8g"(2) =0,  z=a3"y = e (3.95)
as

on the function g(z) introduced in (3.89). Up to a rescaling of z this is
the Airy equation and we therefore find

9(2)|y_y = kaAi(2/2) + kpBi(2/2) , (3.96)

for integration constants k4, kp and Airy functions Ai(z), Bi(z) given by

. 1 ooe
M) =5 [

1 ooe 3 1 ooe%i 3
Bi(2) / es dt + — es 2dt .

:% oo 21 J _oo

Thus the solution for p = 3 and N = 1 is given by

3 o
es dt
(3.97)

o o

a1a9 a%

cg(ar, az, az)|y_, = exp <2(13 1242
3

) a;? [k;AAi(z/Q) + kBBi(z/Q)} .

(3.98)
We will return to the above observations in Chapter 11.
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3.3 The non-homogeneous Virasoro constraints

As a final topic in this chapter on Virasoro constraints, we wish to generalise
the Virasoro constraints in (3.14). In particular, we allow for the matrix
model to have non-trivial boundaries, generating boundary contributions
to the Virasoro constraints. Consequently we can therefore view the
Virasoro constraints as now being non-homogeneous. However, as shown
in paper V, such constraints can sometimes be solved and we will now
review their derivation and solution.

3.3.1 Deriving the non-homogeneous Virasoro constraints

The above derivation of the Virasoro constraints and their solutions can
be generalised to include models with boundaries i.e.

N
Z(t;a) :/ [Tax TI v —a)Pe Za VoS e o,
[0V 1<icj<N

(3.99)
where the boundary contributions arise from the generic limits of integra-
tion a and b as shown in paper V. We can view [a, b] as a finite interval
on the real line and thus [a, b]V can be thought of as a hypercube inside
RY. Although the generating function does depend on the integration
domain parametrised by a and b, we do not write out this dependence
for ease of notation. For concreteness, we consider the particular case of
a potential with p = 2, a; = 0 and as = 1, in other words a Gaussian
potential V() = )‘72 Other potentials can be analysed similarly. In this
subsection we therefore drop the dependence of the partition function
on the coupling constants and simply denote it by Zg(t). The Virasoro
constraints in (3.14) are then modified according to

<6tf+2 - Ln) Za(t) = Ba(t),  nz=-1, (3.100)

where the boundary contributions are collected in the term B, (t). To
elaborate more on the boundary contribution B, (t), this is obtained
by evaluating the integrand at the boundaries for one direction Ay with
k=1,...,N at the time, while the integrals over the other N —1 directions
remain. The boundary contribution can therefore be associated to a matrix
model living on the (N — 1)-dimensional faces of the N-dimensional
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hypercube. Explicitly, we get

N 00
B,(t) = — [Z APt exp (—VG(Ak) + Zm;) X

k=1 s=1

/ Hd)\ IT Gi=2)* JI i—x)*x

| 1<i<N 1<i<j<N
i#k ik i,j#k
Ar=b
N 0o N
xexp(—ZVg(/\i)—l—ZtSZ)\f)} ,
i=1 s=1 =1
l#k i#k )\k:a
(3.101)
using the notation
z=b
fR)Za = f(b) = f(a) . (3.102)

Since all the N directions are equivalent, we can simply call the evaluated
variable for A\ = z and we get N equal contributions to B, (). Thus,

N-1 N-1 00 #=b
Bu(t) = =N < H (A — z)2ﬁ> 2" exp <—Vg(z) + Z t525> ,
i=1 t s=1 —
(3.103)
where we introduced the notation
N N
<H()\i —z)2ﬁ> :/ Hd/\ H Ai—2% JI = x)%x
i—1 ¢ (w2 1<i<j<N
N 0o N
X exp (— Z Ve (i) + Z ts Z /\f>
i=1 s=1 i=1
(3.104)

to stress the dependence on the rank N.

3.3.2 Solving the non-homogeneous Virasoro constraints

Let us now solve the non-homogeneous Virasoro constraints in (3.100).
Following the procedure outlined in Section 3.2.1, we re-sum the constraints
with weight (n + 2)t,49 from n = —1 to n = oo to find

DZa(t) = WoaZa(t) + B(t) (3.105)

where D and W_s are given in (3.44) and (3.45) respectively, and B(t) is
the re-summed contribution from the boundary,

o

B(t)= Y (n+2)tnt2Bu(t) . (3.106)

n=-—1
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Then, the recursive solution is given by

Z8(t) = (W 2252 (1) + BO(t)) (3.107)

d

for a degree d with respect to the dilatation operator D. Upon assuming
t)=> B9, (D, BY(t)] = d B9 (t) (3.108)

with B(0) = 0, we find

Za(t) = exp(W_2/2)cg(ar = 0,a9 = 1) +ZZ %, B(t)

Sdra(i),

In the above we can observe that the non-homogeneous solution factorises
into a homogeneous contribution and the contribution from the boundary
given by B(t). Here, (2),, is the Pochhammer symbol defined by

. (3.109)

Iz +n)
P Sl 11
(@ =~ (3.110)
using the Gamma function I'(z),
I(z) = / " te~tdt (3.111)
0

for Re(x) > 0. Similarly to the homogeneous Virasoro constraints, one
can use the expression for the generating function in (3.109) in order to
determine the correlators for the model. Summarising the results of paper
V, we find for N = 1 the correlators

( )\Nzl

C{l} =e —e 2
— u2 b2
c{ﬂ = Zg(0)|y_y +ae” 7 —be =

2

eyt =(a®+2)e T — (b°+2)e =

C{{\El =3 Z6(0)|y=y + a(a® +3)e”7 — b(b? + 3)67L
et = (af + 4a? + 8)e~ T — (b + 462 + 8)e” (3.112)

upon letting V=1 = =1(a; = 0,a2 = 1). We remark that for N =1 the
correlators only depend on the size and not the shape of the partition.
Upon explicitly evaluating the empty correlator

Za(0)] vy :/a N2\ = \/; <erf (\%) —erf (\%)) ., (3.113)
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where the error function erf(z) is defined by the series

)n 2n+1

\fz nl(2n+1) ’

erf(z (3.114)

we can obtain a closed formula for the N = 1 correlators given by

N =R, (3.115)

Here we introduced the auxiliary function Fj,

(1+(=1)°)

I, = (s =!I Zg(0)| y_y +

[5]
(s =i s—1-2k | —9
+< > Goioann® k>e T+ (3.116)

k=0

L]
(s— DI ) e
_<k§::0(512k:)!!b 12k>e =

For N = 2, we use the form of the boundary contribution in (3.103) to
observe that we require integer 5 in order to have expectation values
of polynomials which can be evaluated combinatorially. As the simplest
example, we consider 5 = 1 using which we find the boundary contribution

1

d
B@(t) QZ (n+2tpyz Y. A ||Aut HtgHtX
n=—1 A,p Ee,\ rEP
[Al+]pl=d—(n+2)
n2

<F2_H)\| — QGFH_W + Clng) a"titlele=% +

_82
- (F2+|/\| —2bF )\ + [’QFI/\I) bt el } (3.117)

such that the correlators take the form
Cé)VZQ = Zc(0)| =y
eN3? =207 (Foa? — 2Fya+ Fy) — 20~ (Fyb? — 2F1b + F)
N2 :2( Z6(0)] y_y +
+ ae’ﬁ(Foc@ —2Fa+ Fy) — be*";(Fob2 —2F1b + )+
te Y (Fia? — 2Fa+ Fy) —e % (F1b? — 2F3b + Fy))
cthy? =4 Za(0)| y_y + 2ae—“7(F0u2 —2Fa+ Fy)+
—2be T (Fyb? — 2F1b + ) . (3.118)
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As a final comment on the solution to the non-homogeneous Virasoro
constraints, we consider the example of a boundary where a — 0 and
b — oo, i.e. the orthant [0,00)". As before, we restrict to the Gaussian
potential Vg () = ’\72 In this case the boundary term in (3.103) simplifies

to
N-1

N-1
By(t) = N< I1 A?f’> 1 (3.119)
=1

t
as there is only a contribution from the boundary at zero. Therefore only

the n = —1 constraint in (3.100) is non-homogeneous,
0
T L) Zalt) = Bt (3.120)
Oty

while the Virasoro constraints for n > —1 are given by the homogeneous
Virasoro constraints for a Gaussian potential in (3.14). In the case of rank
N =1, we then employ (3.109) to find that the correlators are given by

_ f 1
=1 :2”'21r(|p2+ ) (3.121)

for a partition p and with the I'-function in (3.111). Then in the case of
N = 2 we instead get for the first few correlators

& "= Z6(0) vy
1 1

N=2 — 2,84‘51" ( )
C{l} 5 + 2
i =2 (0B +1) + Z6(0)| o)
ey’ =208+ 1) Za(0)ly_y

_ 1 1

C{{\g,il?l} = 26—"—2 (25 + 5)F <ﬁ + 2)

veo  2PHT(B+ D)

EE Y
1
c?g?Q = 26+%(5 +1)r (5 + 2) . (3.122)
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Part 1I:
Quantum matrix models

Let us now consider quantum, or g-deformed, versions of the classical
matrix model introduced earlier. The motivation for introducing this de-
formation at the level of the Virasoro algebra was to explore the correspon-
dence between the Calogero-Sutherland model — a many body quantum
mechanical system — and CFT [22]. This was because excited states of
the Calogero-Sutherland model are given in terms of Jack polynomials,
who have a known g¢-deformation given by Macdonald polynomials [21].
The question was then if the Virasoro algebra on the CF'T side could also
be g-deformed, where the answer was found to be affirmative [22]. At
the level of matrix models on the other hand, g-deformed matrix models
first appeared in [24], where they were used in trying to extend the AGT
correspondence between 4d N = 2 theories and 2d CFT’s into a 5d setting.
More recently, quantum matrix models have appeared in the results of
localisation computations in which supersymmetric gauge theory observ-
ables are computed exactly. (See for instance [4] and references therein for
examples of such results.) With this localisation application in mind, we
now wish to explore how the matrix model and the Virasoro constraints
introduced in the first part, generalises under a ¢-deformation.






4. Introduction to g-calculus

In this chapter we introduce the basics of g-calculus as given in [60].

Firstly, we have the g-shift operator Mq, which shifts the argument of a
function F'(z) according to

M F(x) = F(qx) . (4.1)

The ¢-shift operator can also be generalised to act on functions with
multiple variables, M, ;. This acts as

quiF(xl, cosTm) = F(xy, .o qeg, .o xm) (4.2)
where the g-shift is on the i-th variable. Next, the ¢-differential is
dgF(z) =F(qx) — F(z) = (Mq —1)F(x) (4.3)

so that in particular dgz = (¢ — 1)xz. Generalising the g¢-differential
similarly to the g-shift operator, we define d,; as
dgiF(z) =F(x1,...,q%, ..., Tm) — F(z1,...,2) =
=(My; — D)F(21,. .., 2m) -
Using the g-differential, the g-derivative D, is then

d F(x) Fl(qr)— F(x) 1 N

DyF(z) = - = = M, —1)F 4.5
) = 0 = SO = g Ul = DF@) (45)
valid for |g| < 1. In order to recover the standard derivative, the limit to
take is ¢ — 1 upon which D F(z) — L F(z). One can also define the

g-number generalising a positive integer n through
q" -1
n =
[ }q q-— 1
which is a g-analogue in the sense that [n], — n as ¢ — 1. Thus, the
g-derivative as given in (4.5) of 2™ is

(4.4)

, (4.6)

n

(qz)" —x
(g— 1)z

Again, in the limit ¢ — 1 we recover the standard result %x” =na"" 1 To
end this chapter, we would also like to mention the concept of a g-constant.
This is a function which is invariant under g-shifts M, defined in (4.1), i.e.
for a function g(x),

Dyz" = = [n] 2"t . (4.7)

A

My g(z) = g(qz) = g(x) . (4.8)
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5. Special g-functions

As an extension of the previous chapter, we now introduce various g¢-
functions that are used in the coming chapters when discussing quantum
generating functions. To begin with, the multiple g-Pochhammer symbol

(2301, ---,qN)oo 1s given by

o Zn
(Z:q1, -, N ) oo =€XP ( ) _
n;l ”Hi:v:l(l —q)

o0

= JI =z .qy),

(5.1)

where z € C and |gx| < 1. In the case of a single argument, one can define
the function in the region |¢| > 1 by means of

(210)00 = (¢ '2z07 1)L - (5.2)
The next function we wish to consider is the theta function ©(z;q),
O(2:9) = (2:0) 0 (427 @)oo - (5.3)

Denoting w = {wy,ws} € C? and w = wy +wy with Re(wy) > 0, Re(ws) > 0
and X € C, the theta function satisfies the modular property

mix omie mix  omie i
© (ewl re mw1) © (ewz pe mwz) = e imBn(Xlw) (5.4)

where Bgy(X|w) is the quadratic Bernoulli polynomial given by

Bon(X|w) = — ((X—“’)Q—“’%“’%). (5.5)

W19 2 12

Then, the elliptic Gamma function I'(z;p, q) [61], is defined as

[(zp,q) = (a0 D _ exp (Z : = ) (5.6)

(230, @)oo iz k(L= p*)(1 = ¢")

using the ¢g-Pochhammer symbol in (5.1). Letting now w = {wq,wa, w3},
the elliptic Gamma function satisfies the modular properties

67%B33(X|£) :F(e w1 X, eQﬂ'lwl 7827”“1 )F(e ws X’ 627”“)2 7827”“)2 ) X

2mi Wl ;W2
“LX  2mi—+  2mi—=
x T(ews ;e ws e ws)

(5.7)
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using this time the cubic Bernoulli polynomial Bss(X|w)

1 W w
ng(X@):wlwgwg (X——3> X

where w = wy + wq as before.
Next, the double sine function Sy (X |w) is defined by [62,63],

niwy + naws + X
niwy + Nowsg +w — X

So (X|w) = ﬁ (5.9)

ni,ne=0

This infinite product is (-regularised meaning that we define the double
sine through the combination of elliptic Gamma functions

Sy (X|w) =T (X:wi,we) ' T (w— X;wr,ws) (5.10)

where the elliptic Gamma is given by

0
I'(X;w,wa) = exp (aSCg(s,X\w)

5_0) (5.11)

with the double (-function being

Gl Xlw) = 3 !

ni,ne=0

. 5.12
(n1wy + nawg + X)* ( )

The double sine function also satisfies an inversion property given by
Sy (X|w) S (w—X|w) =1, (5.13)

which can be seen from the definition in (5.9). Then, imposing that the
parameters satisfies Im( ﬁ—f) # 0, the double sine function factorises into
g-Pochhammer symbols according to

SQ(X’Q) _ e%‘Bm(X@) (Q%X;QQﬂiﬁ) <e%ix;e2ﬂi°%2) , (5,14)
S S

with the quadratic Bernoulli polynomial defined in (5.5). Another remark
about the double sine function, is regarding a comparison with the notation
used here and the literature, for instance [64]. One finds that

Sy (/)2 — iX|w) = s (X) (5.15)

with w; = w, ' =band w = Q.
Finally, we have the Macdonald polynomials Macdonald., () which are
a 1- and 2-parameter deformation of the Jack and Schur polynomials in
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Section 2.3 respectively [21]. They are uniquely defined by two conditions.
Firstly, they are of the form

Macdonald, (Ax) = > uyumy(Ar) (5.16)
u<y

where u,, are rational functions of the deformation parameters ¢ and ¢
with uy, = 1 and m,(\x) are the monomial symmetric functions in (2.30).
Secondly, they are orthogonal with respect to the inner product

N .
900t = G fo, IT - Baa a7 (517

=1 "M

where the measure A,;(A) is the g-deformed Vandermonde determinant
to be defined in (6.16). Thus,

(Macdonald,, (A\;) | Macdonald,, (A¢))g: =0, if y#p. (5.18)

Using instead the power sum variables in (2.34), the first Macdonald
polynomials are explicitly given by

Macdonaldg; (pr) = 1

Macdonaldy (pr) = p1
Pila+ 1)t =1) +pa(g =1t +1)

Macdonaldsy (pr) = = 1)
2 _
Macdonald; 1} (pr) = h 5 b2
1
Macdonaldsy (pr) = 6t~ (@ = 1) [3p2p1 (¢ = D)(t* — 1)+

+p3(q® +2¢% + 2+ 1)(t — 1)*+
+2pa(g — 12+ 1)+t +1)]

1
I\/Iacdonald{g’l}(pk) = m [ — 2p3(q — 1)(t2 +1t+ 1)+

+p3(t = 1)(2gt + g+t +2) + 3popa (¢ + 1)(g — 1)]

P — 3pip2 + 2ps
; .

We can then take the limit ¢ = ¢ of the Macdonald polynomials to obtain
the Schur polynomials,*

Macdonald; 1,13 (px) = (5.19)

Macdonald, (px)|,, = Schur, (p) - (5.20)

1t should be noted that ¢ = ¢ is enough to recover Schur from Macdonald polynomials,
but at the level of operators and other functions we also need to take ¢ — 1.
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Additionally we can take the semi-classical limit where we let t = ¢° with
q — 1, to obtain the Jack polynomials

Macdonald. (pr)l,— s , 1 = Jacky(pk) - (5.21)

In other words, the Macdonald polynomials are the g, t-deformed version of
the Schur polynomials and the ¢-deformed version of the Jack polynomials.
The relations between the special polynomials are illustrated in Figure
5.1.

Macdonald polynomial
Macdonald, (py)

Semi-classical limit

-def ti
t=¢f.q—1 g-deformation

[ Jack polynomial ]

Jack, (pg) q, t-deformation

Schur limit

351 [-deformation

Schur polynomial
Schur, (px)

Figure 5.1. Nlustration of relations between Schur, Jack and Macdonald poly-
nomials.
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6. The g, t-deformation

One particular example of a quantum model is the ¢, t-deformation, where
the deformed algebra was discovered in [22] whereas the deformed matrix
model was introduced in [24]. Here, the deformation is parametrised by
the variables ¢ and t, or sometimes ¢ and (5, and is consequently a 2-
parameter deformation of the un-deformed classical case. This deformation
is sometimes referred to as a trigonometric deformation, which is a name
we will at times employ. We begin with exploring the g-analogue of the
Virasoro algebra, together with the g-deformed matrix model and its
corresponding g-Virasoro constraints. Similarly to the classical case, we
then review how to solve the ¢-Virasoro constraints. Finally, we summarise
how to recover Virasoro from g-Virasoro.

6.1 The g-Virasoro algebra

Let us now explore the g-analogue of both the generating function and
also the Virasoro constraints that the generating function satisfies. The
g-deformed version of the Virasoro algebra is given by the ¢-Virasoro
algebra first introduced in [22]. Before we explore the constraints that the
g-deformed generating functions satisfy, we first review the construction of
the ¢g-Virasoro algebra which will be crucial in defining the constraints. The
generators of the g-Virasoro algebra, T,,, satisfy the associative algebra [22]

[Tna Tm] = - Z fl(TnflTnH»l - TmflTnJrl)""_
t—gu - o
1- q 1—t n -n
- P =P " )0ngmo -
The parameters here are p, q,t € C with p = q¢~!. It should be noted that
the deformation parameter ¢ is not to be confused with the time variables
{ts}. Then, the coefficients of the structure function f(z) = 32, f1z! are

given by the series expansion of

f(z) =exp (i (1=¢")(1 = t_n)z”> . (6.2)

= n(l+p)

Collecting the generators into the stress tensor current 7'(z),

T(z)=> Tz ", (6.3)

neZ
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one can also cast the commutation relation in (6.1) as
w
F(9)rerw - £ (2) Twre) -

)5 ).

Here §(z) is the multiplicative §-function

i(z) = Z 2", (6.5)

nez

which acts as 0(2)¢(z) = d(2)p(1) for a Laurent series ¢(z).

In order to give explicit expressions for the generators of the g-Virasoro
algebra, one first needs to introduce the free boson oscillators a,, general-
ising the classical oscillators in (3.21),1

1 n n n n n n

[an, am] = (a2 =zt —t72)(p2 + P72 )0namo , MM E Z\{0}
P,Q=2. (6.6)

The stress tensor current 7'(z) then takes form

o =" 4 L a
T(:) = 30 Agle)= 3 TS T g R ()
o=%+1 o==+1
2

Thus the explicit expressions for the generators become

Tpso = Z qa@Pp% Z Schur{m} (pk = A(jz) Schur{n+m} (pk = AI(CU))

o=%+1 m>0
Vép o o o
Thyeo = Z ¢ Ppg Z Schur{m_n} (pk = Agg) Schur{m} (pk = Al(c ))
o=%+1 m>0
(6.8)
where
A7(Icr) _ Uaniw 6.9
(1+p7) o

and Schury,, (px) is the Schur polynomial in symmetric representation {n},
as given in (2.36). Similarly to the classical case, we also use a differential
representation of the free boson algebra in terms of the time variables

"'We will here use the same notation for the free boson oscillators as in the classical
case, but we hope it will be clear from the context which ones we are referring to.

2Here it should be noted that p is a complex deformation parameter which should not
be confused with the argument of the symmetric polynomials typically denoted by pg.
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{t4}, given by

n _n 1 n _n n _n a
an,~(q2 —q 2)t,, anzﬁ(m—t 2)(pz +p 2)atn, n € Zsg
1 8 «@ «
Qe Bto, P~2—— 2 ja)=e3Q0) VB3 1 (6.10)

VB oty

This again generalises the representation in the classical case in (3.31).
Finally, we note that the ¢g-Virasoro algebra is invariant under

1
ﬁ%_ﬁa

similar to the classical symmetry observed in (3.16).

qg—tt, (6.11)

6.2 The g-deformed matrix model

Mirroring the classical case, we now wish to construct a generating function
which satisfies a g-deformed version of the Virasoro constraints in (3.14)
following [26]. To do so, we use the screening current S(x),

S(z)=te Lo TR . ¢V/BQ/BP ; (6.12)
which is defined by the property that

On(gqx) — Oy ()
(¢ — 1)z

for some operator O, (z), recalling the g-derivative D, defined in (4.5).
Just as in the classical case in (3.36), there is another screening current
which can be used. This is the one obtained by performing the shifts
n (6.11) [26]. Again, this screening current can be treated similarly
and we here consider the current in (6.12). Next, we follow the classical
construction in (3.33) and employ this screening current to build up the
generating function (where the ; L'in the measure is for consistency with
paper II)

[T,.,S(x)] = DyOn(z) = (6.13)

Zla)y = 7{1_[ dxl S(z;)|er) . (6.14)

2mix;

In order to obtain the generating function, we rewrite the integrand as

N
HS(:EZ) =: HS(%) : z)c(z;q 1:[ (6.15)
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Here we defined the ¢-deformed Vandermonde determinant Ag¢(x),

Agi(z) = Y (6.16)
1<k#j<N (t$k$] 7Q)OO
together with the function cg(z;q) ,
1\ Otz ' q)
sz =[] (xkxj 1) — (6.17)

—1.
1<k<j<N @(xkxj 1 q)

Then, with the choice of the differential representation of the free boson
algebra in (6.10), we find that the generating function Z(t) ~ Z|a) is?

z(t) = "\""35 f H 0N gel)enlas )% (6.13)

27r1xl

% eZk:1 f(a+fN_Qﬂ) ln(‘”kHZil ts Zjvzl 5 .

In what follows we refer to such g-deformed matrix model as the quantum
matrix model. Z(t) then satisfies the g-Virasoro constraints

T, Z(t)=0, n>0, (6.19)

for generators T, of the ¢-Virasoro algebra in (6.1), which follows from

dz;
T.Zla) = [T, Z)|o) = n’fﬂ 5 91” (z:)]]a) =0, (6.20)

for a suitable contour. Alternatively, using the stress tensor current 7'(z)
n (6.7), the Virasoro constraints can also be written as

T(z)Z(t) = P(z) , (6.21)

where P(z) is a function which is holomorphic as z — 0. Furthermore, the
charged vacuum |«) is an eigenstate of the generator T as shown in [22],

Tola) = Aala) (6.22)
with eigenvalue A\, for momentum « given by

N Vo
Mo =p2q¢ 7 +p g7 . (6.23)

The generating function is an eigenstate of Ty with the same eigenvalue,

ToZ(t) = Mo Z(t) . (6.24)

3Here we also use the same symbol for the generating function as in the classical case,
i.e. Z, although it should be clear from the context which one we are referring to.
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Additionally, in paper 1T we find that for the particular momentum o = 0,
T 1Z(t)=0. (6.25)

Similarly to the classical case we can then introduce the time dependent
expectation value

z)) = }{H dg.ci O(z) ]:[ S(xy) , (6.26)

e 2mix;

for an operator O(z), again using the subscript ¢ to stress the dependence
on the time variables. Furthermore we can expand the generating function
in the time variables to find the correlators cy,

Z‘A 0 cAHtﬂ, (6.27)

where the summation is over all integer partitions A

6.3 Deriving the g-Virasoro constraints

We now wish to solve the ¢-Virasoro constraints in (6.19), where with
solve we again mean to determine a model in terms of its correlators. The
alternative of solving the model in terms of its WW-operator representation
has not yet been very tractable in the ¢g-deformed case, although attempts
at partial such solutions have been made in for instance [65].

One way to derive the constraints is via insertion of an operator under
the integral as investigated in papers I, III and IV. We will now review
the derivation in the case of the g-deformed matrix model from paper II.
The generating function under consideration is then

_y{cj{%ﬁdf Flz) (6.28)

for contours {C4,...,Cn} which will be specified later. The integrand
F(z), where z is the integration variables z = {z1,...,zn}, is

Flo)= ]I ACTETTIES ¥ DA ch z) . (6.29)

1<k£I<N (k215 ) oo i=1

Here we recognise the g-deformed Vandermonde determinant A, 4(x) in
(6.16) together with the usual exponent with the time variables. (z;¢)s
is the g-Pochhammer symbol in (5.1) and ¢,(x) is of the form

co(z) = aVPEHVBN=Qo) ) (5 )HM (6.30)

k=1 (memQ)oo ’
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for a g-constant A\;(x), with the property in (4.8). At this stage we can
think of N; as an additional parameter on which the generating function
depends, but we will later see its gauge theory interpretation in Chapter
9 (which is also the motivation for the form of ¢,(x)). The parameters
t,q, B € C are related via t = ¢”, and Qg is defined in (3.19). Here we
interpret the parameter « similar to the momentum of a vacuum state as
introduced earlier. We will later discuss the restrictions on c4(z).

Let us now consider the insertion of a particular g-operator under the
integral in the generating function in (6.28) with the goal of obtaining the
g-Virasoro constraints. To define this operator, we recall the definition of

the g-differential d,; in (4.4) but with an argument ¢!, i.e.

Ayt =M

i1 (6.31)

q

using the g-shift Mqﬂ- in (4.2). The operator we then wish to insert under
the integral is given by

Zd |0 (za)" Gilz) | (6.32)

NEL
with ... denoting the integrand and where
Nt
G.(z) = o .
() =T 2= (6:33)
]:1 J 1
J#

In other words, we are considering the constraints encoded in the equation

f ]{ ]‘[ da; Zd DY ) G )| =0, (6.34)
G Cn 2y T4 nez

with F'(z) as given in (6.29). It should be noted that the variable z
appearing in the insertion in (6.32) is a formal variable in the sense that
we will use its expansion to obtain one constraint for each power z™ (and
later we will restrict to m > —1).

To further specify the contours {C;} and the functions ¢,(z) appearing in
the generating function in (6.28), they are chosen such that the constraints
in (6.34) are satisfied. Said differently, the integral is required to be
invariant when acting with the ¢-shift operator qulyi on the integrand.
Rewriting (6.34) this implies that we impose

s = f o 11 MY o Giore - (6.35)

N j=1 Ty = 1 nez

Lo ﬂdi |2 oyt G| - (rus)

neL
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where we have introduced the notation (LHS) and (RHS) to denote the
left and right hand side of the above equation respectively to ease the
following discussion. Now, the (RHS) can be written as

fcl %CN H da ZM Yy [Z (za:)" Gyi(z)F(z)| =

]1x311 nez

dx] 1 -1 -1
% "G l Xy F 7 -
s T S Gl )

=1 Vi nez

1j€‘fcq f[ENde]Z zai)" Gi(z)F(z) | (6.36)

j=1 Lj nez

using the shorthand notations G;(x;¢!) = G;(z1,...,7,¢7 %, ..., 2n) and
F(r;q') = F(ay,...,2;¢7Y, ..., o5) where only the i-th argument is
shifted. Thus, to have the equality in (6.35) we find that the contours
{C;} and functions ¢,(z) must be invariant under the shift of contours

Cigt = Gy, i=1,...,N. (6.37)

This means that there cannot be any singularities in the region between the
two contours C;g~! and C; so that the shift can be performed without any
new contributions to the contour integral. Let us now examine this. In the
case of the insertion in (6.32), we treat z as a formal expansion variable,
thus ignoring the singularity at x; = 1/z. Then, the other singularities at
x; = x; of Gj(x) are cancelled by the zeros of F'(z) in (6.29). Similarly,
the singularities of F'(z) at x; = tx; are cancelled by the zeros of G;(z).
Thus, we are left with the requirement that the function ¢,(x) cannot
have any singularities in the region between the two contours. Assuming
lg| < 1, the contours can be schematically illustrated as in Figure 6.1.

To continue the discussion on the derivation of the g-Virasoro constraints
from imposing (6.35), we employ the identity

N N 1,1 N N -
1 (1—tz 1x ) t 1—¢tt z:c,
)" Gilz) =
(6.38)

in order to rewrite the (LHS) in (6.35) as

1 & (11—t N 1—tlzxi>

LHS) = _
(LHS) <1—t1:[(1 2l 1=t 1z

- <exp(§zsl‘ts Yo >> (6.39)

=1

N i —
t ; €XP <Zzs (- )8ats> Z(t)

S
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S

Figure 6.1. Tllustration of change of integration contours from C;jqg~! to C;.

recalling the time-dependent average in (6.26). In the last term we used
the coupling of the times to the integration variables in (6.29), to rewrite

al o
<§_: x> = atsZ(t) : (6.40)

We also note that the first term involves an expectation value of a negative
power of x;, which we cannot rewrite as a differential operator on the
generating function Z(t). Therefore, we require this term to be cancelled
by a term originating from the (RHS).

Moving on to the (RHS) of (6.35), we begin with evaluating the action

of the g-shift operator M1 ; on the integrand,

My Z (za;)" Gi(z)F(z)| . (6.41)

ne”

We now consider the three factors separately. Firstly,

My > (za)" =Y (emig™h)" (6.42)
neZ nez
and secondly

Nor—ta N trig!

9 W A j W

M1 ,Gi(z) = My, H Pa— H pa— (6.43)
]:1 J ]:1 J
J#i J#i
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Thirdly, the g-shifted integrand F'(z) becomes

M, 1, F

(@) =My H Mex R DA ch z)| =
1<k£I<N (trg /715 q)oo
ﬁ 1_xzq_1/1‘l) H
=1 1—753%(] 1/%1)
I#i k#
-1
X €2ect tséﬂf(q”—l)mF

cq(i) @

(1 —tag/x;) "
(1 —ap/x;)

(6.44)

using the explicit form of the g-Pochhammer given in (5.1). Overall, we
then find that the g-shift in (6.41) becomes

My |7 (z20)" Gy(z)F(z)

neZ

1 N -1
—_1\n Ty — tx;q~ 1 — Ziq /LU[)
= 2Tiq X
7%( ) jl_[lx]—:t:qull—[l (1 —taiqg='/xy)
i#i I
N _ (6.45)
o T Gt/ 52 et € @00 oy
o (1= aw/z;) cqlzi)
ki
N -1
S (gt T S 3 vt G )
nez k=1 (1 B xk/xl)
ki

cq(Ti)

noting in the last line the cancellation between the ¢-shifted G;(z) and
the first factor of F'(z) in accordance with the discussion about the shift
in contour after equation (6.37). Thus, the (RHS) takes the form

N*lx]zl

N N ( - ) nei
~{mgenr IS

1 txk/mz)ezszl toat (1) Cq (ziq™") >
i=1 neZ =

(RHS) = 7{ ?2 de]ZM 1 ZZJJi)nGi@)F(fE)]

1 —a/7;) cq(;)
i

(6.46)
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The next step is to rewrite the expression inside the average above as a
summation over residues using the relation

N
Z Mq—l,i Z (in)n Gz(x)F(x)] =
i=1

F(z) & dw A\ & (1= tzpw)
= ;Resw:leg L% (qw) ] H T opw) x:w) X

X 2ot ’fswfs(‘fs—l)C‘I(Ll(f1>

) (6.47)

for the auxiliary complex variable w = x; L

re-express the (RHS) in (6.46) as

mas - (S S ()]

Using the above, one can

i=1 nez i (1= zpw)
1,1
x eZiltswﬂ(q*s—l)’gq(wiql) . (6.48)
cg(w™1) .

The aim is to be able to write the (RHS) as differential operators acting
on the generating function as desired for the final constraint. To do so,
we want to change the order of integration between the integration over
the eigenvalues z;, encoded in the expectation value, and the contour
integrals in w. However, this cannot immediately be done as the contours
explicitly depend on the eigenvalues as we are integrating around the N
points w = :rl-_l with 7 = 1,..., N. It can be noted that the integrand
also have singularities at w = 0 and w = co. Using this together with
that w is a point on Riemann sphere such that the sum over residues
is vanishing, we can move the integration contour away from the points
w = x; ! to instead encircle w = 0 and w = oo where the contours are
now in the opposite orientation thus contributing with the opposite sign.
This is illustrated in Figures 6.2 and 6.3.

[

Figure 6.2. Schematic illustration of integration contours in the w plane before
the change of contours.
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Figure 6.3. Schematic illustration of integration contours in the w plane after
the change of contours.

Using this change of contours, we can rewrite (6.48) as

1 1 dw z\"
(RHS) = S t—12xi fiu—{O,oo} w [Z (W) ] 8

neZ
N
X eZs Ltsw™ (g7 = 1)C‘I(w q 1) H (1 —ta:kw) 7 (6.49)
cq(w™)  \;5 (1 —apw)
F(w)

bringing the expectation value inside the w integral and introducing the
notation F(w) with the corresponding power series expansion

w) =Y Fpuw™. (6.50)

Let us now consider the two contributions w = {0,00} one at a time.
Starting with the residue at w = oo, we find the contribution

SEETEE |l EER O

which can be seen from making the change of variables w = 1/« with
dw = ——da and integrating around o = 0. Next, we use the fact that
we are in a neighbourhood of w = oo such that we can rewrite

N1t (1—t7%)
Hl—ixj_ exp (Zw Z:p ) , (6.52)

k=1
to recast the w = oo contribution as

1 AN = cg(z7h)
7 () e (Zt k“_qk>> )

cq(271q) (6.5
e —sy N ’
X <exp (Z zsqs(l_St)in_s)> :
s=1 i=1 t
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Then, the contribution from w = 0 is

_75_112;?1{”:0 %" lz (q’;)n] Flw) = —t_%]-“ (;) (654

neZ
This time we are in the region near w = 0 and instead have that

II—VI 1-— tﬂckw B (Zw ) Z$f> . (6.55)

bl 1—xpw

The contribution from w = 0 then becomes

7 (q>_ tllcci( ex"(w )

X exp (Zz quts) 8755) Z(t) .

Using this result for w = 0 together with that for w = co we find that
(RHS) in (6.49) becomes

exp <Ztkz 1—q )ch((z_ll))x
N L
<exp (Zz 72951 >> + (6.57)
1 cy(z! = (1- ) 0
NEterty (Z E )eXp (Zz T ) -

(RHS) =

k=1

Upon equating the results of the (LHS) in (6.39) and the (RHS) in (6.57)
above, we finally obtain the ¢-Virasoro constraints

tN exp (i st 81) Z(t)+

cq_(zfl) o 2 (1—q") o = (1=t% 0 B
+ cq(2z71q) P (kzl 2k ) P (Z sq° 8t5> 2(8) =
00 sy N
- <exp (Z_:lzs(l_st ) ;xﬁ>> +
271 o _ k o _ 73 N
+ thq((z—lq)) exp <Z (12,:])7%> <exp (Z q (1 ! Z >>
k=1 s=1 =1 t

with ¢4(x) as in (6.30). As explained around (6.34), it is the expansion in
z which then provides each ¢-Virasoro constraint separately. Comparing
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to [22] together with using the generator current in (6.3), we can make the
above statement more precise. The above constraints should be interpreted
as ¢-Virasoro constraints in the sense that it corresponds to

b(1/2)T(1/2)Z(t) = P(1/z) (6.59)

with P(1/z) containing (an infinite number of) terms with zero or negative
powers in z and where

W(1/2) = p~F exp (Z 11;;1 ) . (6.60)

In particular we are interested in the constraints z™ with m > —1. How-

ever, at the order m = —1 there is a contribution to the constraints of the
form
(1 t) o
(1= g V) Zx 7 (6.61)
=1 t

using the explicit form of ¢,(z) in (6.30). As this cannot be written as a
differential operator in the times acting on the generating function, we
require it to vanish. Therefore we need to choose the momentum a = 0
which we restrict to from now on. We then specialise to the case of what
is known as the ¢, t-Gaussian model as discussed in [53], where the model
was expressed via its Macdonald averages. This corresponds to selecting
the parameter Ny = 2 with parameters my, having values m; = ¢(1 — q)%

and mg = —q(1 — q)%. The name ¢, t-Gaussian comes from the fact that
the g-Pochhammer symbols in ¢,(z) in (6.30) in this case becomes

Np=2

I (q2Tk; @)oo 1 1 _e

N

e 2 |

o (@mki oo (—aq(1 = q)25)o (2g(1 — ¢)23 @)oo 171
(6.62)
In the last step we took the semi-classical limit ¢ — 1, such that the
g-Pochhammer symbols can be viewed as the simplest g-deformation of
the standard Gaussian exponent. With this choice of parameters my, the
function c,(x) in (6.30) takes the form (upon choosing a = 0)
10)] } ,

(6.63)

caa(x) =aVPVEN=R (22(1 — g); ¢*) s (1 — g) %
( ; )go 1
X{—@q(;;q)[f((l—q)z q) = f(=2(1—q)

I\J\b—l

where O(z;¢q) is the theta function in (5.3) and fy(z;¢) is given by the
g-constant (with the property in (4.8)) for a parameter A,

A
o (¢ z;q) .

O ) (6.64)

Ia(z;q) =
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Using this example of the ¢, t-Gaussian model, we consider the con-
straints in (6.58). For the purposes of ¢g-Virasoro constraints we are only
interested in constraints 2™ for m > —1. We therefore expand the ex-
pectation values of the exponents containing negative powers of x;, and
collect any contributions to 2™ for m < —2 (which we are not interested
in) into the expression remainder. Recalling the choice a = 0, we obtain

) 9

N exp <izs(l_st ot >Z(t)+
PN (1= 21— ) e (i 1—q >><

k=1
xexp(Zz o 82) Z(t) =
t(q — 1)t1

(6.65)

=(1+q )21 + Z(t) — remainder .

Even though usual integrals are used above, Jackson g-integrals could
be used instead. As the insertion of a g¢-differential under a ¢-integral
is also vanishing, the above derivation should in principle hold for such
g-integrals although the details remain to be verified.

6.4 Solving the g-Virasoro constraints

Let us now continue by solving the constraints in (6.65) specialised to the
case of the ¢, t-Gaussian model. As discussed around (6.34), the purpose
of the parameter z is to serve as an expansion parameter using which we
obtain a separate constraint for each power z™ for m > —1. With this
goal in mind, we start from (6.65) to rewrite this as

exp( Zz (1—¢" tk> exp (Zz (1_;_3) 8(2 ) Z(t)+
+ 1Nyt (1 — 2% (1 - q)) exp (; 2° (1;]:8) 8(1) Z(t) =
=(1+4+q ') exp< Zz (1—q¢"t )Z(t)+
+ t(qlz—l exp < Z 2R — ¢ ) Z(t) — remainder .

(6.66)
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We then replace the exponents with symmetric Schur polynomials
Schurg,,,y (pr) using the Cauchy identity in (2.37), such that

tN ZZ_ESChUI’{g}Q?S =—s(1—¢°)ts)x
=0

x Y 2"Schur(y (ps =(1-t7) £> Z(t)+

n=0

o B 00 1—1t% 0
+ 1 Nq 1 (1 _ 2q2(1 o q)> ZZéSchur{Z} (ps = ) Z(t) =
£=0

¢ Oty
=(14+q ") Z:Z_ZSchur{f}(pS =—s(1—¢°)ts)Z(t)+

£=0

n M iz*ZSchur{g}(pg =—s(1—¢°)ts)Z(t) — remainder .
z ‘ ‘

=0
(6.67)
Next, we replace the generating function with its expansion
o
Z(t) =Y Z9@), (6.68)
d=0

where Z@(t) is the component of Z(t) of degree d with respect to the
dilatation operator D in (3.44). We now wish to extract the coefficient
of 2™ for m > —1 in (6.67) and when doing so, considering an overall
degree d in times {t;}. We also need to note that a symmetric Schur
polynomial of the form Schur,,; (ps o< t5) has degree m in times, whereas
Schur,,y (ps o< 3/0ts) has degree —m. Thus by considering the first line
of (6.67) we require by matching powers of z that —¢ +n = m and by
selecting the degree d in {t;} we have that £ —n = d. For the last two
lines of (6.67), the first term contributes to 2™ with m = —1,0 and the
second only contributes to m = —1. This is because only z™ for m > —1
are relevant for the ¢-Virasoro constraints in (6.19). We then obtain

d
tN Z Schurgy (ps = —s(1 — ¢°)ts) x
=0

0
Sch s = (1—t7%)— | zU4tm(¢
 Schurizim (o= (1= 4751 ) 24 (0)+
1—¢ 6.69
+ tl_Nq_ISchur{m} <pS = ! 82) Z(d+m) (t)+ (6.69)
q¢  Ots

1—-t° 0
—(1-— q)qtlfNSChur{m+2} <ps — 38t> Z(d+m+2)(t) =
q s

= Omo(1+ g ) Z9D(t) - Om,—1(1 — )t 29Dt
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We then rewrite the symmetric Schur polynomials using (2.36),

Nd el 1—C])
> 11 ,Aut H

£=0 {ys.t.|y|=L}

) (1 — 92
ot; (d+m)
I | | I A
% |Aut(y i (t)+

{ys.t. [yl=t4+m)

frsiplemy AU 0
1 1(v) 0

—(1- q)qtl—N H ATt H q 8ti Z(d+m+2)(t) —
{vst.|yl=m+2} |Au

=mo(1+q ") ZD(t) = 6,1 (1 - Q)tlz(d_l)(t) : (6.70)
Finally, we wish to rewrite the above into a recursion for the correlator
¢y for a partition A = {A1,..., Ae—1, Ae}, With A being the last part of
the partition A. We then recall the expansion of the generating function
n (6.27), together with that correlators can be obtained by acting with
derivatives in times, as given in (2.50) for the classical case. Upon identi-
fying m +2 = A\ and d + Ae = || so that the term on the fourth line in
(6.70) contains the desired correlator ¢y, . x,_;),, We act with the operator

d...0
Ay, - tr
with (...) denoting each term in (6.70). Upon rearranging we then get
the final recursion relation

(1—t*)

(1- Q)qtlfNTC,\l...A. =

N (1 —1t%)
—(1—q)qt Z ’Aut 7)] (H a >C>\1...>\._1“71--.%+

= aey  T¢
U(v)>2

— — 1 (1 _ ta)
1t1 N
i Z ’Aut('y)‘ E a CAlooXe—171..7e T

=he—2 7

0 5 (Tena =) »

vCA\A, \a€v

. Z |Au‘i(7)] (H ! _ata)> EN\ e 3vive T

[y|=lv]+Xe —2 acy
— Oxa2(14 g ) ny + a1 (1= @) (#21) — Deayas

(6.71)

t=0

(6.72)
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recalling the notation #,j given in (2.24). Also, A\ A, is used to denote
a partition A without part As and A\ {As, 7} is used to denote a partition
A where A, and all parts of the partition v are removed. It can be noted
that the above is indeed a recursion for cy since all the terms on the right
hand side except the first have a sum of indices |\| — 2. The first term on
the right hand side instead has a sum of indices |A|, but a minimal index
Yo < As. Upon applying the initial condition cgy; = 0 we obtain for the
first correlators, N N
tY (11—t
6{171} = t(<1—t))0® (673)

and

Coy = 5 cp -
t(1—q)(1—1)

(6.74)

6.5 Recovering Virasoro from ¢-Virasoro

As a sanity check, we can also verify that the Virasoro algebra, the Virasoro
constraints and also the classical matrix model can be obtained from their
corresponding g-analogues. To see this, we return to the semi-classical
limit introduced in the context of the Macdonald polynomials in (5.21),
in which we let t = ¢® with ¢ — 1. More specifically, we introduce a
parameter h, such that

qg=e", h—0. (6.75)
Starting with the free boson algebra in (6.6), the semi-classical limit is

]- n _n n _n n _n
[an; am] = E(QZ —q 2)(t2 —t72)(Pp? +p 2 )0ntmpo

— 2BnR% 0y 1m0 + O(R?)

(6.76)

so that the classical free boson algebra in (3.21) is recovered at the second
order of the h-expansion (up to a factor of 3). Taking this limit in (6.10)
we instead obtain for the free boson oscillators

n

a_, ~(q? —q 2 )t, — nht, + O(h?)
(6.77)

Lo w a0 9 ,
an—;(t —t2)(p2 +p )8tn_>26h67n+0(h)’

as expected. At the level of the g-Virasoro constraints, one can find that

the ¢g-Virasoro generators has the expansion [25]

2
Ty = 2000 + 12B(Ln + %‘5,170) +O(Y, (6.78)
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where we recover the Virasoro generators L, at second order in the A
expansion and with 3 given in (3.19).

Let us now turn to the g-deformed matrix model in (6.18) and more
specifically the resulting functions due to normal ordering in (6.15). Start-
ing with the g-deformed Vandermonde determinant in (6.16), we find

(2675 "5 @)oo 8
Np)= [ —H=——- II (—=a) o (6.79)
1<idjen BTRT; 5 @)oo 1<k¢j<N( ’ )

using the definition of the ¢g-Pochhammer in (5.1). Next, we consider the
other function appearing in the integrand, cg(z; ¢), which becomes

cpla;q) = H (mkm )

8 @(txkxj iq)

1<h<j<N Ok ') (6.80)
I () ) )
1<k<j<N

using the definition of the ©-function in (5.3). Thus, the combination in
(6.15) then becomes,

N
Agi(z)es(z;q H A=Y II (- ;)% (6.81)
j=1 1<k<j<N
since we can rewrite H§v21 AIN-1) _ = Ihi<k<j<n xﬁxk We thus recover
the classical S-deformed Vandermonde dctcrrmnant in (2.20).

Let us also observe the semi-classical limit at the level of the insertion
which generates the g-Virasoro constraints in (6.32). There we find that
the function G;(z) in (6.33) becomes 1 while the ¢-differential (together
with the factor of Zi from the measure) becomes

dq L 0
lim ————— = .
=1 z;(g7t — 1) 0x;

(6.82)

In other words we recover the usual derivative, which can also be seen as
the motivation for the form of the insertion.
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7. The g, t, ¢-deformation

We now take the deformation a step further, by introducing another
deformation labelled by the parameter ¢. We will in other words study the
q,t, ¢’-deformation of the algebra and the matrix model construction, which
therefore is a 3-parameter deformation of the un-deformed classical case.
Similarly to the ¢, t-deformation being referred to as the trigonometric
deformation, we will sometimes refer to the g, ¢, ¢-deformation as the
elliptic deformation.

7.1 The elliptic Virasoro algebra

Let us begin with discussing the deformation of the Virasoro algebra.
The elliptic generalisation of the Virasoro algebra, also called the W 4.4
algebra, was first given in [30]. This algebra is generated by operators T,
satisfying the associative algebra which can by given in terms of stress
tensor currents T'(z) = Y, 07 T2 ™" as!

f (Z)T(Z)T(w) — T(w)T(2)f (Z) -

S () D)

In addition to the previously introduced parameters ¢,t,p = gt~ € C, we
have ¢’ € C parametrising the elliptic deformation. The ¢-Pochhammer
symbol (z;q)c is given in (5.1), the theta function ©(z;q) is defined in
(5.3) and we recall the multiplicative delta function é(x) given in (6.5).
The structure function f(x) =3, o7 fna™ is defined via the expansion of

(7.1)

fa) = (s p?, )T (P s p?, ) (pgzs p?, ) (72)
P(p?z;p?, ¢ )T (pg ;9% ¢ ) (g5, ¢')
where the elliptic Gamma function is defined in (5.6) in the region

1p?], lq] < 1. Alternatively, one can express the commutation relation
using the generators 7T,, as

O(q; Ot ¢
Zfﬂ (TnfETeré - TmeTnJrZ) = - <q q) ( q)

T _ —n 6n m .
= (¢'54')3.9(p; q') (" = 7") Sutmo

(7.3)

We hope that although the trigonometric and elliptic generators are both represented
by Ty, it will be clear from the context which one we have in mind.
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This construction was later generalised for arbitrary quiver diagrams
in [66]. To see this, we now briefly introduce the notion of quivers. A
quiver, typically denoted by I', consists of a set of nodes I'g and arrows I';.
For instance, a quiver with two nodes a,b € I'g and two arrows e, f € I'y
is illustrated in Figure 7.1. Then, one can associate a deformed Cartan

Figure 7.1. Tlustration of a quiver I' given by two nodes a,b € 'y and two
arrows e:a — b, f:b—a €T}y,

matrix Cyp € [Ig| X |Tg| to the quiver I". This matrix is given by

Cav=1+p Noap— > ' =p " D pie . (7.4)

e:b—a e:a—b

We here introduce the parameter p, € C which will be interpreted as
masses for the bifundamental fields in the gauge theory picture [67], as
shown in Chapter 10. We would now like to give a free boson realisation
of the above algebra. For each node in the quiver I' we introduce the free

boson oscillators {s((ﬁl)} which satisfy the Heisenberg algebra

11—t

(#) D] = [+n] 5 7
[Sa,n ) Sb,m} :Fn(l _ q:':n)(l _ q/j:n) Cab n+m,0 » n,mec \{O}
(7.5)
for a,b € I'y and
[S0,0,80.0] = BCY . (7.6)

Here we use the notation [, which means that we replace each parameter
with its n-th power. In particular,

Ol = (14 p ™oy — Y " —p™ >l (7.7)

e:b—a e:a—b

Generalising the generators in the commutation relation (7.3) for a generic
quiver, the elliptic W, ;.o (I') algebra is then generated by {T)%,a € I'y,n €
Z}. We then wish to give the generator 7% in terms of free boson oscillators.
In order do so, we consider the stress tensor current given by

Tw) =Y Tpw™" (7.8)

neZ
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which can be expressed via the auxiliary operator Y¢(w)

apy oo (YR )y 0—pa S —1\[
Y (w) = : eé=n0 it , pa—Z<C )ab.(7.9)
beTy
Here the free boson oscillators {ytﬁ)} satisfy
5 (D] Lo & T le v ] —
[yé,n),sb,m} = :Fmawrm,o(sa,b ) [ya,o,sb,o] = [sa,anb,O] = 5a,b )
(7.10)
where
[£n] [0]
() (1 _ ) (o-1)F (@) a1 (e
ya,n (1 q ) (C )ab Sb,n ) Y(I,O 6 (C )ab Sb,O ) (711)

340 = ?Jb,oﬂqﬁfi] :

In order to give the stress tensor current 7*(w) in terms of the operator
Y*(w), we need to specify the quiver. As outlined in [66], the simplest
example is the quiver given by the single node, i.e. Ty = {a} and 'y = ().
We therefore drop the label of the node and simply use T'(w) and Y (w).
In this particular case, the stress tensor current is

T(w)=Y(w)+Y(p tw)™. (7.12)

As a final remark, we introduce the time representation of the free boson
algebra,

ES N tin ) o L= e O
Sa,fn - :Fn(l _ q/:I:n) ’ Savn 1= q$n ab 8t§tn )
0

ya,():tg; saﬁ:aiilff’ |0>217

n>0

(7.13)

which we will make use of shortly.

7.2 The elliptically deformed matrix model

Similarly to the Virasoro and ¢-Virasoro cases described earlier, we then
construct the screening current. Here it takes the form

(+)

(D) yn -
Sa(w) = eZ'MfO (Sa,n’w +Sa,nW ) - a0 eSa.0 , (714)
and it is defined by the property

(0 (qw) — Ob (w))
(¢ — Dw

(72,5 (w)| = 0 DyOh (w) = Gu (7.15)
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for a,b € Ty, using the g-derivative in (4.5) for some operators Q% (w). For
an explicit example of such an operator O? (w) see [66].

Next, we wish to explore the matrix model which can be constructed
in the elliptic case. Similarly to the classical and trigonometric cases, we
build up the generating function using the screening current in (7.14)

[Tol Ng

Zla) = f 1 H S0 1)) (7.16)

27r1wa g
where we used the Fock module F, with vacuum |a) which satisfies

[Tol ~
séjjl) la) =0, n>0, o= 02 a a¥0e|0) . sgola) = agla) . (7.17)

Upon normal ordering of two screening currents one finds

6a,b 6&,1}
a Wgq a Wq
% (w10 )S" (wi ) = = (1) (wx) : ALk, (’“) A <w ””7> :
a7]

wa 7j

176{1 b
a0l
x Al (“’”’“) w, (7.18)

Wa,j

where we introduced the three functions

A ~ T(tw;q,¢)T(tw™ "5 q,¢') O(tw™"; q)

node(w)_ F(w;q,q’)l“(w*l;q,q’) @(wfl;q) , (719)

o D(pew; q, ¢ )0 (pew™59,¢") O(pew™ 1 q)
A( ) _ ) 4,4 ) 9
wlf () ega T (tpew; q,¢)T (tpew =5 q,q') O(tpew=1; q) (7.20)

and finally

I(pew; q,q) Clgt~ petwig )
A(ab) w) = — ] — ’ 721
an () = 1 P(tpew; q,q) ga Plguetws g, q) e

e:a—b

We can recast the above functions using instead

D(twak/wa,j54:4)
A(a) (wa) _ a, a,js 4, (7.22)
E T 1§j71é_k[SNa F(wa,k/wa,j; q7 q/)
and
a F(Mewa,k/wa, is 4, q/)
Aop(wa) =TT TI 2OAL (7.23)

e:a—a 1<j£k<N, P(tpewa/wa ¢, 4')

together with the two g-constants (recalling their definition in (4.8))

B :
O I e )

1<j<k<N, \Wak @(Mwa,j/wa,k; q)
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and
) (wa, 15 )

. (7.25)
Measa €5 (wa, 1e5 0)

Using these functions and ¢-constants, the state Z|a) in (7.16) becomes

ITo| N,
dww
j{HH Ot Ag g (w)x
ITo| N, ITol [0] [Tol N,
*5( aa +Z b.p—1 Cap Vo)
< 1T 1T w. "~ ST IS (way) : e
a=1j=1 a=1j=1

(7.26)

where Ay o (w) is the elliptic Vandermonde determinant given by

[Tol (a ( @ ITo|  Na,Np (at) (W
Agg (w HC (wa; q )Aa(wa)Algop( o) H H Ao (w ) :
a=1 a<bb=1 j,k=1 a.j
(7.27)
Using the time representation of the free boson algebra in (7.13), we obtain
the generating function for the ¢, ¢, ¢-model

No({tg .
a ja _ Mo({ta} a,j
Zla) ~ 7({15,1°}) = fH 1 5 Bunat)
'zz( O ung) - 3
X exp Vi (wg, ;) — na]ﬂ) )
a=1j=1 n>0 n(l—q™)
(7.28)
Here we have interpreted the state
llrl)[ ﬁ _ﬁ((N —V ‘“1 +ZLF>OI)‘ZJ 1 abNb)|a> (7 29)
a=1j=1 B

as the potential

ol [0] ol
g+ 5 ZC[O] Z Inw .
b=1

a>b,b=1
(7.30)

V@ () =

We also have the overall normalisation factor

Tl [Tol
No({t8}) = Zto <aa+BZC£Nb> . (7.31)
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To close this discussion on the elliptically deformed matrix model, we
consider the Ward identities for the ¢, t,¢-deformed matrix model in
(7.28). To do so, we again specialise to the case of the quiver Ay, or a
single node, where |I'g] = 1 and we can drop the dependence on the node.
The set of constraints the model has to satisfy is then encoded in

T(p'?2)Z(t) =
N
Noto) 7{ H 2mw Agea| <Z e¥(7lto) [[lfa(wj/z)> X (7.32)

tnw

X eZ] 1V(w]) Z] 1Zn>0 n(l— q ) ,

similar to the ¢-Virasoro constraints in equation (6.21). T'(p'/?2) is then
the elliptic Virasoro current in terms of the Y operators in (7.9)

T(p'?2) =Y(p'/22) +Y(p1%2) (7.33)
Y, (z|tg,t) is the contribution from the non-positive modes of Y (p?/?2)”
for o = £ and f,(w;/z) is

o B Pw,/z )
o) = STy e

(7.34)

7.3 Recovering ¢-Virasoro from elliptic Virasoro

In order to see the g-Virasoro construction arising from the W, .., one,
the limit to take is ¢ — 0 and restricting to an A; quiver. In this limit,
the deformed Cartan matrix in (7.4) takes the form

Cap = (1+p Hdap - (7.35)

The free boson commutation relations restricted to {s(+)} becomes

. <+>P_(“ D Ap)s s (7.36)

a,n > Shm

which recovers (6.6) as we can find by comparing screening currents that

s((ltl) — —an(q? —q~2)~'. Next, the time representation becomes
<) 2

(t5 —t"%)(p2 +p7%) O
a n T T, S((z,tz)_) b
n (qz—q 2) Gt

6(1 b (737)

which recovers (6.10) upon noting that the time variables in the quantum
case are equal to the elliptic time variables up to a factor 1/n. Then, to
see the limit at the level of the algebra in (7.1) we find

O(g; )0t ¢)  (1—g)(1 -t

(¢;4)3.9(; ') (1—p) (7.38)
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and
dA=t™™) n

a—
F(z) = edonso naim " (7.39)

using (5.1), (5.3) and (5.6), so that one recovers the ¢-Virasoro current
in (6.4) with the structure function f(z) in (6.2). Finally, the elliptically
deformed Vandermonde determinant in (7.27) becomes as desired

Agrq (W) = Age(w)es(w;q) (7.40)
with Ag(w) as in (6.16) and cz(w; q) as in (6.17).
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Part III:
Applications

It should be noted that our results — and particularly those of papers II,
IV and V — can be viewed as interesting findings solely within the area
of matrix models. However, the results can also be viewed in a different
light. The purpose of this part is therefore to explore applications of
the classical and quantum algebras and matrix models introduced earlier.
We begin with introducing the necessary background required for the
first two applications we have in mind. In particular, we review how
to obtain gauge theory observables on curved spaces while preserving
some supersymmetry through applying the method of supersymmetric
localisation. We then move on to discuss physical examples where we
can make use of the deformed algebras and matrix models. As a final
application, we introduce the concept of 7-functions in order to investigate
the connection between Virasoro constraints and Hirota equations.






8. Exact results in supersymmetric gauge
theories

In this chapter we review the relevant background needed for the applica-
tions of the quantum algebras and matrix models. To be more specific,
the applications we consider are firstly a three dimensional N' = 2 gauge
theory on D? x, S! and S} and secondly a four dimensional A = 1 gauge
theory on compact spaces M3 x S'. To motivate why these applications
are worthwhile, one can take a wider perspective in which they can be
considered part of a programme called the BPS/CFT correspondence [5-9].
In this programme, exact results for expectation values of certain protected
BPS observables are expressed via two dimensional CFT’s. There are
several applications of this, for instance chiral algebras and superconformal
field theories [68,69], the gauge/Bethe correspondence [70-72] and the
AGT correspondence [73,74]. In the AGT correspondence, 4d N = 2
partition functions computed via localisation [3,75] are identified with
2d CF'T correlators. In paper I, we investigated possible extensions of
this AGT correspondence in the form of elliptic deformations, in the
particular case of compact surfaces Mz x S'. In paper III and IV we
instead focused on applications of the BPS/CFT correspondence in the
case of 3d supersymmetric gauge theories and more specifically on the
evaluation of expectation values of Wilson loops.

In order to study supersymmetric gauge theories on compact spaces, one
needs to have a consistent formalism in which such theories can be placed
on our backgrounds of interest. This has been explored in [76-82]. In
the 3d case it was observed that A/ = 2 theories are supported on several
backgrounds with two supercharges of opposite R-charge being preserved.
However, in the 4d case we can have N’ = 1 if we again wish to preserve
at least two supercharges of opposite R-charge and the backgrounds are
restricted to being 72 fibrations over a Riemann surface.

Let us now review the method of supersymmetric localisation which can
be used as a tool in evaluating gauge theory observables and in particular
partition functions. We will then end the chapter with collecting various
results which will be useful in the discussions in later chapters.

8.1 Supersymmetric localisation

We now review the method of supersymmetric localisation. Loosely speak-
ing, the essence of the method is to reduce the domain of integration and
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consequently enable the exact evaluation of infinite dimensional integrals,
typically in terms of finite dimensional ones. Since about ten years ago,
there has been a plethora of results using localisation in dimensions rang-
ing from 2 to 7 and for a review on the subject we refer to [83]. Upon
applying the localisation method, the resulting models are often given
in the form of classical or quantum matrix models. This enables us to
use the matrix model tools outlined in earlier parts and in particular the
property that matrix models satisfy Virasoro or ¢-Virasoro constraints.
Then, by clever use of these constraints we are in some cases able to solve
the gauge theories in terms of determining its generating function. We
now briefly review the derivation of the localisation formula following [83].

The key relation in the localisation procedure is the Berline-Vergne-
Atiyah-Bott formula [84,85] given by

[ oS o) (5.1

for a compact manifold M of complex dimension n with a U(1) action
described by a vector field V(z) and en equivariantly closed form «
satisfying (d + ¢ty )a = 0. Here it is assumed that the fixed points {z;} of
the U(1) action are isolated and « is the zero-component of the form a.
We now wish to briefly recall how this formula arises.

For an odd tangent bundle IIT M with coordinates z* on M and Grass-
mann coordinates ¢* on the fiber, the functions F'(z, 1)) are differential
forms and the vector field of the U(1) action is V#(x)0,. We define the
transformations

oxt =Yt pr =VH(x) (8.2)
corresponding to (d + ¢y )a = 0. We then want to compute the integral
Z(0) = / oz, ) Az d™ (8.3)
n7TM

where a(z,1) can be thought of as the supersymmetric observable which
is equivariantly closed, i.e. da(z,v¢) = 0. The trick is now to deform
this integral to include a dependence on a parameter ¢ € R, hence the
suggestive notation Z(0), such that

Z(t) = /H | ale e ey (8.4)

Here we also introduced a function W (z, 1) which we require to be d-exact
so 62W (z,1)) = 0. Using this, we can consider

Sz = - /H W@ ie M EVdmat . (85)
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Upon integrating by parts

d —t T,
SA(t) = = W (,0)ale,p)e e g (3.6)

+ | W )ba(e,p)le A dhy =0,
n7TM
where we used the Stokes theorem i.e. [y, w = [, dw on the first term and
the fact that da(z, 1) = 0 on the second term. Thus, Z(¢) is independent
of the parameter ¢. This means that the original integral Z(0) can be
computed at any value of ¢t. For instance, we could let t — oo to find

Z(0) = Z(t) = lim Z(t) = lim a(z, P)e WE@Dqrg dny | (8.7)
t—o0 t—o0 JTIT M
and then use saddle-point methods in order to evaluate Z(0). In order
to recover the formula in equation (8.1), we need to make the choice
W(z,v) = V*(x)guy” with the metric g, being U(1) invariant. This
implies that the exponent in (8.4) is given by

5 (2, 8) = SV (2)gut”) = VP (2)gyuV* (2) + Dp (V¥ () gy P
(8.8)

recalling the transformations in (8.2). Therefore, at ¢ — oo the critical
points z; of the U(1) action dominates, in other words where V(z;) = 0.
Let us now consider one such isolated point z; and we assume for simplicity
that x; = 0. We can then introduce rescaled coordinates & and ¢ given by

i=tx lz:\/w
dy
i

Using these new coordinates the integral in (8.7) becomes

di = Vtdz dy) = (8.9)

o &P\ () s
Z(O)—tlgglo HTMO[<\/7? ﬁ>e d"zd™y . (8.10)

<Je

As the next step, we expand tdW (%,

) in the t — oo limit,

AN
toWw <\/E’ \/E) =
= [0,V7(0)] gop [0,V (0)] 35" + [0,V (0) g, ) P4 + O (\}i) B

= H,, "3 + S,, ") + O (\2) . (8.11)
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Here it can be noted that terms proportional to ¢ and t'/? vanish due to
V(xz; = 0) = 0. We also introduced a constant symmetric matrix H,,
and constant antisymmetric matrix S,,,, as their explicit forms will not
be important, and we used the expansion of V#(z) around z = 0,

VA (z) = VI(0) + 8,V (0)a” + ... . (8.12)

We then recall the transformations in (8.2), which in the limit ¢ — oo

takes the form
STH = M
=Y (8.13)
St = VtVH(z) ~ 9,VH(0)3” .

Using these transformations and keeping only terms surviving the ¢ — oo
limit in (8.11), the condition 6*W (z,v) = 0 implies that

T Y e

o (ﬁ’ \/%> = 2(Hu — Su@ VOO =0, (8.14)
using that f,, and Sy, are constant symmetric and antisymmetric matri-
ces respectively. In other words we require the two matrices to satisfy

H,, =5,0,V°(0) . (8.15)
The integral in (8.10) can then be evaluated to
Z(0) =a(0,0) ot qn g / o S P g —
7T M n7TM

_a(0,0)(2m)"PE(S)
- det(H) ’

(8.16)

recalling that z*, " are even coordinates and 9, H are odd. We also
used that forms higher than the zero-form will have additional factors of
1/4/t and so will not contribute as t — oo. Here det(M) is the determinant
and Pf(M) is the Pfaffian of a matrix M. Using that the two are related
by Pf(M) = \/det(M) provided that M is anti-symmetric together with
the relation between S and H in (8.15), we find

2(0) = 2)"a(0.0) (8.17)

\Jdet(8,17(0))

Generalising this result to the case of multiple isolated critical points at
generic positions {z;} we obtain

Z0)=3" (2m)" () (8.18)

T\ Jdet(9,VY (x))
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thus recovering (8.1).

So far, it is not obvious to see how the localisation formula in (8.1)
applies to supersymmetric gauge theories. In order to make this connection
clearer, one needs to make some adjustments in the above reasoning.
To begin with, in the gauge theory setting the objects of interest are
observables of the theory. It could be for instance partition functions
or correlation functions of gauge invariant operators which are d-closed
or also referred to as protected operators. Let us for clarity consider
partition functions. Expressing a generic partition function through its
path integral, it can be given as

Z(0) = /D(I) e S (8.19)

for an action S [®] where ® encode all the fields. Here it should be noted
that the first difference to (8.1) is that we have an infinite dimensional
integral as we are integrating over all possible field configurations. Sec-
ondly, the transformations in (8.2) will be given by the supersymmetry
transformations of the theory in consideration. In (8.19) we introduced
the notation Z(0) such that we, similarly to before, can introduce a
deformation parametrised by ¢ as

Z(t) = / DP eSOV (8.20)

for some deformation V again being d-exact, 6V = 0. By the same
reasoning as before, Z(t) is independent of ¢ and we are free to evaluate
(8.19) at t — oco. Another difference to before, is that we choose that

V=3 (u)iv (8.21)

summing over fermionic fields . As the bosonic contribution to the
deformation of the action (6V), ., given by

(0V ) = D_ |07 (8.22)

is positive semi-definite, the integral is dominated by the region where

(0V)pos = 0, i.e. where 0¥ = 0. Similarly to what was done around (8.12),
we rescale and then expand the fields ¢ around the fixed points, such that
1
DDy —' +... . 8.23

ot (8.23)

We then find that in the limit ¢ — oo the partition function becomes
2(0) = / Dby e 5120l et (62) . (8.24)
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Here we introduced the superdeterminant sdet which is taken over the
appropriate space of fields. This generalises the usual determinant where
now bosonic fields appear in the denominator and fermionic fields in
the numerator. In other words this generalises the combination of the
pfaffian and the (square root of the) determinant in (8.16). Thus the
contributions to the partition function is the classical contribution given by
the exponent and the 1-loop contribution given by the superdeterminant,
which are names we will refer to later. However, evaluation of the 1-loop
contribution is typically not straightforward and methods to evaluate the
superdeterminant include determining the spectrum of the fluctuations
under 62 and also making use of so-called index theorems.

The localisation construction in the case of evaluating the path inte-
gral in the infinite dimensional setting was first done in [86], in which
supersymmetric quantum mechanics was considered. More recently, the
above described localisation procedure was applied in a supersymmetric
gauge theory set-up in the pioneering work [3]. There it was used in
order to exactly evaluate partition functions and expectation values of
Wilson loops on S* for an N = 2 gauge theory where 8 supercharges were
preserved. The transformations similar to (8.2), then originated from the
supersymmetry and BRST transformations. The final result was finite
dimensional integrals given by specific matrix models.

Following the work in [3], the applications of the supersymmetric locali-
sation method has been extended to include various other supersymmetric
theories, dimensions and backgrounds. We now review a few results which
are crucial in the search for applications of our deformed matrix models.

8.2 Summary of localisation results

Let us now summarise the relevant localisation results which we will
employ in the applications which follow later in this part. We consider
three particular cases. Firstly, we consider three dimensional ' = 2 gauge
theories on D? x, S! and secondly on Si. The third case is the four
dimensional A" = 1 gauge theories, where we focus on S® x S*.

8.2.1 D? x, S

Let us start with the 3d N = 2 gauge theory on D? x, S'. The gauge
theory we consider is a Yang-Mills Chern-Simons (YM-CS) theory with a
single unitary gauge group U(N). The geometry is a D? fibration over
S1. The parameter ¢ appears as the rotation of the D? fiber when going
around the base. In addition to the N/ = 2 vector multiplet, we allow for
an adjoint chiral multiplet of mass t together with Ny fundamental anti-
chiral multiplets of respective masses {uy} with K =1,..., Ny. Besides,

84



we introduce a Fayet-Illiopoulos (FI) contribution parametrised by x; € C.
To then determine the D? x, S1 partition function, one needs to establish
the 1-loop contributions for each of these multiplets. This was done
in [27,87] where the latter reference used the method of localisation. The
results are summarised in Table 8.1.

Multiplet 1-loop contribution
Vector HQEA(wm q)oo
Chiral in irrep R (Neumann) | [[,cx (wom; 9t

Chiral in irrep R (Dirichlet) Hpen(qu_lm_l; q)oo
Table 8.1. 1-loop determinants of vector and chiral multiplets.

Starting with the vector multiplet, the contribution is [T ca (Wa; @)oo
with o € A being a root of the gauge Lie algebra excluding the zero root.
Next, a chiral multiplet contributes with [] ez (w,m; q)t for Neumann
boundary conditions and ]_[pen(quglrrfl;q)Oo for Dirichlet boundary
conditions. Here p is a weight of the irreducible representation R, whereas
m is a global U(1) fugacity. Then, upon collecting the above contributions
[27,87] showed that the partition function for the above gauge theory on
D? x, S' with U(N) gauge group is

Zbs = 1] H Y 2 s WZER ). (529

Here we introduced the background D? x,S* and the number of fundamen-
tal anti-chiral fields Ny as labels on the partition function for clarity. The
contour C is defined as N copies of the unit circle. The two contributions
to the integrand Zg2xqsl (A) and Z});lfjspl (A) are then the classical and
the 1-loop contributions respectively, given by

Zhaw g1 (A H A (8.26)
N
_ )\k/)\l oo N 4
ZE10P ()) = 4 GAjUL; @)oo - (8.27)
s 1<kg<N (EAR/ A5 ) 1:[1 kl_[l

The 1-loop determinants can be found from Table 8.1, as we have vector,
adjoint chiral and fundamental anti-chiral multiplets contributing.

Let us close the discussion of partition functions on D? x, St by the
following remark. This partition function has sometimes been referred to
as the half-index [88] or the 3d holomorphic block [27], expressed as

B = 7{ HdwlT3d( ), (8.28)

7i=1
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for a 3d integrand Y34 (w), a building block which we will return to shortly.

8.2.2 S}

We now move on to consider 3d N' = 2 theories on the squashed three
sphere S3. The 3d geometry is given by

wi|z1? +walzl* =1, (8:29)

with 21,29 € C and where wi,ws € R are the squashing parameters.
The squashing is often encoded in the real parameter b, where b*> =
wa/wy [64,89-91]. Although it may seem natural to have real squashing
parameters from a geometrical point of view, the derivations which follow
does allow for arbitrary complex values for the parameters wy,ws. Thus
we take wy,ws € C.

Regarding the gauge theory picture, we consider — similarly to the
D? x, S case — a single unitary gauge group U(N) and an N = 2 vector
multiplet, an adjoint chiral multiplet of mass M, and Ny fundamental
anti-chiral multiplets of masses {my;} with £ =1,..., Ny. We again allow
for a non-trivial FI parameter x; and this time also a CS term with
parameter kg, as will be elaborated on in Section 9.2.

Then, in order to establish the 1-loop contributions of these gauge and
matter multiplets, one can use supersymmetric localisation to determine
the contributions as given in Table 8.2 (using the results of Paper III)
[90,92]. In particular, it can be noted that the contributions are given in
terms of double sine functions, defined in (5.9).

Multiplet 1-loop contribution

Vector [Toca S2 (a(X)|w)

Chiral in irrep R [Lyer S2 (w(X) + Mp|w)™!
Anti-chiral in irrep R | [, cr S (—w(X) + Mg|w) ™

Table 8.2. The 1-loop determinants of vector, chiral and anti-chiral multiplets.

In Table 8.2, w(X) € R is the weight of the representation R whereas
a(X) € A are the roots of the algebra, excluding the zero root. Mg and
M are the masses of the chiral and anti-chiral fields respectively. Here
we introduced the integration variables appearing in the partition function
X ={Xi,..., Xy}, which take values in the Cartan of the gauge group.

We now specialise to the case of a U(N) gauge group. In this case the
roots are differences of fundamental weights w; enabling us to write

a;i(X) = wi(X) —w;(X) = X; — X, (8.30)
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for imaginary numbers X;. As mentioned above, we consider a YM-CS
theory, thus allowing for a CS term given by

N _ Tirg X2
He wiwg (8.31)
i=1

for a CS level ky € Z. Furthermore, as there is a U(1) in the center of the
gauge group we also have an FI term

27nn1

Hewwz ‘ (8.32)

parametrised by k1 € C. Then, the S} partition function as shown
in [90,92] is given by (and given in [89] for S?)

N cl 1-loo
Zgl = /(lR HdX Z5p(X) Zgy " (X)) - (8.33)

The integration variables X; € iR are Coulomb branch variables and
Z(X) is the classical contribution given by
b

.
Hex ( iR w2 | mm}g) . (8.34)

wiws 1 wiwa

Then Z;QIOOP(X ) is the product of 1-loop determinants
b

— mylw) ",

Ny N
— SQ(Xk; — X |w !
Zlgloop(1> _ H H

% 1<k#£j<N S2( Xk = Xj + Malw) ;25 2]

(8.35)
given in terms of the double sine function Ss(z|w) defined in (5.9).

It can be noted that topologically Sj can be obtained by gluing two
solid tori, i.e. two copies of D? x, S'. One can then give each half of the
sphere a label @ = 1, 2 and imagine each such half to have a corresponding
D? %, S! theory with its own modular parameter ¢, given by

a = e, B =m0 (8.36)

for the gluing element g € SL(2,Z). Upon identifying ¢ = w/w; we can
write the two modular parameters as

LW LW
2mi =2 2mi =L

Q=e “1, Ga=¢€ 2. (8.37)

This seemingly simple geometric picture has also been found to hold at the
level of partition functions, as shown in [27-29]. There, the S; partition
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function is found to take a factorised form into holomorphic blocks, in
other words the D? x, S! partition functions introduced earlier. Recalling
(8.28), the compact space partition functions then decompose as

7%= / ﬁdxﬂgd (w(z, 0); T (w(z, 0)), (8.38)
0 i=1

for continuous variables {x1,...,zy} and discrete variables {¢; ..., {y}
parametrising the localisation locus. This can also decompose further to

ALY (B;?d)l (Bid)2 , (8.39)

c

summing over supersymmetric massive vacua {c} and using the holomor-
phic blocks B2 in (8.28).

Finally, we remark that the object of interest from the gauge theory point
of view namely expectation values of Wilson loops, can be conveniently
obtained from expectation values of Schur polynomials using the above 3d
partition functions. We will elaborate on this statement in Section 9.1.6.

8.2.3 53 x St

We now consider the final case of interest, namely the 4d N' = 1 gauge
theory on compact spaces of the form Mz x S'. For concreteness, we
consider S? x S'. The goal now is to not only evaluate partition functions,
but rather to be able to exactly compute more sophisticated observables.
In the 3d case we are interested in expectation values of Wilson loops. In
4d, Wilson loops cannot be generically defined. Therefore we will instead
consider the defect generating function, which can be thought to encode
expectation values of BPS surface operators on 72 C M3 x S'. This will
be explored in Chapter 10.
To begin with, the partition function for S3 x S! is given by

N
‘ dzs
—a—imP3(In(¢)) J
Tgrat —e fT . E i At (2). (8.40)
Here we integrate over the maximal torus T!¢! and the cubic polynomial
P3(In(¢)) encodes various gauge, mixed-gauge and global anomalies. Next,

Agsys1(z) is given by one of the following measures. It is either the NV =1
vector and chiral multiplets,

A1vec(§) = H % ) Achi(é,g) = H H F((PQ)RI/QZPC¢§9»Q) .

a#0 (za§Pa‘]) I p,¢eR;
(8.41)
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Here « are the roots of the Lie algebra, the product over [ is over all the
chiral multiplets of the theory with R being the R-charge, p, ¢ are weights
of the representation Ry of the gauge and flavour groups and z and ¢ are
the gauge and global holonomies in the Cartan tori. The parameters p
and q are the moduli parameters which are related to the S® squashing
2mi =2 2=l . .

parameters wi, wy by p =¢e~ «s and q =e¢  «3, where ws is the inverse
S1 radius. The measure can also be the the A/ = 2 vector multiplet

1 L(t=*p,q)
AZ vec (1) - . 5 (842)
a#o F(z 7p7q>

Rad

with t = (pq) =" where R,q is the R-charge of the adjoint chiral, or the
hypermultiplet

((pg)'/2E1/220¢% p, )
Ay, . (8.43)
vp(2 l;[pgnl ((pq) 1/2t1/2zpc¢ P, q)

Finally we can have the N' = 4 vector multiplet contribution

I'(tz*p,q) T(mzp,q)
A4vec(§) = x , (844)
};Io (2% p,q) T(tmz2;p, q)

for the parameter m which can be associated with the AV = 2* deformation.

The next idea we wish to introduce is the decomposition of the compact
space integrand on M3 x S* into two half-space integrands, i.e. integrands
on D? x T? [28]. These two half-space integrands are then glued by an
element g € SL(2,7Z), as can be illustrated in Figure 8.1. More specifically,

U 0

T? X T?

wese ()

Figure 8.1. Tllustration of the decomposition of M3 x S! into two copies of
D? x T? glued by the element g € SL(2,Z) (as given in Paper I).

the compact space integrand Ap,xg1(2, £, ¢, h), where Ags, g1(2) is one
example, can be given as

Aptyxsi (2,4, ¢ ) = e PEE Y(w; 7, 0) 5 Y(w; T, 0) (8.45)
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using the half-space integrands T (w; 7, o) together with the cubic polyno-
mial P3(X,Z). Here, we used the disk equivariant parameter 7 and the
torus modular parameter 0. The parameters z = e*™X and ¢ = *™E
give the gauge and background holonomies along S* or T2, whereas ¢ and
h describe gauge and background holonomies along non-contractible circle
St or fluxes through S2. The half-space integrands are then composed of
1-loop determinants for the vector multiplet or the chiral multiplet with
Neumann (N) or Dirichlet (D) boundary conditions, given by

1
Tveelw) = || 57— 8.46
() };[0 T(w*; ¢r,4s) (846)
Toiw) =] II Tw'€ar.0), (8.47)
I p, R
and 1
ai(w) =1 H . (8.48)
Te Ji p¢e73[ wrE 7(]77(]0)
Here we introduced the two parameters
¢ = eQTK‘iT’ Io = e27ria 7 (8.49)

and w, & which are elements of the maximal torus of the gauge and global
symmetry groups. As a final remark about the decomposition in (8.45),
the action of the operation (=9 is to involute the half-space variables using
the g € SL(2,7Z) element. In the case of S% x S! the gluing element is

9= ((1’ _01> : (8.50)

We now make two simplifying assumptions. The first is that we assume
the gauge and mixed-gauge anomalies to vanish. Then the polynomial
P3(X,Z) is a constant, and the decomposition in (8.45) simplifies such
that the integrand completely factorises according to

Aptynsi (2,4,¢,h) o T(w; 7,0) 9 T(w; 7, 0) - (8.51)
The second assumption is that ¢, and ¢, are parametrised as
4 = eQﬂiJ’—l : 4o = 672711:—? (8.52)

with w = w; + wy. The (79) action then results in interchanging w; < ws.
Let us now make a final comment about the half-space integrands
Y (w;T,0) appearing in (8.51). Assuming that for the theory on D? x T2
there are only isolated massive vacua, the decomposition can be taken a
step further. The whole S? x S! partition function then factorises into

Zgaxgr o< Y By(&7,0) 70 By, o), (8.53)

yEvacua
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using the 4d holomorphic or anti-holomorphic blocks [28,31-33]

[Tol N,

B,(& T, 0) = %H

dw;,

: . 8.54
- 27w g T(w;0) ( )

B,(§;7,0) is then the integral representation of the half-space, or D? xT?,
partition function. We will return to this factorisation in Section 10.3.1.
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9. 3d gauge theories and the ¢, t-deformation

In this chapter we discuss an application of the g, t-deformed matrix models
introduced in Chapter 6. The applications we have in mind are three
dimensional N = 2 supersymmetric gauge theories and more specifically
placed on the backgrounds D? x, S' and the squashed three sphere S},
introduced in Section 8.2. The partition functions for such gauge theories
can sometimes be interpreted as g-deformed matrix models and we will
now make this interpretation more precise.

9.1 D? x, S
9.1.1 Details of the theory

Let us now introduce the details of the gauge theory we are considering.
To begin with we consider the 3d N = 2 YM-CS theory on D? x, S with
a single unitary gauge group U(N), as described in Section 8.2.1. We
then have an A/ = 2 vector multiplet, an adjoint chiral multiplet of mass
t and Ny fundamental anti-chiral multiplets of masses {u;}. Lastly, we
introduce an FI contribution parametrised by k1 € C. Generalising the
result for the partition function given in (8.25) by introducing our familiar
time variables {¢s}, we then obtain the generating function

d\; (Ae/ A5 @)oo
2 1 Al‘il — X
Zpd, @5 7{1_[ H 1<,€1;£N (tAk/ A5 @)oo
N Ny

XHHunk, oerL"ltleL.

j=1k=1

(9.1)

This can be interpreted as a g-deformed matrix model upon recognising

_ A/ A3 @)oo
Agi(X) = Kgﬂ (O ) (9.2)

as the g-deformed Vandermonde determinant in (6.16). The remaining
parts of the integral (9.1) is then viewed as a g¢-deformed version of
the classical potential V' (\) appearing in (2.21). This can be seen from
rewriting the contribution from the fundamental multiplets in (8.27) as

N Ny
T IT (@ jun: @)oo = exp ( Z ZM) . (9.3)

j=1k=1
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using the power sum variables for the masses ug, ps(u),

Ny
= uj . (9.4)
k=1
Similarly to the classical potential in (2.12), (9.3) can be obtained by

to >ty — (9.5)

hence the interpretation of (9.3) as a g-deformed potential.

9.1.2 The ¢-Virasoro constraints

The generating function in (9.1) satisfies ¢-Virasoro constraints, derived
by the vanishing of the g-variation of the integrand as outlined in Section
6.3. The main difference compared to there is that now we allow for a
generic number of anti-chiral fundamentals Ny together with an additional
deformation parametrised by r. Following the derivation in Section 6.3,
we obtain the equivalent of (6.35) for the D? x, S' model,

(LHS) = (RHS) (9.6)
with
d)\
(LHS) (2A)"Gi(A
x Zzﬂwmzl 1008, (A)edorm b i ¥
and

N dAZ N

(RHS) = § TT 0 3 M, 10¢
Ci=1 M =1

x [Z(zAi)”Gi(A)Zggxqsl(A)Z}Jggogl( A)edoo Y, ] _

neZ
(9.8)
Upon evaluation we find for the (LHS)
© _(1-t) & N
(LHS) = T3 <exp (Z 27— Z >> +
t (9.9)

=1
= (1=t 0
exp ( ZS)8> ZDZX s (),
s=1

S
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where we generalised the expectation value notation in (6.26) to also
include a superscript Ny. Then, for the (RHS) we find

£ en(E e )

> 1—1t%) 0
X exp < z‘g( )> Zgé”xqsl (t)+

(RHS) =

sq® Oty

_ o (9.10)
HltN —S S ps(u)
exp (;_1:2 (1 q ) (ts + ( —s)>> X

s(1—gq

<exp<2fs =5),

using the power sum variables ps(u) in (9.4) together with the relation
between powers of the integration variables and the time variables in
(6.40). As before, we then consider the constraints at each order 2" with
n > —1 separately. However, at n = —1 we find the contribution

Ny
1— ql—nltN 1
_— )\ 9.11
- z , (9.11)

which we cannot rewrite as a differential operator in the times acting on
the generating function. We therefore require this term to vanish, just
as in (6.61). Recalling t = ¢, the above vanishes upon imposing the
balancing condition

k1 =pBN—-1)+1. (9.12)

It can be noted that this is in accordance with the choice of FI parameter
used in [26]. In order to generalise this balancing condition, we introduce
the balancing parameter v defined as'

v=r —PB(N—-1)—1, r=4q", (9.13)

where we also introduced the parameter r for convenience. Thus, when the
balancing condition is satisfied we have v = 0. Allowing for a non-trivial

! The parameter v here should not be confused with the classical determinant insertion
labelled by the same symbol.
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balancing parameter, the ¢-Virasoro constraints take the form

— {5 ) 0 N
N exp (Zz ; o ) ZDQquSI (t)+

T +<fi(q>s>))x

s=1

= L (1—t% 0
xexp(Z .

Seng)
(ol )

-1 -1 s s M x
+7r7q teXp(ZZ (1—q)(t5+5(1_qs)>>

s=1

D2>< 5’1 -

(9.14)

Ny

<exp (zzs —t) §A ) >

In order to be able to expand the above constraints in powers of z, we
rewrite the shift in times (i.e. the contributions from the fundamental
multiplets) using coefficients Ay = Ag(u) defined via

exp(_i(g)%@)_ﬁ(l_uk) m(). .15

s=1 k=1

As can be seen from the Cauchy identity specialised to antisymmetric
Schur polynomials in (2.38), the Ay are nothing but antisymmetric Schur
polynomials in the power sum variables for the fundamental masses ug,

Ay = (—l)kSchur{L (s =ps(u) - (9.16)
———

k

It should be noted that the summation on the right hand side in (9.15)
truncates to Ny. This is due to that antisymmetric Schur polynomials of
a degree higher than the number of variables are identically vanishing.

To then solve the g-Virasoro constraints in (9.14), we follow the proce-
dure outlined in Section 6.4. In particular, we assume the expansion of
the generating function in terms of the time variables

Zptgo® = 3 oo It (©.17

KEp

summing over all integer partitions p. Here c,(u) are the correlators,
which similarly to the classical case depend on the fundamental masses
u = {uy,...,un,}. Let us now explore the solutions for the first few values
of Ny, which are obtained via a recursion similarly to that in Section 6.4.
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9.1.3 Ny =1

Specialising to the case of Ny = 1, such that we only have the coefficient
Ay = —uq, we find the correlators

caplun) = 1()75(3?) D)

_ (Y1) (gt — 1)
can i) ==y

x (@™ (gt = 1) + 1) = "+ (gr + ) + ) o)

oo (1) :(tN — 1) (qrt™ —t)
{2 A2 (12— 1)

x (gt (gt +q+1) = N gr 4 4) = ) eplun) . (9.18)

Here it can be noted that just as in the classical case in (3.70), all
correlators of degree 2 and higher are proportional to c(;y. Besides, the
correlators are rational functions of the parameters ¢,t,r and A; = —u;y.

Another result found in the case of Ny =1 is one related to superinte-
grability as introduced around (2.52). As the formulas in the S-deformed
classical case involved Jack polynomials, it is natural to expect that the
g-deformed case would involve the Macdonald polynomials. For the Ny =1
theory on D? x, S* it can be observed that

—1 Macdonald,(pi, = ﬁ(N))
Macdonald Ne=1 — k
< o(PE)) Macdonald,,(py. = 05 ;) (9.19)

x Macdonald,(p; = F](CN))C@(ul) .

Here we have defined the combinations of parameters

vy _ e — s
T = P S
2 — 2

rz §t§(N_1)—7’ 29~ 2t 2 (V-1

AI(CN)ngqgtk(Nﬂ) 4q ,: tig
2 — 2
together with
. ut
Op1 = T (9.21)
2 — T2

For consistency purposes, one can explore the semi-classical limit t = ¢°,
r=q¢",u =—(1-— q’l)al and ¢ — 1. In this limit, we find

M SN, (9.22)
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AN L 3 w4+ BN —1)+ 1), (9.23)

and
c(q? —q 2k, |
62,1 = (_1)k+1q_§ t& t_& a; — B alék,l . (9'24)
2 — 2

Since Macdonald polynomials degenerate to Jack polynomials the formula
(9.19) coincides with that for Jack polynomials in (2.53). Finally, in the
limit 5 = 1 we obtain the average of Schur polynomials given in (2.54).

9.1.4 Ny=2

One can then perform a similar analysis for the case Ny = 2 as for the
Ny =1 case above. The first correlators are given by

cqy(u, ug) = —Mcm(ul,uz)
_ (N = 1) (Ax(g = Dt = eV + A (Y — 1))
cqy(ur, ug) = e cp(ur, uz)
1)

cay (ur, up) = (45 ((q+ DY + (g = N —2t) +

Ajt (2 — 1)
+ AT 1)) g, ua) | (9.25)

where we again can note that the correlators are rational functions of the
parameters ¢, t, Ay = —(u; + u2) and Ay = ujuy. In the case of Ny =2
we find the superintegrability result,

ub4uk
Macdonald,, (pk = (_1)kt§N< 1t 2))

1—tk

(Macdonald,, (p )y =% =
’ Macdonald,,( = (- l)ktkw)

tF
x Macdonald, (pk = W,(gN)) cplur, uz)
(9.26)

with W](CN) as in (9.20). To then see the semi-classical limit, we again let
t = qﬁ , but now we need to establish u; and wuy as functions of a; and as.
To do so, we require that in the semi-classical limit ¢ — 1, or ¢ = e” with
h — 0, u; and ug scale non-trivially with & at the same time as the shift

in times in (9.5) is well-defined. One such parametrisation is

(1= q)ar +/(1 —q) (a}(q — 1) + 2a2(q + 1))
2q

(1—q)ar — /(1 - ) (a3(g — 1) + 2ax(g + 1))
2q ’

UL =

(9.27)

U9 =
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(up to a permutation u; <> ug) which implies that A; and Ay behave as
Ay, = aph + O(h?) k=1,2. (9.28)

With this parametrisation, the arguments of the Macdonald polynomials
in (9.26) become in the semi-classical limit

uf + uf)

(—1)FeaN ( o (—=1)*87 a1 81 + asdr2) (9.29)
and .
uru
(—1)kes (1 1_2; — B agdk (9.30)

such that we again recover the S-deformed classical result for Jack polyno-
mials in (2.55) and when = 1 the result in (2.56) for Schur polynomials.

9.1.5 Comments about Ny > 3

As was discovered in paper IV, the cases Ny > 3 cannot be determined
uniquely using the methods outlined in the sections above for Ny = 1 and
Ny = 2. This resembles the classical case of p = 3 mentioned in Section
3.2.2 in which we find that the correlators can only be determined up to
dependence on the coupling a;. What happens for Ny > 3 is that one
needs to supply more initial conditions in order to solve the constraint
equations, which originates from the kernel of the g-Virasoro constraints
being infinite dimensional. Although it appears that the recursion relation
still can be used to evaluate correlators in this case, the dependence on
the mass parameters {ug} becomes more involved and the semi-classical
behaviour is also not straightforward.

9.1.6 Final remarks about D? x, S*

Upon comparing the above gauge theory construction in terms of a ¢-
deformed matrix model to the classical S-deformed matrix model in (2.21)
with potential (2.16), one can find the matching between the parameters
of the theories as given in Table 9.1. The first matching between the
f-deformation introduced in (2.21) and the adjoint mass t in (8.27), is
through identifying the adjoint mass as the parameter t = ¢®. Next, the
matching between the degree of the classical potential p in (2.16) and the
number of fundamental anti-chiral multiplets Ny in (8.27), originates from
the interpretation of the fundamental multiplets as a g-deformed potential
as discussed around (9.3). Also the third matching between the classical
coupling constants a; and the masses of the anti-chiral fundamental
multiplets u; comes from this g-deformed potential picture, where the ay
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can be non-trivially related to the ug. Finally, the determinant insertion
v in the classical picture can be related to the effective FI parameter via
the balancing parameter r in the quantum model.

Classical -deformed matrix model Quantum matrix model
[B-deformation 8 t Adjoint mass
Degree of potential p Ny Number of fundamentals
Coupling constants ak U, Fundamental masses
Determinant insertion v r Balancing parameter

Table 9.1. Matching the parameters of the classical 5-deformed matriz model
and the quantum matriz model describing the gauge theory on D? x, S*.

To conclude, we comment on the physical meaning of the correlators
found for the above gauge theory on D? x, S'. From the gauge theory
perspective, the interesting objects to compute are gauge invariant quanti-
ties such as Wilson loops. On the g-deformed matrix model side, averages
of Wilson loops correspond to averages of Schur polynomials. One can
therefore in the D? x, S gauge theory compute normalised expectation
values for Wilson loops along S! in representation p via

(WL,) = <Schurp (pk = f:)\k>> f . (9.31)

=1

As an example, we can consider the ¢, t--Gaussian model with the particular
choices of Ny = 2 and masses u1 = ¢(1 —¢)'/? and uy = —q(1 — q)"/2. We
then find the normalised expectation values for Wilson loops

9N —3q—1 3qg+5 2
(W) = (t (=165 * -1~ =) *

—3¢—5 3¢+ 5
e <2<q— 0t 2g— Dt - 1>> *

B 2 N 2 )
(¢-Dt-1) (@-HE+1))"

B 9 5q— 5q—1 2
<WL{2} _<tN<2(q—1 (q—l)(lt—l)+(q—1)(t+1)>+
—5q — 5q + 3
Y a0 t—1)+2(q—1)t>

+<q—1><t—1> (a—DE+1)

2 ) | (9.32)
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9.2 Sp

9.2.1 Details of the theory

Let us move on to the 3d N' = 2 YM-CS theory, now instead living on
the squashed 3-sphere S7. Similarly to the D? x, S case, we consider
the N' = 2 vector multiplet, an adjoint chiral multiplet of mass M,,
Ny fundamental anti-chiral multiplets of masses {my} for k =1,..., Ny
together with an FI contribution parametrised by x1. We also allow for
a non-vanishing CS term parametrised by xo. This condition arises as a
technical, rather than physical, requirement from writing the g-Virasoro
constraints as a differential operator in the time variables acting on the
generating function. More specifically, we require

Ny =2y . (9.33)

Then, using the partition function as shown in [90,92] and as written in
(8.33), upon introducing dependence on the time variables we find that
the generating function for S} is given by

1-loo
/(IR HdXZ X) Zg *P(X Hexp(ZtsaZ)\ )

a=1,2
(9.34)
Here we introduce the following exponentiated variables to ease notation,
2miw 27imy,
=e wa Uk o =€ @a
T (9.35)
la =€ @ )\i,a:e v,

recalling the labels o = 1,2 for the holomorphic block, k =1,..., Ny for
the fundamental anti-chirals and ¢ = 1,..., N for the integration variables.
Here we also used w = wy + wy. Finally, we have the complex parameter
B = M,/w, so that t, = ¢° is consistent with earlier discussions. We then
recall from Section 8.2.2 that Z;ﬂ (X) is the classical contribution given by

.
Hexp< miR2 y2 4 m’“’”XZ) : (9.36)
W19 W19

and that Z ;QIOOP (X) is the product of 1-loop determinants given by
b

So(Xp — Xjlw) N

Zl;lOOp(g) —_ H H H 512 mk‘g)_l
% renrjen 52Xk = X+ Malw) - 2
(9.37)
The double sine function Sy(z|w) is defined in (5.9). We now view
Sa( Xk — X
II < 2 5 ]Z) (9.38)
1<k£j<N 2(Xk i+ Malw)
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as the g-deformed Vandermonde, whereas the other contributions to (9.34)
are considered a g-deformed version of the classical potential V (A).

9.2.2 Modular double construction revisited

Let us now recall the idea of the factorisation of the S partition function
in terms of D? x, S* partition functions as given in [29] and reviewed in
Section 8.2.2. Extending this idea, it has been explored in [26] that the S}
generating function in fact satisfies two independent copies of ¢-Virasoro
constraints. Each copy then corresponds to the g-Virasoro constraints of
the corresponding D? x,,, S' theory and consequently one can then use the
solution on D? XqS 1 to read off that on Sb3. Referring to this factorisation
property of the Sp theory, the construction in [26] has been called the
modular double. We will also refer to the two commuting copies of the
g-Virasoro algebra as chiral sectors, similar to usual CF'T terminology.

What this modular double construction implies more concretely, is that
upon letting one set of the times to be zero in the S§ generating function
for instance {ts2} = 0, we recover the D? x, S' generating function,

Ny ~ 7Ny
Zg; (t)’{m}zo ~ Zpl si(t) . (9.39)

Here it should be noted that the equivalence holds at the level of the two
objects satisfying the same set of g-Virasoro constraints, not at the level
of explicit integral representation.

9.2.3 The ¢-Virasoro constraints

Let us now review the method to derive the g-Virasoro constraints in the
case of Sp. This is very similar to the derivation in Section 6.3, with the
difference being from the modular double construction that we have two
sets of constraints for the generating function labelled by o = 1, 2.
We begin with generalising the g-differential which then takes the form
otia =M1, -1 (9.40)
using the g-shift operator Mw in (4.2), where we introduced a dependence
on the additional parameter o = 1,2 labelling the two sets of constraints.

M1, , then shifts each set of variables separately, such that

-1 oo . ,
y [t N ifi=janda=a’,
Mqu,i,a/\La = { )\j,a’ otherwise . (9.41)
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Alternatively, recalling the definitions of the exponentiated variables in
(9.35), we find that when the g-shift acts on variables X; we have

qul,i,lf(i) :f( X —wa, . ) ,
1 (9.42)
M1 of(X) =f( . X —wi, ..

To then generalise the insertion in (6.32) required to generate the con-
straints, this becomes

N

D dgrtia [ 20 (Ghia)" Giad) | (9.43)

i=1 neEZ

with ... denoting the integrand as before, and where now

N

L~ tadia/Na
G =115 Py
i1 i,0 Q0

]. .
J#

(9.44)

We then proceed similarly to Section 6.3, to find the ¢-Virasoro constraints
(o] —
(1 —1 S) 0 N
tVe E 27 7 (t
« Xp ( s 8ts o S2 ( )+

1, = ps(u)
+ 7, t, eXP(SZZ;Z <5a+s(1—q;$)>>x
X exp (Zz (97fa> Zévgf(t) =

sqa

<eXp <Z 77— Z A a) >:Vf +

o0
1 PslU
—i—ralqaltaexp (Zz (1-4¢2) (ts,a—l—(s()s)>> X
s=1

(9.45)

s(1—gq;,
Ny

(oSt m)),

t

for @ = 1,2. These constraints are identical to those on D? x, St in (9.14)
up to the index «. Similarly to (9.13), we also introduce the balancing
condition for S parametrised by v and 7,

wN; Eom 2mi
wr = Kk —w—M,(N— 1)+—ff—i— -+ Ta =€« =gqh. (9.46)
272 42
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Again we find that for the n = —1 constraint we must require the balancing
condition v = 0, in order to not have any contributions from expectation
values of negative powers of \; .

To then solve the above constraints, we assume as before that the
generating function can be expanded in terms of the time variables as

ZZ|AU‘C ||Aut paHtaIthQ, (947)

agp beo

with the correlators c,,, given by

(9.48)

at H 8tb 2 Sp ]

acp Yol peg =0

To see how the factorisation of the S} generating function into two copies
of D? Xg S L appears, we review the logic outlined in paper III. From the
g-Virasoro constraints in (9.45), we can obtain a recursion similar to that
n (6.72). The starting point is the observation that this recursion treats
the two copies separately. Then one assumes that correlators of a certain
order d (in for instance the first set of times, i.e. |p| = d) factorises as

_ Cpi0 * Cpio

(9.49)
Cp,0

Cpio
where ¢, is a correlation function of only the variables {\; 1} and vice
versa. If one then considers another correlator c,., of order |p/| =d + 1,
then all the correlators in the right hand side of the recursion equation
(similar to that in (6.72)) are of order d as they are of one order lower.
Then, from our assumption, all the correlators in the right hand side
factorises as (9.49) since they are of order d, such that the dependence
on the second copy can be extracted into an overall common factor of
cp.o- After dividing by this factor, the left hand side of the recursion is
therefore proportional to the ratio ¢, /cp.,. The right hand side can then
be written entirely in terms of correlators c;y for some partition p of order
d or lower. This implies that the correlator on the left hand side of order
d+ 1 is also forced to factorise according to the assumption in (9.49).

To complete the induction argument, we finally need that the first step
of the recursion factorises, i.e. the empty correlator cg.g. This correlator
corresponds to an overall choice of normalisation, which we can choose as

g =1, (9.50)

which therefore factorises. Thus by induction, it follows that all the corre-
lators ¢, factorises. Additionally, using the physical picture described
around equation (9.31), the factorisation also holds for the expectation
values of the Wilson loops. In other words,

(WLOWLE) = (WL ) (WLP) (9.51)
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for any partitions p, o, where the superscript a for a Wilson loop WL;‘V)
labels the copy in the modular double construction a = 1, 2.

Using the above logic we then find that the correlators factorises as
desired according to (9.49), which in turns implies that also the generating
function factorises as

1 Cloor
Zé\éf( Z |Aut Cpid H a1‘| [Z‘Aut( B, Hta,Z )

CQ) 0 acp U)‘ €o;0 aco
(9.52)

where we used the fact that the empty correlator is nothing but the parti-

tion function, cpg = Zgg,f (0). Thus, each half of the generating function

for S} satisfies its own set of g-Virasoro constraints and corresponds to
one of the two constituent D? Xq S ! theories. The above factorisation of
the generating function in (9.52), then gives a more precise meaning to the
equivalence between the D? x, S! and S} generating functions in (9.39)
motivated from the modular double construction. We therefore conclude
that all the results for the Sp theory can simply be obtained from those
of the D? x, S! one.
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10. 4d gauge theories and the
q, t, ¢’-deformation

We now proceed to discuss an application of the second type of quantum
matrix models, namely the ¢, t, ¢-deformation as described in Chapter 7.
The applications of this elliptic model that we would like to discuss are four
dimensional supersymmetric gauge theories on compact spaces Msz x S1.
In the 3d picture, it has been shown in [26] that there is a correspondence
between the 3d N = 2 unitary quiver gauge theory and the trigonometric
W,.+(T') algebra for any quiver I' of [67]. In paper I we therefore explored
if this correspondence could be extended to 4d supersymmetric theories
and the elliptic W, 4., algebra. Another motivation can be found from
the property that partition functions of 4d supersymmetric gauge theories
are related to important quantities like the superconformal indices in the
particular case when M3 = S3 [93,94].

10.1 Details of the theory

Here we consider the 4d N = 1 gauge theory on M3 x S*'. More specifically,
we provide the example of S? x S' and we choose a 4d gauge group given
by G = X, U(N,) together with the gauge and matter content as given
in Section 8 2.3. Generalising the partition function in (8.40), the defect
generating function for S® x S! is given by

[Tol N,

Zssxs1 ({t0.artat) — a2 MoUiEeD) 7{\@\ Agsys1(z H H

a1 j 12771,2]7

Xexp( ZFZ()'NZZ ”‘”“) (10.1)

a=1,2a=1j= 1n;£0 qo‘

encoding all possible observables which can be computed via localisation.
Agsys1(z) is then the measure as indicated in Section 8.2.3 and it should
be noted that the time variables {, ,} are labelled by a = 1,2 mirroring
the modular double structure or holomorphic blocks. We also recall the
quiver construction in Section 7.1. The motivation behind studying this
object is that it is precisely the object which we can recover from the W 4.,/
algebra side, as we will see in Section 10.2. As a final remark, similar
to the 3d cases we can view Agsyg1(z) as giving rise to the elliptically
deformed Vandermonde and a deformed version of the potential.
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10.2 Elliptic modular double construction

We now move on to discuss how the idea of the modular double, as
introduced by [26] and reviewed in Section 9.2 in the case of S}, also can
be applied to the case of 4d backgrounds. Similar to the 3d case, the
idea mirrors the factorisation properties of 4d gauge theory observables
[28,31-33]. In short, one creates a modular double version of the elliptic
Wty algebra (introduced in Chapter 7) by taking two commuting copies
of the algebra and combining them into a bigger algebra upon imposing
that the two are related by SL(2,7Z) transformations. We then denote the
resulting algebra by Wg . labelled by the element g € SL(2,Z).

Similarly to the modular double in the 3d case in Section 9.2.2, we use
the index oo = 1,2 to denote the two chiral sectors of the algebra. For each
of the two commuting elliptic algebras W ;. (I")s we have the screening
current S%(w), defined by the relation

OZ(Qaw)a - O%(w)a>
(Ga — 1) (w)a ’

generalising (7.15). We then parametrise the integration variables as

[ navsb( ) ] = 5a,a’6a,b ( (10.2)

2mi

(W)a = e, (10.3)
and combine the two screening currents into the operator S%(X) given by

SUX) =5 wh @ S*(w)a = @ [$*(w)a]-[S*(w)a]+[S*(w)alo - (10.4)

a=1,2

Here, we let [ |1 o denote the positive, negative and the zero mode parts
respectively. In general, $*(X) does not commute with the generator T)¢ ,
up to a total difference. For instance when o = 1 we find

[ nl’Sb( 1 = bus (OZ(Qlwh - Ofl(w)1> @ Sh(w)s | (10.5)

(@1 — 1) (w)y

which cannot be written as a total difference and therefore S*(X) is not
suitable as a screening current for neither of the two W ;.4 (I'), algebras.
However, for the particular choice of deformation parameters given by

27ri - / —27i¥s 27 - 2riMe

oo =€ “o , (o, =2¢€ wa oty =6 va . e =€ wa s (106)

with w = wy + wy (where again we refer to Chapter 7 for details), together
with the replacement of the zero mode part in (10.4) given by

O((w)aq qa—s() 5 o)
O((w)a; 4o)O(ga™""; ¢a)

we indeed find that S%(X) is a good screening current.

[S*(w)alo —

, (10.7)
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To make a connection with the earlier introduced parameters 7 and o
we can re-parametrise these as
w W
T=—, o=-—, (10.8)
w1 w1
such that the g € SL(2,7Z) action corresponds to interchanging w; <> ws.
Similarly, the action of g can be extended to the other deformation
parameters of the two chiral sectors, as summarised in Table 10.1. Again
we specialise to the case S x S! and for other backgrounds we refer to

paper L.

a=1] W () || a=2 W9, (T)
¢ e2miT ¢ e—2migT GQTFiﬁ
q/1 e2mio qé e—2migio e277i%
t e2mipiT ts e 2miB2gT _ o27if2 7Ty
L e2miM, fie. e—2mig-Me _ eQwif{ﬂl
(w); e2miX p2mil (w)s e—2mig- X g—2mig-L _ 62771%82#1(14)

Table 10.1. The g € SL(2,Z) action on the parameters of the two chiral
sectors of the S® x S theory.

Proceeding similarly to Chapter 7, we can also construct a matrix model
using the modular double elliptic Wi 1y algebra. Using the operator S%(X)
introduced in (10.4) we consider the state

ITo| N,

Zla) = / TT T] dXusS" (Xa)la) - (10.9)

a=1j=1
Comparing to (7.28) we then have the matrix model

‘FO‘ Na

a a N 8404
2yt or12)) = ZesM005D 57 [ [] oy Ay(X.0)x
] a=1j=1
[To| N, (W g
con X35 (1) - X el
a=1,2a=1j=1 n>0 da
(10.10)
for a potential
V) (X, la) = o (W j)a (10.11)
where we defined
ITol o [0] ITol "
o =au+ 6| Y CBINy — (N, — 1) DY cln, |  (10.12)
b=1 a>bb=1
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for later convenience. Finally, making use of the g-action on the deforma-
tion parameters as given in Table (10.1), we can identify

Ay (X, 1) = Agtg (M>(_9)Aq,t,q’ (w) (10.13)

with Ay o (w) as in (7.27). As a final remark, mirroring the discussion for
the 3d modular double in Section 9.2.3, the matrix model above satisfies
two sets of elliptic Virasoro constraints which are related by g € SL(2,Z).

10.3 The gauge theory and W, ;. algebra correspondence

In paper I we explored the following two correspondences between the
elliptic Wy .o algebra and certain gauge theories. Firstly between the
chiral elliptic W . (I') matrix model and the generating function of
a gauge theory on the half-space D? x T?. Secondly, we can match
the modular double elliptic Wit;q, (") matrix model to the generating
function of the gauge theory on Mz x S'. Furthermore, the M3 x S*
is created from gluing two D? x T? using an element g € SL(2,7Z), i.e
M3 x St~ [D? x T?|U, [D* x T?]. We now explore the two cases in more
detail.

10.3.1 Half-space/chiral matrix model

Let us start with the correspondence between the half-space gauge theory
and the chiral W .., matrix model. We take for simplicity unitary gauge
groups so we have an overall gauge group given by G = X_U(N,). We
then consider an N' = 2 gauge theory content. As mentioned in Section
8.2.3, holomorphic blocks in four dimensions can be seen as gauge theory
partition functions on D? x T?. In other words they are given by

ITo| N,

By(& T, 0) % H H dwja T(w;T,0), (10.14)

Y gt i1 2miw; 4

where the integration contours v are along middle dimensional cycles
C (C*)ICI. The essence of the correspondence is then given by the
identification between the total integrand of the half-space gauge theory
Y (w; 7,0) given in the holomorphic block above and the measure of the
elliptic matrix model A, o (w) in (7.27). In other words we identify

T(w;T,0) = Agrg(w) . (10.15)

In order for this correspondence to hold, we are required to identify the
dictionary between the parameters as given in Table 10.2.
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Gauge theory Wy ;¢ (T') matrix model
Fibration moduli qr q Algebra deformation
Fibration moduli G q Algebra deformation

Adjoint mass tq t=q" Algebra deformation
Half-space integration — wq_; Wq,j M. M. integration
Bifundamental mass &e e Cartan matrix deformation
Bifundamental mass & /& | p=qt™! Algebra deformation

Table 10.2. Matching the parameters of the gauge theory and the chiral
W 4. (T') matriz model.

I' quiver 4d quiver

Adjoint

Bifundamental

Figure 10.1. Tlustration of a part of the quiver I (left) and its corresponding
4d N = 2 gauge theory quiver (right) (following Paper I).

In addition to the above dictionary, one can also identify the number of
screening currents IV, with the rank of the gauge group associated to the
respective node a € I'g. This can be illustrated as in Figure 10.1. Next,
to each node a € I'y we associate one U(N,) vector multiplet and one
adjoint chiral multiplet, i.e. an N/ = 2 vector multiplet,

T\(,%gj(wa) _ H F(tawa,j/wa,k;QT>QO') ) (1016)
T 1<j£k< Ny F(wa,j/wa,k;QT7QJ)

Then, for arrows I'y 2 e : @ — b or e : b — a between different nodes
(a < b), we associate a pair of bifundamental chiral multiplets, i.e. one
N = 2 bifundamental hypermultiplet,

b

N,
T " (wg ) = I (EcWb/Waj3 r, o)

j=1k=1 F(QTfewb,k/wa,j; qr, qa) (1017)

T (g, wy) = D(& " w0/ Was 0 0o)
i as — .
o - j=1lk=1 F(qffe_lwbyk/wa,j; 4r qo)
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Next, for arrows starting and ending on the same node — i.e. loops — given
by I'y 2 e: a — a, we associate a pair of adjoint chiral multiplets, i.e. one
N = 2 adjoint hypermultiplet,

a I’ aWa,j aks 47y Qo
T w)= ]I (€ata,j/Waki4r,4o) (10.18)
1<j#E<N, F(QT&awa,j/wa,k; qr, QU)

Then, for each U(1) factor one can have an FI contribution given by
T (wy) Hw (10.19)

and fundamental /anti-fundamental chiral pairs of the form

H H wa,j/ga,f'%'vqtf) (1020)

j=1f>1 QTwaJ/gaf Irrqo)

We then have the correspondence between the gauge theory FI parameter
K and the parameter d, in (10.12) on the matrix model side.

As a final remark for the half-space discussion, we can include time
variables to obtain the defect generating function on the half-space,

B,({t5.t"}; 7, 0) =
[To| N, [Tol Ng
NO({t“})fHH w;T,J)HeXP( ZZ i ]a)) .

Va=1j= 127’(’111}3, a=1 j= ln;ﬁo Iz

(10.21)

We can then identify the defect generating function from (10.21) with the
matrix model in (7.28)

By ({t5,t"};7,0) ~ Z|a) ~ Z({t5,t"}) . (10.22)

10.3.2 Compact space/modular double matrix model

Moving on to the correspondence between the compact space Mz x S*
and the elliptic W; 1, (I') matrix model, we then have the identification
between the gauge theory integrand A a,«s1(z,£) and the matrix model
measure Ay (X, () given by

A pgusi (2,0) o< T(w; T, U)i‘;)T(w; 7.0) = (10.23)
=Agrg (M)( P (w) = Ag(X, D) .

Let us now review how the correspondence is achieved using the steps in
the above relation for the case of S% x S!, and in particular understand
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how the factorisation (...)(=9)(...) with g € SL(2,Z) works. For other
4d backgrounds of the form M3 x S* we refer to [28]. Let us consider the
S3 x S1 partition function for the gauge theory associated to the quiver T’
with gauge group G = X U(Na)

To| Ng

s = S

Here the integrand Agsyg1(2) is made up of the contributions

Agsxs1(2) = Davee(2) Daa(2) Abir(2) Ari(2) (10.25)

which are respectively given by

_ Agaygi(2) - (10.24)

27nzw

Lol

A2vec H H tza]/zak’p q) }

a=11<j#k<N, (ZaJ/Za kap q)

ITo

H H H ,uezaj/zak;p q)

a=1 e:a—a 1<j#k<N, I'(paficza,j/Zak: P, )

N, Ny

Apie(z) = H H H H U(pezb e/ 2a,45 9, 9) %

1<a<b<|To| exasb j=1 k=1 D(pagiezs /2,555 4)

N, Ny

y H HH Melzbk/za]§p q)

e:b—a j=1 k=1 pquelzbk/zajvp q)

|F0| Ng
Api(z) =[] IT = - (10.26)
a=1 j=1

Now, we aim for this integrand to be of the form Y (w; 7, ¢)=9)Y (w; 7, o) in
order to recover the desired modular double structure. Since we specialised
to the case S? x S! we have the parametrisation

2miZL 2mi=2
q=e ©, p=e “ (10.27)
and
2mi 27 2mi 27i 8y g
LR ‘G _— e — iMe
Zg; =€ " t=es' | pe=e= ", [Qo=ews ° . (10.28)

As indicated in Section 10.1, this precise form of the parametrisation
enables the interpretation of the g-gluing as the exchange of parameters
w1 ¢ wo. Using this, we employ the modular property of the elliptic
Gamma function given in (5.7), which can be rewritten as

2 Lwy s wo : 2mi swo ;W3
X 2w+ 2@i—=2 _im X 2ri—=2 —2wi—2
F (ewg 7e w37e w3> =e 3BSS(X‘£)F (ewl ’e wq 7e “’1) X
2mX omiZl  _2mi<3
x I ( ;e w2 e w2> .

(10.29)

111



This means that each Gamma function in the integrand Agsyg:1(z) in
(10.25) can separately be written as a product of two Gamma functions.
Rewriting all of the contributions to Agsys1(z) using (10.29), the entire
integrand Agsyg1(z) can be cast as (...)79(...). As a final step, we
need to make either of the two assumptions

a

Na
Y Xej=0 o cY=o0 (10.30)
j=1

for a # b. The reason for these assumptions is to remove the cubic
polynomial P5 given in (8.45). As it consists of mixed-gauge anomalies
we require them to vanish for the theory to be sensible. Upon these
assumptions, the correspondence takes the simple form

Agaxsi(z) = Ag(X) , (10.31)

i.e. we precisely recover the modular double measure given in (10.13).
We can then create a table of identifications similar to Table 10.2, where
we match the parameters of the gauge theory and the modular double
W7, (T) matrix model. This is shown in Table 10.3, where we recall the

q
parametrisations in (10.27) and (10.28).

Gauge theory W/ . (T) matrix model

Moduli q 2miss 53 squashing wy

Moduli p 2 53 squashing wsy

Adjoint chiral mass T Bw S3 squashing w
Compact space integration Xa,j Xa,j M. M. integration
Adjoint chiral mass M, M, Cartan matrix def.

Adjoint (anti-)chiral masses M, — M, | w(1—j3) S3 squashing w

FI parameter Ka/ws QW [wiwe M. M. potential

Table 10.3. Matching between the parameters of the gauge theory and the

modular double W;t;q/(F) matriz model.

10.4 Relations between classical and quantum models

So far we have considered the Hermitean matrix model, the S-deformed
Hermitean matrix model, the 3d gauge theories on D? x, S and S} given
by ¢, t-deformed matrix models and now lastly the 4d gauge theories on

112



D? x T? and M3 x S! given by g, t, ¢-deformed matrix models. Let us
therefore conclude these chapters on applications of the quantum matrix
models with a summary over the relations between these models and the
classical ones. This is illustrated in Figure 10.2.

[ Gauge theory on D? x T? I x2 | Gauge theory on Mj3 x S!

q,t, ¢'-model q,t, ¢ modular double

qd —0 ¢'-deformation

Gauge theory on D? x, 5! | x2 [ Gauge theory on S}
¢, t-model q,t modular double

Semi-classical limit

t=q¢q—1 g-deformation

Hermitean Matrix Model
with S-deformation

Schur limit

351 [-deformation

Hermitean Matrix Model
f[D]\/ﬂ e—TrV(M)

Figure 10.2. Relations between the classical and quantum matrix models.
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11. Hirota equations versus Virasoro constraints

As a final application we explore the connection between the classical
Virasoro constraints and the so-called Hirota equations. This connection
arises when the generating function satisfying the Virasoro constraints
also is a 7-function of an integrable hierarchy. Being a 7-function, the
generating function satisfies a set of bilinear equations called the Hirota
equations. However, for any solution of the Virasoro constraints, it is
by no means guaranteed that the generating function satisfies the Hirota
equations. One example of a class of models which do satisfy both the
Virasoro constraints and the Hirota equations and therefore exist at the
intersection of the two moduli spaces are the classical matrix models
solutions. However, the exact relation between the two set of equations is
not fully known, which was the motivation for paper V.

11.1 Reviewing the Hirota equations

Integrability and its relation to matrix models has been reviewed in
for instance [35,41]. Informally, integrability can be thought of as the
property of dynamical systems that all the dynamical characteristics can
be determined completely. Examples of systems which falls into this class
are two dimensional CFT’s and eigenvalue matrix models as introduced in
Chapter 2. Having been originally expressed through non-linear dynamical
equations, the bilinear Hirota equations was later introduced to describe
some integrable systems, where the generating function satisfying these
equations was then the 7-function as a function of time variables 7(t).
One can from this recursively obtain a family of equations, where such a
set of equations is usually referred to as an integrable hierarchy.

Let us now summarise how such Hirota equations are derived, while for
a review we refer to [36,95,96]. We begin with introducing free fermionic
operators s and ¢} for s € Z satistying the anti-commutation relations

{wsﬂ/}r} = {w:7¢:} =0, {wsﬂﬁ} = 65,7“ ) (11~1)

and generating an infinite dimensional Clifford algebra. Collecting the
operators into fermionic generating functions, ¢(z) and *(z), we have

P(z) = 23, V() =Y et (11.2)

SEZL SEZ
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Introducing a vacuum state |0) this satisfies

P[0y =0, <0,

11.3
gl =0, 520, e

such that |0) is a “Dirac sea” with all negative mode states being empty
and all positive mode states being occupied. Therefore, 1s-o and 9},
are annihilation operators and 15>¢ and v¥;_, are creation operators with
respect to the vacuum |0). One can then use the fermionic creation
operators to create a charge k vacuum given by

{wk_l...wlwm, k>0
UE bt 0), k<O,

From the fermionic operators we then construct Heisenberg oscillators ag

Qs = Z : ¢r¢:+s s (11.5)

r€Z

k) = (11.4)

with s € Z, which satisfies the commutation relations
[as, o] = $0470 - (11.6)

We also specify the fermionic charge operator ag given by

ag =Yttt (11.7)

reL
The charge k vacuum |k) then satisfies

aslky =0, if s>k,

aolk) = klk) . (11.8)

Collecting the Heisenberg oscillators into the current «(z), we have

alz) = Zasz_s =:9Y(z)Y*(2) : . (11.9)

SEL

Next, we introduce the bosonisation map ®x with N > 0 defined by
Dy = (Nedoomi 50 (11.10)

Upon bosonisation, we have the mapping of the Heisenberg oscillators to
operators in the time variables {¢s} given by

0
—,  dya_,D =st,, PPy =N
ot NE=sTN N (11.11)

DNigdy' = 1o Dy (|k)) = Mo,

dyas by =
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where ig will appear shortly. Furthermore, under this map a vector
|7) = g|N) in the fermionic Fock space with ¢ € GL(oco, C) transforms as

I7) 2N 7 (1) (11.12)
In other words, the 7-function 7 () results from
7(t) = ®nlr) = (N]eXom 7). (11.13)

As a next step, we introduce firstly operators Ey(z)

So‘i’°’> (11.14)

and secondly the unitary operator ) = e'¢ which satisfies
Qs = s11Q, Qug = 1/’:+1Qa Qlk) =k + 1),
[0, Q] =Q, Q'=Q".
Using F4 (z) and @, we can express the fermionic generating currents as
(=) = 2 QE_(2) ' Ea(2)
P (z) = Qilz*a”%E_(z)EJr(z) .

As the final part needed to obtain the Hirota equations, we introduce the
Sato Grassmannian. It is defined as the G L(oo, C)-orbit of the k-vacuum

Gri(C™®) 2 GL(c0,C) - |k) (11.17)

(11.15)

(11.16)

as a submanifold of A°C*°. The Pliicker relations on Sato Grassmannian
then arise from the condition on an element |7) € A°C™ to be in the
orbit of the vacuum with charge k. This is true if and only if

§Zvem e v @i =o, (11.13)

which are the Plicker relations. Here, the integral over z is such that
we extract the z~! contribution in the Laurent series expansion of the
integrand. Recalling the operator @, this is invertible such that the above
relation can be rewritten as

L 1)) 0 QU ()l = 0. (11.19)
Then, we use (11.16) to observe that
Q7 l(z) = 22 E_(2) T By (2) 7 =
_ b exp (i Sa )eXp (_iz%zs) (11.20)

s=1 s=1 §
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and

QU (z) = 2 IE_(2)EL(2) =

O 28 O 78 11.21
= 2% exp (— > z oz_s> exp <Z z aS) . ( )
s

s=1 s=1 §

Using this, (11.19) can be rewritten as the bilinear Hirota equations

}{dz exp <i ZSC:_S> exp <— i z:as> |T)®
® exp <— i ZSQS) exp (i z_:as> IT) =0.

s=1

(11.22)

Using the mapping in (11.11), the Hirota equations take the form

= - ) 0 .
%dz exp <§z (ts — ts)> exp (— ; - (8753 - 0@)) T(t)T(t) =0 .
(11.23)
Here it should be noted that there are two sets of time variables {¢;} and

{ts} due to the product of two vectors in (11.22). Upon a redefinition of
the variables using the new time variables {us} and {vs},

ts + L ts — s
N 'Us fr
2 2

Us =

(11.24)

we can rewrite this as the integral identity

%dz exp <2§:zsvs> exp (— i 9 ) T(u+v)T(u—v) =0,

= s Ous

(11.25)
with u & v denoting us £ vs for s > 1. Again we view this integral
as extracting the z=! component of the Laurent series of the integrand
and when this residue is vanishing then 7 is a 7-function. The above is a
compact way to express the relation at the level of generating functions 7(t).
As we are now interested in studying the intersection of the solutions to the
Virasoro constraints and the Hirota equations, the 7-functions in (11.25)
can therefore be identified with the classical generating function Z(t;a).
Next, we wish to rewrite the above Hirota equations as constraints on the
correlators c,. To do so, we first use the Cauchy identity for symmetric
Schur polynomials Schury,,3(ps) in (2.37) in order to rewrite the above
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identity as

Z Z 2 ISchur gy (ps = 2svs5) X

k=0 [=0

X Schur{l} (ps = —;) T(u + U)T(u — U) =
Us

27r12

(11.26)

= Z Schuriy (ps = 25v) X
k=0

x Schur41y (ps = _8(3 > T(u+v)T(u—v)=0.

The shifted 7-function can then be expanded as a power series in the vy
around the times u, as

T(uiv):i[T(uiv @) = Z[Z A ™ H(ivl)l , (11.27)

d=0 d=0 LAd lex

where [7(u % v)](,) is used to denote degree n in v, and A = d denotes
that A is an integer partition of d. Here we also use the notation 7)(u) =
[Toex aiuar(u). Substituting this expansion in (11.26) and projecting onto
the degree d part in v; we obtain

d
0
E Schurgy (ps = 2svs)Schur g1y (Ps = > «
k=0 Vs

d+1

X Y (w4 v)]p[r(u =)l =0

=0

(11.28)

Notice that for degree 0 < d < 3 this equation is trivially satisfied, while
for d = 3 we have the first non-trivial condition on the 7-function and its
derivatives. Another remark we can make here is that for each degree in
(11.28) there will be an independent equation. Consequently we have an
infinite set of equations which the 7-function has to satisfy.

Finally, to make the connection to correlators as mentioned earlier, we
set all times u = 0 in (11.28) and use the expansion of the generating
function in terms of correlators in (2.48) which implies

AWz = 0 (11.29)

such that the Hirota equations then become bilinear constraints on the
correlators. For instance in degree d = 3 we find

36%1’1} + 36@0{272} — 4000{3’1} — 40@6{17171}4- (11.30)
+cpcqr1,1y — 30?2} +4deqyeqzy =0, '
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and for degree d = 4

36{1’1}6{271} + 26@6{3’2} — 36{1}0{2,171} + CpC{2,1,1,1} + 36{1}0{4}+ (11 31)

— 30@6{471} — 0{2}0{17171} — 26{2}0{3} =0.

In degree d > 5 there are several bilinear equations and more specifically
the number of equations is equal to the number of partitions of size d.
However, all such equations might not be independent. For instance at
degree d = 5 there are 4 independent equations.

11.2 Relation between Virasoro and Hirota

As mentioned at the beginning of this chapter, the relation between the
solutions of the Virasoro constraints and that of the Hirota equations
is still not fully known and is the motivation behind paper V. More
concretely, we wish to determine if the solutions to the classical Virasoro
constraints for 3 = 1 given in (3.14) (i.e. the correlators) also satisfy the
Hirota equations. As can be seen from the form of the Hirota equations
in (11.28), this will be verified degree by degree.

Let us begin with reviewing why matrix models with 8 = 1 can provide
a solution to the Hirota equations. The generating function for matrix
models can be written as a determinant of an N x N symmetric matrix.
This can be derived from what has been called Andréief’s integration
formula in [97], where for a review we refer to [98]. The restriction to
B = 1 is then due to the fact that this derivation fails precisely when
B # 1. We will therefore in this section assume that § = 1, in which case
Andréief’s integration formula takes the form

i+j—2
Tn(t;a) =  det [(aatl) Tl(t;a)], (11.32)

1<ij<N

where we introduce a label N and a dependence on the couplings a of
the 7-function. If the 7-function is of the form (11.32), together with
satisfying

0 9 \*
a—tkﬁ(t, a) = (%) T1(t;a) , (11.33)

then the 7-function is a solution to the Hirota equations [36,99]. Thus we
express the rank N matrix integral as a determinant of the rank 1 integral

Ti(t;a) = /Fdxe_v(zHZ:iltsws : (11.34)

for a contour I'. We then recall the form of the potential in (2.16),
which implies the additional constraint in (3.73). We can therefore trade
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derivatives with respect to t; with derivatives in the coupling constants a;
in (11.32). Upon subsequently setting all time variables to zero, we find

i+j—2
m(00) = aa) = det [(—8‘2) 71(0;a)] (11.35)

where
71(0;a) = / dze V@ (11.36)
r

Let us now summarise the cases of p = 1, 2, 3 recalling the findings from
Section 3.2.3, where the results are collected in Table 11.1. For p =1 we
choose the contour I' along the positive real line, whereas for p = 2 it is
along the entire real line. For both p =1 and p = 2 it can be shown that
upon insertion of the correlators and restricting to 8 = 1 that the Hirota
equations are satisfied. Furthermore, it can also be checked that the empty
correlators for p = 1 and p = 2 given in (3.80) and (3.83) respectively,
can be recovered from the determinant representation in (11.35) up to
constants k27" and k5 when g = 1.

However, in the case p = 3 the Hirota equations are not immediately
satisfied. To see this, we begin with recalling that correlators can only
be determined up to correlators 0{1,.‘.,1}(a1, as,as) as shown in paper IV
and reproduced in equation (3.72). Therefore, one needs to replace such
correlators using the additional constraint (3.73),

) k
.. 1}(a1,a2,a3) = <_8a1) cg(ar, ag,as) . (11.37)
—_————

k

The Hirota equations are then not directly satisfied, but one instead finds
the constraint at degree 3

aj <C(z)831 cp — 4 (8310@> (Oesc0) +3 (831%)2) ’

+ (a3 — 4aya3) ((aa1 )’ — 6@8310@) — 2a3¢p04, cp + aaNcg =0
(11.38)
where we let ¢g(aq, az, as) = ¢y and 8%1 = 0,, to ease notation. To simplify
this, we now apply the solution for ¢y(aq, as,as) in (3.90) to find

2(29'(2)? = 89" (2)d'(2) + 69" (2)*) + g(2) (¢ (2) — 229" (2) +4¢""(2)) = 0

(11.39)
for the function ¢ introduced in (3.89) and with z as in (3.95). The
meaning of (11.39) is that for a generic choice of the function g(z), the
Hirota equations are not satisfied, even upon choosing 8 = 1. Specialising
to the case N = 1 for p = 3, we however find that for the solution in (3.98)
the Hirota equations are satisfied. Another solution in the case of generic
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N is the one given by matrix models, although identifying the explicit
form of g(z) by matching the integral and the generating function might
not be straightforward. For instance in the case of N = 1, we can make

~1/3

the change of variables @ = (a3 /"2’ — a2/2a3) to obtain

7_1(0; ai, ag, (13) -

1 1
= / exp (—agm?’ — —ayx? — a1x> dz
r 3 2

3 3 2
_ aay Gy ,1/3/ oz a5 —4ajas\ 4o’
exp <2a3 12(1%) as - exp ( 3 + <4a§/3 x T .

(11.40)
Upon comparing the above to (3.90) we can identify ¢(z) as
13
9(2)[y=y = / exp [~ + 2 | do’ (11.41)
I 3 2

where for an appropriate contour I'” we recover a linear combination of
Airy functions. It can then be deduced from the Airy equation that the
above solution for p = 3 and N = 1 satisfies the Hirota equations, i.e.
(11.39).

p | cpla) Hirota equations
1 kiV,B,ua;N(V+ﬂ(N71)+1) v
9 kév,/sa;éN(MN—l)H) exp (gf;j) v
3| o (Mgaes ) o 10N (e ) |
N=1:
exp (%22 — gai ) oy [ha i (S )+
whe Bt )] | v

Table 11.1. Summary of the empty correlators for p = 1,2,3 together with
indication if this solves the Hirota equations or not.

The g-analogue of the Hermitean matrix models, which can be given in
terms of Jackson g-integrals, can also be written in determinant form using
Andréief’s formula. Consequently, such g-deformed models satisfies both
the g-Virasoro constraints and the Hirota equations. These generalisations
of the Hermitean matrix model therefore provide possible directions for
further investigations.
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13. Svensk sammanfattning

Vérlden runt omkring oss beskrivs idag pa kvantniva med hjélp av ett
ramverk som kallas Standardmodellen. I den delas samtliga universums
partiklar upp i tva klasser: bosoner och fermioner. Bosoner ar de partiklar
som formedlar de fyra fundamentalkrafterna i universum. Med andra ord
ger de upphov till de starka och svaga karnkrafterna samt den elektro-
magnetiska kraften. Bosonen som ger upphov till gravitationskraften ar
dock dnnu inte experimentellt bevisad. Fermioner dr de partiklar som
utgor all den materia som finns omkring oss. Det som skiljer de tva
klasserna at ar en egenskap som heter spinn, dar bosoner har heltaligt
spinn medan fermioner har halvtaligt spinn. Det finns dock problem
med Standardmodellen. Ett sddant problem &r nagot som kallas hierarki-
problemet. Det handlar om den stora skillnaden mellan storleken pa
den svaga kdrnkraftens styrka och gravitationskraftens styrka. Ett annat
problem handlar om féreningen av kopplingskonstanterna. Denna férening
av de svaga och starka kdrnkrafterna samt den elektromagnetiska kraften
maste ske vid hoga energinivaer for att en sa kallad storforenad teori ska
kunna existera. En 16sning pa dessa problem &r supersymmetri. Detta
ar en symmetri mellan de tva typer av partiklar som tidigare ndmnts.
Mer specifikt sd ar supersymmetri en teori déar varje partikel har en
motsvarande antipartikel, med samma egenskaper som partikeln férutom
spinn. Varje boson har darfér en supersymmetrisk partner som &ar en
fermion och vice versa. Supersymmetri resulterar darfor i en utokad
version av Standardmodellen. Supersymmetrins existens har dock &nnu
inte bekraftats av experiment och nuvarande partikelacceleratorer, som
exempelvis LHC vid CERN i Schweiz, behover komma upp till hogre
energinivaer for att ha mojlighet att kunna upptéacka supersymmetri.
Standardmodellen ar formulerad i ett matematiskt sprak som kallas
kvantfaltteori och mer specifikt sa beskrivs den genom gaugeteorier.
Forutom att supersymmetri 16ser de tidigare namnda problemen relaterade
till hierarki och foreningen av kopplingskonstanter, sa kan supersymmetri
daven underlatta utrakningar i gaugeteorier. I supersymmetriska gauge-
teorier 4r man ofta intresserad av att berdkna olika typer av observabler.
Under de senaste tio aren har séittet att berdkna sadana observabler pa
genomgatt en metamorfos, i och med utvecklingen av en metod vid namn
supersymmetrisk lokalisering. Nér denna lokaliseringsteknik anvands,
resulterar den i att observabler reduceras till en enklare form och ibland
till vad som kallas for matrismodeller. Dessa kan delas upp i tva kategorier:
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klassiska (eller odeformerade) samt deformerade matrismodeller. De de-
formerade matrismodellerna kan ses som en generalisering av de klassiska
modellerna, dar man i den enklaste typen av deformerade modeller intro-
ducerar en ny parameter, vanligtvis ¢, som ger upphov till deformationen.
Bada dessa typer av matrismodeller har féorekommit i olika lokaliserings-
utrdkningar. Klassiska matrismodeller kan ses som en 16sning pa en
differentialekvation som kallas Virasoro tvang och det ar dessa tvang samt
dess ¢-deformerade motsvarighet som ar centrala i vara utforskningar.

I artikel V studerar vi klassiska matrismodeller och underscker dess
Virasoro tvang. Vi undersoker &ven hur Virasoro tvang relaterar till ett
annat omrade inom teoretisk fysik, ndmligen integrabla system, med andra
ord sadana system som kan 16sas exakt. Vi undersoker sedan i artikel IT hur
man kan lésa ¢-deformerade Virasoro tvang och ger exempel pa konkreta
16sningar. Vi jamfoér sedan i artikel IV klassiska och deformerade modeller
och inkluderar mer generella deformerade modeller &n de studerade i artikel
II. Slutligen, i artiklar I och III studerar vi olika typer av deformerade
matrismodeller som har uppkommit som ett resultat av den tidigare
namnda lokaliseringstekniken.

124



References

[1] J.-L. Gervais and B. Sakita, Field theory interpretation of supergauges in
dual models, Nuclear Physics B 34 (1971) 632 — 639.

[2] Y. A. Golfand and E. P. Likhtman, Extension of the Algebra of Poincare
Group Generators and Violation of P-Invariance, JETP Lett. 13 (1971)
323-326.

[3] V. Pestun, Localization of gauge theory on a four-sphere and
supersymmetric Wilson loops, Commun. Math. Phys. 313 (2012) 71-129,
[0712.2824].

[4] V. Pestun et al., Localization techniques in quantum field theories, J.
Phys. A50 (2017) 440301, [1608.02952].

[5] N. Nekrasov, On the BPS/CFT correspondence, Lecture at the University
of Amsterdam string theory group seminar (Feb. 3, 2004) .

[6] N. Nekrasov, 2d CFT-type equations from 4d gauge theory, Lecture at the
IAS conference -Langlands Program and Physics (March 8-10, 2004) .

[7] N. Nekrasov, BPS/CFT correspondence: non-perturbative
Dyson-Schwinger equations and qq-characters, JHEP 03 (2016) 181,
[1512.05388].

[8] N. Nekrasov, BPS/CFT correspondence II: Instantons at crossroads,
Moduli and Compactness Theorem, 1608.07272.

[9] N. Nekrasov, BPS/CFT Correspondence III: Gauge Origami partition
function and qq-characters, 1701.00189.

[10] E. P. Wigner, On the Distribution of the Roots of Certain Symmetric
Matrices, Annals of Mathematics 67 (1958) 325-327.

[11] F. J. Dyson, Statistical Theory of the Energy Levels of Complex Systems.
I, Journal of Mathematical Physics 3 (1962) 140-156,
[https://doi.org/10.1063/1.1703773].

[12] J. Ginibre, Statistical Ensembles of Complex, Quaternion, and Real
Maitrices, Journal of Mathematical Physics 6 (1965) 440-449,
[https://doi.org/10.1063/1.1704292].

[13] A. Migdal, Loop equations and 1/N expansion, Physics Reports 102
(1983) 199 — 290.

[14] A. Mironov and A. Morozov, On the origin of Virasoro constraints in
matriz models: Lagrangian approach, Phys. Lett. B252 (1990) 47-52.

[15] R. Dijkgraaf, H. L. Verlinde and E. P. Verlinde, Loop equations and
Virasoro constraints in nonperturbative 2-D quantum gravity, Nucl. Phys.
B348 (1991) 435-456.

[16] A. Morozov and S. Shakirov, Generation of Matriz Models by
W-operators, JHEP 04 (2009) 064, [0902.2627].

[17] K. Mimachi and Y. Yamada, Singular vectors of the Virasoro algebra in
terms of Jack symmetric polynomials, Comm. Math. Phys. 174 (1995)
447-455.

125



[18] H. Awata, Y. Matsuo, S. Odake and J. Shiraishi, Collective field theory,
Calogero-Sutherland model and generalized matrixz models, Phys. Lett. B
347 (1995) 49-55, hep-th/9411053].

[19] H. Awata, Y. Matsuo, S. Odake and J. Shiraishi, A Note on
Calogero-Sutherland model, W(n) singular vectors and generalized matriz
models, Soryushiron Kenkyu 91 (1995) A69-A75, [hep-th/9503028].

[20] H. Awata, Y. Matsuo, S. Odake and J. Shiraishi, Ezcited states of
Calogero-Sutherland model and singular vectors of the W(N) algebra,
Nucl. Phys. B 449 (1995) 347-374, [hep-th/9503043].

[21] I. G. Macdonald, Symmetric Functions and Hall Polynomials. 01, 1995.
[22] J. Shiraishi, H. Kubo, H. Awata and S. Odake, 4 Quantum deformation
of the Virasoro algebra and the Macdonald symmetric functions, Lett.

Math. Phys. 38 (1996) 33-51, [q-alg/9507034].

[23] S. Odake, Beyond CFT: Deformed Virasoro and elliptic algebras, in
Theoretical physics at the end of the twentieth century. Proceedings,
Summer School, Banff, Canada, June 27-July 10, 1999, pp. 307449,
1999. hep-th/9910226.

[24] H. Awata and Y. Yamada, Five-dimensional AGT Relation and the
Deformed beta-ensemble, Prog. Theor. Phys. 124 (2010) 227-262,
[1004.5122].

[25] A. Nedelin and M. Zabzine, g- Virasoro constraints in matriz models,
JHEP 03 (2017) 098, [1511.03471].

[26] A. Nedelin, F. Nieri and M. Zabzine, ¢- Virasoro modular double and 3d
partition functions, Commun. Math. Phys. 353 (2017) 1059-1102,
[1605.07029].

[27] C. Beem, T. Dimofte and S. Pasquetti, Holomorphic Blocks in Three
Dimensions, JHEP 12 (2014) 177, [1211.1986].

[28] F. Nieri and S. Pasquetti, Factorisation and holomorphic blocks in 4d,
Journal of High Energy Physics 2015 (Nov, 2015) .

[29] S. Pasquetti, Factorisation of N = 2 Theories on the Squashed 3-Sphere,
JHEP 04 (2012) 120, [1111.6905].

[30] F. Nieri, An elliptic Virasoro symmetry in 6d, Lett. Math. Phys. 107
(2017) 2147-2187, [1511.00574].

[31] Y. Yoshida, Factorization of 4d N=1 superconformal index, 1403.0891.

[32] W. Peelaers, Higgs branch localization of N' =1 theories on S x S,
Journal of High Energy Physics 2014 (Aug, 2014) .

[33] H.-Y. Chen and H.-Y. Chen, Heterotic surface defects and dualities from
2d/4d indices, Journal of High Energy Physics 2014 (Oct, 2014) .

[34] H. Awata, S. Odake and J. Shiraishi, Integral representations of the
Macdonald symmetric polynomials, Comm. Math. Phys. 179 (1996)
647-666.

[35] A. Morozov, Integrability and matriz models, Phys. Usp. 37 (1994) 1-55,
[hep-th/9303139).

[36] A. Alexandrov and A. Zabrodin, Free fermions and tau-functions,
Journal of Geometry and Physics 67 (May, 2013) 37-80.

[37] R. Hirota, Discrete Analogue of a Generalized Toda Equation, Journal of
the Physical Society of Japan 50 (1981) 3785-3791,

126



[https://doi.org/10.1143/JPSJ.50.3785).

[38] T. Miwa, On Hirota’s difference equations, Proc. Japan Acad. Ser. A
Math. Sci. 58 (1982) 9-12.

[39] S. Kharchev, A. Marshakov, A. Mironov, A. Orlov and A. Zabrodin,
Matriz models among integrable theories: Forced hierarchies and operator
formalism, Nuclear Physics B 366 (1991) 569 — 601.

[40] A. Zabrodin, Canonical and grand canonical partition functions of Dyson
gases as tau-functions of integrable hierarchies and their fermionic
realization, Comp. Anal. Op. Theor. 4 (2010) 497-514, [1002.2708].

[41] A. Morozov, Matriz models as integrable systems, in Particles and fields.
Proceedings, CAP-CRM Summer School, Banff, Canada, August 16-2/,
1994, pp. 127-210, 1995. hep-th/9502091.

[42] B. Eynard, T. Kimura and S. Ribault, Random matrices, 1510.04430.

[43] M. Marifio, Lectures on non-perturbative effects in large N gauge theories,
matriz models and strings, Fortsch. Phys. 62 (2014) 455-540,
[1206.6272].

[44] V. A. Kazakov, The Appearance of Matter Fields from Quantum
Fluctuations of 2D Gravity, Mod. Phys. Lett. A 4 (1989) 2125.

[45] E. Brezin and V. A. Kazakov, Fzactly Solvable Field Theories of Closed
Strings, Phys. Lett. B 236 (1990) 144-150.

[46] M. R. Douglas and S. H. Shenker, Strings in Less Than One-Dimension,
Nucl. Phys. B 335 (1990) 635.

[47] D. J. Gross and A. A. Migdal, Nonperturbative two-dimensional quantum
gravity, Phys. Rev. Lett. 64 (Jan, 1990) 127-130.

[48] P. H. Ginsparg and G. W. Moore, Lectures on 2-D gravity and 2-D string
theory, in Theoretical Advanced Study Institute (TASI 92): From Black
Holes and Strings to Particles, pp. 277-469, 10, 1993. hep-th/9304011.

[49] M. Mariflo, Instantons and Large N: An Introduction to Non-Perturbative
Methods in Quantum Field Theory. Cambridge University Press, 2015,
10.1017/CB0O9781107705968.

[50] Y. Makeenko, A. Marshakov, A. Mironov and A. Morozov, Continuum
versus discrete Virasoro in one-matrix models, Nuclear Physics B 356
(1991) 574 — 628.

[51] T. Morris, Chequered surfaces and complex matrices, Nuclear Physics B
356 (1991) 703 — 728.

[52] G. Livan, M. Novaes and P. Vivo, Introduction to Random Matrices,
SpringerBriefs in Mathematical Physics (2018) .

[53] A. Morozov, A. Popolitov and S. Shakirov, On (q,t)-deformation of
Gaussian matriz model, Phys. Lett. B784 (2018) 342-344, [1803.11401].

[54] A. Mironov and A. Morozov, On the complete perturbative solution of
one-matriz models, Phys. Lett. B 771 (2017) 503-507, [1705.00976].

[55] A. Mironov and A. Morozov, Sum rules for characters from
character-preservation property of matriz models, JHEP 08 (2018) 163,
[1807.02409].

[56] H. Itoyama, A. Mironov and A. Morozov, Ward identities and
combinatorics of rainbow tensor models, JHEP 06 (2017) 115,
[1704.08648].

127



[57] A. Alexandrov, A. Mironov and A. Morozov, Partition functions of
matriz models as the first special functions of string theory. 1. Finite size
Hermitean one matriz model, Int. J. Mod. Phys. A 19 (2004) 4127-4165,
[hep-th/0310113].

[58] A. Alexandrov, A. Mironov and A. Morozov, Unified description of
correlators in non-Gaussian phases of Hermitean matrix model, Int. J.
Mod. Phys. A 21 (2006) 2481-2518, [hep-th/0412099].

[59] A. Alexandrov, A. Mironov and A. Morozov, Solving Virasoro constraints
in matriz models, Fortsch. Phys. 53 (2005) 512-521, [hep-th/0412205].

[60] V. Kac and P. Cheung, Quantum Calculus. Universitext. Springer New
York, 2012.

[61] G. Felder and A. Varchenko, The Elliptic Gamma Function and SL(3, Z)
x Z3, Advances in Mathematics 156 (2000) 44 — 76.

[62] N. Kurokawa and S. Koyama, Multiple sine functions., Forum Math. 15
(2003) 839-876.

[63] A. Narukawa, The modular properties and the integral representations of
the multiple elliptic gamma functions, ArXiv Mathematics e-prints (jun,
2003) , [math/0306164].

[64] N. Hama, K. Hosomichi and S. Lee, Notes on SUSY Gauge Theories on
Three-Sphere, JHEP 03 (2011) 127, [1012.3512].

[65] A. Morozov, On W -representations of 3- and q,t-deformed matriz
models, Physics Letters B 792 (May, 2019) 205-213.

[66] T. Kimura and V. Pestun, Quiver elliptic W-algebras, Letters in
Mathematical Physics 108 (Mar, 2018) 1383-1405.

[67) T. Kimura and V. Pestun, Quiver W-algebras, 1512.08533.

[68] C. Beem, M. Lemos, P. Liendo, W. Peelaers, L. Rastelli and B. C. van
Rees, Infinite Chiral Symmetry in Four Dimensions, Commun. Math.
Phys. 336 (2015) 1359-1433, [1312.5344].

[69] C. Beem, L. Rastelli and B. C. van Rees, W symmetry in siz dimensions,
JHEP 05 (2015) 017, [1404.1079).

[70] N. A. Nekrasov and S. L. Shatashvili, Supersymmetric vacua and Bethe
ansatz, Nucl. Phys. Proc. Suppl. 192-193 (2009) 91-112, [0901.4744].

[71] N. A. Nekrasov and S. L. Shatashvili, Quantum integrability and
supersymmetric vacua, Prog. Theor. Phys. Suppl. 177 (2009) 105-119,
[0901.4748).

[72] N. A. Nekrasov and S. L. Shatashvili, Quantization of Integrable Systems
and Four Dimensional Gauge Theories, in Proceedings, 16th International
Congress on Mathematical Physics (ICMP09), 2009. 0908.4052.

[73] L. F. Alday, D. Gaiotto and Y. Tachikawa, Liouville Correlation
Functions from Four-dimensional Gauge Theories, Lett. Math. Phys. 91
(2010) 167-197, [0906.3219].

[74] N. Wyllard, Ay_1 conformal Toda field theory correlation functions from
conformal N' = 2 SU(N) quiver gauge theories, Journal of High Energy
Physics 2009 (Nov, 2009) 002-002.

[75] N. Hama and K. Hosomichi, Seiberg- Witten Theories on Ellipsoids,
JHEP 09 (2012) 033, [1206.6359].

[76] G. Festuccia and N. Seiberg, Rigid Supersymmetric Theories in Curved

128



Superspace, JHEP 06 (2011) 114, [1105.0689].

[77] T. T. Dumitrescu, G. Festuccia and N. Seiberg, Exploring Curved
Superspace, JHEP 08 (2012) 141, [1205.1115].

[78] C. Closset, T. T. Dumitrescu, G. Festuccia and Z. Komargodski,
Supersymmetric Field Theories on Three-Manifolds, JHEP 05 (2013) 017,
[1212.3388].

[79] C. Closset, T. T. Dumitrescu, G. Festuccia and Z. Komargodski, The
Geometry of Supersymmetric Partition Functions, JHEP 01 (2014) 124,
[1309.58786].

[80] C. Closset, T. T. Dumitrescu, G. Festuccia and Z. Komargodski, From
Rigid Supersymmetry to Twisted Holomorphic Theories, Phys. Rev. D 90
(2014) 085006, [1407 . 2598].

[81] C. Klare, A. Tomasiello and A. Zaffaroni, Supersymmetry on Curved
Spaces and Holography, JHEP 08 (2012) 061, [1205.1062].

[82] C. Klare and A. Zaffaroni, Extended Supersymmetry on Curved Spaces,
JHEP 10 (2013) 218, [1308.1102].

[83] V. Pestun and M. Zabzine, Introduction to localization in quantum field
theory, J. Phys. A50 (2017) 443001, [1608.02953].

[84] N. Berline and M. Vergne, Classes caractéristiques équivariantes.
Formule de localisation en cohomologie équivariante, CR Acad. Sci. Paris
295 (1982) 539-541.

[85] M. Atiyah and R. Bott, The moment map and equivariant cohomology,
Topology 23 (1984) 1 — 28.

[86] E. Witten, Supersymmetry and Morse theory, J. Differential Geom. 17
(1982) 661-692.

[87] Y. Yoshida and K. Sugiyama, Localization of 3d N = 2 Supersymmetric
Theories on S' x D?, 1409.6713.

[88] T. Dimofte, D. Gaiotto and S. Gukov, 3-Manifolds and 3d Indices, Adv.
Theor. Math. Phys. 17 (2013) 975-1076, [1112.5179].

[89] A. Kapustin, B. Willett and I. Yaakov, Ezact Results for Wilson Loops in
Superconformal Chern-Simons Theories with Matter, JHEP 03 (2010)
089, [0909.4559].

[90] Y. Imamura and D. Yokoyama, N=2 supersymmetric theories on
squashed three-sphere, Phys. Rev. D 85 (2012) 025015, [1109.4734].

[91] L. F. Alday, D. Martelli, P. Richmond and J. Sparks, Localization on
Three-Manifolds, JHEP 10 (2013) 095, [1307 . 6848].

[92] N. Hama, K. Hosomichi and S. Lee, SUSY Gauge Theories on Squashed
Three-Spheres, JHEP 05 (2011) 014, [1102.4716].

[93] J. Kinney, J. M. Maldacena, S. Minwalla and S. Raju, An Index for /
dimensional super conformal theories, Commun. Math. Phys. 275 (2007)
209254, [hep-th/0510251].

[94] C. Romelsberger, Counting chiral primaries in N = 1, d=4
superconformal field theories, Nucl. Phys. B 747 (2006) 329-353,
[hep-th/0510060].

[95] V. G. Kac, A. K. Raina and N. Rozhkovskaya, Bombay lectures on highest
weight representations of infinite dimensional Lie algebras. Advanced
Series in Mathematical Physics. World Scientific, Singapore, 2013.

129



[96] T. Miwa, E. Date and M. Jimbo, Solitons: Differential Equations,
Symmetries and Infinite Dimensional Algebras, vol. 135 of Cambridge
Tracts in Mathematics. 4, 2020.

[97] C. Andréief, Note sur une relation entre les intégrales définies des produits
des fonctions, Mém. Soc. Sci. Phys. Nat. Bordeauz (3) 2 (1886) 1-14.

[98] P. J. Forrester, Meet Andréief, Bordeaux 1886, and Andreev, Kharkov
1882-83, 2018.

[99] A. Mironov, A. Morozov and Z. Zakirova, Comment on integrability in
Dijkgraaf-Vafa B-ensembles, Physics Letters B 711 (May, 2012) 332-335.

[100] M. Zabrocki, “g, t-Kostka polynomials.”
http://garsia.math.yorku.ca/MPWP/.

130






Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2029

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through

the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-436953

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2021



	Abstract
	List of papers
	Contents
	1. Introduction
	1.1 Outline of thesis

	Part I: Classical matrix models
	2. Matrix models
	2.1 Matrices and eigenvalues
	2.2 Partitions
	2.3 Special polynomials
	2.4 Expectation values and correlators

	3. Virasoro constraints
	3.1 Deriving the Virasoro constraints
	3.2 Solving the Virasoro constraints
	3.2.1 W-representations
	3.2.2 Determining correlators
	3.2.3 Determining normalisations

	3.3 The non-homogeneous Virasoro constraints
	3.3.1 Deriving the non-homogeneous Virasoro constraints
	3.3.2 Solving the non-homogeneous Virasoro constraints


	Part II: Quantum matrix models
	4. Introduction to q-calculus
	5. Special q-functions
	6. The q, t-deformation
	6.1 The q-Virasoro algebra
	6.2 The q-deformed matrix model
	6.3 Deriving the q-Virasoro constraints
	6.4 Solving the q-Virasoro constraints
	6.5 Recovering Virasoro from q-Virasoro

	7. The q, t, q-deformation
	7.1 The elliptic Virasoro algebra
	7.2 The elliptically deformed matrix model
	7.3 Recovering q-Virasoro from elliptic Virasoro

	Part III: Applications
	8. Exact results in supersymmetric gauge
	theories
	8.1 Supersymmetric localisation
	8.2 Summary of localisation results
	8.2.1 D2 ×qS1
	8.2.2 S3
	8.2.3 S3×S1


	9. 3d gauge theories and the q, t-deformation
	9.1 D2×qS1
	9.1.1 Details of the theory
	9.1.2 The q-Virasoro constraints
	9.1.3 Nf= 1
	9.1.4 Nf= 2
	9.1.5 Comments about Nf -3
	9.1.6 Final remarks about D2×qS1

	9.2 S3
	9.2.1 Details of the theory
	9.2.2 Modular double construction revisited
	9.2.3 The q-Virasoro constraints


	10. 4d gauge theories and the q, t, q -deformation
	10.1 Details of the theory
	10.2 Elliptic modular double construction
	10.3 The gauge theory and Wq, algebra correspondence
	10.3.1 Half-space/chiral matrix model
	10.3.2 Compact space/modular double matrix model

	10.4 Relations between classical and quantum models

	11. Hirota equations versus Virasoro constraints
	11.1 Reviewing the Hirota equations
	11.2 Relation between Virasoro and Hirota

	12. Acknowledgements
	13. Svensk sammanfattning
	References



