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Abstract We review some recent developments in Chern-Simons theory on a hyperbolic
3-manifold M with complex gauge group G. We focus on the case G = SL(N,C) and
with M a knot complement. The main result presented in this note is the cluster partition
function, a computational tool that uses cluster algebra techniques to evaluate the Chern-
Simons path integral. We also review various applications and open questions regarding
the cluster partition function and some of its relation with string theory.
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1 Introduction

In the recent years there has been a growing interest in the study of Chern-Simons (CS)
theory with complex gauge group G, in particular when G = SL(N,C). One of the main
reasons is its appearance in the so called 3d-3d correspondence (see [I] for a review). This is
a correspondence between supersymmetric 3d gauge theories and CS theory (which is a topo-
logical field theory) with complex gauge group. The correspondence arises from wrapping a
certain class of 6-dimensional extended objects in M-theory, called M5-branes, on a 3-manifold
M. This can be considered as part of a much broader line of research on the context of N' = 2
supersymmetric quantum field theories. We refer the interested reader to the comprehensive
review [2].

The main goal of this note is not to review the 3d-3d correspondence but to summarize
some the properties and challenges present in CS theory with complex gauge group and, along
with that, we will present in more detail a recently developed computational tool: the cluster
partition function [3]. Formally, the partition function of CS theory with complex gauge group
G is given in the form of a path integral over G-connections A:

Ze(M) = / DADAc 5514 (1.1)

The main question is then, how can one make sense of Zg(M)?. When G is a compact Lie
group, many techniques for computing Zg (M) and hence to give a definition of (I1]), have been
developed since the pioneering work [4] connecting Zo (M) with invariants of 3-manifolds, but
for noncompact and/or complex G much less is understood. Foundational work on CS theory
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with complex gauge group can be found in [5] and, subsequent development in the lines that
we will focus on here, in [6 [7]. One way to approach the problem in the case OM # (), is to
interpret Zg (M) as a wavefunction. Geometric quantization of the restricted classical phase
space of the theoryﬂ associates a Hilbert space Hanr to OM. The CS partition function Zg (M)
is then interpreted as a wavefunction in the following sense:

Za(M) = (X, 11]¥) for some |U) € Honr (1.2)

where II represents a choice of polarization and X, the ’position variables’ (so, (X, II|¥) is a
function of X which are mutually commuting variables). The topology of M (and possibly some
extra data inherent to M) is what determines which vector |¥) should be chosen. When M is
a knot complement M = S3\ K, we have a toroidal boundary: dM = T? and the restricted
classical phase space corresponds to flat G-bundles on T2 and comes naturally equipped with
a symplectic structure.

One of the most effective and well studied tools for computing partition functions Zg(M) =
(X, I1]P) for the case of M being a cusped 3-manifold and G = SL(N,C) have been state-
integral models. We will give a brief summary on development of these models in section [3
The model we will present in detail, the cluster partition function, shares many properties with
state-integral models and is expected to be equivalent in some cases.

The cluster partition function provides a way to define the CS path integral. In other words,
it gives a prescription to compute a function Zg“Ster(M ) which should be interpreted as the
wavefunction Zg(M). Our focus will be on the case of gauge group G = SL(N,C) over a
3-manifold M which corresponds to a (hyperbolic) knot complement on S3. Moreover, we will
actually see that ZZUt*(M) is more well suited for the case that M can be obtained from
a mapping torus construction. The cluster partition function was originally proposed in [10]
based on ideas of [I], however important modifications were done in [3] to get it to the form we
will present here. It is not immediately obvious that the function Z&"*(M) we obtain is well
defined as a nonperturbative invariant but we can propose perturbative topological invariants
of M starting from Z&uster(M). We will look at this problem in more detail in section 511

This note is organized as follows: in section 2l we will start reviewing classical aspects of
the CS path integral for gauge group G = SL(N,C) focusing on comparison with the case of
compact gauge group, boundary conditions for the case of M = 3\ K and some interpretations
and results of the perturbative expansion of Zg(M). In section Bl we will review the canonical
quantization of the boundary phase space for CS on M = S\ K and the subsequent inter-
pretation of Zg (M) as a wavefunction. In section [ we will come to the central theme of this
note, we will review the derivation of Z&Us*r (M) and explain its relation with Zg(M). For this
we will start by reviewing the Fock-Goncharov construction of coordinates for the space of flat
connections on a punctured Riemann surface ¥ and its quantization which defines a Hilbert
space Hy;. Then, we will define Z&Ust*(M) as the trace over Hy of an operator. We will see
that our definition requires M to be a mapping torus but its relation with cluster algebras

1For the case of G compact this was carried out in [4] 8] [0].
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(hence, its name) allows us to actually makes sense of ng‘tffcr as function of a general quiver @
plus a sequence of mutations and permutations m acting on it. This will be an important point
for section [{ where we will review the applications of Zg"**(M) and its general form Z§'5e".
Many of these applications are currently under study. Finally in the appendix we collect results
about the quantum dilogarithm, a special function that plays a central role in the definition of
chuster

Qm -
2 Chern-Simons theory with complex gauge group

In this section we will review some basic facts about Chern-Simons (CS) theory with complex
gauge group G. 4 Consider a compact 3-manifold M, possibly with boundaries and a complex
Lie group G. Fix a principal G-bundle Eg — M and consider a connection A:

A € Conn(Eg) (2.1)

so, A can be seen as a g-valued 1-form on M, A € Q'(M, g). We define the CS functional:
CS[A] = /MTY (AdA+ %A/\A/\A) (2.2)
and the CS action:
Sos = %CS[A] + %csa] tieC (2.3)

Here A = A* denotes the complex conjugate of A. The coupling constants are conveniently
written as

t=Fk+is t=k—is k,seC (2.4)
and so (23) takes the form:

Sos = ﬁ%(csm) - Z3(0s14) (2.5)

We define the group of gauge transformations G along with its action on A as:
G:={g9g: M — G} A9 = gAg~" —dgg* (2.6)

It is important to remark that G includes large gauge transformationsﬁ. For k € Z and s € C,
then e*9¢s is gauge invariant [5]. Define

Y = Conn(Eq)/G (2.7)

If OM # 0, we need to specify boundary conditions for A, this means specify its behaviour at
OM: Aloyp = Ap. We will make this more precise in section ZI1 The path integral associated
to (Eq, M, Ap) is given by

Za(M) = / DADAe'Scs = / DAD Ae = FRCSIAD—sS(CSIAD) (2.8)
y y

2Even though in this section we will make statements that hold for general G, in the rest of this note we will
set G = SL(N,C).
3These are topologically nontrivial gauge transformations under which 8%0 S[A] shifts by #Z.
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where the boundary conditions should be imposed. If we restrict to s € R, then Zg(M) is an
oscillatory integral. In such a case, £ = t*. However, other values of s € C are also of interest.
For instance, Zg(M) can also define an unitary theory for s € iR [5]. Making sense of Zg (M)
when s ¢ R is possible via analytic continuation [7]. We summarize the main cases treated in

[7:

e Compact gauge group. Consider CS theory with gauge group a compact Lie group H.
The construction is analogous as before, just changing G to H, so the path integral for
the connection A € Conn(Ey) is given by an integral over Yy = Conn(Ey )/ H:

Zy(M)= | DAei=rSW f ez (2.9)
YVu
Analytic continuation to k € C is done in two steps [B] [7]. First change the domain of
integration to be Yy = Conn(E )/ H¢ where the subindex C stands for complexification
and ﬁc are the topologically trivial gauge transformations g : M — Hc. Then define
Z (M) as the integration over a middle dimensional contour C C 371{ such that eR(FCSIA]
goes to 0 along every asymptotic direction of C. The contour C can be constructed by
downward Morse flow using R(ikCS[A]) as a Morse function. It is important to remark
that C is not unique but one can impose extra conditions such as Zy (M) must coincide
with the integration over Yy C 5)\H when k € 7Z and conditions on the behaviour for
k — oo to constraint the choices of C. Another important point is that, because of the
way C is chosen, it is not invariant under large gauge transformations. Indeed if one
naively just change the domain of integration in (ZJ) to Conn(Ey)/H, then @) will
vanish if k & Z [1].
e Compact gauge group with Wilson loop. Consider now inserting a Wilson loop along
a knot £ C M in ([29). A Wilson loop is specified by K and an irreducible representation
R of H. Then,

Zy(K) = | DA ST pedcd kel (2.10)
Yu

We can write the holonomy operator Tr rPefc 4 as an integral over a quantum mechanical
system, whose physical Hilbert space is identified with R, coupled to A [12] [7]:

TrRPeflc A /
u

dqu™
dr

DU [(Au) = f{ (Oa)m (2.11)

K
where U is the space of maps u : S* — H/THH « is the highest weight of R, seen as an
element of Ty and ©, = Tr(ag~'dg) is a 1-form in H/Ty. By writing the Wilson loop
this way, we can write Zy (K) as an integral over Yy x U. Then, analytic continuation
on k follows the same steps as the case without Wilson loop but replacing the integration
domain by a middle dimensional contour C C )A)H X Uc where U is the space of maps
St — H(C/THC-

e Noncompact gauge group. Here we will comment on the case of analytic continuation
in s of (ZX). Renaming the connection A — A and taking A € Q!(M, g) as independent

4Here Ty denotes the maximal torus of H.
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of A already makes (2.8)) non-invariant under large gauge transformations, as can be seen

from its explicit form:

s (tOSIAIHCS[A]) _ 5 (H(COSIAI+CS[A])+is(CS[A]-CS[A])) (2.12)

e

The functionals C'S[A]/47 and CS[A]/4m are defined modulo 27 but independent shifts
will not leave ([2I2)) invariant. So, integration over ) x ) is already ill defined. Only
if both shifts are equal, [2I2)) is invariant. The solution proposed in [7] is to define the
integral over JAig, the smallest covering of J x ) on which [2I2) is well defined, i.e. we
quotient out only by the gauge transformations that leave ([2I2) invariant. Then, the
analytic continuation of (Z.8) can be defined by integration over a middle dimensional
contour C C )A)G which makes the partition function convergent. Let’s remark on the
relation with the case of compact gauge group [7]. Denote H C G the unique compact
subgroup satisfying Hc = G. Denote the analytic continuation of CS partition function
with group H and level k € C as

Z.o(M, k) = /  DAer=kOsIAl (2.13)
JaC¥H

where 7, denotes a valid integration cycle. Since j)\G C JA/H X j)\H, and ([ZI2) factorizes

in a A and a A dependent piece, then C can be factorized as C = > apMapTa X j@

where (Ja,jg) are cycles in the basis of cycles under which Zy o(M,t/2 — hY) and

Zup(M,t/2 —hV) are convergentﬁ Then we can write

Zg(M) = /C ; DAD Aes= (1CSIAIHCSIA])
CVa
= D _masZma(Mt/2= 1Y) Zn p(M,1/2 = ) (2.14)
o,

e Noncompact gauge group with Wilson loop. Now consider a finite dimensional
representation R of H defined as before. Then we can lift this to a holomorphic or anti-
holomorphic representation of G = Hc. We choose a holomorphic lift. The partition

function:
Za(K) = / DAD A5 Trg Pefx A (2.15)
y

is already divergent, so we have no way to canonically define a contour of integration for
it. The solution suggested in [7] is to define this path integral as:

Za(K) = Zyg(K,t —hY)Zg(M,t —h") (2.16)

where Zy(KC,t — hY) is the analytic continuation of Zy with the insertion of a Wilson
loop, defined as before, with just a shift of the level. So, in this case the partition Zg(K)
completely factorizes. At the perturbative level, in % this is equivalent to the statement
that the expectation value of Wilson loops in a holomorphic representation obtained by
complexifying a real one doesn’t contain any new information. This is stated in exercise
6.32 in [I3] and also remarked in [7] and [6].

5Here hV denotes the dual Coxeter number of H and the reason for this shift is explained in [7].



6 M. Romo

2.1 Boundary conditions for G = SL(N,C) and M = S3 \ K and classical phase
space

From now on we will focus on the case of G = SL(N,C) and M being a knot complement
in S3
M=S8*\K (2.17)
Then M has a nonempty toroidal boundary:

OM =1T? (2.18)

Therefore, we distinguish two cycles, v,,, and 7, in M. The first cycle is called meridian and
is given by the cycle that is contractible in N(K). ~; is called longitudinal and is given by the
transversal cycle to 7, in M, intersecting it at a single point.

Boundary conditions for A are given by specifying the conjugacy class of its holonomy along
a cycle ay,, + by (a,b € Z). For us, it will be better to consider specifying the holonomy along
~i. For example if we fix the holonomy around +; to a generic element of SL(N,C) (i.e. an
element such that all its eigenvalues {;} Y, are distinct), we get

el I
el lo
Hol,, (A) ~ . =

Ln lN

e
Li+...+4Lny=0 li--Ily=1 (219)

where the ~ relation means up to conjugation by SL(N,C). The classical phase space is given
by extremizing the CS action Scg|A, A] and imposing the boundary conditions. The extrema
of Scs is given by flat connections (F = dA+ AN A):

F=F=0 (2.20)

modulo gauge transformations. Flat connections modulo gauge transformations are in one-to-

one correspondence with representations of 71 (M) into the gauge group:
Mot (M) = Hom(m (M), SL(N,C))/SL(N, C) (2.21)

where SL(N,C) acts on Hom(m (M), SL(N,C)) by conjugation. The space Ma,:(M), also
called SL(N, C)-character variety of M, should be described as a Lagrangian submanifolcﬂ L
of Mat(OM) [15], the moduli space of flat connections in OM. Lj; is Lagrangian w.r.t the
Weil-Petersson symplectic form on Mg, (X), given by

wwp = / Tr(5A A GA) (2.22)
oM

6Given a knot K embedded in S3, set N(K) a tubular neighborhood of K then M = $3\ K is the compact
manifold given by S3 minus the interior of N(KC).

7One way to motivate this, is that a semiclassical solution can be characterized by a Lagrangian submanifold
in the context of geometric quantization [14].
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Since, in our case, m (OM) = 7 (T?) = Z & Z, spanned by v; and 7,,, then Mg,(OM) has a
very simple description:

Mot (OM) = ((CHN =L x (CHN 1) /Wy (2.23)

Here the factors (C*)V~! are spanned by the (independent) eigenvalues (I1,...,Ix_1) and
(m,...,mn—1) of Hol,,(A) and Hol,, (A) respectively. Wy is the remaining action of the
Weyl subgroup of SL(N,C). Then, Ly C Mga(0M) is described by a set of polynomial

equations [16]:
Ai(lbm)=0 i=1,...,N—1 (2.24)

We should make a few remarks before closing this subsection. First, note that the equations
describing Ly are holomorphic. This is because Mg, (OM) admits a hyper-Kéhler structure
[I7] and £/ is a holomorphic subvariety. For the case N = 2, there is only one equation A(l, m)
and it is known to correspond to the classical A-polynomial [I8] of the knot [6].

2.2 Perturbative results for Chern-Simons theory with complex gauge group

Perturbation theory of CS with compact gauge group has been studied for many years,
citing all the existent literature would be overwhelming, so, instead we point out the interested
reader to the review [I9]. For the case of complex gauge group, perturbative aspects of CS
theory has been analyzed in [6], [I6] and [20, 21] for the case G = SL(2,C). One of the main
interests in this case is the connection between the perturbative expansion with the volume
conjecture [22] 23] 24] and the generalized volume conjecture [6]. H Define the constants:

_Am s Ami

Recall that for the knot complement we are interested in, we fix the boundary condition by
fixing the holonomy of A around one of the peripheral cycles. Suppose we fix Hol,, (A) as a
boundary condition, then the eigenvalues of Hol,, (A) are fixed via the eqs. (224)). A finite
number of solutions {A(®},c; is expected, labeled by a finite set of points I C Mgai(M).
Therefore, perturbatively, we expect that the partition function takes the factorized form:

Za(SP\K) = Y maaZ2 (Ui} 1) Ze " ({1} 1) (2.26)

a,ael

here, each ZP¢*({l;};h) (resp. 7?“({1}}; h)) can be seen as perturbation series on f, (resp.

h) of Zg(M) around a critical point o € Mg, (M). More precisely, each expansion takes the
generic form [10]

1 (a) >
28 (M) = exp (;LSSC“’ - 571nh+ Zs,g%"l) (2.27)

n=1

As a final remark, as we mentioned before, this expansion for G = SL(2, (C),H coincides with

the expansion of the SU(2) colored Jones polynomial J,, (K, q), ¢ = e & = e2" around n — oo,

8For a review see [25].
9This is the statement of the generalized volume conjecture [6].
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k — oo while keeping u = % fixed (the parameter u is associated with the holonomy eigenvalues
that we fix as boundary conditions [25]). This expansion in 7 can also be obtained by topological
recursion applied to the 'character variety of K’ [26] 27], that is, the Lagrangian £,; defined in

the previous subsection.

3 Quantization of classical phase space

In this section we will consider and review the problem of quantizing the classical phase
space of CS theory with G = SL(N,C). This can be done, for example, using the Hamiltonian
formalism (canonical quantization) [4]. Put the theory on M = R x ¥ where ¥ is a Riemann
surface possibly with boundaries/punctures.

On R x ¥ we fix the natural gauge Ay = 0, where 2° is the R direction on R x . Then, the
CS action (23] takes the form:

_t 0 2 oA A. i/ 0/2 T
Scs = SW/dx /Ed 2T (9 Ay ) + 5 [ dt | e (724, ) (3.1)

where A = 9,0A. The classical phase space is given by solutions to the equations of motion
derived from S¢g, this is the space of flat connections on X:

Aj=A;j=0 Fy=Fy;=0 (3.2)
Moreover, from (B1]) we can derive the Poisson brackets:

8

{A?(:v),Ag(y)} = 75@61‘]‘5(3@—3})
T AW} = Tovesd—y) (33)

This provides the classical phase space with a symplectic structure. Consider the case at hand,
so the boundary is a torus:

(83 \ K) =17 (3.4)

then, the symplectic form induced from the Poisson brackets can be explicitly computed in
terms of the holonomies around the cycles vy, Vi

dml-

1 — di;
wr2 = (O +1Q) Q= Z 7N Zi:dLi A dM,; (3.5)

my; -
by choosing a real polarization we can quantize this phase space and the holomorphic part
of the partition function (with fixed boundary condition) should satisfy:

Al ) Zq=0 i=1,...N—1 (3.6)

as was shown in [6] and in 28], after choosing a real polarization of (Mg (T?),wrp2), the
operator E(ZA ,m) corresponds to the quantization of the A-polynomial of the knot /C [18], how-
ever, the quantization of A(l, m) and, more generally, of the system A; (I, m) LY is a complicated

10 A recursive method to find the quantization of the system of polynomial equations A;(I, m)(i = 1,..., N—1)
is proposed in [16].
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problem in general and this is not a practical way to compute Z,’s. The computation of CS
partition function can be made by the use of the so-called state-integral models. The basic idea
behind state-integral models is to start from a triangulation {Az}i\; ", of M and assign a wave
function to each A;, which can be then glued together via process called symplectic gluing.
For G = SL(2,C) and level (k = 1,s), a state-integral model for shaped triangulations was
developed in [29, 30, BI] and its perturbative invariants further studied in [I6]. An alternative
state-integral model for G = SL(2,C) and level (k = 1, s) was proposed in [28] and its pertur-
bative invariants further analyzed in [20]. Nonperturbative aspects of the previous cases were
recently studied in [32]. The case of level (k = 0,s) was developed in [33]. For the case of
G = SL(N,C) and level (k = 1, s), a perturbative model was developed in [I5]. Very recently,
the case of arbitrary level (k,s) has been studied in [34, B5]. In the next section we will focus
on a particular model which is called the cluster partition function.

4 Cluster partition function for mapping cylinder/torus

We came to the main section of this note. Here we will review the construction of the
cluster partition function developed in [3]. We will motivate it by its relation to Zg(M) for
G = SL(N,C) at level (k= 1,s) and M = S3\ K, when M is a mapping torus. However in [3]
the case (k = 0, s) was also analyzed and more importantly, as we will see, the cluster partition
function can be constructed starting from any cluster algebra associated to a quiver.

4.1 Fock-Goncharov coordinates and quantization of Mg, (X, p)

The classical phase space we are interested in is the moduli space of SL(N,C)-flat con-
nections on a punctured Riemann surface ¥ modulo gauge transformations with prescribed
holonomy around the punctures. Suppose Y. has h boundaries and {S,}"_, denotes the gener-
ators of 71 (¥) corresponding to boundary curves. Also, consider a set {p,}"_, of h conjugacy
classes pg of SL(N,C). Then, define:

Miat (S, 5) = {p € Hom(r (S), SL(N, C))/SL(N.C) : p(S) ~ pa} (4.1)

The space UﬁMﬁat(E, 0), is a subspace of the space of framed PGL(N, C) flat connections on
%, which we denote by Xn(X). From now on we will work with X'x(X), but the final answer
is expected to lift to a function in (J; Maat(2, p). A similar situation occurs in [34]. To define
Xn(X) we need to consider Fy, the space of complete flags in CV, then

{(p,F*,...,F") € Hom(m (M), PGL(N,C)) x (Fnx)" : p(Sa) stabilizes F*}

A (E) = PGL(N,C)

(4.2)

here PGL(N,C) acts on Fy by left multiplication. The space Xn(X) is a ramified cover of
Ma,t(2) and it has been extensively studied in [36]. One of the results in [36] is the existence
of a birational morphism:

An(Z) = (€)M No=—(N? = 1)x() (4.3)

where x(X) = 2 — 2g — h is the Euler characteristic of ¥. Fock and Goncharov (FG) in [36]
constructed this map explicitly, providing us with explicit coordinates on a Zariski open subset
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Figure 1. On the left is an ideal triangulation of ¥ ; and the right is the FG quiver for N = 3.

of Xy (X). We will review the necessary aspects that will suit our needs. Consider the case of
> a once punctured torus:

Y =%, ="T?\{pt.} (4.4)

Then, Mg (11, p) is determined only by specifying one holonomy p around the puncture.
For the once punctured torus the mapping class group is homeomorphic to SL(2,Z):

MCG(S1.1) = SL(2,7) (4.5)

The coordinates on Xy (21,1) constructed in [36] can be encoded in a quiver diagram, that can
be draw on top of an ideal triangulation of ¥ (this is a triangulation of ¥ where the vertices
correspond to punctures), with Ny := N? — 1 nodes and adjacency matrix Q; ;. See Figure
1 for an example.

We will denote these coordinates by {y;}°,. This construction has some remarkable fea-
tures, one is that it equips Xy (X1,1) with a Poisson structur and on the other hand, the
action of MCG(X) on these variables is given by cluster transformations generated by sequences
of mutations of the quiver diagram (for a review of cluster algebras see [38]). A mutation at a
node k of Q corresponds to a change in the quiver’s adjacency matrix given by:

_Qi,j ifi=%k or ]:k

4.6
Qi + Qi) e[ Quils — (Quale|Quils ind# K (46)

(1kQ)ij = {

where [z]+ = max(x,0). The action of fi;, on @ is accompanied by an action on the y; variables:

~1 i=k

i N Y
v = i (yi) = . on. . (4.7)
{yiy;[f’?k‘ F g ik

Because of the symplectic structure on Xn(X1,1) there exists a geometric quantization of this
space, the y variables are promoted to noncommutative ones:

Yi = Yi (4.8)

HFor a recent concise review of the construction of this space and the quiver diagram see the Appendix A of

12The Poisson structure in the y; = exp(Y;) coordinates is encoded in the matrix Qi by {Yi, Y} ~ Q-
131n the following we will use Q to denote the quiver and the adjacency matrix of the quiver as well.
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the y;’s satisfy commutations relations consistent with the symplectic form, forming a non-
commutative algebra that we denote Ag:

Ag = {yiz1,..Nly;yi = ¢“iyiy;}  g=e" (4.9)

where ¢ is the quantization parameter. The logarithmic variables Y; are defined by
yi=eYi (4.10)
they satisfy the relations:
Y, Y;]=hQ;;  h=2mib? (4.11)

where the parametrization h = 27ib? will prove useful in the subsequent sections. The quanti-
zation of the cluster transformations is given by:

y;l 1=
v v —sgn(Qk,i)
¥ = f(ys) = 4 qEQurQualry,y[@nile TlQul (1 + q*sgn(kai“m*%)yk) (4.12)
_ q%Qiyk[7Qk1i]+yiy£€_Qk,i]+ HL?;;\ (1 + qsgn(QkYi)(mf%)ylzl)_Sgﬂ(Qk,i) ik

and this definition is such that, if we define Q' = /i1;Q, then the y’ variables satisfy the relations:
yiyi =q%ayly; YY) =hQ), (4.13)

by defining the following operators:

19 e -

~ i Pr ifj=k
Py = Ch 1~ 4.14
kY {q%Qi,k[—Qk,iHyiyEC @it B otherwise (4.14)

and
[ Qi
— Yy _ —1_sgn(Qg,:)(m—23)\—sgn(Qu,q) — Yy

“ ( 21h ) Yi =i H (I+yy g *) “\ 2m (4.15)

m=1

where e(2) is the quantum dilogarithm function (see Appendix A for its definition and relevant
properties), we can construct an explicit operator implementing the mutations:

N —Yi\ 5
= P, 4.1
fik = ep ( 5 > ) (4.16)

So, this associates to Xy (X1,1) a noncommutative algebra and moreover, we can characterize
the action of MCG(21,1) on Xn(21,1) by cluster transformations. The precise sequences of
mutations that correspond to generators of MCG(X;,1) can be read in [36], also see [3] for a
review.

4.2 Cluster partition function at level (k,s) = (1, s)
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In this subsection we will present one of the main results of [3]: the cluster partition function.
We will consider the case of CS level (k= 1,s) . Let’s first reparametrize the CS level in the
following way:

1-0?
=—f——s 4.17
T (4.17)
where we consider b € C, [b] = 1, however analytic continuation to other values of b such as

b € R is possible. The reason of this parametrization of s comes from physics and the 3d-3d
correspondence, see [39, 40, [4T], where the parameter b has a very concrete interpretation in
terms of the geometry of the M5-branes. In terms of (A7) the parameters (Z25]) become:

h=2mi(1+b%)  h=2mi(l+b2) (4.18)

therefore we can define the parameters ¢, ¢ as

2 z g2
eh _ 6271'11) _ h _ e?frzb _ (419)

LS

q €

From ¥ ; we can construct a knot complement through a mapping torus. For any punctured
Riemann surface ¥, a mapping cylinder for an element ¢ € MCG(Y), where MCG(Y) is the
mapping class group of ¥, is given by:

I, = (([0,1] x£) %)/~ (0,2) ~ p(z) (4.20)
the mapping torus M,, is obtained by identifying both ends of I,:
My = (Ex 8, = (@) €Sx 0,1}/ ~  (2,0) ~ (p(x), 1) (1.21)

If we take ¥ = Xy 1, then M, (with ¢ € SL(2,Z)) can be identified with a hyperbolic knot
complement whenever |Tr(p)| > 2 [42]. As we saw in the previous section, the space Xn(21,1)
enjoys a quantization in terms of the Fock-Goncharov coordinates. We also saw that these
coordinates only cover an open patch of Xn(31,1) which we should identify with a subset of
Up Maat (21,1, p). This is an important subject and we will return to it later. By now, let’s work
with the quantization of Xn(X1,1) given by the FG coordinates. For CS theory at levels (1, s),
the operators {yi}f\i’o with Ng = N2 —1 defined in the previous section satisfy the relations Ag
with quantum parameter ¢ coinciding with (ZI9). Here we remark that the parametrization of
7 in terms of b that we use in (A1) differs from (LI8) by 27i. Since ¢ is the relevant parameter
for the algebra Ag, we can ignore this 27¢ difference. In the following, everytime we write & we

will mean
h = 2mib? (4.22)

The quiver @ has N2 —1 vertices and a very simple form [36] and can be written as a tessellation
of the ideal triangulation of ¥1;. See Section 4.5 of [3] for examples and applications of
this, in the present context. The Poisson structure of the FG coordinates coincides with the
holomorphic half of the Poisson structure that one can derive from Hamiltonian formalism [15],

Y

putting CS theory on R x ¥ ;. Indeed, given the set of y; = e¢*? we can define the coordinates

§i = eYi/¥ (4.23)

In [3] the case (k = 0, s) is also analyzed, but here we will only focus on k = 1.
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and they satisfy the relations:

Vivi = d9yyi vy =iy (4.24)

therefore the y; coordinates are identified with the anti-holomorphic side. . The operators
y can be acted upon by mutations fi, which will change their algebra of relations to Ags and

also we will consider permutations &, defined by a permutation matrix
o € Sn, C GL(Ny, Z) (4.25)
Operators ¢ will act on the y variables as
&(Q):U'Q'UT 6(y)i = 0ijy; (4.26)

After quantization, the operators y; act on a Hilbert space that we will denote by Hq. Before
describing Hg more explicitly, let’s define a function, in terms of a chain of ¢y permutations
and mutations, which we denote simply by n@:

5= g 5(0) iy, (ty — 1) (4.27)
and denote the quiver at ’time’ ¢ by Q(¢) (and we denote @ the original quiver):
Q) =06t = Djtm,_, ---6(0)im, @  Q(0) :=Q (4.28)

Then, the function we want to define is:

Zom(W(0), W(ty) = (W(O)|fimo(0) -~ fim,, 16ty — V)[W(ts))
(WO) € Hooy » V() € Houy) (4.29)

Now, we return to the problem of describing Hg. Finding a real polarization in terms of the
Y, operators is not easy in general, so we resort on a very practical reparametrization. For
this we need to double the amount of operators and introduce the hermitian operators (u;, p;)
satisfying the usual Heisenberg algebra with parameter f/2:

h
[ui, p;| = 551*3‘ (4.30)
then, by simply writing
Yi =Pi — QijU.j (431)

the Y;’s defined this way automatically satisfy ([@IT]), but we are now working with the variables
(u;, p;) which can be identified as usual position and momentum operators. Therefore we can

151n this particular case, i.e., when k = 1, the variable Y; can be parametrized as Y; = bK; where K; is real,
hence, for |b| = 1, the conjugate Y; = b~2Y;. For more details on this see [34]This is why the case k = 1 is
actually very close to the situation of CS theory with gauge group G = SL(N,R). For arbitrary level k the
situation is more complicated, as analyzed in [34].

161n our convention we read the products from left to right.
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choose a position representation, so H¢ is spanned by the basis |u) or equivalently span H¢q by

a momentum basis |p):

(ulas = {ulus (b = ~5 5 (u
h 0
(plpi = (plpi ~ (plui = 30, (pl
(ulp) =e #"?  ul=u;  pl=p (4.32)

they also should satisfy the completeness relation:

1:Ammw:4@mm (4.33)

with this Hilbert space at hand we can now write (229) in the following way (of course we
could have chosen a position basis and the form would have been the same):

ZG 5 (0(0),p(t5)) = (p(0) | ftme 6 (0) -+ firn, , 6 (s — 1)|p(ts)) (4.34)

The action of the operators /i and ]3k defined before, extends naturally to an action on p and
u. In the following we will only need explicitly the action of P; on u, which is linear [T1]:

Bu(u), = { "W T 2il@uid s i =k (4.35)
J
u; otherwise

Using the properties of p and u operators, we can bring ([£34) to the form of an integral (see
Appendix B of [3] for a detailed derivation of this result):

ty—1 ty—1 ty—1
. —Y (t) 2 _ D
chunslter 0), p(t :/ du(t dn(t e < me >6ﬁ [w(t)p(t)—o () P, (u(t))p(t+1 ]436
g w0.p(t0) = [ T] awo) [T awt) [T s (=557 {4.36)

The total number of integration variables in [@36) is 2ty — 1. In (306) u(t) and p(t) denote
just integration variables. We have left the integration contour undefined, in principle it is
the real line, but we may require deforming it for analytic continuation. For the perturbative
expansion we will analyze in the following section, we don’t need to specify a contour and in
general, the question of admissible contours is an open question. The function [36) can be
essentially thought of as the partition function on the mapping cylinder. To get the partition
function on the mapping torus, we need to 'wrap it up’. To be more precise, we need to be
more specific on the properties of the sequences of mutations and permutations that can be
identified with actions of MCG(31,1). Let’s denote ¢ = m the operator corresponding to an
element ¢ € MCG(X11). Then the quiver, under the action of ¢ returns to the same as the
original one: $(Q) = @ but the y;’s doesn’t have t@ [36]. Then, under the action of ¢, we
can identify the Hilbert spaces H¢ and Hg(,) and so the trace of ¢ makes sense. This is the
partition function we actually want to associate with the mapping torus:

Z§'S" N (M) ~ Tra, (¢) (4.37)

17Here the measures are defined as du = vazol du; and dp = vazol dgi
18 The operators ¢ acting on the y; variables are required to satisfy the relations of the mapping class group.

For example for ¥1 1, suppose we have a sequence of mutations and permutations S that we associate to
S € SL(2,Z), then (S)*(y): = yi-
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but we need to make this more precise. By writing ¢ as a sequence m we can construct (£36])
associated to ¢, then taking the trace seems straightforward: identify p(0) ~ p(ty) and then
integrate over p(0). If we do such a thing, we will get a divergent result in general. The reason
for this is that the integrand will be independent of some directions in the p(0) variables. This
is expected and was already noted for example in [T6] and [26] in the context of state integrals
models. These directions have actually a very important meaning. At the level of the algebra
Ag what is happening is that it’s center is not trivial, some combinations of the Y; variables
belong to the center of Ag i.e. they have vanishing commutator with all {Y;}N°. There is a
simple way to characterize these elements, denote them by L:

LY =Y, ¢ € Ker(Q) a=1,...,nc = |Ker(Q)| (4.38)

when we are considering M, corresponding to a knot complement, the geometric interpretation
of L® is that they should correspond to the longitudinal holonomy of the knot [43] [3] . This
means that we are working on the polarization where the longitudinal holonomy eigenvalues
are taken as position variables. So, our partition function should be interpreted as

ZHW (L) = (LYW) ) € Houm, (4.39)

where (LY|L® = (L*|L* and |V) is a state determined by ¢. In practice this boils down to
taking the trace of (@30 but with the additional insertions of delta functions [2Y :

cluster / 1« d"s d"cz cluster
zgmen) = [ e e (H dpz-<o>> 25 (p(0).(0)
Xe—%sa(c?pi(O)—Lo‘)—%zac?ui(O) (440)

here, we have written the inserted delta functions 6(c$p;(0) — L) and d(cfu;(0)) using the
formula

ds —Llop
/2m'he R = §(x) (4.41)

Before closing this section let’s remark on a few important properties of ([@L40). One can in
principle write Zg}‘;fer corresponding to a different choice of polarization of Hanr,. We will
not analyze this problem further here, but for instance, in [3] there is a more detailed study of
the case when the chosen polarization corresponds to use the meridian holonomy eigenvalues
{M®*} as position variables, therefore corresponding to a partition function Zgjﬁfcr(M *). The
partition function ([£40), as constructed, using FG coordinates, is expected, and is shown, in
various examples in [3], to be equivalent to the state integral model partition function studied in
[28,[15]. However, this is only valid when we construct (£40) starting from the quivers defined in
[36]. The construction presented here carries on for general quivers and sequences of mutations.
This fact and some other properties of ({40 makes it very well suited for applications which
are not clear how to implement in the state-integral models of [28] [I5]. This will be the subject
of the next section.

9Note that, by definition [L%, 3] = 0.

20For details of the derivation see Appendix B of [3]. We remark here that the final result in [3] looks slightly
different because there the number of integration variables have been reduced by using the Fourier transform of
the quantum dilogarithm ([(A7). For the purposes of this note, the expression (Z40) will be more suitable.
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5 Applications of cluster partition function

In this section we will give an overview of current and potential applications of the cluster
partition function ([@40). As a general remark, let’s emphasize that (£40) can in principle be
defined for any quiver ) and a given sequence of mutations of ) which leaves the y; variables
associated to @ invariant (for defining the expectation value (£34) and ([@36]) this last condition
is not even necessary). So, we expect to have a much broader range of applicability than just
3-manifolds M.,.

5.1 Perturbative invariants

We want to claim that when M, is a hyperbolic knot complement, then we can get pertur-
bative invariants of knot€2]. In order to study the perturbative invariants defined by ([{40) we
proceed as in [16]. First let’s determine the critical points that we will use to expand around.
Introduce the following shortcut notations:

ty—1 typ—1
d"s

x = (p,u,s,t, z) dz = H du(t H dp(t) (5.1)
=0

2mh nc

note that z includes all variables we are integrating on, this is p;(t), u;(t), Sa, 2o for all t =
0,....,tp—1,4,5=1,...,Noand a = 1,...,nc. At leading order when & — 0 we expect that
Zgher(L™) takes the form

Zg}ﬁ;cer(‘[/a) N/dxe%V(JC;L) (5.2)

with use of (A.g)) this can be calculated explicitly and it yields:

tp—1 tp—1
V(23 L) = —zac® (u(0) = sa(c(p(0) = L%) +2 > [u()p(t) = o(t) - Pon, (u(t))p(t + 1)] + Z Lig(—e ™ (")(5.3)
t=0
where p(L) := p(0) and recall that:
Ymt (t) = Pm, (t) - thj (t)uj (t) (54)

so, the critical points of V' (z; L) (i.e. x such that 9,V = 0) will be determined by the following
equations:

oV a « oV — @

o= o) -1 5 =)

oV “ — Yo, (¢t
opit) 61,050 +2 (ui( ) = (o(t =1) - P, (u(t — 1)))i) +0miIn (1 el ))
6;12) = —b107act +2 (pi(t) = (0(8) - P )jips(t+ 1) = Qi) (14 €70 0) (5.5)

where o(—=1)-P,,_, (u(—1)) := o(ty—1) -ﬁmtffl (u(ty—1)). So, fix a critical point 2(¢) € Crit(V)
i.e. a solution of the equations (5.5)), then, we can perform a Feynman diagram expansion around

21However, in general, we expect that we can do the same for any 3-manifold that can be obtained from a
mapping torus construction
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z(®) . Before we proceed it is convenient to make a slight change of variables in Zgjﬁfcr(Lo‘),
we shift the p,, (t) variables by Qm, ;j(t)u;(t) for t =0,...,ty — 1 and then rename to change

Yo () = pm, (1) (5.6)
since this change of variables plus renaming doesn’t introduce any extra factors (the determinant
of the Jacobian of this transformation is 1), we obtain:

ty—1

. % @ @ —Pm t 2 _ D
Zher (o) = / dpe— 50 (P (0~ L)~} zactui (0) H) eb( I;Wtb( )> 2 u(®)P() (D) Pory (u(E)p(t+1)+ Fi, ]
~ 0t.0 o
Foe o=t (0Qm 0 (1) = (00) P (1)) Qg+ Dty 1) = =525, Qs (0 1)
tf ~ 0 (57)
note that we can more compactly write:
tf*l (t)
Zg}l,;cer(l/a) _ /dwe%v(m;L) H eb( .Z;mtb )e—éLiz(—ert(t))
t=0 ™
(5.8)

where V(z; L) in (58) is understood as the potential after the change of variables we just
defined. Now we can proceed with the perturbative expansion. For this we write = = 2() 4 Z,
where I is a small perturbation and then use [(A8) to write Z5'5" (L*) as

tf—l
Zguster (L)) = / diesn Hani®a" TT eXuen ST (B, ()" (5.9)
t=0
where
0?V(z; L)
H, = <52
b 8:1:“8:1:b r=x(c)
1 . B, ant o @
o - EV(I”;LHZ(F—Q o H2en (‘e pm‘(t))
n>1 ’
Bn hn—l .
o=y (2n1_1> rL2on- (_e_pgn)t(t)) (5:10)
el n!
and
1 k=1,2
= ’ 5.11
" {0 k> 2 (5.11)

Whit this information, from (L.9) we can read the perturbative expansion of Zg}‘;fer(Lo‘)(c)
and indeed, one can see that it takes the form ([227) where the index « in (227) is labelling
the choice of critical point z(®). The situation is very analogous to [20], so we can use their

22For the readers not familiar with this, we recommend the review [44].
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result. Let’s first read the lower /i degree terms in (Z27). Given a Laurent series f(%) on A,
denote coeff[f(k), h?] the coefficient of A% in f(%). Then, first terms in (59) read:

S(()C) = coeff[T© r71]
. —1 th02 tyNo _
exp(${7) = (=) (T;)H 1 gooeff [T, 1) (5.12)

the Inf term in (227) and (B3], comes from an overall normalization that we should fix.
Actually the only terms affected by the overall normalization of (5.3) are the A and In i terms.

We will ignore this issue here and move on to the S;, terms. They are computed by a Feynman
diagram expansion. From (@I0) we can immediately see that we will have vertices of all
valences k = 1,2, 3, ... Use the indices ¢ to denote the indices corresponding to the coordinates
{pm, (&) },L b 1. Then, deﬁne the propagator:

Iy ¢ = —ﬁ(Hfl)t,t/ (5.13)

The terms .S,, will be extracted from a sum of connected graphs. Consider Gr a connected
graph with vertices of valences k > 1. Then, we associate a weight to Gr: to each k-vertex
we associate a factor Fgf) and a label ¢; and to each internal line connecting two vertices with
labels ¢; and t; a factor Ily, ;.. Then we can define the weight associated to Gr:

Wr(Gr) := |At IZ [T oerd I (5.14)

labels vEvertices ecedges

Where |Aut(Gr)| is the symmetry factor (the rank of the group of automorphisms of Gr). Given
a connected graph Gr then is easy to see that Wr(Gr) is of order A~V or higher, where E
is the number of internal lines and V' the number of vertices with valence k& > 3 in Gr. After
some computation one can show that £ =V + £+ V] + Vo — 1 where £ is the number of loops
and Vq, V4 are the number of 1 and 2-vertices respectively. Then, if we define:

Gn := { Connected graphs Gr such that £+ V; + Vo <n} (5.15)
then
5 = coeff [T + Z Wr(Gr), n" ! n=>2 (5.16)
gFegn

This concludes our analysis of perturbative invariants defined from Zg}‘ljfer(Lo‘). We point out

that in [45], Sic) has been associated with topological invariants of knots. We expect 5’7(102)2 to
provide novel invariants of knots or cluster variables in general.

5.2 Exploring other branches of Mg,

As previously mentioned, the partition function ZS:iﬁf“(Lo‘) constructed using the quiver
and coordinates specified in [36] is expected to correspond to a subspace of Up Maat (1,1, p).
This is reflected in the fact that the partition function Zg}‘ﬁfer(Lo‘) is not the most general

-1
23We remark here that the integration in dz in Zg““er(La)(c) is Gaussian in all variables but {pm, (¢ )}z Lo -

So, higher order invariants will depend only on these latter variables.
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solution to the equations ([B.0) when EZ(ZA, m) are operators obtained by quantization of the
polynomial equations defining the classical solutions to the CS equations of motion. For the
case of knot complements and N = 2 there is only one equation A(l,m) = 0 given by the A-
polynomial of the knot [I8]. All the A-polynomials have a factor (I —1) where [ is the eigenvalue
of the longitudinal holonomy. Even though it is not yet proven rigourously, there is overwhelm-
ing evidence that for these cases the state-integral model of [28] (and, hence the cluster partition
function with FG quiver), as furthermore analyzed in [20] is only missing the branch given by
[ =1, also known as the 'abelian branch’, i.e. all these partition functions are annihilated by a
quantization of A(l,m)/(I—1). From a physics perspective, it is expected that one can construct
a partition function which gets contributions from all branches [46] 47, [39] [Tl 48]. A proposal
for a theory, in the case of N = 2, which can contain all the possible branches is analyzed in [48].

However, even at the classical level, analyzing the space of flat SL(N,C)-connections for
N > 2 is a considerably more difficult task and have been carried out only in some specific
cases. See for instance [49] [50]. Therefore, a quantization is not, in general, available.

For N > 2 and higher, the problem of missing branches is even more severe. The abelian
branch is still missing but also there are new missing branches and they grow with N (see
for example section 7.3 in [I5]). There is no systematic analysis on a precise characterization
of these missing branches, but physics give us a guide: for knot complements, the longitudi-
nal holonomies p are labelled by an embedding of SU(2) — SU(N) [51], this corresponds to
partitions of N of the form (we pick an ordering ng > n441):

p=In1,...,ng Zna:N Ng € L>1 (5.17)
a=1

note that we are using p to denote a holonomy as well as a partition of N. In other words we
are fixing p in Mgai (21,1, p). These different choices of p are known in the physics literature as
"codimension 2 defects’. For the FG quiver case, this corresponds to the choice p = [1,...,1].
For N = 2, the only option is p = [1,1], but for N > 2 more options arise and at the time
this note is written, there is no known systematic way to compute partition functions of these
other cases in general. One of the main claims in [3] is that the branches corresponding to
different choices of partitions of NV can be implemented by changing the quiver @ in Zg:iffcr. In
[3], some quivers are worked out for some families of p’s, taking as inspiration the work of [52].
Some very nontrivial consistency checks are preformed but it is still an open question how to
determine the quiver corresponding to a given p in a systematic way. Given p there are some
immediate conditions one can ask for a quiver @), to be associated to it, these are

|Q,] = dimcMaai(X1,1,p) + [Ker(Q),)]

Ker(@)| = S la—1 (5.18)
where [o—12 .. denotes the number of times o appears in p = [n1,...,n4, |Q,| is the number
of vertices of the quiver and

dimeMgae(S1,1,p) = (N2 —2) = ) (nf — 1) (5.19)

i=1
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Therefore we expect that for a quiver @, ng“itrfr(Lo‘) depends on parameters L with o =
1,...,|Ker(Q,)|. Formulas for more general Riemann surfaces ¥ are given in [3]. We should
remark that by this method, it is still unclear how to obtain a partition function capturing the
abelian branch. Another open problem is, given a proposed quiver @, with p # [1,...,1], how
to find sequences of mutations implementing the action of M CG(X) on the corresponding y;
coordinates. This is done in some examples in [3], but a general, systematic method is lacking.

5.3 Wilson loop insertions

The insertion of Wilson loops along knots for CS theories with compact gauge group H,
reviewed briefly in section 2, is a well established and active subject of research in physics and
mathematics, starting with the pioneering work [4] where expectation values of Wilson loops
along knots K embedded in S? were related to the (colored) Jones polynomial of K . A Wilson
loops is determined by the isotopy class of the knot I and an unitary representation R of H.
More precisely, the Wilson loop operator is given by the trace on R of the holonomy of the
connection along K:

Wr(K) := TrgPefc 4 (5.20)

where P stands for the path ordering operator. The expectation value of Wgr(K) is then
computed by

(Wr(K))gs = [ DAes=FSMAIWL(K) (5.21)
Vu

where
CS[A] = / Tr (AdA + gA NAN A) (5.22)
S3

Alternatively one can consider CS theory on the knot complement S3 \ K and fix boundary
conditions in terms of the holonomy of A along a non-trivial cycle of the boundary torus. There
is a one-to-one correspondence between boundary conditions and expectation values of Wilson
loops for the case of compact gauge group (see for example [9]).

In contrast, for the case of complex gauge group G, the correspondence between boundary
conditions and Wilson loop expectation values is not completely well established. For instance,
when G is noncompact, infinite dimensional representations exist that don’t come from a lift
of a unitary representation of a real form of G. For a discussion about this in the case of
G = SL(2,C) see [6] and [25]. Motivated by physics considerations we would like to consider
the problem of computing CS partition function, for gauge group G, on a knot complement
M = 83\ K in the presence of a Wilson loop along a nontrivial cycle v € 71(S%\ K) [3].
Formally, this corresponds to computing

Wr(y))m = / DADAeSs Ty p Petr (5.23)
y

24We will work here with un-normalized expectation values i.e., we will not divide them by the partition
function.
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where R is the holomorphic lift of a finite dimensional representation of H C G, where H is a
maximal compact subgroup of GG. In the cases we consider, our knot complement comes from a
mapping torus construction: M = (X1 x S'),. Take v € 71(21,1) and consider its natural lift
to w1 (M). When working in the FG coordinates associated to G = SL(N,C) and ¥ 1, there
is a prescription to compute the holonomy Hol,(A), up to a SL(N,C) gauge transformation
which acts by conjugation on Hol,(A) [36]. Therefore, we can compute the classical value of
Trr(Hol, (A)) in terms of the y; coordinates. It takes the following form:

Wr(y) := Trr(Hol,( che B AN/ (5.24)

The function Wgr(y) can, in principle, be promoted to an operator in terms of y; and the
quantization parameter ¢. For this class of Wilson loops this problem was addressed in [37] and
the answer takes the form:

Wr(v:Y:) = Z e (q)ein Y (5.25)
k
where é;(q) are (commutative) functions of ¢ such that lim, .1 éx(q) = c,. Determining éx(q)
is a not an easy task but we will not need it here. In [3] we propose the following prescription
for computing the expectation value of Wr(7):

Wetu = [ et (Hdpz ) O) W (7 Yi(0))finn(0) - i, (L — 1)[p(0)

(2wih)™e (2mwih)™e

X e_%sa(c?Pi(O)—L )= % Zzaciui(0)

this can be reduced using the same techniques that we applied to the case without the insertion
of Wg(7). Here we present the case of just one exponential exp( ivz"l a;Y;), and (Wgr(7))a is
easily obtained by linear extension:

ty—1

27h

(eDilaviy, / dwe ke leTnO=L)—fraclw©)+ap(0) TT ¢, (M) ¢ 2[u()p(£) =0 (£) Py (w())p(t+1)+ Fin, ()]

Fona(@) 2=t (0Qun g (5 (1) — (00) P (0lt)) Qo+ 1 (0) — 25068, Qo (s 1)

M1

+ 5t,tfg (a(t — 1) P, (u(t — 1)))1_ Qi r(0)ax
ty ~ 0

for the details on the derivation of this result we refer the reader to [3]. Notice that we can
carry on a perturbative analysis in a similar fashion as in the previous section. First note that

(EZ17) can be written as

ty—1

(ezﬁvzol a"Yi>M /d:z:e #V(@L)+a"V, H

t=0

—Pm t 110 (—ePmyg(t
ep MU ¢ wliz(—emrm ) (5.28)
27h

this is exactly the same as eq. (5.8) with the addition of the term 2V}, which is defined by:

Vs = aipi(0) + (olty = 1)+ Py, (ulty = 1)) Qua(0)as (5.29)

(5.27)



22 M. Romo

Therefore, the critical points 2(¢) are the same as in the previous analysis without the insertion
of the Wilson loop. Then, we can write the partition function around z(¢), as in ([5.9):

ty—1
N = ~a Dk R (s k
<€Zi:01 aZ'Y¢>S\C4) — ef‘(o)(a)/d‘%eﬁHubw 4V, 7 H ezk21 L (pmt(t)) (530)
t=0

where vertices I‘gk), and propagator Hy, are the same as in (B10) and the modified vacuum

energy is
I (g) =T 4 PTye) (5.31)

In order to write the modified invariants, which we denote {S,(f)(a)}nzo, it is convenient to
perform the shift:

F—&—hH'Y (5.32)
in particular, we denote the shift of p,,, (t) by:

Prne(8) = P, () =WV V= (H )y aVa (5.33)
this shift, will get rid of the term V,Z® in the integral (L.30), hence all vertices will depend
only on {pm,, (t)}ifzgl and the integration will be Gaussian on all the other variables. Therefore,
the perturbative analysis can be carried on in a completely analogous way as before, but with
modified vertices:

N ey (=D =(k) k
(X as¥iy(e) L V() +5VTH Y / diezn Hap@® 2" H eXkz L (Bm (1) (5.34)
t=0

w0 _ 5~ () B, Ay i) (1)
]‘—‘t = Z m Z F —1 Tng_n_s (—6 ) (535)

s>k n>nsg

Note that the number of terms in fﬁ’“) for a fixed degree in A, is finite.

A couple of remarks are in order. Consistency of this result in some nontrivial cases was
analyzed in [3] and it was found it agrees with physics predictions. There are still various natural
generalizations of this result that one can try to address. As we mentioned, the construction of
Wg(7) relied on the fact that there exists an explicit expression in terms of the FG coordinates,
however, for more general quivers associated with other regions of |J . Maat(E1,1, p) such a
result is not available. Evidently, for a general quiver, one can write an operator of the form
>k Ck exp(a(k) -Y) in terms of the corresponding cluster coordinates but its interpretation is
not clear. Another possible generalization is changing v by a more general cycle in m (M).
Explicit expressions for holonomies of cycles in 71 (M) exist [15] but their quantization is not
known, so, is not clear how to promote them to operators. Ultimately, the goal will be to take
7 to be another knot, linked to IC, but it seems there are many more fundamental problems to
solve before we can take that step.
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A Definition and some properties of quantum dilogarithm function

The quantum dilogarithm function e;(z) was originally defined in [54, [55] and for further
properties as well as connection with other special functions we refer to some papers relevant
in our context: [56] 57, [16]. By defining the symbol

o0

(@)oo = [T (01— 24") (A1)

k=0
we can define ep(z) as quotient of infinite products:

Q2T H+iQ/2) 0y
(ez(wal(zfig/z);g)fl)oo %(bQ) >0
ep(2) = (A.2)

I
(>0 /D ) o (12
(2FT0G—1Q/) 1) \Y(b ) <0

where
q= e j=e’ Q=b+b" (A.3)
ep(z) is a meromorphic function for all values of b such that b* ¢ R« with zeroes and poles at
poles: z% + iNb + iNb~! zeros: — z% —iNb — iNp~! (A4)

For |Sz| < |RQ/2|, we have an integral expression:

dt e~ 2itz im 2 4 im (p2 4 =2
es(2) = exp [ /R o Hsmh(bt)smh(on| ¢ 5(2) (A.5)

and its most relevant properties for us are, the periodicity:
ep(z £ ib) = (1 4 2707 (") E1)Fley (2) ep(z £ ib 1) = (1 + 2™ 2™ ) E)Fle, (2)(AL6)
and its Fourier transform:

/ dzey(z)e2™ e = emimwiHin(1—4c))/12¢ (1)) 4 ¢, cp = Z% (A7)
R

Finally, let us remark on the asymptotic expansion of e,(z), as b ~ 0(< h = 27ib? ~ 0) (see

[16])

es(=Y/(27h)) ~ exp (Z 2n€?ﬂ,hn71Li2—n(—€7Y) - Z h;: Li2—n(—ey)> (A.8)
n=0 : n=0 :

here B,, are the Bernoulli numbers and we are using the convention By = % The polylogarithm
function Lig(x) is defined by

ok
Lis(z) = Z xs seN (A.9)
k=1

=
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the function Lis(x) for s < 0 is given by

Li_y(z) = <xa%>s - fx - kZiOk!S(s+1,k+1) <1fx>k+l eN fo} (A.10)

where S(n, k) are Stirling numbers of the second kind.
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