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1. INTRODUCTION

The interface of high energy theoretical physics and knot theory (and, more generally,
low dimensional topology) is interesting from several points of view. On the one hand, it
yields exact and non-perturbative results that illustrate important physical concepts; on
the other, it leads to definitions of new invariants of knots (and three-manifolds) or reveals
relations between such invariants originally defined in other ways. In recent years, several
interesting results along these lines have been found. The following examples are relevant
to this paper: a 3d-3d duality that £elates three-manifolds to quantum field theories with
extended supersymmetry [DGG14], Z invariants of three-manifolds [GPV17, GPPV20], and
the knots-quivers correspondence [[KRSS17, KRSS19]. Our aim here is to generalize and
unify these concepts.

The A-polynomial of a knot K [CCGT94, Gar04, Guk05] Ak (x,y) is an important starting
point for the study undertaken in this paper. The zero set of the A-polynomial is an algebraic
curve in (C*)? which can be interpreted as the moduli space of vacua of the Chern-Simons
theory with SL(2,C) gauge group on the complement of K in S3. It has been known for
some time that the Chern-Simons theory associates a perturbative series in # (i.e., roughly,
the inverse of the level k) to various branches of the A-polynomial [DGLZ09]. All such series
are annihilated by the quantum counterpart of the A-polynomial, i.e. an operator A x(Z,79,q),
with y& = 2y, and with ¢ — 1 limit equal to the original A-polynomial. This quantum
A-polynomial also gives the recursion relations (in colour) for coloured Jones polynomials.
Furthermore, quite recently it was shown that the perturbative series associated to the abelian
branch can be resummed into a power series Fi(x,q) in variables ¢ = € and z with integer
coefficients [GM21]. The series Fi(x,q), which is also referred to simply as the Fx invariant,
can be interpreted as the 7 invariant of the three-manifold that is the complement of K in
S3: 7 invariants were originally introduced for closed three-manifolds in [GPV17, GPPV20],
and then generalized to the open version just mentioned.

The A-polynomial and associated invariants admit a- and ¢-deformations. Here, the a-
deformation amounts to generalizing the SL(2,C) gauge group of the Chern-Simons theory
to SL(N,C) and then replacing N-dependence of various quantities by a uniform depen-
dence on a = ¢, while t-deformation makes contact with homological knot invariants.
The a-deformed A-polynomials introduced in [AV12] are closely related to augmentation
polynomials of knot contact homology [AENV14], and their further ¢-deformation gives
rise to super-A-polynomials [AGSF12, FGS13, FGSS13]. Recently, an SL(N, C) generaliza-
tion and subsequent a-deformation of Fi invariants were proposed respectively in [Par20a]
and [EGGT20].

In this paper we generalize the (a-deformed) Fj invariants to other branches « of A-
polynomials: we show that /& expansions associated to all (not only abelian) branches « of

A-polynomial can be also resummed into a series F' [((a)(a:, q) with integer coefficients in ¢ and x
(and a, in the a-deformed case; in the rest of this section we often suppress a from the notation
for Fy-invariants and A-polynomials). All these series are also annihilated by the same

quantum A-polynomial Ag(Z,7,q); in other words, they can be determined by the same
recursion relation encoded in Ak (Z, 7, q), but with different initial condition. Furthermore,

we show that the initial conditions of F [((a) (z,q) for various branches of A-polynomial are
encoded in slopes of the boundaries of the Newton polygon associated to the A-polynomial.
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We further show that these different invariants F' I((a) (x,q) can be expressed in the form of
quiver generating series. This statement can be regarded as an extension of the knots-quivers
correspondence, introduced in [KRSS17, KRSS19] and further discussed in [PSS18, PS19,
EKL20b, EKL20a, EKL21, KPSS21, SW19, SW21, LNPS20, JKL."21]. The first step towards
such an extension, for the F invariants associated to the abelian branch for (2,2p + 1) torus
knots, was taken in [[Kuc20]. In the original formulation, the knots-quivers correspondence
is the statement that a generating function of coloured HOMFLY-PT polynomials can be
written in the form of a quiver generating series; among others, this implies that LMOV
invariants [OV00, LMV00] are expressed in terms of integer motivic Donaldson-Thomas
invariants of a quiver [KS11, Efil2, MR19, FR18], which proves integrality of the former
invariants. A natural setup for the original formulation of the knots-quivers correspondence
is the Ooguri-Vafa configuration [OV00, LMV00], which involves branes on the conormal
of a knot K — for this reason, we refer to quivers that arise in the original formulation as
knot conormal quivers. Analogously, we refer to quivers that encode series F' I(f) (x,q) as knot
complement quivers. For both conormals and complements, quiver can be interpreted in
enumerative geometry with nodes corresponding to certain basic holomorphic curves and
arrows as their boundary linkings. Here we will also discuss the relation between the knot
conormal and knot complement, as well as their corresponding quivers. We point out that
writing Ff((a) (7,q) as a quiver generating series shows that the whole information of F' [(f)(x, q)
is encoded in a finite set of data: the quiver matrix, slopes of boundaries of a Newton polygon,
and a few other parameters that enter a quiver change of variables. Thus, the seemingly
complicated, quantum and non-perturbative information about Chern-Simons theory for
various branches is actually captured by a finite number of integer coefficients.

There is also an interesting interplay between classical branches of the A-polynomial and
quivers encoding the corresponding F' I((a) (x,q): once we assume that a quiver form of F' [((a)(x, q)
exists, we can determine it from the form of the classical branch (up to a finite number of

terms that can be fixed from the knowledge of the first few terms of F' I(f) (x,q)). In this sense,
the Fy series associated to various branches and (knot complement) quivers are intimately
related.

We summarize the above two points in the following conjecture.

Conjecture 1. Given a knot K, let y'®)(x,a) be a branch of y near x = 0 (or x = 00) of
the a-deformed A-polynomial of K, Ak (z,y,a).

(1) There ezists a wave function Fl((a)(x, a,q) associated to this branch in a sense that
() = lim Fl({a)(qx,a,q) — @ (z.q)
T g—1 (@) =Y )
FK (‘ra a, q)

(lILd this wave function is annihilated by the quantum a-deformed A-polynomial
Ag(2,9,a,q) (which is the same for all branches y' (z,a))

EK<JA}7@7G7Q)FI({Q)(ZE7G’Q) = 0.

(2) The wave function Fl((a)(x,a,q) has a quiver form, in the sense of knots-quivers
correspondence [[KRSS17, KRSS19, Kuc20].

In view of importance of the above extension of the knots-quivers correspondence, we
develop several techniques to determine knot complement quivers corresponding to various
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branches of A-polynomial. One straightforward approach amounts to determining explicitly
the quiver generating series from the first several terms in the Fx series, taking advantage of
the recursion relation encoded in quantum A-polynomial (applied to relevant initial terms).
Another approach that we propose is based on a redefinition of knot conormal quivers that
involves a change of framing. Furthermore, taking advantage of the results of [Par20b, Par21],
we show that Fx in quiver form can be reconstructed from R-matrices, as well as inverted
Habiro series; in some specific examples we show that this approach works also for the
SL(N,C) case and then generalized to include a-dependence. In general, it is not guaranteed
that F for a given branch can be determined by all these approaches; however, combining
them, we can determine Fx for various branches of A-polynomial for many knots.

We also extend the A-polynomial. As mentioned above, we consider F invariants for
various branches of A-polynomial, which gives the algebraic curve A (x,y) = 0 with x,y € C*.
The quantum A-polynomial A k(Z,9) with gz = gy gives the recursion relations for the series

F I((a) (z,q). In the a-deformed case, there are two variables: x and a, and degenerating
the brane system of the knot complement to a multiple of the unknot conormal, we see
that the variables x and za play almost identical roles. It is then natural to try to promote
also the variable a to an operator a. This is indeed possible, and after introducing a dual
variable b, we find another algebraic curve { Bk (a,b) = 0}, which is the zero set of what we
call the B-polynomial. Also the B-polynomial has a quantum counterpart EK(d, E), with
bi, = qab, which again annihilates FI((O‘ ) (x,a,q). Thus, similarly to the quantum A-polynomial,
the quantum B-polynomial captures information about F' [(f) (z,a,q) that can be extracted
recursively. Note also that @ is the variable associated to the closed holomorphic central CP*
in the resolved conifold and the B-polynomial indeed encodes information about closed string
contributions (which are not detected by the original A-polynomial).

Note that, in case of SL(N, C) theory, the authors of [GS06] introduced an algebraic curve
and an associated polynomial called the C-polynomial, as well as an operator that shifts
N and the corresponding recursion relation in N for coloured polynomials implemented
by the quantum C-polynomial. The dependence on N was subsequently generalized to a-
dependence in [MM21]. Our B-polynomial is similar to, but different from the C-polynomial
(the definition of the B-polynomial involves the full coloured HOMFLY-PT polynomial, while
that of the C-polynomial involves coefficients of a cyclotomic expansion), so our claims are
accordingly independent of those in [GS06, MN21].

Physically, x represents an open string modulus that can be identified with a Coulomb
branch parameter of a 3d N' = 2 theory associated to a Lagrangian brane and a is the Kahler
parameter of the resolved conifold, which can be identified with a Coulomb branch parameter
of a 5d gauge theory. Therefore, the dependence on both a and z, as well as their conjugate
variables b and y, should arise in the description of a coupled 3d-5d system, which means that
the A- and B-polynomials are not independent but should be viewed as specializations of
a higher dimensional variety associated to what we call the AB-ideal. Likewise, the quantum
A- and B-polynomials arise as specializations of a D-module that we call the quantum
AB-ideal, and which quantizes the classical AB-ideal. This is summarized in the following
conjecture.

4

Conjecture 2. Let us endow (C*)* with the holomorphic symplectic form

Q:=dlogz ANdlogy + dloga Adlogb, z,y,a,b € C*.
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For every knot K, there is a holomorphic Lagrangian subvariety T'x C (C*)* with the following
properties:
(1) This holomorphic Lagrangian is preserved under the Weyl symmetry

r—atz7 ye—=yt, a—a, byl

(2) The projection of Tk on (C*)3 . is the zero set of the a-deformed A-polynomial of K.

x7y7a

3) Moreover, if x, A,d,l; are operators such that
Y P
§& = qij, ba = qab,
and all the other pairs commute, then the ideal defining U'x can be quantized to a left
ideal ' C C[2H, g1, ™Y, bFY] that annihilates Fg(x,a,q).

It is natural to extend the above conjecture to the refined case. First, in analogy with
(coloured) superpolynomials, we consider a t-deformation of Fx [EGGT20]. Then we introduce
invariants F [((O‘ ) (z,a,q,t) for various branches. We can observe that in various expressions
the variable t is mixed with x or a, again corresponding to a geometric degeneration to
a multiple of the unknot conormal, in a way which suggests that there is a natural conjugate
variable u of t. We conjecture that for a given knot there exists a holomorphic Lagrangian
subvariety in (C*)% that captures the semiclassical properties of the ¢-deformation of Fy-.
This variety generalizes a Lagrangian variety in (C*)? from Conjecture 2 and its quantization
is a D-module in variables (z, 7, a, bt @) that annihilates Fg(z,a,q,t). These statements
are summarized the following conjecture.

Conjecture 3. Let us endow (C*)® with the holomorphic symplectic form
Q:=dlogxz Adlogy + dloga A dlogb+ dlogt ANdlogu, x,y,a,b,t,u € C*.

For every knot K, there is a holomorphic Lagrangian subvariety T C (C*) with the following
properties:
(1) This holomorphic Lagrangian is preserved under the Weyl symmetry

3 —1 1

g (=t)Pa 7y tyT am—a, b (=)2ylh, tet, ue Yy a2,

where s is a version of s-invariant of the knot K.
(2) The projection of T'x on (C*)2 is the zero set of the super-A-polynomial of K.

m7y’a7t

(3) Moreover, if &,7,a, b, t, 4 are operators such that
G = q29, ba = qab, i = gta,
and all the other pairs commute, then the ideal defining I'x can be quantized to a left
ideal I' € C[2*!, g1, o™ o™ 1+, 4] that annihilates Fi(z,a,q,t).

We confirm the above conjectures in a number of nontrivial examples throughout the paper.

The rest of the paper is organized as follows. Section 2 summarizes basic information on
knot invariants, brane systems, Z and Fg invariants, and the knots-quivers correspondence.
In section 3 we introduce Fi invariants for various branches of the A-polynomial and provide
various examples of such objects. In section 4 we show that Fj invariants can be written
in the form of quiver generating series, discuss some properties of such series, identify
corresponding quivers in various examples, and explain how they can be reconstructed from
the A-polynomial and its branches. Section 5 presents how to reconstruct quivers using R-
matrices or inverted Habiro series. In section 6 we discuss the quantized Coulomb branch from
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a more general 3d-Hd physical perspective, introduce the B-polynomial, and show that both
the A- and B-polynomials are specializations of a higher dimensional complex Lagrangian
variety, which has a quantum counterpart that we call the quantum AB-ideal. Section 7
contains a discussion of other properties of various objects introduced earlier: consistency
with constraints imposed by anomalies, subtle properties of vacua of supersymmetric theories
corresponding to Fg, surgeries and relation to closed 3-manifolds, as well as relations to
modular tensor categories and logarithmic vertex operator algebras. We conclude with a brief
summary of possible future directions of research in section 8.

2. PRELIMINARIES

In this section we present background material on knot polynomials, brane configurations
and enumerative geometry, Z and Fx invariants, as well as the knots-quivers correspondence.

2.1. Knot polynomials.

2.1.1. HOMFLY-PT polynomials. Let K C S* be a knot. Its HOMFLY-PT polynomial
P(K;a,q) is a topological invariant [HOM'85, PT87] which can be calculated via the skein
relation:

al/QP(X) B a_1/2P('/\’) _ (q1/2 _ q_l/Q)P(>C)
with a normalisation condition P(0;;a,q) = 1. This is called the reduced normalisation and
corresponds to dividing by the full natural HOMFLY-PT polynomial for the unknot (here
denoted by bar):

P(K;a, _ al’? —q=1/?
u, POy a,9) = =5 ——77-
P(01;a,9) q'? —q

For a = ¢*, P(K;a,q) reduces to the Jones polynomial J(K;q) [Jons5], whereas the substi-
tution a = ¢" leads to the sly Jones polynomial J*'¥ (K;q) [RT90].

More generally, the coloured HOMFLY-PT polynomials Pgr(K;a,q) are similar polynomial
knot invariants defined as the expectation value of the knot viewed as a Wilson line in
the Chern-Simons gauge theory on S? [Wit89], which depends also on a representation R of
sly. In this setting, the original HOMFLY-PT corresponds to the defining representation.
The substitutions a = ¢> and a = ¢ lead to the coloured Jones polynomial Jr(K;q) and
coloured sly Jones polynomials Jﬁ” (K; q) respectively. We will be interested mainly in
the HOMFLY-PT polynomials coloured by the totally symmetric representations R = S”
with r boxes in one row of the Young diagram. In order to simplify the notation, we will
denote them by P,(K;a,q) and call them simply the HOMFLY-PT polynomials.

There is also a t-deformation of the HOMFLY-PT polynomials [DGROG, GS12a]. The super-
polynomial P.(K, a,q,t) is defined as the Poincaré polynomial of the triply-graded homology
that categorifies the HOMFLY-PT polynomial:

P.(K;a,q) =Y (=1)*d'¢ dim H (K,
1,5,k
Po(K;a,q,t) =Y d'gt" dim H  (K).

Z'7‘j7k‘.

P(K;a,q) =

(1)

From above equations one can immediately see that the superpolynomial reduces to HOMFLY-
PT for t = —1:
Pr(Ka a, q, _1) = PT(Kv a, Q)
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2.1.2. A-polynomials. The A-polynomial is a knot invariant coming from the character variety
of the complement of a given knot K in S [CCGT94]. It takes the form of an algebraic curve
Ak (z,y) =0, for x,y € C*. According to the volume conjecture, it also captures the asymp-
totics of the coloured Jones polynomials J,.(K; q) for large colours . The quantisation of
the A-polynomial encodes information about all colours, not only large ones. Namely, it gives
the recurrence relations satisfied by J,.(K; ¢), which can be written in the form

Ak (#,9)J(K;q) =0,

where £ and ¢ act by

TJ, = qrf]m QJT = Jr+17
and satisfy the relation §z = qzy. The above conjecture was proposed independently in
the context of quantisation of the Chern-Simons theory [Guk05] and in parallel mathematics
developments [Gar04]. The operator A k(Z,7) is referred to as the quantum A-polynomial; in
the classical limit ¢ = 1 it reduces to the A-polynomial.

The above conjectures were generalized to coloured HOMFLY-PT polynomials [AV12]
and coloured superpolynomials [AGSF12, FGS13], which we briefly introduced in (1). In
these cases the objects mentioned in the previous paragraph become a- and ¢-dependent. In
particular, the asymptotics of coloured superpolynomials P,.(K; a, q,t) for large r is captured
by an algebraic curve called the super-A-polynomial, defined by the equation Ak (x,y,a,t) = 0.
For t = —1 it reduces to a-deformed A-polynomial, and upon setting in addition a = 1,
we obtain the original A-polynomial as a factor. For brevity, all these objects are often
referred to as A-polynomials. The quantisation of the super-A-polynomial gives rise to
quantum super-A-polynomial Ag (2,7, a, g, t), which is a ¢-difference operator that encodes
the recurrence relations for the coloured superpolynomials:

AK('%? Z)a aq, t)P*<Ka a, q, t) = 0.
A universal framework that enables us to determine a quantum A-polynomial from an under-

lying classical curve A(x,y) = 0 was proposed in [GS12b] (irrespective of extra parameters
these curves depend on, and also beyond examples related to knots).

2.2. Brane configurations and enumerative geometry.

2.2.1. Large-N transition. The physical background of this work can be represented by
the system of N fivebranes supported on R? x S! x Y, where Y is embedded (as the zero-
section) inside the Calabi-Yau space T*Y and R? x S' Cc R* x St

spacetime : R* x St x T*Y
(2) U U
N Mb-branes : R? x S' x Y.

Finding the large-N limit of this system for general Y is highly nontrivial (see [GPV17,
sec.7] and [FS19, Remark 2.4]). However, when Y is a knot complement My := S3\ K, there
is an equivalent description for which the study of large-N behaviour can be reduced to
the celebrated “large-N transition” [GV98, OV00].

We consider first a description without transition. From the viewpoint of 3d-3d correspon-
dence, N fivebranes on Y = M produce a 4d N = 4 theory — which is a close cousin of
4d N = 4 super-Yang-Mills but is not 4d N'= 4 SYM — on a half-space R? x R, coupled
to 3d A = 2 theory T[M[] on the boundary. Indeed, near the boundary T2 = Ag = dMy,
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the compactification of N fivebranes produces a 4d N/ = 4 theory which has moduli space of
vacua Sym” (C? x C*) [CGPS20]. (The moduli space of vacua in 4d N = 4 SYM is Sym” (C?).)
The SU(N) gauge symmetry of this theory appears as a global symmetry of the 3d boundary
theory T[Mk]|. In particular, the variables x; € C* are complexified fugacities for this global
(“Havour”) symmetry. For G = SU(2), the moduli space of vacua of the knot complement
theory T[Mk] gives precisely the A-polynomial of K. Similarly, G¢ character varieties of
My are realised as spaces of vacua in T[Mg, SU(N)| with G = SU(N) [FGS13, FGSS13].

We next give another equivalent description of the physical system (2) with Y = M,
where the large- N behaviour is easier to analyse:

spacetime : R* x St x T*S3
U U
N Mb5-branes : R? x S' x §3
p M5 -branes : R? x S' x Lg.

(3)

This brane configuration is basically a variant of (2) with Y = S? and p extra Mb-branes
supported on R? x S' x Ly, where Lx C T*S? is the conormal bundle of the knot K C S3.
There is, however, a crucial difference between fivebranes on S® and Lg. Since the latter are
non-compact in two directions orthogonal to K, they carry no dynamical degrees of freedom
away from K. One can path integrate those degrees of freedom along K, which effectively
removes K from S% and puts the corresponding boundary conditions on the boundary
T? = OMg. The resulting system is precisely (2) with Y = Mg. Equivalently, one can
use the topological invariance along S® to move the tubular neighbourhood of K C S® to
“infinity”. This creates a long neck isomorphic to R x 7?2, as in the above discussion. Either
way, we end up with a system of N fivebranes on the knot complement and no extra branes
on Ly, so that the choice of GL(p,C) flat connection on Ly is now encoded in the boundary
condition for SL(N,C) connection' on T? = OMy. In particular, the latter has at most p
nontrivial parameters z; € C*, i =1,...,p.

In this paper we consider the simplest case of p = 1. Then we can use the geometric
transition of [GV98], upon which there is one brane on L and NN fivebranes on the zero-section
of T*S? disappear. The Calabi-Yau space T*S? undergoes a topology changing transition
to a new Calabi-Yau space X, the so-called “resolved conifold”, which is the total space of
O(—1) @ O(—1) = CP', and only the Ooguri-Vafa fivebranes supported on the conormal
bundle Ly remain:

spacetime : R* x S' x X
(4) ] U
p M5'-branes : R? x S* x L.

Note that on the resolved conifold side, i.e. after the geometric transition, loga = Vol(CP') +
i [ B = Nh is the complexified Kéhler parameter which enters the generating function of
enumerative invariants.

To summarize, a system of N fivebranes on a knot complement (2) is equivalent to a brane
configuration (4), with a suitable map that relates the boundary conditions in the two
cases. There is another system, closely related to (4), that one can obtain from (3) by first

ITo be more precise, it is a GL(N,C) connection, but the dynamics of the GL(1,C) sector is different
from that of the SL(N,C) sector and can be decoupled.
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reconnecting p branes on Ly with p branes on S3. This give p branes on Mg (that go off to
infinity just like Lx does) plus N — p branes on S3. Assuming that p ~ O(1) as N — oo
(e.g. p = 1 in the context of this paper), after the geometric transition we end up with
a system like (4), except Lk is replaced by My and Vol(CP') +i [ B = (N — p)h. Both of
these systems on the resolved side compute the HOMFLY-PT polynomials of K coloured by
Young diagrams with at most p rows.

2.2.2. Twisted superpotential. The leading, genus-0 contribution to the generating function of
enumerative invariants is the twisted superpotential. It can be computed either on the resolved
side of the transition, where a is a Kéhler parameter, or on the original (“deformed”) side,
for a family of theories labelled by N. Either way, one finds that the twisted superpotential
is given by the double-scaling limit that combines large-colour and semiclassical limits of
the HOMFLY-PT polynomials [FGS13, FGSS13):

T—00 d 7
(5) P(K;a,q) =% /H—Zexp( WT[MK](ZZ,I a)—i—O(hO))

h—0

with z = ¢" kept fixed. We can read off the structure of T[Mg] from the terms in
WT[MK}(ZiaiL'?a):

Li, (a"@z™ 2 ™) — (chiral field),

(6)

% log ¢; - log ¢; «— (Chern-Simons coupling) .

Each dilogarithm is interpreted as the one-loop contribution of a chiral superfield with
charges (ng,nar, n,) under the global symmetries U(1)q (arising from the internal 2-cycle
in X) and U(1)y (corresponding to the non-dynamical gauge field on the M5-brane), as
well as the gauge group U(1) x ... x U(1). Quadratic-logarithmic terms are identified with
Chern-Simons couplings among the various U(1) symmetries, with ¢; denoting the respective
fugacities.

We can integrate out the dynamical fields (whose VEVs are given by log z;) using the saddle
point approximation to obtain the effective twisted superpotential:

61//\V/T[MK} (zi,2,a)
0log z; '

(7) W T[Mg) (z,a) =

Then after introducing the dual variable y (the effective Fayet-Iliopoulos parameter), we
arrive at the A-polynomial:

oW, (x,a)

Dlog 7 & Ak (z,y,a) = 0.

(8) logy =

2.2.3. Curve counts. We recall a geometric picture underlying the quiver description of
the invariant Fx. Recall the curve counting interpretation of Fx from [EGGT20]. We
start from the deformed conifold 7%S% and the knot complement My, with the Legendrian
conormal A C ST*S? as ideal boundary. In case K is fibered, we shift My off of S? along
a closed 1-form 8 that generates H'(Mg) = R. We take this form to agree with the form du
that is dual to the meridian circle on the boundary of a tubular neighbourhood of the knot. If
K is not fibered, such a 1-form necessarily has zeroes and the shift leaves intersection points
between My and S® that can be normalized to locally appear as cotangent fibers.
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We want to count (generalized) holomorphic curves with boundary on M. There are two
ways to do this for fibered knots: either we consider Mg as a Lagrangian submanifold in
the resolved conifold X or we can use a sufficiently SF'T-stretched almost complex structure
on T*S? for which all curves leave a neighbourhood of the zero section, see [ES19, Section 2.5].
The resulting counts (and in fact the curves) are the same. In the non-fibered case, the second
approach still works: after stretching M intersects a neighbourhood of S? in 7*S® in a finite
collection of cotangent fibers. Then possible curves in the inside region (near S3) have
boundaries on these fibers and positive punctures at Reeb chords corresponding to geodesics
connecting them. The dimension of such a curve is

dim = Z(index(’yj) +1) > 2,

J

where the sum runs over positive punctures of the curve, ; is the Reeb chord at the puncture,
and index(v;) is the Morse index of the corresponding geodesic. It follows that no such curve
can appear after stretching, since the outside part would then have negative index. This
means that there is a curve count also for Mg. As we will discuss below, although this
curve count is well defined and invariant, when intersections between S® and My cannot
be removed, it is only one point in a space of curve counts that also takes into account
certain punctured curves. The present discussion applies to the more involved curve counts
of punctured curves as well, although the geometric description is less direct.

In this setting the quiver picture arises from a description of a the Lagrangian My as
deformed by a collection of basic holomorphic disks. Here the disks are embedded and deform
the standard cotangent neighbourhood of My (where there are no holomorphic curves) to
the cotangent bundle with neighbourhoods of these basic disks attached. Such neighbourhoods
support holomorphic curves that come from branched covers of the basic disks with constant
curves attached and the total count of generalized holomorphic curves is determined by
the linking data of the basic disk boundaries. It is given by the quiver partition function,
where the nodes correspond to the basic disks and the arrows to the linking information.
Here the data of a node is the homological degree of its boundary and the number of wraps
around the central CP'. We point out that nodes of boundary degree zero play a special role
for non-fibered knots.

2.3. Z and Fy invariants.

2.3.1. sly and sly invariants. In their study of 3d N' = 2 theories T[Y] for 3-manifolds Y,
Gukov-Putrov-Vafa [GPV17] and Gukov-Pei-Putrov-Vafa [GPPV20] conjectured the existence

o~

of the 3-manifold invariants Z(Y") (also known as “homological blocks” or “GPPV invariants”)
valued in g-series with integer coefficients. These g-series invariants exhibit peculiar modular
properties, the exploration of which was initiated in [BMNM20b, CCET19, BMM20a, CES19].

More recently, Gukov-Manolescu [GMN21] introduced a version of 7 for knot complements,
which they called F. If K C 53 is a knot, then Fix = Z(S® \ K). The motivation was to

study 7 more systematically using Dehn surgery. Recall that the Melvin-Morton-Rozansky
expansion [MMO95, BNGI6, Roz96, Roz98] (also known as “loop expansion” or “large colour
expansion”) of the coloured Jones polynomials is the asymptotic expansion near s — 0 while
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keeping z = ¢" = €"" fixed:

_ pilz) -
j=>0
Here Ak (x) is the Alexander polynomial of K. The main conjecture of [GM21] was then
the following.

Conjecture 4. For every knot K C S3, there exists a two-variable series

© Fioa) =5 3 fal@@™? =), fule) €Zlg™ ]

m>1
m odd

such that its asymptotic expansion agrees with the Melvin-Morton-Rozansky expansion of
the coloured Jones polynomials®:

B (x) W
(10) Fg(r,q= eh) = (551/2 1/2 Z A )%+ jl‘

3>0

Moreover, this series is annihilated by the quantum A-polynomial:

Let us stress that while the same form of quantum A-polynomial Ag(Z,§) arises in
the analysis of coloured Jones polynomial and F invariants, there is a subtle but important
difference between these two situations, which has to do with the initial conditions that need
to be imposed.

Conjecture 4 concerns g = sly. An extension to arbitrary g was studied in [Par20a).
In particular, the existence of an sly generalisation of F, which we denote by F }[N , was
conjectured and it was observed that its specialisation to symmetric representations, Ff([N sy
is annihilated by the corresponding quantum A-polynomial:

(11) Ag(@,9,a =", q)Fp¥™™(z,q) = 0.

Y

2.3.2. a-deformed Fy invariants. The analysis of [EGG20] showed that FiN*¥™(z, q) for
all N can be captured by a-deformed invariants Fi(x,a, q):

(12) Fi(z,a=q",q) = F™"(x, q).
They are annihilated by the quantum a-deformed A-polynomials:
(13) Ag(#,9,a,q)Fk(z,a,q) =0,

where the operators act as follows:
(14) '@FK(xa&aq) :xFK(x7a7Q)7 QFK(.T,CL,(]>:FK<Q$,CZ,(])-

Moreover, the asymptotic expansion of F(z,a,q) should agree with that of HOMFLY-PT
polynomials. That is

(15) log Frc(e"", a,e") = log P,(K;a,e")

2[(‘}A\I21] uses the unreduced normalisation. In the reduced normalisation, used in the major part of this
paper, (10) reads Fx(z,q =¢") = 3., %’%
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as h-series. In certain cases (including all (2,2p + 1) torus knots) lifting this relation to
the resummed level leads to a simple substitution:

(16) Fg(v,a,q) = P(K;a,q)|,

T—=x

but this fails for many simple knots like 4;. From the physical point of view, F;([N ’ x,q)
and F(x,a,q) encode BPS spectra on two sides of the large-N transition discussed in
Section 2.2.1.

sym (

2.3.3. Normalisation and Conventions. Before continuing, we make a few remarks on different
conventions involving Fg and J&'V.

e In [GM21] and Conjecture 4, Fi is presented in the balanced expansion which involves
a summation over both positive and negative powers of z with Weyl symmetry being
manifest. However, for our purposes it will be more natural to work with the positive
expansion, as in [EGGT20]. This means that we express Fi as a power series in x
expanded around 0. There is also a closely related negative expansion coming from
expanding around x = oo or by applying Weyl symmetry to the positive expansion.
The balanced expansion can be rederived by averaging the positive and negative
expansions.

e When working with quiver forms (Sections 2.4 and 4), we often treat Fix as an integer
power series starting with 1, see e.g. Equation (23). We stress that this is only correct
up to an overall prefactor

) o BB lo20))

where p is a polynomial of degree at most 2. These prefactors are important for some
properties of Fx and can be derived from the A- and B-polynomials as in Section 6.5.
e In the literature there are a collection of different normalisations in which Fx and
J2' are presented. The three possibilities correspond to the different values which
can be assigned to the unknot invariant.
— The reduced normalisation corresponds to normalizing away the unknot,

Jj[N(Ol,q) = 1= Fy,(z,a,q).

This is the convention most present in the literature on HOMFLY-PT, superpoly-
nomials, and A-polynomials, e.g. [DGR06, AGSF12, FGS13, FGSS13, NRZS12,
EGGT20].

— The unreduced normalisation corresponds to normalizing away the denominator
of the full unknot factor,

xq;q )oo duced

Jﬁ[N,unreduced 0 ’ — ( — [unreduce

r ( 1 q) ([L’CZ, Q)oo 0; (
This convention is common in the growing literature on F invariants, e.g. [GM21,
Par20a, Par20b, GHN 21, EGGT20], particularly when studying unknot invari-
ants or working with the balanced expansion of Fi.

— The fully unreduced normalisation corresponds to leaving the full unknot factor
intact,

r,a,q).

— log(=) log(a)
2h

l‘% (aa Q)oo(xqv q>oo _ Fglully unreduced(

J:[N,fullyum"educed(ol, q) —e
(25 )00 (45 @)oo

r,a,q).
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This normalisation is natural in the context of enumerative invariants and can
be found in [OV00, AENV14, EN18, EKL20a, EKL20b, ES19, DE20]. In the lit-
erature this normalisation is usually called just “unreduced”, but since we join
different perspectives, we distinguish it from the one discussed in the previous
point.
We primarily work in the reduced normalisation and each use of the other normalisation
(e.g. in the analysis of the unknot) is clearly stated.

2.4. Knots-quivers correspondence.

2.4.1. Quivers and their representations. A quiver () is anoriented graph, i.e. a pair (Qo, Q1)
where () is a finite set of vertices and () is a finite set of arrows between them. We number
the vertices by 1,2,...,m = |Qo|. An adjacency matrix of @) is the m x m integer matrix
with entries Cj; equal to the number of arrows from ¢ to j. If C;; = Cj;, we call the quiver
symmetric.

A quiver representation with a dimension vector d = (dy,...,d,,) is an assignment of
a vector space of dimension d; to the node i € @y and a linear map v;; : C% — C% to
each arrow from vertex i to vertex j. Quiver representation theory studies moduli spaces
of quiver representations. While explicit expressions for invariants describing those spaces
are difficult to find in general, they are quite well understood in the case of symmetric
quivers [[KS08, KS11, Efil2, MR19, FR18]. Important information about the moduli space of
representations of a symmetric quiver is encoded in the motivic generating series defined as

(18)  Polx,q) =) (—¢")*C——= Y (—¢"?)Zu@hs ] @a
i=1 %’ i

d>0 (4:4)a d1seordyn >0

where the denominator is the g-Pochhammer symbol:

n—1

(2300 = [J(1 - 24")-

k=0
When z = ¢, we will simplify the notation and write (¢), and (¢)q instead of (¢; q),, and

(¢:9)a = [1:(¢; @): respectively.
Let us define the plethystic exponential of f =" a,t", ag = 0 in the following way:

Em@@—m«Zﬁwv—Hﬂ4W”

n

Then we can write

Po(x, q) = Exp <

Qx,q) = Z Qd75$dq5/2 — Z Q(dl,...,dm),s (H ZL’?’) qs/27
d,s d,s 7

where (g s are motivic Donaldson-Thomas (DT) invariants [[{S08, I{S11]. The DT invariants
have two geometric interpretations, either as the intersection homology Betti numbers of
the moduli space of all semi-simple representations of ) of dimension vector d, or as the Chow-
Betti numbers of the moduli space of all simple representations of () of dimension vector d;

1—g¢q

(e, Q)> |

(19)
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see [MR19, FR18]. [Efi12] provides a proof of integrality of DT invariants for the symmetric
quivers.

2.4.2. Knots-quivers correspondence for knot conormals. In the context of the knots-quivers
correspondence, we combine P,(K;a,q) into the HOMFLY-PT generating series:

o0

y—T’
PK(y7a7Q) = Z_Pr(Kva'7q)
r=0 (Q)r
Using this expression we can encode the Labastida-Marino-Ooguri-Vafa (LMOV) invari-
ants [OV00, LMOTL, LMV00] in the following way:

N e
M) N =S Ny

(20) Pk (y,a,q) = Exp ( 4
r,%,J

According to the LMOV conjecture [OV00, LMOL, LMV00], N, , ; are integer numbers counting
BPS states in the effective 3d N = 2 theories described in Section 2.2.
The knots-quivers correspondence for the knot conormals [[KRSS17, [KRSS19] is an assign-

ment of a symmetric quiver @) (with adjacency matrix C'), vector n = (nq,...,n,) with
integer entries, and vectors @ = (ay,...,an), L = (l1,...,l,) with half-integer entries to
a given knot K in such a way that
e
( ) K(y7a’7q) - ( q ) - Q(QL(]) zi=yMia%igli ©

d>0 (@)a e

The possibility of such assignment was proven for all 2-bridge knots in [SW19] and for all

arborescent knots in [SW21]. Some exotic cases with n; < —1 (the simplest examples are 949

and 10;32) require a generalisation of the correspondence, for more details see [EIK121].
Equation (21) can be rewritten as

(22) N(y,a,q) = Az, q)
which ties the knots-quivers correspondence with LMOV conjecture using the fact that DT
invariants of symmetric quivers are integer.

r;=y"ia% qli )

2.4.3. Knots-quivers correspondence for knot complements. The knots-quivers correspondence
can be generalized to knot complements [Kuc20]. Then it is an assignment of a symmetric
quiver (), an integer n;, and half-integers, a;, l;, © € @y to a given knot complement
Mg = S*\K in such a way that

(23) Fir.aq) = Y (220 e o i
) ) (q)d ) Ti=x"ia 'qu

d>0

Due to the limitations of available data, the possibility of such assignment was proven so
far only for (2,2p + 1) torus knots. Sections 4 and 5 provide evidence for (23) for many new
cases of knot complements (however, exotic cases like 945 and 1013, are still out of range).

Using (19), one can define analogues of LMOV invariants for knot complements [Kuc20):

N(z,a,q) = Qz,q)

which can be encoded in the Fy invariants in analogy to (20):

(24) Fr(z,a,q) = Exp (M) .

xr;=x"ia% qli )

1—g¢q
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The integrality of DT, LMOV, and analogous invariants has a natural interpretation in
terms of counting BPS states in effective 3d N' = 2 theories. N(x,a,q) and Q(z,q) count
BPS states in theories T[Mg| and T'[Q] respectively. Note that basing on Section 2.3, we can
rewrite (5) using F invariant:

2 Fetwao) — [ 1%

i 1~
. exXp (%WT[MK](zi,x, a) + O(ﬁ0)> .

Similarly, the structure of T'[@Q)] is encoded in the semiclassical limit of the motivic generating
series [EKL20b]:

‘“__7{ /H dy: exp { Wrig)(z,y) + 0(}50)}

h—0
(26> C. C’ij
Wrigi(@,y) = D Lia(y:) +log ((=1)%z:) logy: + D % logy; logy;
(2 [2¥}
Using the dictionary (6), we can interpret the elements of (26) in the following way:
e The integral [ [], % corresponds to having the gauge group U(1)® x --- x U(1)(™),
o LiQ(yZ) represents the chiral field with charge 1 under U(1)®
=2 log y; logy; corresponds to the gauge Chern-Simons Couphngs /ieff = Cj;,
° log (( 1)0“@) log y; represents the Chern-Simons coupling between a gauge symmetry
and its dual topological symmetry (the Fayet-Iliopoulos coupling).

The saddle point of the twisted superpotential encodes the moduli space of vacua of T'[Q)]
and defines the quiver A-polynomials [EIKL20b, EKL20a, PSS18, PS19]:

Wrig)(,y)

2
27) dlogy;

:O @ A(:Cy)—l_yz_xl tu]H:
JF#i

A;(x,y) is a classical limit of the quantum quiver A-polynomial, which annihilates the motivic
generating series:

AZ(QAT,Q,Q)PQ(QC7(]) - 07
TiPo(T1, ..o, Ty oo Ty q) = i P21, . Ty o T, Q)
giPQ(I17-"7$i)"'7xm7Q) = PQ<x1a"'7qxi7"'ameQ)'

The general formula for the quantum quiver A-polynomial corresponding to the quiver with
adjacency matrix C' is given by [EKI.20a]

A~ A . A ACZJ
(28) Ai(&,9,q) = 1 — 5 — 2i(—q"?0) " [ [ 45,
J#i

and we can see that
Ai(x,y) = limA; (2,9, q).
q—1
2.4.4. Quiver equivalences. Since the formulation of the knots-quivers correspondence it has
been clear that it is not a bijection and more than one symmetric quiver can correspond to
the same knot [KRSS19] — such quivers are called equivalent. Later, the study of geometric and
physical interpretations [FIKL20a, EKL20b] lead to the formulation of quiver transformations
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that preserve the motivic generating function (18): unlinking, linking, and removing (or
adding) a redundant pair of nodes.

e The unlinking of nodes a,b € @)y is defined as a transformation of () leading to a new
quiver @' such that there is a new node n: Q) = Qo Un, x/, = ¢ 'z,z (2 = z; for
all 7 € Q)p), and the number of arrows of the new quiver is given by

= Cap — 1, Cl. = Ca+2C+ Cyp— 1,
Cly = Cai + Chi — 0ai — Oy, Ci; = Cj;  for all other cases,
where 9;; is the Kronecker delta.
e The linking of nodes a,b € )y is defined as a transformation of ) leading to a new

quiver @' such that there is a new node n: Qy = Qo Un, z,, = z,z3 (x; = x; for all
i € Qo), and the number of arrows of the new quiver is given by

Clb = Cab + 1, C;L’Vl = Caa + 2C’ab + Cbb7

a

Cl, = Cui + Cy, Ci; = Ci;  for all other cases.
e The pair of nodes a,b € ()q is redundant if x, = gxp, Cpo = Coyp = Cyy — 1, and
Cqi = Cy; for all i € Qp\{a,b}.
A general analysis of equivalent quivers has been conducted recently in [JIXL."21]. In this
work the unlinking was used to study equivalences of symmetric quivers Q and @’ such that

QL = Qo and 2, = x; for all i € Qp; in consequence it was proved that if Q) and )’ are related
by a sequence of disjoint transpositions, each exchanging non-diagonal elements

Cab ~ Ocda C1ba, <~ Cdcu

for some pairwise different a, b, ¢, d, € )y, such that

Ay = Ay
and
Cap = Ceq — 1, Coi + Cpi = Coi + Cgi — 0¢i — 6ai, Vi € Qo,
or
Ceg=Cap — 1, Coi + Cagi = Coi + Ci — 0gi — 0pi, Vi € Qo,

then @ and )" are equivalent. Moreover, these conditions were conjectured to be necessary
for QQ and Q' to correspond to the same knot.

It turns out that transformations presented above can be successfully applied to quivers
corresponding to knot complements, which will be useful in Section 4.

3. Fx FOR VARIOUS BRANCHES

The perturbative invariants of complex Chern-Simons theory are extensively studied
in [DGLZ09]. While the method of that paper allowed the computation of perturbative
invariants up to any order, for many years they were not widely used. Recently, in [GM21],
it was found that they can be nicely packaged into a two-variable series associated to each
knot complement. More precisely, the authors of [GM21] conjecture that the abelian branch?
perturbative invariants can be resummed nicely into a power series in ¢ and x with integer

coeflicients:

F) (2, ) g=c" 1S @)+ @)+ S8 (@) )

e

3At finite NV, abelian branch denotes the solution y®) = 1 of the classical A-polynomial.
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The relation between the perturbative invariants .S j(»ab) (x) and the two-variable series F' 1(? b) (x,q)
can be thought of as the relation between the Gromov-Witten invariants and the Donaldson-
Thomas (or BPS) invariants, and in this sense Fg(z,q) is the non-perturbative complex
Chern-Simons partition function associated to the abelian branch. See also [EGGT20] for
an account of this story from the point of view of topological strings. In order to simplify
notation, we will drop the superscript *» and understand that Fi(x,q) corresponds to the
abelian branch.
It should be noted that the method of [DGLZ09] applies to all branches, so we have per-
turbative invariants associated to each branch y(®(z). This immediately brings the following
question.

Question 1. Are there FI((a)(x,q) for other branches y®(x)? That is, can we resum

(a) (a) (@) . . . . . .
en (S0 @+ (@h+5," (@R +) into a two-variable series with integrality?

Intriguingly, through various examples we find that the answer to this question seems to
be positive. There are indeed F for other branches that can serve as the non-perturbative
Chern-Simons partition functions for the knot complements.? To explain how to get the series
F I((a) (x, q) for various branches, in the following subsection we take a closer look at the Newton
polygon of the A-polynomial.

3.1. The edges and branches of the A-polynomial. The Newton polygon of the A-
polynomial contains a wealth of information about the knot. For instance, as discussed
in [CCGT94], the slope of each edge of the Newton polygon equals the boundary slope
of an incompressible surface of the knot complement. For our purposes, the important
aspect is a correspondence between the edges of the Newton polygon and the branches of
the A-polynomial, which we explain below.

FIGURE 1. The Newton polygon for Ay,

Solving the classical A-polynomial equation Ak (z,y) = 0 for y, we get different branches
y@(x). We are interested in the behaviour of y(®(z) near = 0 (or z = oo, via Weyl
symmetry). Consider the Newton polygon of Ax. As an example, the Newton polygon for
the figure-eight knot is depicted in Figure 1. The horizontal direction represents the x-degree
and the vertical direction represents the y-degree. When z is close to 0, the dominant terms
are the vertices of the Newton polygon that are left-most among the vertices on the same
horizontal line. Let us call such vertices “left-vertices”. The equation Ag(x,y®(x)) =0

requires that near 2 = 0 we should asymptotically have y(® (x) ~ 2™ for some slope Z—y

of an edge spanned by two of the left-vertices. Let us call such an edge a “left—edge’g’c.
Moreover, for any given slope of a left-edge, we can construct a classical solution 3@ (x)

4Physically, FI((Q) (z,q) is a “half-index” of a 2d/3d combined system [GGP14] for the 3d theory T[S® \ K]
with a 2d (0,2) boundary condition labeled by a and a discrete flux, whose fugacity is z, cf. [GPV17, GM21].
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using the asymptotic dictated by the slope. Therefore, we have just shown the following
proposition.

Proposition 1. For any choice of branch «, there is a left-edge e, of the Newton polygon
with slope Z—Z, such that

ng

1 (@) ny —
(29) lim ' (z)em = C
for some non-zero constant C. Moreover, the map E : o — e, 1S a surjective map onto
the set of left-edges.

While the number of branches y(®) is the same as the total y-degree (which is the height of
the Newton polygon), the number of left-edges is at most the height of the Newton polygon.
Therefore, E is not injective in general.

Proposition 2. For any left-edge e, the number of pre-images of E is n,, the y-height of
the edge e.

Take any left-edge e with z-width n, and y-height n,. Our convention is such that n, > 0
but n, can be negative. When n, = 1, it is easy to see that there is a unique solution
with the initial condition (29). When n, > 0 but n, is coprime with n, so that the edge is
non-degenerate (the endpoints are the only vertices on this edge), then (29) represents n,
different initial conditions which differ by multiplication by an n,-th root of unity. Each of
these initial conditions gives a unique classical solution, and therefore there are n, number of
branches associated to the edge. When n, is not coprime with n,, the edge is degenerate
(can be broken into smaller edges), and there are some genuine multiplicities associated
to the initial condition (29). We will see them in an example of the edge of slope oo for
the knot 5.

Our discussion so far can be summarized in the following diagram:

Left-edge e of the Newton polygon <+ n, number of branches

Remark 1. If we look at the behaviour of y(®)(z) near x = oo, their asymptotics are
determined by the slopes of the right-edge of the Newton polygon. Due to Weyl symmetry,
the Newton polygon is symmetric under half-rotation, so we basically get the same set of
information.

Remark 2. We can similarly solve Ax(z,y) = 0 for . With the role of  and y switched,
everything we described in this section holds.

Remark 3. In terms of tropical geometry, what we delineated above can be described using
Grobner fans (See e.g. [Stu96]). A choice of an edge of the A-polynomial corresponds to
a choice of an equivalence class of weight vectors that induce the same initial ideal. When
the ideal is neither principal nor homogeneous, there may be no polytope whose normal fan
is the Grobner fan. Therefore, in such cases it is better to think in terms of the ideal and its
Grobner fans.

Remark 4. When the y-height n, of e, is 1, y®(z) is a power series in x. In general,
however, when n, > 1, y(®)(z) is a Puiseux series in x.
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3.2. Fi from the edges. In the previous section, we have seen the correspondence between
the set of classical solutions and the edges of the Newton polygon. In this section, we will
study the quantum version of this correspondence. We are interested in solving the g-difference
equation

AgFy =0,
where Fi is expanded near = 0.° For each left-edge, there are some natural initial conditions

for the recursion that we can put, which in the semiclassical limit become the classical initial
conditions that we studied in the previous section.

Conjecture 5. For each left-edge e with slope Z—Z, there is a solution to the q-difference

equation AKFK(:L‘, q) of the form

L_lng x)?2 z i
F;@(%Q) — en( Qny(IOg )*+log C'log )(1 +ij(q)xil),
j=>1
where d = % in case e is broken into m mnon-degenerate edges, C' is a monomial in q

determined by the coefficients of the vertices of e, and f;(q) are rational functions in q, which
can be expanded into q-series with integer coefficients.

Remark 5. When n, = 1, this conjecture is a theorem. This is because we can recursively
solve for F I((a) in a unique way, analogously to the way it was done for the abelian branch
in [EGGT20].

Remark 6. In the a-deformed setting, the exponential prefactor will be of the form

p(log z,log a)
(")

where p is a polynomial of degree at most 2.

Along the arguments of the previous section, we see that

e if n, = 1, then there is a unique such solution,

e if the edge is non-degenerate but n, > 1, then all the n, solutions are uniquely
determined,

e and if the edge is degenerate, then there are multiple solutions (the number of solutions
is the same as the number of branches associated to the edge).

In this way, the solutions to the set of initial conditions determined by the left-edges span
the whole deg, Ax-dimensional space of wave functions. We claim that these solutions are

exactly the F[(f) for various branches ov we mentioned in the beginning of this section (possibly
up to an overall factor that is independent of x). We can formulate this in the form of
the following conjecture.

Conjecture 6. Given a knot K, for every branch y®(z) of the A-polynomial, there is

a function FI((O‘) (x,q) that is the non-perturbative partition function of the complex Chern-
Simons theory in the following sense:

(1) AKFI((O‘) = 0 with the initial conditions as in Congjecture 5.

5By the two remarks in the previous subsection, we can do the same for the expansion near £ = co or with
y instead of x.
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(2) It is associated to the branch y® in the sense that
F(a)
lim K(a)(qxa Q) — (@) (l‘)
a1 FK (‘7;7 Q)
(3) It agrees with the perturbative invariant of [DGLZ09] if we set q = €.
Remark 7. There is always an abelian branch associated to the vertical edge whose corre-
sponding initial condition gives the usual F I(?b) = F, as studied in [GM21, EGGT20].

Remark 8. It is straightforward to generalize everything we discussed in this section to sly
and the a-deformed setup. As we will see later in Section 6, we can even consider the branches
of b, a variable that is the conjugate of a. In that context, we consider solutions to g-difference
equations with respect to the variable a. We will see that the branches of b are canonically in
one-to-one correspondence with the branches of y.

3.3. Examples.
3.3.1. Trefoil. The quantum A-polynomial for the right-handed trefoil knot is given by
Ag(2,9,0,9) = ag' (,a,q) + a} (2,0,0)) + a5 (&, a, 9)§,
with
agq(x,a,q) = —aq(1 — 2)(1 — qgaz?),
a}'(z,a,q) = (1 — az?)(a®s® — ¢*az® — qaz(1 + 2 — az(1l — @) + ¢*(1 + a®z%)),
agi(% a,q) = qa*z*(1 — ax)(q — az?).

In the classical limit, after modding out by the factor (1 — az?), the Newton polygon is
illustrated in Figure 2. While the abelian branch Fs is discussed in detail in [EGG™20], let

FIGURE 2. The Newton polygon of Asr

us briefly review how to compute it. First, observe that near x = 0
ay' (z,0,q) = —qa+O(z'),  (¢7'a)ay (x.0.q) =qa+O(z'),  a'(z,a,q) = O(z?).

The first two non-vanishing O(x°) terms correspond exactly to the vertical left-edge of the New-
ton polygon. Note that we multiplied the coefficients by powers of ¢ 'a to make the sum
of the two O(x°) terms vanish. This means our initial condition for solving the recursion is
such that S

Fay(w,a,q) = 527 (14 O(a)).

We can recursively solve the subsequent terms and get

ogzloga - 2 _2 —q° 3 1 — ¢*)a’
1g1gx_1(1+q a Q+( q Q+Q)a+< t4q q)a $2+"'),

Fsr(z,a,q) = e Toea z+
% 1-gq (1—q)(1—¢?)

up to an overall factor independent of z.
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For the non-abelian branch of slope %, we need to consider the coefficients of the quantum
A-polynomial near y~t2® = 0. After multiplying appropriate factors, we can make the sum
of the terms on this left-edge vanish:

ag'(z,a,q) = O(°),

¢ (—qFa 0 )a) (2,0, q) = —"a 2T + O(a7Y),
¢ 2% (—qia 223 (2, 0,q) = ¢Pa 2 + O(a72).

The extra factors we had to multiply by mean that the initial condition for solving the recursion
is such that

—%(log z)2+logz 10g(—a72)

1
F:,Ef)(x, a,q) =e Tog q x? (14 0(z")).
We can recursively solve the subsequent terms and get
1 7%(logz)2+logzlog(fa72) o
Fy(2,a,q) = e g x3(1+gx+wx2+~->,
' ¢ q1—q)

up to an overall factor independent of z.

3.3.2. Figure-eight. The Newton polygon for the A-polynomial of the figure-eight knot is
shown in Figure 1. Since all the left-edges are non-degenerate of height 1, everything can
be solved term by term in a unique way, just like for the trefoil knot. Following the same
procedure, we get the following series for the abelian branch [EGG™20]:

og x loga 3 —
F41 ((L’, a, q) = el glo‘glqg x ! <1 + —(1(] a)ZE
—q
| (a+6¢” +2¢°) - (1+8q+8q2+q3)a+(2+6q+q2)a2x2+,_,)
(1-q¢)(1-¢*)
up to an overall factor independent of x.
For the non-abelian branch of slope —%, we get

1 (o'z)2 ogxloga _22
Fil 2 (2,a,q) = e e ! <1 * ql o
—q
+(q2—2q3—2q4+3q5+q6)—Q(l_qxl_‘f)ax“r'")
(1—g)(1—¢?) |

up to an overall factor independent of z.

The other non-abelian branch (with slope %) is conjugate to this one, and the corresponding
F can be obtained easily from this one by inverting ¢, a and x and then using the Weyl
symmetry of [EGGT20].

3.3.3. 59 knot. The Newton polygon of As, is given in Figure 3. We see that there are 4
branches in total. Two of them have slope oo, one has slope —%, and the last one has slope —%.
The branches of slope —% and —% are non-degenerate with height 1, and it is straightforward
to compute the corresponding F invariants by solving the quantum A-polynomial recursion.
We will focus on the branches of slope oco.

One of the branches of slope oo is the abelian one, the other is non-abelian. Let us call

them (ab) and (co) respectively. Here we explain how to compute F, 5(?) for the two branches,
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FIGURE 3. The Newton polygon of As,

with sl gauge algebra, using inverted Habiro series of [Par21]. In the next section we will
provide an alternative way to obtain Féjb) (x,a,q) from the quiver.

About 20 years ago, Habiro showed [[Hab02, Hab07] that the coloured Jones polynomials
can be decomposed in the following way.

Kiq) =Y an(K;q) [ (x+27 —¢' —q7)

m>0 1<j<m r=q"

Here J,(K;q) denotes the coloured Jones polynomial of K coloured by the n-dimensional
irreducible representation of sly, and {a,,(K; q) }m>o0 is a sequence of Laurent polynomials in ¢
with integer coefficients. The analogue of Habiro series for coloured HOMFLY-PT polynomials
P,(K;a,q) coloured by symmetric representations was studied in [IMMM12) MMNM13], and
it is given by:

(K a,q) Zam (K;a,q) { } H (a%qr+%'—1 —a_%q_wég)(a%q¥ —a g 7).

m>0 1<5<m

The sequences of cyclotomic coefficients {a,,(K;q)} and {a,(K;a,q)} are known to be g-
holonomic [GS06, MM21], and the corresponding g-difference equation is known as the quan-
tum C-polynomial.

The idea of inverted Habiro series [Par21] is to extend the sequence {a,,(K;a,q)}m>o to
negative values of m. This can be often done by solving the quantum C-polynomial recursion
in the negative direction. In particular, in [Par21] it was illustrated that a,,(52;¢) for m <0
can be computed by recursively solving the g-difference equations and that

a am(52; Q)
Fs,(z,q) = Fs[g’( b)(aj,q) =— , —.
’ mz<0 H0§j§7m71($ +at—¢ —q7)

Using the a-deformed quantum C-polynomial for 55 knot given in [MM21], we can do the same
for sly. For instance, the first few coefficients in the case of sl3 are given by

as[g,(ab)<52’ =g 41— +q —q2+qg® .,
@ 5aiq) =~ =g 1+ P g =~
a3 (5y0) = -1+ ¢+ +q' " —¢* =2 — ¢+,
and so on. Combined with the following formula
[n[—n+1]--[~n+N—3]

5[N,(ab sl ( ab [n]!
Fy Za—n 1 1 1 G\, 1 (N-2)—j 1 i=(N=2)?
7'L>0 HOSJSn<x2q2 — X 2q 2)(3’;2q 2 — X 2q 2 )
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5[]\],(&12))(

this allows us to compute F, x,q) for any N.

Computation of F oI (Oo)(x, q) is similar. For this, we need to compute the inverted Habiro
coefficients for the non abelian branch (0o). This can be done by setting the initial condition

to be
as'v () (54:¢) = 0 for all m > 0.

We find that, up to an overall factor,

1+ q3a_1E2 N 1+ q¢*(1+q)a™? —i—2q8a‘2 B |
1_q (1_q)<1_q) a=q™

where F is a formal variable. This implies, for instance, that up to an overall factor,

3—q¢ 5 ¢'+T7T-q-4¢+¢

S5 B =

n>0

Fot2:(0) _ 3 ...
R T R T B
- 2 54q—2¢° g ' +104+7q¢ — 3¢*> — 8¢° — ¢* + 2¢°
Fslg,() _ 2 3 4., ..,
s (wa) = T 01— 01— e
- 3 7+ 3q+2¢% — 3¢° — ¢
F;[4,( )<m7q) _ +q .’,U3 + q+ q q q :L'4+"’
? (1—-q)(1—¢q? (1—q)*(1—¢*

Fi (qu)

that these solutions are indeed associated to the non-abelian branch (00).

Z 5[N Qbi 9

N>2

=3 (@)1 = g)(@)n-2b",

N>2

By computing the expectation value of the g-operator (i.e. lim, ,; ), it is easy to verify

Remark 9. If we set

where b is a formal variable, and f; 'V and ff[N denote the first and second coefficients of
F;;N (>2) 5o that f32(q) =1, f5[3( ) = Eq, and so on, then we find experimentally that they
satisfy the following recurrence relations:

(0? —2b+1—q'a) fo(b,q) = 1,

(1—q)(b—=1)fi(b,q) + (2 —2b+ ¢ * (b= 2)a) fo(b,q) = b~".
Here, b and @ are linear operators characterized by
N =p N N =¢Vo N, ab= ¢ 'ba.

Since the first two coefficients of Fy, SV completely determine the whole series via recursion,

5N7( )

the above recurrence relations allow one to compute Fy, up to any desired order.

4. Fr INVARIANTS AND QUIVERS

In the previous section we have constructed Fy invariants for various branches using
the quantum A-polynomials. In this section we will focus on the relation between these newly
constructed Fx invariants and quivers.
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4.1. From knot conormal quivers to knot complement quivers. We start by studying
how we can obtain Fj invariants for some branches from the original quivers of [[KRSS17,
KRSS19] corresponding to knot conormals. Then we use it to construct quivers corresponding
to some knot complements, generalizing [[Kuc20]. Finally, we show that a slight modification
of this construction leads to simpler quivers corresponding to the same F invariant.

The computation of Fy for abelian branches of left-handed (2,2p + 1) torus knots
in [EGGT20] relies on the fact that there exists a simple Fourier transform between coloured
HOMFLY-PT polynomials P,(a,q) and Fk(x,a,q), which is essentially a substitution z = ¢".
However, this does not work in general and Fx cannot be obtained directly from the knowledge
of P..

One way to deal with this problem is to consider a knot K with a suitable framing f, so that
after replacing ¢" = z, the corresponding coloured HOMFLY-PT polynomials P,(a, g) become
a power series in x. In order to find the correct framing and to compute the corresponding
power series, the conormal quivers become crucially important. First of all, the framing
will be the absolute value of the minimal entry of the conormal quiver matrix. Moreover,
the power series in x can be quickly determined and will be given in the quiver form. Finally,
the obtained power series will be equal to F invariant for the branch corresponding to
the smallest slope of the knot K. Therefore, for each knot, Fix for one branch can be obtained
by this procedure. In particular, this branch will be abelian only when the corresponding
framing, i.e. the smallest entry of the conormal quiver matrix, is equal to zero. In all other
cases (like figure-eight knot, right-handed trefoil, etc.), the procedure that we outline below
will produce Fk corresponding to a certain non-abelian branch.

Now let us pass to details of the connection between conormal quivers, Fi invariants and
their quiver forms. Let K be a knot with a corresponding quiver () with m vertices and
the adjacency matrix Cj;. Also let @ and I be the vectors corresponding to the linear terms
and essentially to uncoloured polynomial. Then

P(Kia,q)= Y (—1)ECudgRad Eldigs Xl Cydid _k(q)r .
di4...4dp=r Hi:l(Q)di
Now suppose that
_Omin S Cij S Cmax, Z,] == 1,...,m,
where Chin, Cinax > 0 (must be since Cy = 0, for some k), and permute rows and columns
of C' such that C1; = Cin and C,,, = Chax. Note that in the cases where conormal quivers
have been computed, the largest and smallest entries are on the diagonal.
Then for knots which allow for a simple Fourier transform between P. and Fj (that
boils down to substitution z = ¢"), we can obtain Fy invariant for Cy,;,-framed knot K by
multiplying each P, by q%Cmin(’”Lr):

Crnin i>92(Cii+Cnin)d; ; i—a1)d;
Fir=cun(w,0,q) = (=1)7Cmnaigr® Y " (—1)%a(CotCuinldigdizslaia)
da, - ,dm
(30) % qzizg(li—ll)diwZiZQ(Cli"FCmin)diq% >i,j>2(Cij—Cin—Cr+C11)did;
.1
(:an )d2+~--+dk

Hf:Q(Q)di

For the mirror image of K, the quiver and the change of variables are given by

Cmr) = =Ck + Inxm = Jmxcm, @) = —@r, iy = =i,
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where J,,,», is the m X m matrix with all entries equal to 1. Then the diagonal entries of
C(ky are bigger than —Chyax and smaller than Cin, With (Cri))11 = Cmin and (Cr(i) )Jmm =
—Chax- In consequence, we can apply the above procedure for the f = Cl .« framing of
knot m(K):

Fln(r)y)i=cmex (T,0,q) = Z (— 1) Zi(Cit+Cona)di 3, (am—as)ds
d17... 7dm—1
(31) X qu(lm—lz‘)dz‘xzi(cmax—cim—l)diq—% Zi,j Cijdidj

Zi C’Lmdz Zz d; —%Cmax(zi dz)2 - ZL< d; d ( q71)d1++dm*1
X q q q I m—1
[T:5 (@)
Equations (30) and (31) are very close to the quiver form. The simplest way of reaching it
is an application of Lemma 4.5 from [[KRSS19]:

(ZIZ’; qil)d1+--.+dn — (IL‘ qlizi di; Q)d1+---+dn
(Q)d1 T (Q)dn (Q)ch T (Q)dn

(32) = Z Z (_q1/2)6%+...+ﬁg+2z§;115i+1(d1+,,,+di)

a1+p1=d1 an+Pn=dn
(g1 /2 =2 ) bt

(Q)al <Q>51 e (Q>an (Q)ﬁn

In the next section we will show in examples that this expansion leads to expressions for knot
complement quivers found in [Kuc20]. On the other hand, we can use the following formula:

T e I . e L ) o iti i —di My L
38 =l (¢; ¢)oo z;( et (9)i(q);

Since it effectively adds two nodes instead of doubling them, resulting quivers are expected to
be simpler. In the next section we will see in examples that it is indeed the case. We will also
see that the transition between two kinds of quivers can be interpreted in terms of linking
and removing a redundant pair of nodes, defined in Section 2.4 (for details see [EK1.20a]).

In addition to the reasoning presented above, quivers corresponding to knot complements
can be often obtained directly in the simpler form by matching quiver adjacency matrix and
the change of variables against order by order expansion of F invariants for various branches
(which can be obtained from A-polynomials, as we saw in Section 3). Many results presented
in the next section were derived in this way.

X

4.2. Examples. In this section we illustrate the considerations presented above on the ex-
ample of the figure-eight and trefoil knots, taking into account Fx and F, (k) for various
branches. Moreover, the application of methods from Section 4.1 to the results of [[<uc20]
enables us to conjecture the simple quiver form for general (2,2p+ 1) torus. Analogous results
for all knots with 5 or 6 crossings, as well as (3,4) torus knot, are presented in Appendix A.

4.2.1. Figure-eight. First we shall obtain the quiver for the slope —% non-abelian branch of
the figure-eight knot, following the discussion from Section 4.1. We start from the expression
for the coloured HOMFLY-PT polynomial for 4, obtained in [KRSS19]:

B Rieq)= 3 (c1yEralhy g S [

e
Hi:l (¢ Q)d}-

di - Ads=r
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where
o 0 -1 0 -1
o 2 0 1 -1
C=]1 -1 0 -1 0 =2
o 1 0 1 -1

-1 -1 -2 -1 =2
We need to add framing f = 2, i.e. to multiply by ¢" 1. Since
1 ... 1
C+2 : :
1 ... 1

has 0 at the bottom right corner and all entries in the last row are non-negative, we shall
replace ds =1 — dy — dy — d3 — d, in (34), which leads to

PP e g = Y (1) 2 g (@59 iy vy v v,
di+-+da<r Hi:l <q7 Q)dﬁ

% quw 1 i~j_(J1+J2+2J3+d~4)(7’_d~1_d~2_Cz3_d~4)_(7"_d~1_d~2_J3_d~4)2+7"2

Il
o

—r ds+dy d142do4ds+ds ,,—d1—2da—2d3—1ds r(di+da+ds
Y (—1)Btha q 2ds = g )
dy,dz,ds,da<r
r.o o —1\_  _  _
Ciydsd, (4" 0 )i +dyds+ds
4 ) -
Hi:l(%q)di

Performing the substitution ¢" — x, we obtain — up to an overall prefactor — the following
expression:

_1 Ay s A s
Fil 2)<£IZ', a, Q) _ E (_1)d3+d4ad1+2d2+d3+d4q*d1*2d2*%qézi,jzl Cijdid;

d1,d2,d3,da>0

QQEZ] 1

(50 i
d1+d2+d4 d1+da+d3+ds

X X 1 ,
Hi:l(Q)Ji
where
0000
~ 0 211
¢= 0111
0111
In order to obtain F in a quiver form, we need to expand the g-Pochhammer (z;¢™!) s tdptdstdy-
We can do that in either of two ways described in Section 4.1.
If we use (32), we get
(I;qil)ciﬁcizﬂigﬂh _ 1/2\B2 4. 4824253 Biiq(di+...+d;
et Z Z (_q/)l 4 szlﬂﬁ’( )

4 -
Hi:l (q)dl a1+B1=dy ag+Ba=dy
(1w gV/2 i ) Pt

(Dar (D1 (@) s (@) 54
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In such a way we have eight summation variables av, . . ., au, B1, . . ., Ba, satisfying d; = a; + f;,
1 =1,...,4. Focusing on the powers of ¢ that are quadratic in these summation variables, it
can be seen from the formula above that the corresponding matrix C' is of the form

é—L)

C
CZ(C—UO—J

where J is matrix of all ones, and L and U are lower and upper triangular matrix, respectively,
consisting only of ones:

1 00 0 1 11 1
1 10 0 01 1 1
o111 0 vl oo1 1
1 11 1 000 1
Therefore, with summation variables (dy, ..., ds) = (a1, ..., a4, b1, .., 04), we get
_1 8 d1
(35) F ) (w,0,q) = 3 (—q?)Zhsm Cuadids 11 n
di,,dg>0 i=1 (q)di
with
0 0 0 0 -1 0 0 0 - vag !
0 2 1 1 -1 1 1 1 To za qS
ot b 1 =10 01 T3 aq-2
_ 0 1 1 1 -1 0 0 0 T4 . xaq_i
(36) C = -1 -1 -1 —-1 =1 =1 —-1 =1 ) Ts - x2aq_%
0 1 0 0 -1 1 0 0 2 atg?
0 1 0 0 —1 0 0 0 27 vag-!
0O 1 1 0 -1 0 0 0 . .
Alternatively, if we use the expansion (33), we get
o 1 , 1
(24 ays. rdy = Z(_1)@xz+Jq%erjqu(d1+d2+d3+d4)q%@2

Hence, in this case we get an analogue of (35) with six summation variables (dy, . .

1,520

(Q)i(Q)j.
. ,dG) =

(dy,...,dy,1,7) and with the quiver matrix C' and vector & given by
0 0 -1 0 1 x%f;
2 1 -1 0 To xra q;
_ 1 1 -1 0 r3 | aq” 2
(37) ¢'= 1 1 -1 0 | x| | zag:
-1 -1 -1 -1 1 0 T xq%

Let us move to the abelian branch. In that case we cannot apply the reasoning from

Section 4.1 since some entries of conormal quiver are negative.

C1min =

In particular, we have

—2, so framing 2 would be needed, as we saw in the paragraph above. However, for
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the abelian branch we can use a direct approach, matching quiver adjacency matrix and
the change of variables against order by order expansion of Fy, . This leads to

6
(38) Fy(w,aq)= Y (—q2)@nmCuled
i, dg>0 i—1 \dd:
with
T qx
i) qx
rs | _ qll'
T4 q 2ax |’
Ty q_%a{p
L6 q‘%ax
and C' given by any of the following matrices:
0O 0 0 0 00 0O 0 0 1 00 0O 0 0 0O0 O
0O 0 -1 =1 0 0 0 0 -1 -1 0 0 0 0 =100 O
(39)0—10010 0O -1 0 0 00 0O -1 0 01 -1
O -1 o0 1 1o0)”’j1 =1 0 1 10”10 O O 1 1 O
0O 0 1 1 10 0O 0 0 1 10 0O 0 1 1.1 O
0O 0 0 0 01 0O 0 0 0 01 0O 0 -1 0 0 1

Note that all these matrices are equivalent in the sense of [JIXL"21].
Analogous approach applied to the non-abelian branch with slope —l leads to

(40) Fi:§)<aj’7 a’ q) prmnd Z ( % Zl<z j<5 “ij
dy -+ d5>0 (¢)a
with
01000 2 gz
10100 - ax
(41) cC=101110], z3 | = q2x
00110 T4 oo
00001 s o han

We expect this quiver along with the quivers (36) and (37) are all equivalent (up to a factor
independent of x).

4.2.2. Trefoil. In the case of the abelian branch of the left-handed trefoil, we can use
the formula given in [EGGT20]:

1
(42) Fyu(,0,0) = 3 ! (24 rlag )k
>0 (@)

Expanding (aq™'; q), using Lemma 4.5 from [[KRSS19], we get an expression analogous to
Equation (30):

1
- 2
F31(l‘,a7q): Z (—1)d1qd2xd1+d2adlq2(d dg%

(@)d,(0)g,

d1,d2>0
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As explained in Section 4.1, we can expand the last fraction in two ways. Simpler expansion
(33) leads to

4 d;

1 4 dids X,
(43) Fo(oaq) = 3 (mghFim @t ] o,
=1 i

dy,,ds>0
where
0 0 0 -1 Ty g
_ 0 1 0 -1 o | | wag™'/?
(44) C=1 0 00 0 | |=]|=| =z
-1 -1 0 1 T4 rq'/?

On the other hand, the expansion (32) gives (43) with the quiver

0O 0 -1 -1 1 xq
1 o1 0 0 zo | | wag™'/?
(45) ¢= -1 0 -1 —1 |’ e A
-1 0 -1 0 T4 x2a

which reproduces the result of [[<uc20].

We can connect (44) with (45) directly, using the procedures of linking and removing
a redundant pair of nodes, defined in Section 2.4 (for details see [FI{1.20a]). We start from
(44) and link nodes number 2 and 4, which leads to the quiver

0O 0 0 -1 -1 1 xq
0 10 0 0 Ty zaq~/?
C = 0O 00 0 O , x3 | = xq
-1 00 1 0 T4 zq"/?
-1 00 0 0 Ts x2a

Then linking nodes number 1 and 4 gives

0O 000 -1 -1 T xq
0 100 0 0 T raq/?
O — 0 000 O O x3 | xq
0O 001 0 O ’ x4 | zq'/?
-1 0 0 0 0 -1 Ts x2a
-1 0 0 0 —1 -1 Te x2q3/2

Now we can notice that nodes number 3 and 4 form a redundant pair. Removing it leads to

0 0 -1 -1 T xq

0 1 0 0 To zaq'/?
C: ) = 2 )

-1 0 0 -1 T3 r7a

-1 0 -1 -1 T4 z2q3?

which — after exchanging the last two nodes — is equal to quiver (45).
For the mirror image of the left-handed trefoil (i.e. the right-handed trefoil) in framing
f = 3, the prescription from Section 4.1 leads to the following formula for the non-abelian
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branch with slope %:

e A
(16)  Fyaq) = Y (~1)rhghrdgidideidd,d —ﬁ’ > ngfdé
d1,d2>0 Da\Va,
Then we rewrite the g-Pochhammer (x;¢™1) d,+d, sing expansion (33):
pdititi qi+j—J2 q—idl —ida q% (1% =)

(0)a,(0)d,(0)i(a);

(47) F:,Er%)(:c a,q) = Z (_1)J1+J2+iadl+d2q%(JffJ1)+%(CZ%fCZ2)
1 Y )
d1,d2,i.j
We can sum over index d, that does not appear in the power of z:
b ds —ds —idy L(@2—dy) L —1—i - —1—i

(48) ) (—1)"atq g iRgal ) o (ag" 7% @)oo = (ag™ "1 ) (ag™ " q);

~ do

da

and use the formula
(ag™ " q)i _ b
(9)i vl (9)a(9)s

Substituting (48-49) back in (47), we obtain

(49)

- - L(@—d1)+1(B2—B)—dia—d1 B .d1+a+pB+j
(3) —1 48 dita j+B-ad® ! 2 x
Fy?'(r,a,q) = (aq;q) (=1 Pa® T
31 ° Jlazﬁ ; (Q)Jl (Q)a(Q)ﬁ(Q)j

Finally, after dividing by the overall infinite ¢-Pochhammer independent of x, we get the quiver
form

1 4 dz
(50) F?Ef’)(l’a a,q) = Z (—q%)zlgi,jgzx Cijdid; H Li
di,d2,d3,ds >0 i=1 (q>di

with
0 0 0 0 1 xq )
10 0 -1 0 xo | | Tagq
(51) ¢= 0O -1 1 =1}’ x3 | xaq_%
0 0 —1 1 Ty xq%

In the case of the right-handed trefoil and abelian branch, we cannot apply the reasoning
from Section 4.1 because it does not correspond to framing f = Cp,;, nor f = Clhax. However,
similarly to the abelian branch of figure-eight knot, we can match quiver adjacency matrix
and the change of variables against order by order expansion of F3r, which leads to

4 d;
(52) F3r (z,a,q) = Z (_q%)zliwgzx Cijdid; H Li
di1,d2,d3,ds>0 i=1 (q)di

with
0100 T xq
11010 x| | Ta
(53) ¢= 01 10])" 25 | ~ | zagz
0001 T4 zaq~?
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4.2.3. (2,2p + 1) torus knots. In [Kuc20] it was shown that there is a recursion relating
quivers corresponding to (2,2p + 1) torus knot complements. Those quivers are obtained by
expanding g-Pochhammer (z;¢')4 in the general formula from [EGGT20] via (32). Using
expansion (33), we can obtain the corresponding quivers in an even simpler form.

Let us start our analysis from a slightly rearranged form of (44):

n~daa~dqq~d—% >, Ciids

C-dT
Fy,(z,a,q9) = Y (—¢"*)*? @ ,
dy e da>0 7)d

where ¢; — %C’ii = [; and the vectors n, a, g and the matrix C' are given by

é g j 8 n=(1,1,1,1),

C = , a=(1,0,0,0),
-0 =(0,1,1,1)=1—
0 0 O O q_ b Rt - a

The key idea is to keep in mind that the upper-left 2 x 2 matrix comes from q%d% in (42),
whereas the last two rows and columns originate from the expansion of the g-Pochhammer
(,q" V) ay1d,- For more complicated torus knots, the upper-left part will grow following
the quadratic ¢ powers in the analogue of (42), whereas the last two rows and columns remain
unchanged. Let us see it in the example of 5; and 7; knots.

For the 5; knot we can derive

d-C-d x"'da“'dqq'd—% 32 Ciids

F(wag= Y (- @)a ’

dy, - ,dg>0
1 0 O 0 -1 0
O 0 -1 -1 -1 0
0 -1 -1 -2 —1 0 n=(1,1,3,3,1,1),
(54) C = 0 -1 -2 -9 -1 ol a=(1,0,1,0,0,0),
1 -1 -1 -1 1 o0 qg=1(0,1,0,1,1,1) =1 — a,
0O 0 O 0O 0 0
whereas for 7; we have
nd,ad,qd—1> Ciyd;
dc-d x™%a%%q 2 2
F71($,CZ,Q) = Z (_q1/2)
dy o >0 (@)a
1 0 O O 0 0 -—-120
o 0 -1 -1 -1 -1 -1 0
o -1 -1 -2 -2 -2 -1 0 n=(1,1,3,3,5,5,1,1),
- o -1 -2 -2 -3 -3 -1 0 a=(1,0,1,0,1,0,0,0),
10 -1 -2 -3 -3 -4 -1 01"’ qg=1(0,1,0,1,0,1,1,1)
O -1 -2 -3 -4 —4 -1 0 =1—a.
-1 -1 -1 -1 -1 -1 1 0
0O 0 0 O 0 0 0 0
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Using the general formula from [EGGT20], we can show that the pattern continues and

n-daa-dqq-df% >, Ciid;

dC-dXT
VI SRS
di, d2p42>0 q)d
IQp_D -1 0 'I’L:(]_,]_,3737...72]?_]_72]?_17171)7
c= -1 1 0|, a=(10--,1,0,0,0),
0 O 0 q:(o,l’- 70717]‘?1):1_017

where —1,0 denote constant vectors of appropriate size, I, is the identity matrix and D
is the matrix D;; = min(¢,j) — 1 with 1 <,5 < 2p. Note that we always have a totally
disconnected node which we can remove and replace with a g-Pochhammer prefactor.

4.3. Fi invariants and quivers from classical A-polynomials and branches. In
the previous sections we have made two interesting discoveries. First, we associated Fi
invariants to various branches of A-polynomials. Second, we found that these F invariants
can be encoded in quiver generating series, analogously as in the knots-quivers correspon-
dence [KRSS17, KRSS19]. Let us now stress that these two ideas are intimately related.
On one hand, the branches y = y(x) of A-polynomials can be obviously determined from
the quiver form (or any other form) of Fi invariants. On the other hand, more interestingly,
it turns out that just the existence of the quiver form imposes strong constraints, which enable
to determine an underlying quiver simply from the finite number of terms in the expansion
y = y(z) for a given branch. In this section we illustrate these relations; note that similar
reconstruction methods were discussed in [PSS18, BJS20]. It would also be desirable to
understand better which property of A-polynomials asserts the existence of the quiver form
of the corresponding Fx invariants; presumably, it might be related to K-theoretic conditions
that A-polynomials must meet too [Guk05, GS12b].
To proceed, let us again write down the quiver generating function (18):

b d1 dm
m x PR x
(55) Po(x1,29, ..., Tm,q) = g (—q1/2) ij=1 Cigdidy _~1 " "m
di,....dm=0 (Q)d1 T (C_I)dm

To such a series we can associate a classical expansion

y(x1, ..., Tp) = lim

—1 Po(xy,22,...,%m,q) m

PQ(qxhqx?a"wquv(Z) Z k k
= TS R A
k1yeeskm

In [PSS18] general expressions for coefficients by, .. (as well as for numerical Donaldson-
Thomas invariants that arise from factorization of the above series) in terms of elements
of the quiver matrix C' have been found. Currently we are interested in quiver generating
series F(z,a,q) and corresponding y(z) = Y., y;x’, which depend on a single generating
parameter z, and arise from specialization z; = (—1)#a”¢# 2% of the above expressions. In
principle, coefficients y; can be obtained from by, . ,., however such expressions are quite
complicated. It is therefore more convenient to determine coefficients y; directly, having
specialized x; first.

Therefore, for the purpose of our discussion and brevity, consider the specialization such
that each z; is proportional to a single power of z (and also fix t = —1), so that x; = a%¢'iz.
In this case F(z,a,q) = Po({z; = a"¢'ixz}) and we are interested in the corresponding
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classical series:

(56) o) = lim LI 0) Zy,

q%lanq

Note that linear powers of ¢ in F'(x,a,q) (that arise from specialization of x;) do not play
a role at the classical level, so the coefficients y; depend only on entries of C' and the vector a
Taking the above limit explicitly we find coefficients y;:

Y1 = — Z(_l)Cﬁaaia

= 3ol ) s 120

(57) '
1 m
Ys = _5 ( Z(_l “agalcn(3cu - 1 + Z o a2a2+a] (2011 + CU)(?’CU + )
=1 i#j
+ Y (—1) Gt Cut O geitarta (9 4 ACH, + Cip(4+ 6Ck) + Cyj(4+ 6Cy, + 6Cjk))) :
i<j<k

For a quiver of size m = 2, denoting
Ci1=q, Cra =01 =p, Coa =17,
and keeping parameters a;, as and qi, o, let us also write down one more coefficient explicitly:
Yr2 = —(~1)%a® — (~1)Ta®,
y=? = aa®™ + ya*? + (—1)*Ta™ T2 (1 + 2p),
1

v = =5 ((=Dra*a(3a - 1) + (-1 (3 - 1)

+ (—1)7a2 20+ B)(38 + 1) + (—1)°%a*+ (2 + B)(36 + 1) ).
Y = —é (2 (20— 1) (4o — 1) 4 20"y (2y — 1) (4y — 1)

+ (=1)*Ma* %2 (30 + B)(Ba+ B — 1)(48 + 1)
+ (1)@= 3y + B)(By + B — 1) (4B + 1)
)

+ 60202 (o4 B)(B +7) (45 + 1) ).

Clearly, once we know the quiver matrix C' and powers a;, we can immediately determine
coefficients y; in the classical series y(x). However, we can also consider the opposite
perspective, and reconstruct the quiver matrix C' and coefficients a;, by comparing explicit
form of (a finite number of) coefficients y; with the above formulas. In particular, this is
the situation we have to deal with when considering various branches of A-polynomial. Each
branch is associated to one solution y = y(x) of the (a-deformed) A-polynomial equation
A(z,y,a) = 0. If we assume that for each branch there exists a g-series F'(x,a,q) that
has a quiver representation, then (for each branch) we can determine the corresponding C'
and a;. In addition, parameters ¢; can be determined by comparison with a few first terms of
the quantum series (55), if only we can determine them by other means.
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4.3.1. FExamples: trefoil and figure-eight. Let us illustrate the above relations on the example
of trefoil and figure-eight knot (still, for simplicity, restricting to ¢ = —1 case). For the abelian
branch of right-handed trefoil, the generating function (52) is determined by the quiver
matrix C of size m = 4, given in (53), and a = (a1, as,as,a4) = (0,1,1,1), so that (also
taking appropriate [; into account):

Fleaq) =1+29"9 Ll e gt Y tag@® —g=2) +¢)

q—1 (¢—1)*(¢+1)

The classical y(z) can be determined either by solving the A-polynomial equation A(z,y) = 0,
or by taking the limit (56), or by substituting C' and a; to the formulae (57). All these
methods yield the same result:

+ ...

y(x) =1+ (a — 1)z + (a — a®)a® — 2(a — 3a* + 2a®)2® + . ..

Alternatively, starting from this result (obtained e.g. by solving A(z,y) = 0), and comparing
with coefficients in (57), we can reconstruct C' and a;.

Similarly, for the non-abelian branch of right-handed trefoil, the generating series (50) is
determined by the quiver matrix (51), @ = (0,1, 1,0) (and appropriate q), so that

a(a —q)
(¢ —1)q
Again we can determine the classical y(x) for this branch either by solving the A-polynomial

equation A(z,y) = 0, or by taking the limit (56), or by substituting C' and a; to the formulae
(57). All these methods yield the same result:

59 F(x,a,q :1+95g+x2
( q

y(z) = 1+ (—2a + 2a*)2* + (—3a® + 3a®)2® + . ..

Alternatively, starting from this result (obtained e.g. by solving A(z,y) = 0), and comparing
with coefficients in (57), we can reconstruct C' and a;.

Analogously, the first (left-most) quiver matrix in (39), together with a = (0,0,0,1,1,1)
(and appropriate 1), determine the series (38) for the abelian branch of figure-eight knot:

3a—q) ,a’¢® +6a%q+2a® — ag® — 8aq® — 8aq — a + 2¢* + 6¢* + q
q—1 (¢—1)%*(q+1)

Substituting C' and a; to (57) we also get

F(z,a,q) = 14z

y(r) =1+ 3(=1+a)z + (1 —9a+8a®)r* + (=14 6a — 27a® + 22a*)z* + ...

or we can reconstruct C' and a; by matching this classical series with coefficients in (57).
Finally, for the non-abelian branch (of slope —1/2) of figure-eight knot, the matrix (41)
and a = (0,1,0,0,1) (and appropriate I) determine the series (40)
2¢° —q  ,—aq' +aq’ +ag® —aq+q°+3¢° — 2¢" — 2¢° + ¢*

Flz,a,q) =1+02——F++2x +...
( ) qg—1 (¢—1)*(¢+1)

and the corresponding classical series reads

y(z) =142 +32° + (9 — 3a)z® + ...
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4.3.2. Extremal invariants and the reconstruction of non-abelian Fsr. Let us now illustrate in
a detailed yet simple example how to determine Fi(z,a,q) from the classical function y(z).
Among others, interesting and sufficiently simple examples can be constructed in the extremal
limit [GIKS16], defined as follows. For a given Fi(z,a,q) = >~ fa(a,q)z™ we take into
account only the term with the lowest or the highest power of a in each f,(a,q), and ignore
all other terms in f,(a,q). More specifically, we call such extremal invariants respectively
as minimal or maximal. If Fi(x,a,q) is written in a quiver form (55), then the parameters
a; play a crucial role in determining its extremal version. The corresponding extremal
A-polynomial (whose solution encodes the extremal y(z)), can be also defined by taking
an appropriate limit of the full A-polynomial [GKS16].

For concreteness, consider the non-abelian branch for the right-handed trefoil, whose
Fk series is given in (50) and (59). Its quiver matrix (51) has size m =4 and a = (0, 1,1, 0).
The maximal invariants in this case are encoded in the submatrix of (51) given by C;; for
1,7 = 2,3. Indeed, since as = a3 =1 > a; = a4 = 0, the highest powers of a for a fixed x will
arise from contributions from x, and x3. We thus end up with a non-trivial example with
a quiver matrix of size m = 2, which still captures some interesting properties of trefoil knot.
Let us relabel indices (2,3) into (1,2), so that the extremal quiver generating series in this
case takes form

s di do) (@ BY(% aald1+a2d2qmd1+q2d2xd1+d2
Faglw,a,q) = > (=g W)@ O _
(60) d1,d2=0 1 )
N SN 2 (P +1) | 4 d (PP

R U A VR ) CE VLTV ) B

with (g 5) = (S;}), a; = as = 1, and (q1,q2) = (—1,0). The classical extremal series can be

determined either from a limit of A-polynomial or as a limit

(61) y(x) = lim —F3{(qm, a.4)

=1+ 2a’2? +3a32® + 3a*z* + . ..
q—1 FSE (ZL’, a, q)

Suppose now that we know only the above classical series (e.g. from the analysis of classical
A-polynomial). We reconstruct (60) as follows. First, consider coefficients of (61):

hn = 07 Yo = 2@2, Ys = 3&3, Yg = 3@4,

and compare them to the general form (58). We observe that:

e We have y; = 0 = —(—1)%" — (—1)7a*, which means that o and v must be of
the opposite parity and a; = ay (so that the two terms indeed cancel).
e If we substitute a; = as into the equation for y,, we get

o = 20° = a® (o + 7y + (1) (1 +28)) = a**(a +v — 1 - 20),

where we took into account that (—1)*"" = —1 (because a and v have the opposite
parity); we thus conclude that a; =as =1and a+~v—1—25=2.

e As « and « have the opposite parity, assume that « is even and 7y is odd (which can
be justified a posteriori); then the expression for the third coefficient in (58) simplifies
to

3
Yz = 3a° = —§a3(o< —V(a+y—1-28) =3y - a),
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where in the last step we used a+~v—1— 25 = 2 determined above; this last equation
implies that v = a + 1, and using this and a +v —1 — 28 = 2 we also get § = o — 1.

e To summarize, so far we have found that a; = ay =1, f=a—-1,7v=a+ 1, and
(—1)**" = —1; substituting all this into (58), the formula for y, reduces to

ys = 3a* = (8a + 3)a’,

which therefore implies that o = 0.
e Ultimately, we have found that

(62) a=0, f=a—-1=-1, vy=a+1=1, a;=ay =1,

which fixes the quiver matrix and parameters a; in (the first line of) (60).

So far we have taken advantage of the classical information. In addition, the quantum
information that fully determines (60) is captured by [;, which we can deduce by plugging
the result (62) into the first line of (60) and comparing initial coefficients with the known
result (assuming we can deduce it independently). In our example it turns out that the first
non-trivial term in the expansion of (60), i.e. ze, fully fixes ;. Indeed, plugging (62) into
the first line of (60) we get

lo _ 4l
Fyr(z,a,q) —1taxl " ¢ 1%y
q—1 q
The above comparison fixes [; = —1 and I, = 0 uniquely.

To sum up, from the analysis of ys, ys, y4 coefficients in the classical function y(z), and

then the first non-trivial term in Fs: (2, a, q), we find the data

<g f) - (21_ 11)’ ap=ay=1, (l1,ly) =(-1,0),

which fully determines the quiver generating series (60).

4.4. Analogues of d-invariants and stabilization. When we specialize to sly, Fx has
the form (ignoring prefactors)

Z fn(Q)xn'

Understanding the lowest power of ¢ in f,,(¢) — whose n? coefficient is denoted by 4c in [G:V21]°
— has several useful applications:

e It tells us when we can apply the surgery formula in its simplest form [GM21].
e It is an analogue of A, which appears as a prefactor for homological blocks [GPV17,
GPPV20, GM21]:
Z(Y;q) € ¢>Z[4]],

where a is a choice of spin® structure on Y.

e It tells us by which power of ¢ we should normalize f,(q) so that the g-expansion
starts with 1 4 (...). This, in turn, is a key step in exploring stabilization of f,(q) as
n — oo.

6._ 1 o 1 _ 1
¢ = g for 3], ¢ = —5; for 31, and ¢ = — 5 for 4;.
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It turns out that in certain cases it is possible to understand both the lowest power and
stabilisation questions directly from a quiver. To provide a concrete example of this, we
initially focus on the reduced Fy invariant for the figure eight knot.

We use the quiver from Equation (38), choosing the first of the 3 options for the C' matrix
and setting t = —1, a = ¢*. The first step is to determine the growth of the lowest power of ¢
which we call” A. For large n, the ¢ coefficient is dominated by the quadratic term so we
want to solve the linear programming problem:®

(63) minimise d - C' - d
subject to 0 < d and n-d = 1.

Some solution spaces for simple knots are shown in Figure 4.

0.0

0.5

1.0 1.0 10

FIGURE 4. The value of the quadratic form in (63).
Left: the reduced 41 knot with (dg, d37 d4) S ([0, ]_], [0, 11— dg], 1-— dQ — d3)
Right: the unreduced 3] with (dy, ds,d3) € ([0,1],[0,1 — dq],1 — dy — d).

We can often solve this by hand, making use of the observation that if we can find a pair
(i,7) such that n; = n; and Cy, < Cjj for all k, then d; = 0. The idea is simply that if such
a pair exists, it is always advantageous to move weight from d; to d;.

In the case of the 4; knot only ds and d3 survive and there is a unique solution

11
d= =, = .
<07 27 270707O>

This splits us into two cases depending on the parity of n. Let us start with the even
parity case, n = 2i. Then for large i, the minimal ¢ power of f,,(q) comes from the vector
d=(0,4,1,0,0,0) and is given by

1
Aevenzéd-O-dJrl-d:%—iQ.

Note that the quadratic term —i? matches the result from [GM21] once one accounts for
the differences in notation. Next we want to determine the even stable series. The key
question we need to answer is for what other vectors d' satisfying n - (d — d') = 0 will
id' - C-d +1-d stay close to Cepen as @ — 00. This is solved by looking at the double
derivative

d (d 1
= <ﬁ(§d-0~d+l'd) |d(07i,i7070,0)) =(0,—-1,-1,-1,1,0).

"This is closely related to ¢, but ¢ only looks at the quadratic growth.
8d represents % from the quiver form.
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This means that as long as the sum dy + ds + d4 stays constant, %d' -C-d +1-d will not
diverge as we increase i. Hence we consider vectors of the form (0,7 — 1,4 —m + [, m,0,0)
with m > 0 and |l|, |m| << i. The quiver term corresponding to a vector of this form is

- (_1)mql2+%(m2+m)

(0)i-1(@)i—m+1(@)m
Taking the limit as ¢ goes to infinity and summing over m and [ gives

l=—00

z'.

1 o (=Dt
Stableeyen(q) =
(9)3 mzo (@)m
1 42¢+2¢" +2¢° + ..
(@)oo
= 1+3¢+4¢> +7¢% + 13¢* +19¢° +29¢° + 43¢" + 62¢° + 90¢° + . ..

This can be recognized as the ratio of Ramanujan theta functions ¥ (q)/ f(—q) or, equivalently,
1/24 _ n(g®)®
n(a)*n(q*)*"
For the odd case j = 2i + 1, the process is identical. The optimal vector is either?
0,7+ 1,4,0,0,0) or (0,4, + 1,0,0,0), which both lead to coqg = 1 + i — 7*> and give stable
series

as a g-series expansion of ¢

1 & (—1)mghmm) =
Stable,qq(q) = (q)2 Z = (Z) Z Ql |
o = m l=—00

1+q2+q6_'_q10+'__
(@)oo
=2(1 +q+3¢* +4¢* + 7¢* +10¢° + 17¢° 4+ 23¢" + 35¢° + 48¢° + ---).

=2

This series can be recognized as a ratio of Ramanujan theta functions, 1(¢*)/f(—q) or, equiv-
5/24_n(g*)?

j _ n(@n(g*) " ) i
as the generating function of the number of partitions of n in which each odd part can occur

any number of times but each even part is of two kinds and each kind can occur at most once:

1 = 2
= 1+4%) (14 ¢%*)".
(4 4) oo (4% )% g( ) (1+d7)

Finally, observe that as both A.,., and A, are quadratic in 7, passing to the unreduced
case — which, up to an overall prefactor, corresponds to multiplying by (1 — gx) — will have no
effect on the stable series and simply apply a small shift to the minimal ¢ power. The reason
we make this comment is that in some cases, most notably that of (2,2p + 1) torus knots,
passing to the unreduced case leads to a massive simplification in coefficients. For example
for the right-handed trefoil

alently, as a g-series expansion of ¢~ It also has a nice enumerative interpretation,

l1—gq l—qg—¢* 4
x° 4

q? ¢ q

unreduced IQ x3 5 6 4 8

Fy! (,q)=1— — — —+2°+qz° —¢"z°+ ...

! q q

l—q¢g—¢* , 1-qg—¢+4¢ 5
1 X X

2
x° 4+
7t

+

€T
ngl“(x,q>:1+g+ +...

9n general, there is usually a difference between between different symmetry breaking choices. See (65)
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We will return to this example later.

For most purposes, understanding A and the stable series for the unreduced case is more
useful so we will focus on that case going forward. One immediate issue this presents is
that the quivers we have constructed so far have been all for the reduced case, as it is not
immediately apparent how to convert between an unreduced and reduced quiver form. The key
observation is that instead of passing to the full quiver, we can work with an intermediate
expressin where

F}«{educed(m’ q) — Z( . )(LC, qil)lm

and then the unreduced invariant is simply

punreduced (o, 0y Z( (g, g ke,

k,...

and from here we can apply (33). Observe that when we apply this method, the C' matrix of
the reduced and unreduced quivers are identical and only the linear terms change.

Let us study the left-handed trefoil next. Taking the a — ¢? limit of the formula
in [EGGT20], we find that the unreduced sly invariant is

unreduce > > 1)? Z+J+kql+2j+k‘ Ki+3(i2—1)
(64)  Fyeted(e q) = 3 (2q) (g g eri = > (1)
k=0 i,j,k=0 <Q)z(Q>J

While this is not technically a quiver form, as there is no (¢q) in the denominator, this is
good enough for our purposes. It can be made into a quiver form by inserting 1 and using
the general identity

a+pB=k

which gives the unreduced version of the quiver in (43). Since this does not change any result,
we will continue with the pseudo-quiver form of (64), which can be written as

3)d-C-d l-dyn-d 0 -1 0
: n=(1,1,1)
Fum“educed(m’q) ( q ) q ’ C -1 1 0 ’ ( 71 » )
Zd: (@)ax (@)as 0 0 0 t=(132)

From here we analyse in an identical manner. Minimizing the quadratic term we find that

there is a unique solution (3, ;, 0), so we split the analysis of 27 into three cases depending

on 7 mod 3 with the following A values:

j = 3i, d = (2i,4,0), A=23i— 312,
(65) j=3i+1, d=(2i+1,i0), A=1+3i— 32
j=3i+2, d=(2i+1,i+1,0), A=1+ 2—22.
Note that the quadratic coefficient —% agrees with ¢ = —i in [GM21] after aligning notations.

Next we compute

d (d 1
- =(-1,-1
di (dd(2d C- d+1- d) |d 2@1) ( ) 70)7
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and so the three stable series are

j =3 d = (2i,i,0), i;)lj 0 (—1)kg Tt = (1),
i 2
j=3i+1, d=(2+1,4,0), S (- % =0,

j =3 4 2’ d= (22 + 172 + 1’0), (—1)2+1 0o (_1)kq7*% — (_1)i+1.

The summation in the middle is 0 as k* + k = (=1 — k)? + (—1 — k). Note that this does not
mean that the coefﬁcients of 3% are 0. All we can say is that the minimal g power of 23!
grows faster than ——z . Skipping over this for now, we find the expected structure for large ¢
both in terms of ¢ powers and the £1 stable series.

It is worth noting that this procedure is highly sensitive to the initial choice of quiver. For
an example of what can go wrong if one does not start with a “good” quiver form, let us
study the right-handed trefoil. We can generate a quiver form using (64), sending z — 27+
and ¢ — ¢!, and then using Weyl symmetry to send =1 — ¢?z. From this we get

S o 1

Funreduced i qx q it = i (—1)Z;pl+]+qu+2j+k+k]+2(12 )
37 7
1 (9):(4);

so the pseudo-quiver data (with d; = k, dy = j, d3 = i) reads

)dquld n-d n:<1’1,1)’

l=(1,2,3).

unreduce ( q
F31 ¢ d(xv Q) = Z

T n@e O

O = O
O O =
_ O O

In this case, there are two minima for the quadratic term, d = (1,0,0) and d = (0, 1,0). We
differentiate these by looking at the linear terms. Asl; < Iy, we conclude that the the minimal
q power comes from d = (1,0,0). Computing the derivative

d (d 1
E(dd( d-C- d+l d) |d—100)):(07170)7

we see that the stable series will involve summing over (i — k,0, k) for k£ > 0. Substituting
this in, we find that the corresponding quiver term is

(—1)fg S,
therefore the stable series reads
; r = (1,9)00 = 0.

This is to be expected, as for large i it is known that the ¢ power grows quadratically. It is
easy to check that expanding around the second smallest minimum, d = (0, 1,0), the stable
series are again (. Hence we cannot get an accurate picture of either the stable series or large
growth in ¢ from this quiver.

It is an interesting question how to find “good” quiver forms in general.
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5. QUIVERS FROM R-MATRICES AND INVERTED HABIRO SERIES

In this section we explain how to use R-matrices to get quiver expressions of F for sly (or
even symmetrically coloured sly) for a large class of knots. We also explain how to get quiver
expressions from the inverted Habiro series in case of the trefoil knot and the figure-eight
knot. In a few explicit examples, we observe that these quiver expressions can be lifted to
the a-deformed version. This provides a yet another method to obtain the knot complement
quivers for the abelian branch.

5.1. Quivers from R-matrices: sly case. The large-colour R-matriz studied in [Par20b,
Par21] is the large-colour limit of the R-matrix for the n-coloured Jones polynomials. Explic-
itly, they are given by'°

50 Nilj R S S R (N GVR I ) il
(66) RV =0y e 5207 3] TT -,

9 1<I<i—j"

. g _itill il L |9 i
RN x)i) =0ujuiyq 2 @ 2 g " M I[I a-¢ o).
ati<i<i—it
The R-matrix and its inverse correspond to the positive and the negative crossing as in
the figure below. Throughout this section, as in Figure 5, we use the indices 1, j, 4, j’ to denote

il’ jl ,f'F jl’
i \ J .f'/ J
FiGURE 5. Positive and negative crossings

the segment on the bottom left, bottom right, top left, and the top right of the crossing,
respectively.

Since we can expand ¢-Pochhammer symbols using the g-binomial theorem, it is easy to
see that the R-matrix can be written as a sum of (monomial times) ¢g-multinomial coefficients.
This observation is very useful in finding a quiver expression for F. In fact, we have
the following theorem:

Theorem 1. For any positive braid knot K, there is an algorithm to produce a quiver form
of Fi(x,q) from the R-matriz state sum.

Proof. We assume that the reader is familiar with the R-matrix state sum described in [Par20b].
We set the weight of the open strand to be 0. Let ¢ be the number of crossings. The number
of internal segments is 22 = 2¢ — 1. The number of conditions ‘i + j = ¢’ + j is ¢, but only
¢ — 1 of them are independent. Therefore, there are (at most) ¢ free parameters in choosing
the weights of a state. Our first step is to find a nice set of free parameters.

Let us focus on the segments that correspond to ;" for some crossing (i.e. the top right
segment of a crossing). Let X be the set of such segments. It is in one-to-one correspondence

n N|g- —
10H€T€7 {k} = m where [n], := 1=q"
q
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with the set of crossings. Obviously, |X| = ¢ and X is naturally partitioned into those
that are connected to form a diagonal over-strand (chain of segments) from bottom left to
top right. Let us write X = U,c; X, with some index set I. In each group «, let us say
Xo = {s7,55,...,s7 } where s¢ is the top right segment, s§ is the one right below it, etc.,
and [, is the length of the chain of segments in X,; That is, s§ is ‘" of a crossing for which s¢
is ‘4", and so on. Let nse denote the weight associated to the segment s7. (By our definition,
each Mg is ‘j”” for some crossing.) Clearly 0 < nge < nge < ... < Nger . The state sum
can be expressed as a summation over n, for all s € X (or more precisely, for all s except
those whose has to be 0 because of the weight 0 on the open strand). This is because all
the right-most segments are in X, and from there, column by column, all the other weights
are uniquely fixed. Let Mgo = Ngo — Ngo for k =2,...,1, and Mga = Mo (See Figure 6
for an illustration.) With this change of variables, the state sum can now be expressed as

\ The, = Mg, + My,

\ Nsy = My, + My, + Mg,

FIGURE 6. The preferred parameters ms, for a € 1

a summation over my with my; > 0. It is easy to see that all the internal weights which are
either ‘57 or ‘j” for some crossing, are N-linear combinations of {ms}scx. In particular, in
the state sum the degree of z is bounded above by — 3" _ a,m, for some a, > 0, which in
particular implies the convergence of the state sum.

With this description of the state sum at hand, it is easy to turn it into a quiver form.
Recall that

i—j

- il R R o (s RV I )
R(x);j = 0irjuoryq 7 o2 ¢” i
q

k(1) |7 — 97 .
q { kj} (—¢’z™)"
q

.
j+5'+1 it 1 ) k(k+1) | - 1—j —k+1
= 5i+j,i’+j’q%$_%qﬂ/ {Z’] (—1)kq¥+"kx_k—<q i
P (@)

k=0

v

The g-binomial coefficient involving k is already in a good form where we can use Lemma 4.5

of [KRSS19], so let us focus on the other g-binomial coefficients, U,} . For each a € I,

q
the product of the ¢-binomial coefficients looks like

Mg + Mg | Mg + Mg +msg| U
mstlx —+

msa msa + msa . + msa :| ’
1 1 2 q

low
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where i denotes the ‘i’ of the crossing whose ‘j” is ng . This product of ¢-binomials can be
simplified as

i—Mgq ——Msg,+1
(q o K )msl +"'+msl

(q)msl e (q)msl 7

where we have dropped « for simplicity of notation. In this form, the application of
the Lemma 4.5 finishes the task. All in all, we get a quiver form of Fg(z,q) with at most 4c¢
nodes. In practice, it will be smaller than that, because there can be many segments whose
weight has to be 0 because of the weight 0 on the open strand. 0

This theorem can be extended to homogeneous braid knots as well, using the inverted
state sum [Par21].

Theorem 2. For any homogeneous braid knot K, there is an algorithm to produce a quiver
form of Fx(x,q) from the inverted state sum.

Proof. We proceed similarly to the proof of the previous theorem. Given a homogeneous braid,
we focus on the segments that correspond to ‘j”” for some positive crossing and the segments
that correspond to ‘j’ for some negative crossing. Let X be the set of such segments. Again,
X is naturally partitioned into those that are connected to form a diagonal over-strand. Let
us write X = | | oy Xo U|sc; X, where [ is an index set for the diagonal over-strands from
bottom left to top right, and J is an index set for the diagonal over-strands from bottom
right to top left. If we use the same notation for the weights as before, with s; denoting
the right-most segment, s, the second right-most segment and so on,

Ogns?g---gnslaa for any « € I and O>ns§a2---2nsla6 for any B € J.

Dividing the braid along vertical lines, we see by a simple ‘conservation of weight” argument
that the overall x~!-degree of a given configuration is (ignoring the constant part)

DD ) D ng
k Sk
el 1<k<lq BeJ 1<k<lg

This shows first that the inverted state sum converges absolutely, and also that we have a set
of elementary generators

Mo =MNgo —Nge , €l and mgp = —(nsf — nsf,l)’ B e J,
where, by convention, we set ng =0 and ns = —1 (see Figure 7 for an illustration). Now
0
recall that
( B . .f . > ., > 0
43 41 il {3 il =7 =
5. iy .,qj 2 €T 2 q.].] ., 1 _ qj+lx 1
1+7,0'+] i — jl nglgl—j ( ) or 0 >1 Z j/7
1l = q
R(:L‘); 727 e Y, S )
\J g+ +1 g+ 41 1 1 . . .
5Z+],l/+]/q 2 xr 2 q-]-] j/ HOSlSjliiil(l—qulxil) lf ] Z 0 > Z,
- g
\O otherwise,
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/

/ Ng, = —1 —my, — My, — My,

/ Ne, = —1 — 1My, — My,

/ g, = —1—mg,

FIGURE 7. The preferred parameters mg, for g € J

and
) _
_ailal il e | ] —i—l ifj=2720

(5i+j,i/+j/q a2 j— i’] Hlélﬁj—i/(l 7 J:) or0>j>7
« VYl r q71 ) |
R_l(x); e i+i’ it ]

J [ =25 W =5 S S 1 if 7/ '
(51+j7z’+]/q 2 r 2 (q 3 HOSZSi/—j—1(17q7i+lx) it Z 0> I
L dg?
0 otherwise.

\

We have already analyzed positive crossings with i > j° > 0, so let us take a look at j' > 0 > 1.
In that case

. g ISRy ES R ) —i+k—1 .
R(x);f = Oiyjiregd 2 T 2 q” L/} Z [‘] L ] (¢ l)k
q k>0 g1

L
JH 4+l gt |1 i’ (q] _Z)k
_ e | i'+1)k,.—k
= Oitji+5¢ > T 2 (g [j’] E gk W
7 k>0 q)k

The g-binomial coefficient involving k is already in a good form where we can use Lemma 4.5.

The other g-binomial coefficient [;, can be handled in the same way we did in the proof of

q
the previous theorem.

Now that we are done with positive crossings, let us take a look at negative crossings.
When 0 > 5 > 4, we have

j—i

<1 i/,j/ i1 it 4 _ilt 7 _ k(k+1) ] —1 —i Nk
R(x);) = 0ujorgq 2 © 2 q ") j—i Zq ’ k (=)
q k=0 g1
b 41 kil ] i G=i'—k)G=i'—k+1) | — 7/ IRV
=Ojaspq 2 x 2 g7 o E q 2 J (—q 'x) =" F
k=0 q

oy . o iy j—i' —k+1
IS O g Gk k) (T )k
T r g ]{ y g (—1) q 2 T ——

— Gutgirid
SR e @)



BRANCHES, QUIVERS, AND IDEALS FOR KNOT COMPLEMENTS 46

The g-binomial coefficient involving k is already in a good form, so we can focus on the other

one, [ J i’} . For each § € J, the product of the ¢-binomial coefficients look like
q

where ¢’ denotes the ‘¢’’ of the crossing whose ‘5’ is n s . Using the fact that
g J s g
g

—1-n| b —nk_kCED N+ k
|: k :|q—<_1)q 2 |: n :|q7

we see that the product of ¢-binomials can be simplified as (up to an overall sign and g power)

b

{msl + msQ] {msl + My, + ms3] {msl Foedmy + Z‘/} _ () -
msl mSl + mSQ msl _'_ e + msl <(:Z)msl e (q)msl

where we have dropped [ for simplicity of notation. In this form we can apply Lemma 4.5.
The last case we need to consider is the negative crossing with i’ > 0 > j, for which we
have

g =)+ 4 g
o i 5 S R F S BT ] (—1)’,_Jq 7 .T_(Z,_])
R(2);f] =0ijoryd 2 2 ¢ | 1 — gi-lgp—1

Hoglgz"—j—1< —q—trt)

il i+t e [ i_i W=D+ [ —j+k—1 i
= Oipjujq = T2 q M > (=17 [ k . (—q'z™")"
q k>0 q

= Oitjir+s'q

o
IR RN S B e s RV I g G —5) (45" +1) v (g )y
“ToaTTog i'j |]]:| E (_1)1, ]Jrkq 5 +k(j +1).§L’ k( ) )

-/

e (@)
The ¢-binomial coefficient involving k is in a good form where Lemma 4.5 can be applied.
The other g-binomial coefficient [‘Z,] was already considered above.

All in all, we have shown that for any homogeneous braid knot K, there is a quiver form
of Fi(x,q), with the size of the quiver being at most 4c. O

5.1.1. Right-handed trefoil. Let us take a look at the right-handed trefoil knot as our first
example in this section. Take the braid o?. The reduced F3r(7,q) can be expressed as a power

series in 7! in the following way:!!

Fap(z,q) = Y a2q 2 " R(x)yoR(x)moR(x)

m>0
k Ic(k+1) (q)m
DY e
m>0 k=0 (Dr(@)m—r
— g Z (_1)d1x—2d1—d2qw (9)ds +dz .
d1,d2>0 (q)dl(Q)dQ

171t one wants to work with power series in x, one simply needs to replace z~! by x, thanks to Weyl
symmetry.
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Using Lemma 4.5 again, we can write

a1+B1) (a1 +81+1)
2

(
Fy(w.q)=a7'q Y (=)0t 2entf)—(oath,
ai,B1,a2,822>0

(— 1)a1+a2qal(a2ﬁ1) +2200240 4 45 (a1 +61)

X

(q)a1(Q>Bl(q)a2(Q)ﬁ2
n-d 1°2.d
=17 g (_q%)dC’-dx q 7
g (9)a
where
2110
|1 110 B " 11
¢= 1 11 0}’ ’I’L—(—Q’—Q’_l’_l), l _(1a§’§>0)

00 0O

Note that we could have used Lemma 4.5 in a slightly different way, in which case we would
have ay (g 4 52) instead of as(ay + 1), and the corresponding quiver matrix would be

o= =N
OO = =
O = O =
OO O

In general, there are many ways to apply the Lemma 4.5 which lead to different but equivalent
quivers — for a thorough study of this phenomenon see [JIXL721].

Looking at the first few coefficients, we can easily upgrade this to the a-deformed version.
Up to a prefactor, we have

n-d, a-d,l-d

lLigcdl a”7q
Fy(z,a,q) =Y (—q2)* 4"
! = (¢)a

where

n=(221,1), a=(2,1,1,0), l = (—3,—;,—%,0) .
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5.1.2. Figure-eight knot. As our next example, let us take a look at the figure-eight knot,
given as the closure of the braid ¢y0;, 010, " In terms of the power series in 27! we have

Fy(,q) = =Y oq " R(@)g o Ry R (2)gn R (@)

m>0
k<0
—1 —m—2k—a—b_—k>—ak—bk (Q)m+k+b (Q)k+a
-z x q
1emn§L 4.5 _l_—l Z x*(Oquﬁl)72(a2+ﬁg)7(a4+,34)7(a3+,83)
a1,B1,a2,62,a3,83,04,84 >0
X q_(0‘2+52)2—(a4+54)(a2+62)—(as+53)(a2+52)
(_1)a1+a2+a3qa1(a21+1)+a2(a22+1)+a3(a23+1)+042(a1+51)+Oc3(041+51+042+52)
X
(q)al (q)ﬁl (q)az ((])52 (q)a3 (q)ﬂs
(_1)a4q(a2+52+1)a4q%
X
(Q>a4(q)ﬁ4
n-d 1°2.d
-1 Lidcat 4
= Y gyt
; (9)a
where
1 0 1 O 1 0 0 O
0 0 1 O 1 0 0 O
11 -1 -20 -1 0 -1
00 2 50 10 1 n=(-1-1,-2-2-1,-1,-1,-1)
C =
110 0 1 0 0 0} TR
00 -1 -10 0 0 0 % =(3,0,3,0,3,0,3,0)
0O 0 O O 0 0 1 O
00 -1 -10 0 0 O

Again, there are many different ways to apply Lemma 4.5 which produce slightly different
but equivalent quivers.

Looking at the first few coefficients, we can easily upgrade this to the a-deformed version.
Up to a prefactor, we have

n~daa-d l-d

Fi(2,a,9) = Z(—q%w“%,

where

3 3 3 3
=(1,1,2,2,1,1,1,1 =(1,0,1,0,1,0,1 l=(—-,0,—5,0,—,0,—< .
n (7 Pt e Bt At B )7 a (a07 707 a07 70)7 ( 2707 2707 270a 270>

5.2. Quivers from R-matrices: sly case. In order to extend [Par20b, Par21] and the dis-
cussion in Section 5.1 to symmetrically coloured sly, we need to find an expression for
the R-matrix of the k-th symmetric representation of U,(sly) similar to (66). In order to do
this, we first briefly study U,(sly) and its symmetric representations.
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Recall that sly is the Lie algebra corresponding to the Ax_; root system. Using the usual
dictionary order on C¥, the simple roots of Ay_; are elements e¢; — e;11 € CV where ¢; is
the the vector with i-th entry 1 and all other entries 0. The Cartan matrix is

2 1 =7,

and both sly and U, (sly) are constructed from this via the Chevalley-Serre relations and their
g-analogue. For each simple root o; = ¢; —e;, 1, let { X5, X; | K; = qHT} denote the quantum
sly triple in U,(sly).

The k-th symmetric representation has a basis labelled'? by a = (ay,--- ,ay_1) with
k=ay>a; >--->an_1 > ay =0, where the generators act as

X a) =[a; —ailgla—e), X |a) =[aio —alglate), Kila)=gurtom—2e

We leave out the proof that this is actually a representation as this is an easy but tedious
computation. A general form for U,(sly) R matrices is given in [Bur90] and we can find
the corresponding specialisation to the k-th symmetric representation using the definitions of
the representation above. . ‘
The R-matrix is an infinite summation over r =/ with 1 <i < j < N — 1 and each 77 is

a).

a non-negative integer. Define rgf;)) to be the vector (r¥, - rlrk ... ,rj) and denote
i Gd) g i _GN-D _ i N-1
r=rgy =0mrg), =Gy o =05,

Finally, let | - | denote the /' norm which, as our vectors are non-negative, is simply the sum

of the entries and replace all appearances of ¢* by x. Then the R-matrix is (up to a constant
prefactor):

Z (_1)|I‘\qCN:L. 2(aler1Jr\r1|)( zq bl;q_1)|r1|<qa1_a2+‘r2‘;q_l)\rl\

Ray |a,b) =
r>0 (Q)r
N—-1
X H bj—1— b )‘ j|(qa1 a]+1+|rj+1‘ )\rJ\ ’b/ >
7j=2

where

N— 1 J
1 1 ,
C = EI‘ T + a - M b —f- E —|I']| CLJ_H —f- b]+1 ) Z_l (l le'(afi—l —f- bi—l))

J=1 =2
N—1 1
e 3! (I oo - -0
1 1=
] ) 1 i, N—1
Mlj: —% |Z_]|:]-7 a_al_‘ 11) )‘ b;:bz—i_’rglﬂ) )‘
0 else.

While this formula is complicated, it is manageable for small values of N and in certain cases
can be studied with N kept generic. It will produce a series in ¢ and 2!, as in order for

12The variables ag and ay are introduced for convenience.
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the summand to be nonzero, we require a; > |ri|. The key point is that all ¢ powers are
quadratic, so for any positive braid knot this will give a quiver form in an identical manner to
Theorem 1. The main difference is that all our variables and relations are N — 1 dimensional
vectors and we have a collection of extra free variables coming from the summations over r’s.
There is also an analogue of Theorem 2 and an extension of the inverse state sum method to
sy but we do not discuss it here.

Finally, in order to match the above description up with (66), we define R:’/i’a/ by

(67) RYF = (b, a| Rla,b).

5.2.1. The Trefoil. The trefoil knot is given by the closure of the braid 3. We colour the top
and bottom of the leftmost strand by a = 0 and close off the right hand strand. This means
that we need to take the quantum trace over all possible labels b. Analysing possibilities,
we actually have no other free variables, as labels must always decrease going left to right
over a positive crossing. Hence there are three R-matrices we need to consider. Going from
bottom to top they are

b,0 b,0 0.b

Rop, Ry, Ryg-
It turns out that for each of these cases, the summation over r collapses to a single value.
For RO b and Rb 0+ the only nonzero terms corresponds to r = 0 and so

—by —b1
ROb—x2, Rbo—x2.

Similarly, for RE’g, we have a collection of q—Pochhammers of the form (1; q_l)‘r | for j > 1.

These are 0 unless |r;| = 0 so the only r?’s which can be non zero are the rJ’s. Then

the relation between b and b’ forces 1| = b; — bj;1. After fixing this, we find that most of
the g-Pochhammers are either 1 or cancel, and thus

By = (1" g™ @g7

where
— 1 1 3
On =D 50 =bj1)* + 7(b = bjsa) (b1 = 2) + 7(b; — bja) (b1 — by)
j=1
N-1
1 B2 b
=D 730ty = bisa) = 2(b; = bja) — (0 = 711)) = = -

1

<.
Il

Finally, we need to deal with the quantum trace over b. In the general U,(sly) case, we find

that the trace factor will be ¢~ PI=% . We drop the term —NQk in the exponent (as it would

correspond to a simple prefactor), Wthh leaves us with the general formula for the trefoil:
F5¥(w,q) = Y (=1)"q2 g P (@i g 7,
b
We can switch from the series in 27! to the one in z using Weyl symmetry ! — ax:

B3 (2,q) = 3 (= 1) gd 00 Pla g (o710 g7,
b
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In order to transform this back into the usual quiver form, we first perform the summations
over the b; variables for ¢ > 1. Recalling that b; > by > --- > by_1; > 0, we find that

00 by
Zq—lbl _ Z ra (q )>N2’
b b1=0

(@)n—2
and so
% by 1 1.1
Fi¥(a.q) = (<1 g an (a0 gy,
b1—0 (@)n—2
Next we can expand the g-Pochhammer (a 'z~ ';¢71), as
b1 1) (q)b
-1,.-1. -1 (=11 1-b1. _ - —i, =i i—byi
a g Dy =@ g g =) (F1)'g T 7 laTg
( =1 =2 @@

Substituting this in and letting b; = i + j, we get

v z,q) = —1)/ %(2i+j+j2)ajxi+2jm‘
W =2 (@)n—2(0)i(q);

,J

To proceed, we make use of the general identity

a+pB=d
This allows us to use Lemma 4.5 from [[KRSS19] to get

1 2
[ ( 1)a2+52q§(2(0c1+,31)+(az+52)+(a2+62) ) g2 +B2 p(@14B1)+2(a2+B2)
§1N(x7q> () () () ()
ar,a2,01,62 4)ai\9)a2\9)5:\49) g2

« (_q)a1+a2q%(Oéf-i-a%)q(N—?)al-&-Oa(N—2+al+51)

= 2

d=(d da,dz,ds) (q>d1 (q)d2 (q)ds (q)d4

—1(1+a2)

q
(—1)dr+ds q§d~c~d+%(—d1—2d1+2d3+d4) qd1+2da-+da oo (di+d3)+2(da+da)

with

S = =
== N
o = O
—_— O = O

0 0

Up to a conventional choice (which can be fixed by © — ¢x) and reordering variables, this is
exactly the a-deformed quiver from Section 5.1.1.

In principle, this can be applied to other positive braid knots, though the analysis will be
more complicated for generic N. Fixing a small value of N though this will easily produce
F f(li”, F }'2[4, F f(["’, ... invariants and quiver forms for this class of knots.
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5.3. R-matrices and braiding from brane configurations. The matrix elements (66) and
(67) have a natural physical interpretation in the brane setup of Section 2.2. If a knot (link) K
is represented as the closure of a braid (5, each elementary transformation (crossing) represented
by a generator of the braid group corresponds to an elementary interface (domain wall) D;
in the direction along which which the braid is stretched. Following [CGR15, GNST16],
we parametrize this direction by o € S'. When both the rank and the dimensions of
representations colouring the strands are finite-dimensional, the interfaces can be described
by matrix factorizations in topological Landau-Ginzburg models (see Figure 23 in [CGR15]
or Figure 9 in [GNS™16]).

Our setup in this paper is similar, except that strands carry infinite-dimensional representa-
tions, namely the Verma modules of U,(sly). In the brane configuration, this corresponds to
replacing M2-branes — that produce strands coloured by finite-dimensional representations —
with M5-branes. The two are related: specializing x = ¢" corresponds to the partial Higgsing
implemented in the brane geometry by a version of the Hanany-Witten effect that creates n
M2-branes stretched between M5 and M5’ branes (see loc. cit. and references therein). Since
in this paper we are mostly interested in infinite-dimensional representations with arbitrary
complex weights log x;, the relevant brane configuration (3) involves two sets of fivebranes:
N Mb5-branes that produce SL(N, C) Chern-Simons theory on 52, and additional M5-branes
supported on L that produce the strands of K = Lg N S? coloured by infinite-dimensional
representations with highest weights x; € C*, i =1,...,p.!3

In order to see how the R-matrices and braiding are realized from the perspective of
3d-3d correspondence, we need to focus on the R? x S* part of the spacetime in (3). This
is the three-dimensional space where 3d N = 2 theory T'[M;] “lives.” Many aspects of this
3d A/ = 2 theory are understood quite well. Tt contains T'[S3], which is a relatively simple
theory. The additional degrees of freedom come a codimension-two BPS defect in the 6d (0, 2)
theory on M5-branes. According to (3), the support of the 6d (0,2) theory is R? x St x S3,
whereas the support of a codimension-two BPS defect is R? x S' x K.'* As before, we
consider K represented by a closure of a braid stretched, say, along the great circle of S3
(see Figure 23 in [CGR15] or Figure 9 in [GNS716]). Then the two sets of the fivebranes in
(3) share a total of four dimensions: the three dimensions of R? x S! and one dimension of
St c §3, parametrized by o.

The degrees of freedom of this 4-dimensional theory are precisely the degrees of freedom of
the codimension-two defect in 6d (0,2) theory. The 3d N = 2 theory T[Mf] is the result of
compactifying this 4d theory on the great circle S € S3. This compactification is not entirely
trivial, though, because the strands of K are braided as o € S! is traversed. One can imagine
that the 4d theory is piecewise constant and undergoes sharp transitions where nontrivial
braiding occurs (see Figure 8). These are precisely the codimension-one interfaces representing
the R-matrices, and the theory T[Mk] is basically a composition of these interfaces.

The individual interfaces representing braiding and R-matrices preserve 4 real supersym-
metries, just like the 3d N' = 2 theory T[M[] itself. Along the R? directions of R? x S?

13In a sense, the most generic case is when p = N. In this case, the two sets of fivebranes in (3) can be
reconnected in single smooth configuration supported on the Lagrangian submanifold
(S*\ vK) Up2 (L \ vK)

where, as above, K = Ly N S3.
MNote that Lx is non-compact. If it was compact, 3d A' = 2 theory would also contain a non-trivial
sector associated with the modes of 6d (0, 2) theory compactified on L.
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[ e

Fi1GURE 8. A half-BPS interface interpolating between two vacua of the theory
on a stack of branes that represents the R-matrix / braiding. Evaluating
the partition function of the combined system in the Omega-background along
R? gives the matrix elements (66) and (67).

there is Omega-background with the equivariant parameter q. Therefore, the matrix elements
(66) and (67) have a physical interpretation in terms of R x S' x R partition function of
the 4-dimensional defect in 6d (0, 2) theory with two different vacua at +o0o and —oo along
the R-direction. One can reduce this problem to the study of interfaces in a 3d QFT by
compactifying on the S* or a circle in R?, such that R?/U(1) = Ry.

5.4. Quivers from inverted Habiro series. There is a slightly different way to get quivers
for the trefoil and the figure-eight knot. That is to use the inverted Habiro expansion studied
in [Par21]. As briefly explained in Section 3.3.3, inverted Habiro expansion of F is the series

Fr(z,q) = — Z 6m(K)

1 . N
mlem, (I—l—x —ql —q J)
where a_,,(K) denotes a natural extension of Habiro’s cyclotomic coefficients to negative

direction. When the knot is either the trefoil or the figure-eight knot, a,,(4;) = 1 and
am(37) = (—1)mqm(w2l+d), so they can be extended to negative m in a straightforward manner.

We will use these expressions to find the corresponding quiver forms.

5.4.1. Right-handed trefoil. As a power series in z,

_n(n-1)

” 2 qx FR it D R 2i+k i+k
I _ = —1
31($aQ> qZH]Ox+x 1_qj_q ) 1—ZEZ( )q 2 q [ k :|qZL'

n>0 i,k>0

kA= R D)
= Z (“L)thg T k2)zxi+k1+k2
1—u i,k1,k2>0 (q)kl (Q)k2
(= 1)zt = =R —iniarpin+ LR U (i) (k)
= )
11,12,J1,J2,k1,k2>0 (q)ll(q)lz(Q)j1(q>j2(q)k1(q)k2

i1+i2+j1+j2+k1+ke

XX
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This can be written as

1 dc-dxn'dqlﬁb'd
F3T x,q) —qxz q? W’
where
0O -1 0 0 1 -1
) —01 —01 (1) 8 (1) —01 = (1,1,1,1,1,1),
LR

-1 —-10 0 0 O
Upgrading this to the a-deformed version,

1 3 3
~(1,0,1,0, 1 1=(-1,2,-2,0,-2,0).
a ( 707 707 70)7 ( 727 2707 O>

5.4.2. Figure-eight knot. As a power series in x,

Fy,(x,q) — = — q’“[ 1:{;”
' ;HJOCL’H1 ¢ —q77) 1—:51,%0 ko,
kq(k1+1) _ i
___ T Z (—Dkg > k1 —ka) pithtk
1 - 3 kl,k‘2>0 (q)kl (Q)kQ

(_1)11+]1+k1q 1( §+1)+J1(g+1)+ 1( 21+1>+(21+12)(k1—k2)

()i (D)2 (@)1 (0) o (Dy (D

11,12,J1,J2,k1,k2>0

« xi1+i2+j1+j2+k1+k2
n-d 1°2.d
d.c.d¥ q
= —X —q2 —_—,
20,
where
1 0 001 -1
0O 0 001 —1
0 0 100 0 n=(1,1,1,1,1,1)
C -
0O 0 000 0|’ [
1 1001 0 = (050130
-1 -1 0 0 0 0
Rearranging the nodes, we can write
o 0 0 0 00
0 0 -1 -1 00
01 0 o0 1o n=(1,1,1,1,1,1),
C =
0O -1 0 1 1 0} ol
0O 0 1 1 1 0 l2_<0007;’%7%)a
0O 0 0 0 01
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which is the same as the quiver (39) that was found empirically. We have just derived this
quiver! Upgrading this to the a-deformed version,

3 3 3
a= 1,1,1 - LAY
(0,0,0,1,1,1), 1 (0,0,0, 5 5> 2)

6. QUANTIZED COULOMB BRANCH OF THE 3D-5D SYSTEM

In the physical realization of the HOMFLY-PT polynomials, the variable a is identified with
the Kahler parameter of the resolved conifold geometry X or, equivalently, with the Coulomb
branch parameter of the 5d N' = 2 gauge theory “engineered” [KI{V97] by compactification
on the resolved conifold. In the standard string terminology, it is a closed string modulus
because it describes the geometry of the background with no branes.

Similarly, in the M-theory setup of [OV00], the variable x is identified with the open string
modulus or, more precisely, with the modulus of the fivebranes supported on a Lagrangian
submanifold in X. In five spacetime dimensions complementary to X, these fivebranes span
a three-dimensional subspace. In other words, they represent a codimension-two defect (a.k.a.
a surface operator) in the 5d N' = 2 gauge theory. Following [GW08], this half-BPS surface
operator can be conveniently described by coupling a 3d N' = 2 theory — in fact, precisely
the T[S? \ K| theory — to the 5d N' = 2 theory [DGHI11, Guk16]. Then the variable z can
be understood as the Coulomb branch parameter of the 3d N’ = 2 theory, much like a is
the Coulomb branch parameter of the 5d N' = 2 theory.

Both variables x and a have their corresponding “conjugates”, y and a”, respectively,
such that turning on the Omega-background in the coupled 3d-5d system has the effect of
quantizing the holomorphic symplectic phase space parametrized by (a,a”) in the case of 5d
theory and parametrized by (z,y) in the case of 3d theory.'® In particular, in the presence of
surface operators, the Nekrasov partition function [Nek03, NY03] computes the K-theoretic
instanton-vortex partition function of the coupled system, with the asymptotic behaviour

1 1~
Z ~exp | ——=Fla)+=-W(a,z)+...].
3d/5d p < hQ ( ) + h ( )+ )
If we identify h = g, it has the familiar form of the “closed 4+ open” topological string partition
function, with the small but important caveat that all variables are C*-valued, associated
with the K-theoretic lift of the instanton / vortex counting. In particular, the holomorphic
symplectic forms relevant to 3d and 5d Coulomb branches are, respectively,

dlogz ANdlogy, dloga A dloga®.

Therefore, quantization with respect to these holomorphic symplectic forms on the space (C*)*

parametrized by (x,vy,a,a”) replaces the algebra of functions by the algebra of operators
that obey the following g-commutation relations:

(68) jE = qi, ba = qab,
where we introduced a new notation b = a” to make the parallel with A-polynomial more

manifest. In 3d/5d coupled system, these operators can be understood as line operators.
Their various combinations which represent Ward identities are certain ¢-difference operators

15Note7 both ingredients can exist independently. For example, one can consider a trivial 5d theory, in
which case the coupled 3d-5d system is nothing but the 3d standalone theory. And, similarly, one can consider
a trivial 3d theory, in which case there is no surface operator in 5d theory.
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that annihilate the K-theoretic vortex-instanton partition function, see e.g. [MM12, ABN 15,
AKM™*18, JLN21].

6.1. The holomorphic Lagrangian subvariety. From the physical discussion at the start
of this section, it is clear that classically the Coulomb branch of the 3d-5d coupled system is
a holomorphic Lagrangian I'fc in (C*)* endowed with the holomorphic symplectic form®

(69) Q= dlogz Adlogy + dloga A dlogb.

Naturally, the projection of 'y on (C*)3  , is the zero locus of the a-deformed A-polynomial.
In this sense, 'k can be thought of as the holomorphic Lagrangian lift of the A-polynomial.
Note that such holomorphic Lagrangian is uniquely determined, as we can solve for b as
a function of a and x by

Away from the discriminant locus, different branches of y will lead to different branches of b,
and they can be understood as the expectation values of the corresponding operators (g and
b) acting on Fi for those branches that we discussed in Section 3.

A novel feature of this holomorphic Lagrangian is that instead of projecting it to (C*)
we can project it down to other hyperplanes such as ((C*)g’b’x, and study the polynomial
defining the locus. This particular polynomial (the one we get upon projection to (C*)gbm)
will be called the B-polynomial of the knot K and is the subject of the next subsection. To
recap, the zero sets of the A- and B- polynomials are simply the projections of I'y, so we

have the following diagram.

3
$7y7a )

I'x = Z(ABk)
T X
Z(Ak) Z(Bk)
X (C)2 %

We call the ideal defining I'x the AB-ideal and denote it by ABg for an obvious reason; it
unifies A- and B-polynomials.

Another notable feature of 'k is that it enjoys Weyl symmetry. This is because 'k
describes the semiclassical behaviour of Fi which enjoys Weyl symmetry. Recall that on
the A-polynomial (or on F), the Weyl symmetry acts on the variables z, y and a as

T a_lzv_l, Y — y_l, a— a.
The action of the Weyl symmetry on the variable b (dual to a) can be deduced as follows.
Proposition 3. Under the Weyl symmetry, b transforms in the following way:

by 'b.

60ne can see this also from (74).
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Proof. This can be most easily seen by making the following change of variables:

Uy = ax, Ug = T.
Let vy, v9 be the variables dual to u, us, respectively. That is, v; = b and v, = b~'y. Then
the Weyl symmetry acts by

u1|—>u51, u2|—>uf1

on u; and us. Since vy and vy are variables dual to u; and us, the Weyl symmetry should act
on them by

vll—>v51, v2|—>vf1.
Therefore, if we denote the Weyl symmetry map by W, we have

W(b) =W(v) =v," =y b
O

Consequently, the holomorphic Lagrangian is preserved under the action of the Weyl
symmetry W:
W({Ilk)=Tk.
Just like the A-polynomial can be quantized into a ¢-difference operator annihilating F,
the holomorphic Lagrangian itself can be quantized. The quantum AB-ideal (quantization of
the AB-ideal) is a left ideal of ¢-difference operators in , 3, a, b, which act on F’ Kk (z,a,q) by

(70) TFk(z,a,q) = vFk(x,a,q), aFk(x,a,q) =a Fg(x,a,q),
gFK('I’a’a Q) - FK(qxa aaQ)v [;FK('I’ aaQ) - FK(Iaqa7Q)'

This quantum ideal annihilates Fx regardless of the choice of branch. We will see some
explicit examples in Section 6.3.

Remark 10. While we primarily work with F, we could have chosen knot conormal
instead of knot complement as the Lagrangian filling. Then the wave function we get
would be the coloured HOMFLY-PT generating function, written as a function of v, a, gq.
The holomorphic Lagrangian I'x, however, does not change, since it comes from a theory
at infinity, which specializes to the curve count of knot contact homology that gives the A-
polynomial, and that is independent of the choice of filling.

6.1.1. Asymptotic behavior of the holomorphic Lagrangian near the boundary. Let (C*)* be
the space parametrized by x,y,a,b € C* and equipped with the holomorphic symplectic form

Q =dlogxz Ndlogy + dloga A dlogb.

Let ' C (C*)* be the holomorphic Lagrangian associated to a knot K.

In this subsubsection, we are interested in studying the asymptotic behavior of I'x near
the boundary of C* where we can talk about various branches of I'x (and therefore the
corresponding wave functions Fi) without ambiguity.

Asymptotically near the boundary, I'x should look like a 2-dimensional linear subspace V'
of C* (parametrized by logarithmic variables) that is holomorphic Lagrangian. Suppose that
this linear subspace is described by

aFigligmipni =1, i=1,2.

We are assuming that the two vectors k; := (k;, l;, m;, n;) are independent. By eliminating
some coordinates, we may choose to work with two vectors such that n; = 0 and [, = 0.
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Then the first equation determines the slope of the branch of A, and the second equation
determines that of By.
The Lagrangian condition of this linear subspace can be described in a simple way.

Proposition 4. The above linear subspace V is Lagrangian iff
det (5 15 ) +det (7} 73) = 0.

Proof. The symplectic form €2 can be expressed as the following matrix:

%69 0
S=1|T%001])
00-10

By definition, V is Lagrangian iff v{ Svy = 0 for any choice of basis {v;, v} C V. Moreover,
a vector v is in V iff kv = 0 for + = 1,2. From this, it is easy to see that V is Lagrangian iff
kT Sk, = 0, and this is exactly the equation written above. U

A direct application of this simple fact is the following. Suppose that n; = 0 and I, = 0 so
that
ghyhgm™ =1, ah2gm2p™ = 1.
Then the Lagrangian condition is simply nl@_ll = Z—; That is, for any branch, the slope of the
Newton polygon of Ax as a polynomial in y and a equals that of Bx as a polynomial in b
and z. Below, we check this in a few explicit examples.

Example 1 (Trefoil, right-handed). We write Ax and By in matrix form. For Ag (resp.
Bk), horizontal direction corresponds to a-degree (resp. z-degree) and the vertical direction
corresponds to y-degree (resp. b-degree). The degrees get bigger going up and right.
0 0 —x3 xt
A31 = <—1 2224z —xt423-222 0 )
0 l-z 0 0
0 0a?—a3 a*—a?
B31 - <—1 aa—2a%> 0 )
01 0 0
Example 2 (Figure-eight).

0 —z2 223 —zt 0
A — 1 —3x 2744222 —3z5 z0
41 0 —222+3z—1 0 —z84325—224 0
0 0 xt—2x3 422 0 0
0 —a’3+2a%2—a 2a*—4a3+2a? —a®+2a*—a3 0
B4 — l—a 3a®-3a —2a%+4a®>-2a 3a®-3a® a*—d?
1 0 2—a —3a 2a%—a 0
0 0 1 0 0
Example 3 (5;).
As, =
-1 3z —3z?2 z? 0 0 0 0
0 3z2—4z+2 4434522 —4x — 425 — 44223 4242 625 +4+22° 324 —427 x8 0
0 0 —324 4823 —8x24+4x—1 —3204225—zt423+2 827 —20—4x5+2t—423 —8x8+2T+20+62° 429 —427 29 —110
0 0 0 20 —dx5 462t —daB 422 328 —4x" 264225 —42945284207 326 22104294228 0
0 0 0 0 0 —2104329 328427 0 0
B52 -
—a34+3a2—3a+1 3a*—9a3+9a%2—3a —3a°+9a*—9a3+3a2  a%—3a®+3a*—a3 0 0 0
0 —3a%24+6a—3 7a3—15a249a—1 —5a*+14a3—13a%+4a a®—8a*+13a3—6a2 4a®—8a*+4a3 —ab+2a%—a?
0 a?—4a+3 —a3+5a%—Ta+3 —3a34+11a2—8a 2a*—10a3+8a2 4a*—4a3

0
0 0 0 a—1 a—3 4a—a? —2q2
0 0 0 0 0 1 0
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In all the examples above, not just the slopes but the whole Newton polygons match up.
We conjecture that this is true in general:

Conjecture 7. The Newton polygon of Ax as a polynomial in y and a agrees with that of
Bk as a polynomial in b and x.

6.2. B-polynomial.

6.2.1. Quantum B-polynomial. Tn [MM21], it was observed that the cyclotomic coefficients of
the coloured HOMFLY-PT polynomials satisfy not only ¢-difference equations in the colour
variable but also g¢-difference equations in the variable a = ¢"¥. The g¢-holonomicity of
the cyclotomic coefficients implies that the sly coloured Jones polynomials are g-holonomic
in the variable a = ¢".

Let us recall that the operators d,l; and Z,y act on sly coloured Jones polynomials by

JN(K;q) = ¢ TSN (K q), aJi™ (K; q) =¢" J?™V (K q),
JIEN (K q) = J2N (K5 q), bW (K q) =J2 VDK q).

r

We can see that (a, l;) interact with the group rank N in complete analogy with the action of
(Z,9) on the representation r; the commutation relations are as in (68).

As pointed out above, the sly coloured Jones polynomials satisfy a recurrence relation in
variable N. We will call the corresponding g-difference operator the quantum B-polynomial
and denote it by B K(a, l;, x,q). In other words, the recurrence relation in N is given by

BK(dJ 87 x, q)‘]j[N (K7 Q) =0.

Note, this is in analogy with the quantum A-polynomials which annihilate sl coloured Jones
polynomials acting with & and ¢. Likewise, the quantum B-polynomial annihilates Fix(z, a, q)
associated to any branch:

Bg(a, b, x q)F( )(x a,q) =0.

The action of @ and b on Fy were described in (70).

6.2.2. Brief comment on normalisations. Before presenting some B-polynomials, we should
briefly pause to comment on how the different normalisations of F and J2' discussed in
Section 2.3.3 affect the B-polynomial. Observing that

(2¢; ¢) oo —(1-za (2¢; Q) oo ;
. (za;q)00 a )(xa; q)oob
(4 D06 e _ 1 =20 ctosigonte) 1 (059)00(245 )
(7a;¢) oo (q; )

s  22(1—a) (a5 4)oo (4 @)

~  —log(z)log(a) 1
e 2h €2

Y

we see that given a recursion relation Z%(l;, a,x,q) for a reduced invariant, the corresponding
relations for the unreduced and fully unreduced invariants are

N 1
Bunreduced( b T q) B <&’ — b,x, Q) )
1—2xa

1 N
Bfullyunreduced( b T Q) E a xz(l—a)é z.q|.
" 1l—za
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When making these substitutions for the b operator, we also usually rescale by left multipli-
cation so that the coefficients of " are polynomials in a, x, ¢ with no common factors.
Looking at the unknot, the reduced B-polynomial is easily seen to be equal to

B01 (&) Z)a z, Q) = l; - ]-)
so the corresponding unreduced and fully unreduced B-polynomials are given by
Bgre!(a, b, x,q) = b— (1 — za)
(71) pyutvmredueed b g q) = w2 (1 — a)b — (1 — xa).

Similarly, if we compute the B-polynomial using quiver forms and want to include a prefactor
as in Equation (17), then b acts on this prefactor as

bexp <p(10g xh, log a)) — oxp (p(log x, 7;;—1— log a) ) i

Defining
p'(log(z),log(a)) := p(log z,log a) — p(log z, h + log a),
we see that including the prefactor modifies the B polynomial by

A A A (1 1 N
(72) B(b,a,x,q) — B (exp (M) b,d,x,q) )

Overall, we see that with a little care it is easy to adjust the B-polynomial to various
conventions and normalisations.
Quantum B-polynomials for simple knots in the reduced normalisation are given in Table 1.

~

’ K‘ Bk(a,b,z,q)
0, 1—b
31 qr* —x(1+q— (1 +gx)a + qr?a®)b + (1 — a)(1 — gra)b?
2’ + qra(l + g — (1 + 3qz + ¢*2%)a + q*(1 + q)a’)b
4 + (1 —a)(1 — qza)(1 — 2qz(1 + qz)a + ¢*2°a®)b?

—z(1—a)(1 —qa)(1 — qza)(1 — ¢*xa)b®
—qr'(1+q+ ¢ — (1+q)(1 +gr)a+ qu(l + x + qu)a® — qz*(1 + qr)a® + ¢*z*a*)b
51| +22(1—a)(1 —qra)(1 4 g+ ¢® — (1 + qz)a + ¢*2*(1 + q)a®)b?
— (1=a)(1—qa)(1 — qza)(1 — ¢za)b® + ¢*z°
TABLE 1. Quantum B-polynomials for some simple knots.

6.2.3. Classical B-polynomial. Similarly to the case of A-polynomial, the ¢ — 1 limit of
the quantum B-polynomial can be obtained directly from the effective twisted superpotential:

8W§f[fMK] (z,a)
dloga

(73) lirri Bi(a,b,z,q) = Bx(a,b,z) =0 < logh=
q—
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Recall that W%f[fMK] (z,a) comes from integrating out the dynamical fields in the twisted

superpotential (see (7)), which can be read from (25) or double-scaling limit (5) with
N — o0, ¢V = a:

Note that the construction of A- and B-polynomials via the effective twisted superpotential
(8, 73) immediately leads to the constraint

dlogy 0 We (55 a) ~ 0Ologbd

74
(74) dloga 810gx610ga ~ Ologx’

which is equivalent to the holomorphic Lagrangian condition:

01 dlogb
Q =dlogz Ndlogy + dloga A dlogb = Ogydlogm/\dloga+ o8
dloga Ologx

dloga N dlogx = 0.

On the other hand, it allows us to derive A(x,y,a) from B(a,b,x) up to a function f(z).
Namely, we can solve B(a, b, z) = 0 for b(a, ), integrate over log a

W (7,a) = /log b(a,z) dloga) + f(x),

and differentiate with respect to log x:

Ag(z,y,a) =0 < logy = % </ log b(a, x) d(loga) + f(x)) :

We can apply the same reasoning to derive B(a,b, x) from A(z,y,a) up to a function f(a).
Let us present the relations discussed above on the example of the unknot. In the fully
unreduced normalisation we have

r,N—00 1 ( logxl : : : §
JelwJullyunreduced (), - ) it exp | — _ 067084 + Lig(z) — Lis(xa) + Lig(a) — T ,
h—0 h 2 6
so the twisted superpotential is given by

2

log 1
<5558 4 Lin(w) — Lis(va) + Lia(a) — %

WT[MOJ(ZL‘, a) = — 5
This is consistent with [FGS13] as we do not have dynamical fields and VV/T[MOI]($, a) =

We T(Mo, |(z,a). Plugging it in equation (73), we obtain

1
(75) logb = —% + log(1l — za) — log(1l — a).
It leads to
(76) pfrtvenretueed(q b x) = (1 —a)b — 2~ V2(1 — wa) = 0,

which is in line with the classical limit of (71). One can also check that Ag,(z,y,a) =

(1 —2)y — a'/?(1 — ax) can be obtained from (75-76) with f(z) = Liy(z) — %2.

(Classical B-polynomials for simple knots in the reduced normalisation are given in Table 2
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’ K ‘ BK(aa b7 .I')
01 1-0
31 22— 22— (1+z)a+2%a*)b+ (1 —a)(1 — za)b?
2’a® + ax(2 — (1 + 3z + 2%)a + 22°a*)b
4y + (1 —a)(1 — za)(1 — 22(1 + z)a + 2°a*)b?

—2(1 —a)(1 —a)(1 — za)(1 — za)b®
% —2*(3-2(1+z)a+ z(1 4 2v)a® — 2°(1 + 2)a’ + z'a*)b
51 +2%(1 — a)(1 — za)(3 — (1 + z)a + 22%a®)b?
—(1—a)(1—=a)(1 —2za)(1 — za)b®
1—277 (2@2:53 +a’2® — dar® — ar —a + 37 + 1) b
—27%(a—1)(az — 1) (a®z* — 3a’2® — 2a°2” + 5az® + ax + a — 3z — 3) b’
— 2 a—1)*(az — 1)* (a®2® — 2a2” — ax + z + 3) b°
+275(a —1)3(ax — 1)%b*
TABLE 2. Classical B-polynomials for some simple knots.
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Remark 11. If we set x = 1, we see that Bg(a,b,x = 1) always has a factor of b — 1. This
is analogous to the presence of the factor y — 1 in Ag(z,y,a = 1). This condition lets us fix
the integration constants coming from equation (74). It similarly allows us to reconstruct I'x
from either Ax or Bg.

Remark 12. Thanks to the relation gllggi = g}gg Y, we can solve for y and vice versa for
any branch of b. It follows that there is a canonical one-to-one correspondence between
the branches of b and the branches of y, as functions of x and a. This correspondence will
be used later in Section 6.5 to determine F for various branches, by solving the recurrence

relation with respect to quantum A- and B-polynomials at the same time.

Remark 13. Practically, there are many ways to compute the classical B-polynomial. One
way is to start from a quiver expression, eliminate variables from the quiver A-polynomials
to get the ideal defining the holomorphic Lagrangian 'y, and then eliminate variable y to
project it down to get the B-polynomial. Another way is to start from Fj associated to
various branches and compute the expectation values of the b operator. One gets b(®) (x,a) in
a power series form. The elementary symmetric functions of b(®)’s are Laurent polynomials
in x and a, and they are the coefficients of the B-polynomial.

6.2.4. Relations to Alezander and HOMFLY-PT polynomials. Recall from [DE20, EGG*20]
that in case of the abelian branch

- Fie(r,q0,q) _ (V@) _(0Uk(x,a)
<111—I>I} Fg(z,a,q) bz, a) = exp dloga P dloga

is an a-deformation of the inverse of the Alexander polynomial, where Uk (z,a) denotes

the Gromov-Witten disk potential for the knot complement. In particular, when a = 1,

b= A;. This also means that
K ()
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Knot | ())|@pn=q.1)
3] 2a — a*

Tl —am?+ 207!
44 al—1+a
5, a+a®—a’
6, |a?—al4a
72 a+ a3 — CL4
8 |a?—a?+a

TABLE 3. Expectation value of § at (z,0) = (1,1)

In case of non-abelian branches, it turns out b(x,a) has a pole at a = 1. As a result,
the a = 1 specialization of the classical B-polynomial is simply

Bg(a=1,b,z) =1— Ag(x)b

up to an overall multiplication by a monomial.
The main theorem of [DE20] states that

0 1Og Yy alog;af4K
= dl = — | ———dl
= exp ( 9 log a og LE) exp ( alogyAK ogxr

becomes 71— ( when (a,y) = (1,1). Inspired by this, we can consider the “B-polynomial

analogue” of this theorem:

X dlogb Ohog « Bxc
= dl = — Zoar K g
(g) = exp ( Tlog og a) exp < Does B og a)

and when (z,b) = (1,1), it should give us the “B-polynomial analogue of AKl(w) ”. These

can also be directly obtained by solving the equation Ax(x = 1,y,a) = 0 for y. It turns
out that these are just HOMFLY-PT polynomials P(K;a,q = 1) specialized to ¢ = 1.
In fact, it is a well-known property of (reduced) coloured HOMFLY-PT polynomials that
P,(K;a,q=1)= Pi(K;a,q =1)", so it is consistent with what we have just observed!

6.2.5. Geometric properties of the B-polynomial. We discuss geometric aspects of the B-
polynomial ranging from the known to the more conjectural. Consider the Legendrian
conormal torus of a knot in the unit cotangent bundle of S? filled by the conormal or
complement Lagrangian in the resolved conifold. Let Uk (x,a) denote its disk potential.
Consider a braid representation of K and take the limit where K collapses onto a multiple
of the unknot. In the resolved conifold the corresponding multicover of the toric brane at
the vertex arises as the limit of the complement and conormal Lagrangians, and the z-cycle
and y-cycle are restored when this Lagrangian is shifted along different legs. Holomorphic
curves converge in the corresponding limit to basic curves on the corresponding toric brane
and we find that for the knot complement such curves are combinations of basic disks in
homology classes x and za. It follows that holomorphic curves on the knot complement
have homology class 2*(za)!, were k > 0 and [ > 0. In particular, the disk potential can be

expressed as
a) = E crx™at,

k>0
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We first consider the geometric interpretation of Oiog O1og o Ui The action of the Oyoq -operator
can be understood in the following way: fix a cycle in M filling the longitude and add
a boundary marked point on the disks at intersection points with this cycle. On the other
hand, the action of djs,-0perator means: fix a fiber in the resolved conifold dual to CP! and
add an interior marked point at intersections with this fiber.

Consider now adding the fiber near the other vertex in the toric diagram. Inserting a toric
brane L there, it is easy to see that we can open up any intersection to a small boundary on
this toric brane. This means that Olog 002Uk (%, @) counts holomorphic annuli stretching
between Mg and L with a boundary marked point on both boundary components. To state
this more precisely, let log & and logn be a homology basis for the torus at the boundary of
L and write Vi (z, &, a) for the count of annuli stretching between L and M. Then

alog:z:alog aUK(wy (I) = alogxalogva(xa 5 = a, a)a

which shows that the variable 1 dual to £ is related to b dual to a, but generally not equal to
it, see Figure 9.

M

! alug zalog a UK

~

8log T alog £ VK

-

FIGURE 9. Opening up a disk intersection to annulus

Note next that from the knot theory perspective, the boundary of the toric brane L is
the conormal Legendrian of a braid axis of K. This means that the annulus count Vi (x,a)
can be computed from (the partial information about) the dg-algebra of the link KU S, where
S is the braid axis. More precisely, using one-dimensional curves with a positive puncture at
the degree 1 Reeb chord of L, we find the equation

(77) A+ alog;nAL : alOgl‘alOgEVK(x’ a) =0,

where Ak counts holomorphic triangles filled by disks with two positive punctures, see
Figure 10.

Note also that L is simply the conormal of an unknot and therefore its augmentation
polynomial Ay is well-known. When K is the unknot, this calculation is a calculation for
the Hopf link that was carried out in [FEN18]. In this case, because of the simplicity of
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dim =1 dim =0 dim =0

F1GURE 10. The boundary of the 1-dimensional moduli space of annuli stretch-
ing between L and Mg with positive puncture at one degree one Reeb chord
of L

the curves involved, Vi (x, &, a) is independent of a and the B-polynomial of the unknot can
be computed directly from the above equation.

In general, by the definition of b and differentiation, the B-polynomial satisfies a similar
equation:

(78) Gloga:BK + alognBK : alogxﬁlogEUK(ma (1,) = 0.

Geometrically, the difference between (77) and (78) is that in the former there are no annuli
at infinity — all annuli come from disks with marked points.

We next speculate what kind of theory would allow us to identify £ = a and n = b and give
a direct geometric interpretation of b. Consider the configuration of Mg and L in the resolved
conifold as above. As a — oo, any holomorphic disk on L with £ marked points at the point
where L is inserted contains in the limit a disk component where all the marked points collide,
with a sphere with k& marked points on it attached. Consider now S'-equivariant curves
over the split off CP*. Then any sphere in class a™ has m-fold branch points at the vertices.
From the point of view of the brane L, the split curve looks like a disk with a curve with
some x-charge split off at the center. It is natural to conjecture that the splitting gives rise
to a new contact form at infinity (on S® x S? with a defect determined by the Legendrian
conormal of K) and that for this contact manifold the open string theory for L is related to
the string theory of Lg simply by & = a and n = b, and the B-polynomial would arise simply
as the augmentation polynomial of the dg-algebra of the Legendrian torus at infinity.

In the previous section we observed two properties of the polynomials Bg(a, b,z = 1):
first, the coefficient of the top power of b is divisible by (1 — a) and second, the polynomial
contains the factor (1 —b). Assuming that the theory discussed above exists, these properties
of the B-polynomial follow from usual arguments. The z = 1 limit corresponds to no shifting,
no initial annuli and therefore no disk potential, and b = 1 is a solution for which the n-cycle
in L contracts without correction (the flux through the cycle is zero).

To see that the coefficient of the top b-degree term must contain a factor a — 1, we first
recall how a similar property of the A-polynomial is derived. First, the coefficient of the top
power of y is divisible by (1 — x) and second, at @ = 1 the polynomial contains the factor
(1 —2)(1 —y). To see this, we use the geometric interpretation of the equation

AK(x(y)ay>a) =0
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as the count of ends of the moduli space of generalized holomorphic disks with boundary on
Lk and one positive puncture. Here the boundary corresponds to disks on the Legendrian
torus at infinity, where the solution corresponds to inserting rigid disks at intersections with
bounding chains at infinity, whereas the polynomial Ag(z,y,a) counts augmented disks in
the R-invariant region. Consider a change of variables of the degree zero Reeb chords such
that the boundary of all augmentation disks have homology class a non-negative multiple of
logy. After a similar change of variables for the degree one Reeb chords, we arrange that
the minimum degree coefficient of augmented disks at infinity also equals zero. Consider now
following a degree zero disk when it moves into the filling. It cannot split off any disk since
any disk without positive puncture has boundary which is a positive multiple of logy by
positivity of area of holomorphic disks. Also, if the degree zero disk picks up a rigid disk,
its total homology class turns positive. It follows that the coefficient of the constant term
in the augmentation polynomial must have a solution corresponding to a cycle that shrinks
without splitting, which means that it contains a factor (1 — x) or (1 — az), depending on
the choice of capping disk for x.

Consider now L in the resolved conifold with defect, sitting at the vertex. Expressing
the theory in terms of £ or i corresponds to shifting L along different legs in the toric diagram.
In the shift where we expand in n = b, the above argument for Ay gives the observed property
for B K-

6.3. The Quantum AB-ideal.
6.3.1. The quantum AB-ideal. Given a knot K, consider the set of recursion relations
ABr = {T e Cla*', a*',¢*, 5*',b*'] | TFi(x,a,q) = 0},

It is clear that AB i 1s a left ideal and that

ZEK N (C[:%:I:l’&:tl’q:tl’y:tl] _ <AK>’ @K N C[j:tl7d:tl’q:tl76:tl] _ <BK>
Hence AB Kk 1s a generalisation of both the A and E—polynomials and indeed it is exactly
the quantum AB-ideal we mentioned earlier. There is a natural classical limit of this
picture via the ring homomorphism which sends ¢ — 1 and maps the quantum AB-ideal to
the classical AB-ideal. A question we can immediately ask is how much information is lost

when moving to the classical ideal. The most we can hope for is captured in the following
conjecture.

Conjecture 8. Given a set of polynomials T, ,T, which generate ABk, there exist
quantizations 11, - - - ,T,, which generate ABk.

The main obstacle in studying the AB-ideal compared to either the A- or B-polynomials
is that it is much more difficult to compute. In most cases all we can say is that we have
found a sub-ideal which we suspect is the whole ideal. With that being said, we are able to
show that in general this ideal is richer than simply the A- and B-polynomials combined.

We call ABy simple if ABx = (Ag, Bk), and for the collection of knots we studied
ABy is simple only for the unknot. This is a slightly surprising result as recently a similar
phenomenon was studied in [MM21], where authors worked with the equivalent of the A-
and B-polynomials coming from coefficients of the cyclotomic expansion of the coloured
Jones polynomial. In that case they claim that their version of the AB-ideal is always simple.
Further work needs to be done to understand the origin of the difference between these
results.
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6.3.2. Unknot. For the unknot we work with the unreduced normalisation

(7¢; @)oo

(va; q)oo

as the ideal is clearly uninteresting when working with the reduced normalisation'”. In this
case we can easily describe the action of the § and b operators:

FéLlnreduced<x’ a, q) —

1 —ax
1—
[;F()u:weduced(x7 a, Q) _ (1 . CLJI)F&TTEduced(ZL’, a, Q)-
and this instantly gives us three linear elements which clearly generate the ideal:
b— (1—az), (1—q2)g — (1 — ai), (1—q#)§ — b
In this case the third element is the difference of the first two, so ABg, = (Ay,, Bo,) and we
conclude that the AB-ideal of the unknot is simple.

AFum“educed(
0;

unreduced
Yy F 0, (

x’ a? Q> = x? a/7 q)7

6.3.3. Trefoil. For knots more complicated than the unknot, it is not easy to simply compute
I from observation. Instead, we use the quiver forms introduced earlier. Given a knot K,
let Q be an associated quiver with identifications z; — 2™ a%¢". Each node i gives rise to
a classical quiver A-polynomial as in equation (27). Combining these polynomials together,
we obtain the classical quiver ideal I C C[z*!, y]. The identifications

yzﬂyf‘% bzﬂy?"

embed C[z*!,y,b] as a subring inside C[z,y] and there is a map
x; = x"Ma.

Hence we can map Ig, to an ideal in Clz®!, a*!,y, b] by intersecting with C[z*!,y,b] and
applying jx. This is the classical AB-ideal'®:

ABK = jK(IQK N C[:B,y,b])

Given a small quiver, this computation can be performed using Grébner basis, so in principle
we can compute classical AB-ideals. However, it is still highly nontrivial to re-quantize ABg
to construct the quantum ideal. Currently the only approach is essentially trial and error.
Additionally, it is not clear how to prove Conjecture 8, so the resultant ideal may not be
the entire quantum ideal.

For a more concrete example, let us work with the trefoil. Recall from Section 4.2 that it
has a quiver form with

_01 j 8 j n=(2,211),
C= : a=(1,0,1,0),
0 0 1 0 L= 10.3.1.1)
-1 =10 0 R

17As Fy, (z,a,q) = 1 in the reduced normalisation.
181 principle, the intersection can leave behind extra components. In this case the AB-ideal is the unique
component whose projections to Cy 4 o and C, 4, are the A- and B-ideals.
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From this setup we can write down the four classical quiver A-polynomials:

Ai(z,y) =1—yi + 215 vy As(z,y) =1 — yo + 22y; 'y ys '
As(z,y) =1 — ys + 3y3, As(z,y) =1 —ya + 2097 'y '

and see that our y and b operators are given by

Y = YiY3Ysya, b= 1y1ys.

We can use Mathematica to compute the intersection and then manually remove the spurious

irreducible components. Passing to the ideal, we shift b and y to incorporate the the prefactor
log(z) log(a)
of z71e st and we are left with

<B31a 1- l'_l(l - a)<1 - axZ)b - y>
For simplicity, we call the other polynomial Dj, .

Proposition 5. We have a strict containment of ideals:

<A31>B31> - <B31’ D31>'

Proof. Containment follows from the equality

(1—a)(1 — ax?)? 1
A31 = a2 B31 — ?

(79) —2 (1 —a)(1 —ax)(1 —az®)b+ (1 — ax)y) D3, .

((1 —a —2ax® + 2a*2? + a*2® — aPz?)

Proving that this containment is strict follows from a easy commutative algebra exercise. [

There are two obvious question to ask here. First, can we quantize Ds,, and second, can
we promote Equation (79) to a quantum version which relates A317 331, and ﬁ31. Through
trial and error, we find that the answer to both questions is positive. One possible pair of
quantizations is

Dy, =1—2'1—q'a)(1 - qaz®)b— 3
2/\/\

Ay, = (1 — g 'a)(1 — gai?)(1 — ¢*ai?)(1 — q3di2)331

d2
= (PO - a7 o+ ad + (14 @i + P05 - a1 - i)

— gz (1 — ¢7'a)(1 — qaz) (1 — qai®) (1 — ¢*a2*)b + ¢*(1 — qaz)(1 — qdf?)@)) Ds,.

Note that there is an interesting uniqueness question here as there are many ways to
quantize both Equation (79) and Ds,. In particular, as both Bs, and Ds, annihilate Fj,,
the multiplication of Equation (79) by any ¢ factors will produce an element of the quantum
ideal whose classical limit is the classical A-polynomial. This gives rise to a large family
of elements whose classical limits all correspond to As,. In this particular case, we can
define 12131 as the minimal element of the family which lies in C[g*!, 2%, ot ¢, but in
general there will not be a uniquely defined quantization. For a simple example of this
phenomenon, consider the element

7 (1—a)(l—2)b* —a™ly— (1 —z)b+a 'z by,

Y
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which lies in the classical ideal. This is quantized by the family
a_lm_Q(l—a)(1—qi+aq1+im—aq2a:2)132—qi+1a_1gj—a_1m_1(1—qi+aqi+1x—aq2+ix2)i)+a_1x_1l;gj
for any integer 7. Additionally, note that while we have only shown

ABs, D (Bs,, Ds,),

this does imply that @31 is larger than (/131, B;_),l), which means that the AB-ideal for
the trefoil is not simple.

6.3.4. Other Torus Knots. For knots whose associated quivers are larger, passing through
the quantum quiver A-polynomials runs into to computational problems. It is still possible
though to find interesting elements of the AB-ideal and show that the ideal is larger than
the one generated by the A- and B-polynomials. As we show here, in certain cases we
can upgrade known recursion relations to elements of this ideal. In [Hik04], Hikami shows
the existence of a non-homogeneous recursion relation for the coloured Jones polynomial of
the torus knot 75 9, 1:

1 g it 1=
Jr(To2p+134) = ¢ T B 1_—qT+1Jr—1(T2,2p+l;Q)'
Promoting ¢" = = and replacing the Jones polynomial by F), = Fr,, ., this becomes
(80) (1 —qx)Fy(x,q) = 2°(1 — q2°) — " a* (1 — 2)F, (¢ 'z, q).
Next, recall that for the a-deformed Fx we have the following pair of relations:
Fi(x,q% q) = Fx(z,q), Fr(r,q,9) = 1.

Incorporating this into (80), we find that
(1 —qa)Fy(2, ¢ q) = a”(1 = qz*) Fy(x, ¢, q) — ¢ 2™ (1 = 2) Fp (¢ 2, 6%, q).
This looks exactly like the N = 2, a = ¢? limit of a more general recursion relation. Through
a little trial and error, we can restore the a dependence to get
(1 - q_l(l[[‘)Fp(ZE, a, Q) = xp<1 - q_laxQ)Fp(x7 q_lay Q) - q—p—lap-i-lx?p-‘rl(l - J])Fp<q_1$, a, Q)7
so we have a general recursion relation for F:
(1 . qilfLi’) _ J}p(l _ q71d£2)1;—1 + quflap+1i,2p+1(1 . I)g)il.

It is easy to show that the classical limit of this polynomial does not lie in (A,, B,) for any
torus knot 759,11 so that AB-ideal is not simple in all these cases.

6.4. Refinement. Almost everything we have discussed so far can be generalized to the
refined (i.e. t-deformed) setting. Solving the recursion given by the quantum super-A-

polynomial A\K(i, U,a,q,t), we obtain wave functions FI((O‘) (x,a,q,t), one for each branch «

of the super-A-polynomial, which are ¢-deformations of the wave functions F’ I(g)(x, a,q) we
have discussed in previous sections.

Just like the unrefined wave functions, these wave functions admit quiver expressions. In
fact, in all the examples we have considered, the quiver for the refined wave function is the
same as the quiver for the unrefined one; refinement only affects the knots-quivers change of
variables which now involves the variable t.

Once we have a quiver expression for a wave function F' [(fa) (x,a,q,t), the left-ideal of

g-difference operators in z, 9, a, b, t, 0 (where u is a variable conjugate to t) that annihilates
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the wave function can be obtained from the quantum quiver A-polynomials for the quiver
expression, through non-commutative elimination theory. This quantum ideal is the quanti-
sation of the ideal defining the complex 3-dimensional holomorphic Lagrangian subvariety
'k in Conjecture 3.

The classical holomorphic Lagrangian subvariety I'yy C (C*)® can be described and com-
puted more explicitly, by applying elimination theory (e.g. Grobner basis) to the ideal defined
by the quiver A-polynomials.

Empirically, we find that the Weyl symmetry of the (unrefined) holomorphic Lagrangian
subvariety described in Section 6.1 can be lifted to the Weyl symmetry of the refined
holomorphic Lagrangian, which is stated in part (1) of Conjecture 3. When projected down
to (C*)* parametrised by variables z,y, a, t, this version of Weyl symmetry was already noted
in equation (8.5) of [GNST16].

There are some interesting limits regarding the new variable u conjugate to t. For example,
the expectation value of the @-operator on F}?b) (x,a,q,t), when a = 1,t = —1is

. 1
(u> a=1t=—1 AK(x)'
One way to see this is by setting t = —¢" in the equation (108) of [EGG20]. Another way to
see this is from sl; pairs. Recall that the Alexander polynomial arises from a count of annuli

and that to get the expression we are interested in exp (2(?%; a) at a = 1. We should think of a

deformed (stretched) situation where all annuli are generalised annuli consisting of disks with
a 4-chain intersection. Assume now that there is some quiver description where the annuli
we count are the basic disks with 4-chain intersection. Here a quiver node with ‘charges’
a”q*t'z* would contribute with £r(—1)'z* annuli. Here r comes from the number of 4-chain
intersection, and (—1)! comes from the spin structure orientation sign. The interpretation of
t is the number of twists in the trivialization along the boundary, and z* is just the homology
class of the boundary. Assume now that nodes come in sl; pairs corresponding to factors
(1 +tq2a?) in the super polynomial. We would then have two nodes a"t'a* and a"*?t!*12*
(suppressing ¢ powers which play no role). Taking derivative with respect to log a® and setting
a = 1,1t = —1 or taking derivative with respect to logt and setting a = 1, t = —1 gives the
same total contribution to annuli: (—1)""1z*. After an overall change of framing, also the
contributions to the loga® and logt derivatives from the surviving sl; node agree.

6.5. Applications to computing Fj on different branches. In this section we show how
to use the quantum B-polynomial to further analyse Fx on different branches as introduced
in Section 3.

6.5.1. General argument. In Section 3, sometimes we computed Fx recursively, using the quan-
tum A-polynomial. In general, this approach gives solutions up to multiplication by a function
of a and ¢. While it is not possible to completely eliminate this uncertainty, using the quan-
tum B-polynomial we can fully determine the a-dependence. Then in the event that we
know Fi for any specialization a = ¢, we can determine the g-dependence as well. This
method relies on the observation that Proposition 1 and Conjecture 5 apply equally well to
the B-polynomial, as well as the following conjecture.

Conjecture 9. Let ey be a left edge of the Newton polygon of the A-polynomial with slope

ng

e Then there ezists a left edge eg of the Newton polygon of the B-polynomial with slope Z—‘;
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and a Puiseuz series in x,a,q satisfying
(81) AgFEv") =0 and  BrFE®) = 0.

This series has the form

eae p(log x,log a) i g
FI((A B)(xaa,Q) = exp (T 1+ Z fij(@zmvam |,

ij>1
where p is a polynomial of degree at most 2 determined by ea and e, and each coefficient
fi; 1s itself a Laurent series in q with integer coefficients.

Note that we could have started off with left edges of the Newton polygon of the B-
polynomial. Since, after dealing with degeneracies, we get a bijection between the two sets
of left edges, the end result would be the same. To illustrate this further, we will focus on
the example of the 4, knot.

6.5.2. 41 knot. The Newton polygon for the A-polynomial was shown in Figure 1, whereas
the Newton polygon for the B-polynomial is presented in Figure 11. Looking at them, we see
that both have three left edges when counted with multiplicity.

[ ] L] L] L] ®
L J [ ] ] L] L]
[ ] L] (]

FI1GURE 11. The Newton polygon for By,

The prefactors in Conjecture 5 arise from the slope of the edge on the Newton polygon
and through the requirement that the Fj is computed in the form 1+ O(x) or 1 + O(a). For
the A polynomial, the prefactors are'

r2+4rN+r qufr —r2—rN+R
) )

q q )

whereas for the B-polynomial they are given by

_ ; N2 _N
q rN’ eNﬂzq2+’r‘N 7

Note that one of the edges for the B-polynomial is degenerate, so the second prefactor appears
with multiplicity 2. Next, we compute the F on various branches recursively. Starting with
the A-polynomial, we find the three branches to be

3(a — —¢)(1 = 2a + 6¢ — 6aq — 2¢° 2
e (@a—q)  (a—¢)(1—2a+06g—6ag—2q +aq)x2+0(x3) 7
' l—gq (I=q)(1—¢)
1 9 1 43¢ — 202 — 2¢° + ¢4 a>
Ffl:(2) :q—r2—rN+r <1+(I( Q)x+ (( + Z q q ‘2"(] )a _2) $2+O(£L‘3)),
q(1—q) A1 —q)(1—q?) q

A=Y P2 Ny q(1 —2q q21—2q—2q2—|—3q3—|—q4
FpCE) = N (1+ (1_q)$+< ( T 00—¢ )—aq 22+ 0(2?) ) .

OWith r = 1260 anq N = lale),



BRANCHES, QUIVERS, AND IDEALS FOR KNOT COMPLEMENTS 72

Similarly, the branches of B-polynomial are given by

- 1—2)(1—
F£,<>:qw<1_< r)(1 - tgr),

L= 2)(@* =42 = g)r+ (1 = ¢*) (1 +2¢ — ¢*)2* — (1 = g)(1 = ¢*)2° , N O(a3)> |

A1 —q)(1—¢?)

)
Fﬁv(—l) — equNT-‘rrN—% (1 + cl(x,q)a

(B+(1-@r-¢g?2-¢") 1+3g+g(1-9q* \ o 3
*( =~ =g ) e )>'

Note that ¢; is an arbitrary function of z, ¢ and appears due to the degeneracy of the —1
slope edge. It remains to match up the Fi’s coming from the A- and B-polynomials. In this
case, this can be done entirely from analysis of prefactors. As the A-recursion is defined up
to factors of a, ¢ and the B-recursion up to factors of x, ¢, we can pair up the branches and
work out the overall prefactors. We obtain

A,(ab) B,(-1) Nmi X2 Ny X
F, ~ Iy — e Mg T T

’
1 )

A(L
F417(2) ~ Fﬁ,(oo) SN q—TZ—’r‘N-f—’r"

A(-3 B,(—1 ;N2 oo _N
F41( 2) ~ F417( ) — €qu 5 +r +rN-+r 2

Once we have matched the series up, we can determine the combined series as we expect
(ignoring prefactors)

Fcombined(x’a,q) _ FA([L',a,q>FB(O7CL7Q) = FA(J',(),C])FB(J?,CL; q)

It turns out that in several cases computing the combined Fk is even easier. In particular, after
) is annihilated by the B-polynomial and F. ﬁ’(oo) is annihilated

1
by the A polynomial. This leaves the final pairing of Fi’( 2) and Fﬁ’(fl), which is more
difficult as we have the unknown constant ¢;. Through some trial and error we find that
the right value for ¢; is 1 + O(z) and

correcting the prefactor Fﬁ’(ab

B(-1)( _ 1

B, (o0 , —
Fy©(0,a,q) = Fy'"Y(c1,0,a,0) e T lagte e (¢ "5 q)oo-
I=5—q) ’ 00
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Hence the three branches of Fy, are given by (up to an overall function of ¢)

Fi?b) — eNWinTQ-H"N—T—%
3(a — —0)(1 — 2a + 6g — 6ag — 2¢> 2
X(l_ T = q+aq)x2+0(x3>>,
1=gq (1-g)(1—-¢?)
1 o B
Fy? = q RN R (g5 g)

a(2 —q) (1+3¢-2¢" —2¢° +gY)a” a\ » 0 4
. (1+Q(1—Q)x+( (1 —q)(1 - ¢?) C]) Ol )>’

_1 . 2
Fil 2) _ @quNT“"QJ”"NJ””%(q*la; Qoo
q(1 —2q) <q2(1—2q—2q2+3q3+q4) ) 2 3>
X |1+ —Fx+ —aq | x*+0O(x”) ).
( 1—gq (1=q)(1—¢ ()

Observe that both non abelian branches which correspond to the slopes % and —% have poles
in the ¢ — 1 limit and disappear when a = ¢. On the other hand, the abelian branch is
well-defined as ¢ — 1 and in the a = ¢ limit it is equal to 1.

6.6. Closed sector recursions. When we consider the generating functions of open topo-
logical strings, we usually mode out the whole closed sector. However, using B-polynomials
and AB-ideals we can include it in the recursions.

6.6.1. Closed partition function. The closed sector partition function reads

B 1 at
¢(a,q) = exp ; Em .
Since

pla,q) a.q) = a_d —a—>b)v(a.q) =
@E@¢“”%%@J (1-a-b)v(a.q) =0,

. Pla,q)  olag,q)
1-4) d(aq,q)  oag?q) 0

we can write

Therefore we have ,
(1-a) 6(a. q)*(a,q) — (bo(a,q)) =0.

Let us discuss the geometry underlying these formulas. Consider first the toric brane L
in C®. The open string partition function

1 2
Y(z,q) = exp (; C—lm)

can be interpreted, after SF'T-stretching around L, as the Gromov-Witten curve count.
The coefficient of 2% counts the contribution from connected curves that are asymptotic to
the multiplicity d Reeb orbit over the unique index zero geodesic in L. Consider now shifting
x to qr. This can be realized geometrically by shifting the brane. We can then compute
the new partition function ¥ (xq, q) by stretching around both the original Ly and the shifted

L, branes. Denoting the d-fold Reeb orbits of L; as fyj(-id), there are basic cylinders with two
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positive punctures inside the neighbourhood of Ly and a basic cylinder stretching between
Lo and Ly. Then the corresponding d-fold covers contribute respectively as
d
%ﬂéd)%()_d) and %vé_d)%d)
to the count of connected curves, where dgs; = dlog(q) is the area of the cylinder stretching
between the Lagrangians. (Here the two positive puncture cylinder has area 0 since it lies

in the negative end. Its actual non-zero area is visible only after rescaling and taking any
non-zero area to infinity.) Gluing these curves we find that

d2 d_d 1 d _d
@/)(xq,Q):exp( d @xq> =exp(zd:3xq :

as expected. Here the d?-factor comes from gluing along d-fold Reeb orbits twice. We point
out that this gives a curve counting proof of the recursion relation

(13— §)(z,q) = 0.
We will next give a similar curve counting proof of the closed string recursion. Consider
local CP*. We first note that we can compute the closed string partition function by inserting

a toric brane over the equator and applying SF'T stretching. Connected curves glue over
the area zero cylinders in the negative end and we find that

ST o GRAN I DU o N
o= p(%:dS((l—qd))) p(%:da—qd)?)‘

In order to find the effect of a — agq, we argue as in the open case (or simply give area g5 to
the cylinder in the negative end). The result is

(qa®) = exp (; %qd (ﬁ) 2) ,

where the holomorphic building consists of two outside curves, two cylinders in the negative
ends and one cylinder stretching between Lagrangians. The curves are glued over multiple d
Reeb orbits in four places. We conclude that

¢(qa®)p(a®) = exp (Z %(1 —q%) ((1i—q£1)> ) = 1(a’),

d

where the factor of (1 — ¢%) comes from the area difference between a zero area cylinder in
the negative end and a cylinder which is a d-fold cover of the of the basic area gy cylinder
that increases the area of the CP'.

6.6.2. Combination with the unknot. In the next step we combine the closed sector with
the open one for the unknot (in the unreduced normalisation). Multiplying ¢ by FO“f”"educed,
we obtain

D(z,a,q) = ¢(a, q) Fg" " (2, a,q) = exp

1 ol |
;C_lm (vg; q)l‘)%—l‘

Since .
bF(z)Llnreduced<x’ a, q) — (1 . xd)F(')ulnreduced(xa a, q>7
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we have veed
D(r,aq) _ dla.g) FElraq)  blag)
O(z,aq,9)  d(aq,q) Fgmretved(z aq,q) (1 —za)

(1—&—8)(1—%0%:0,

Therefore

which leads to
~ ~ 2
(1 - a)(1 - 2a)0(x, 0, ) ®(x,a,q) — (1 — zaq) (b(z,a,9)) =0.

6.6.3. Non-linear recursions. One may wonder what happens if we consider ®x = ¢F for
more complicated knots K. It turns out that similar relations exist for all knots K and can
be computed directly from the B-polynomial.

Observe that the quadratic relation for ¢ actually follows from a B-polynomial whose
coefficients involve the infinite ¢-Pochhammers. Namely, ¢ satisfies the linear relation

olgaq) o\
(@5 9)oc #ag) =0

which means it is annihilated by B- polynomlal b —1=V - 1, where b/ =

7q)oo

Proposition 6. Given a knot K with B—polynomml

n

BK(Z)) &a xz, q) = Z Ci<d7 T, Q)Bn

i=0
annihilating Fr, @ is annihilated by BK(I;’, a,z,q), where v ois defined above.

The proof of this is immediate from the observation that V/'®j = gzﬁl;Fk. The remaining
question is how to pass from this to the non-linear relations which do not involve infinite
g-Pochhammers. To make notation a little easier, let O, = 0" Prb™™ = Pk (¢"a, x,q) and

observe that
~ n . . ~ nf a’ TN
(b/)n _ H (CL; Q)z—l p— ijl( Q)] lbn,
e (a;q)o (a;q)n,
Then the proposition above is equivalent to the statement

S[0] := n ((c 0,2, q) (H( )j1> D) (a;z)i ) ~0.

7j=1

From this we can define S|[j] by

STk] = ;Eks[o] _ z”: ( ci(¢fa,x,q) (Hj_l(q a; Q)j—1> b #) .y

((a; @)x)" par ((a; q)i)" (a;9)%

Now consider the set of n+1 equations S[0], - - -, S[n] as linear equations in the n+1 variables

, (a.;)w, @ q)n . Elementary linear algebra tells us that we can eliminate the the variables

(a';)i from the set of equations S[0],--- , S[n| which will leave us with an equation purely in

terms of @k ;, a,x,q. On top of this, the final equation will be a homogeneous polynomial of
order n in the ;s — exactly the nonlinear equation we are looking for.
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The basic closed sector case corresponds to Fx =1, Bg = 1 — b, and if we plug this in, we
directly recover

(1 —a)p(a, q)d(q*a, q) — #(qa,q)* = 0.

If we set K = 0; to be the unknot, we similarly recover the earlier formula
(1—a)(l —za)Pg, 0P, 2 — (1 — qxa)@%hl =0.
Finally, setting K = 31 to be the trefoil, we compute
0=(a—1)(ag’ - 1)2 (ag — 1)* (ag’z — 1) (a®¢’s® — ag®x — ag + g + 1) @3, P35, 2P3, 4
+ (a —1)(ag — 1)’ (ag’z — 1) (a’¢°2® — ag’x — ag® + ¢+ 1) P3, 0 P3, 5
+ (ag — 1)* (aq2 - 1)2 (ag’x — 1) (a*qz® —agr —a+q+1) @?,,171@31,4
— (ag — 1)(a4q6I3 — PP — PP+ 25 + At — 283 R + a2t — PP
+a’P2? — aP?a® + dP¢*e — 2a3Px + 3d*Pr + 3d’ P+’ + aqa?
+ a’qz + a’q — 2a¢®s — 2a¢*x — 2a¢® — 2aqr — 2aq — 2a + 29 + 2) D3, 1P3,2P3, 3
— (a— 1)@%172(aqx - 1) (a2q3x2 —ag’r —aq+ q+ 1) )

Combining above discussion with results from Section 6.3, we can define open-closed
AB-ideals by a redefinition of operator b:

b— b =ba;q).
For the unknot in the unreduced normalisation, it gives
Ao,(@,9,0,9) = (1= 3q)§ — (1 —da) — AF""d,5,a,q) =
Bo, (,b,z,q) = b— (1 — za) — Bl (a,b

——open—closed

fopen—closed fyopen—closed
and we have AB = (AT BT,

» 01

7. CLOSED 3-MANIFOLDS AND LOG-CFT STRUCTURES

Authors of [GM21] proposed the following surgery formula connecting Fy with Z invariant
for 3-manifold obtained by Dehn surgery in which we glue the complement of K and —1/r
solid torus:

(82) 2(82,,(K) = 3 q™F (¢ = 1) ful),

where

Y fule) 2% = —a(ad — 272 F(q "2, q),

which comes from matching the conventions used in this work and in [GM21].
If we write Fx(z,q) = )50 fu(q) - 2", then (82) leads to

Z(Sil/r(K)) _ Z fn(q) [q _ q2r+2nr . q2+2n + q3+2n+2r+2nr qrn2+rn—2n+£+ﬁ—%‘

n>0
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For each F that can be expressed in a quiver form?’

(83) qudCd z

d>0

with x; oc x, we have n = ). d,; and, therefore, A (S 1 (K )) is a linear combination of
“characters”

. § T(El d¢)2+%d~C’-d+(terms linearind) _ E 1 %dC’(QT)-d—I—(terms linear in d).

d>0 d>0 (0)a

Effectively, this means that the modification of matrix C' is the same as framing by 2r
(see [KRSS19]). For example, for the right-hand trefoil Z (5%, (K )) is a linear combination
of Nahm sums with the matrix

2r 2r+1 2r 2r
2r+1 2r 2r+1 2r

2r 2r+1 2r+1 2r ’

2r 2r 2r 2r+1

(84) o =

whereas for the figure-eight we have the matrix

2r 2r—1 2r 2r 2r—1 2r
2r—1 2r 2r 2r 2r 2r+1
2r 2r 2r 2r 2r 2r
2r 2r 2r 2r+1 2r 2r
2r—1 2r 2r 2r 2r+1 2r+1
2r 2r+1 2r 2r 2r+1 2r+1

0(27’) _

We expect the corresponding element of the Bloch group and the value of c.¢ to be qualitatively
different for r = 1 compared to r > 1.

7.1. Anomalies. Recalling the analysis from Section 2.4.3, we can derive the field content
and interactions of the 3d N' = 2 theory T[Q] and dual theory T[Mg]. The matrix C' is
the matrix of Chern-Simons coefficients for U(1)™ gauge theory. Indeed, we write

h

d; hd;
g=¢', Y=g =e"

and, as usual, take the double-scaling limit & — 0 while keeping Ad; fixed. In this limit, using
d; = % log y;, from the quadratic term %d -C'-d we get

—~ 1
(85) Wi =5 > Cijlogy;logy; +
]
Note, the powers of ¢ linear in d do not contribute to the twisted superpotential. We denote
it by Wi to stress that we assume the knots-quivers identification z; = (—1)%¢la% 2™, which
implies that the moduli space of supersymmetric vacua of theories T'[Q] and T'[Mk] is the
same, by construction.

20Note that for convenience in this section we moved (—1)Cidi = (—1)%4 into a;.
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Similarly, xfi contributes log z; log y; into WK, and using®!
n—1 )
(i) = [0 —wg) ~ e (Liz(e)Liaaa™)
i=0
we conclude that the ¢-Pochhammer symbols in the denominator contribute to the twisted
superpotential a term:

(86) Wi =Y (Lia(y;) — Lis(1)) + - ..

i

For example, using these (by now standard) rules, for the right-handed trefoil we get

. 1 1
(87) Ws; = logylogys + logyalogys + 5 (log ys)” + 5 (log ya)*+

4
+ log y; log x 4 log ys log ax + (log ys + log y4) log(—ax) + Z (Lis(y;) — Lia(1)).
i=1
The field content and interactions of the corresponding 3d A/ = 2 theory can be conveniently
summarized in a quiver diagram illustrated in Figure 12, where, as usual, a circle denotes
a gauge node and a square represents a global (flavour) symmetry.

a X
I 1
| () 1
| 1
-z F------- e ! .
Pie 1 ] 1
/ | 1
1 | 1
\ I I
_ . S~o 1 11
C = matrix of Az )f------- fmm—— X
Chern-Simons ) | !
. I
coeflicients \ ! !
LY T
1 Zo f=—————— I, 1
RN T
| 1
| 1
', -——— | 1 |
7 fommme el
\ _ 4

FIGURE 12. The field content and interactions of 3d N' = 2 theory correspond-
ing to the trefoil knot can be conveniently encoded in a quiver form. Solid lines
represent charged matter fields, whereas dashed lines represent Chern-Simons
couplings.

The space of vacua in this theory has three “branches” (in terminology of the a = 1
specialization):
(88) spurious : x — 1, abelian : y — 1, non-abelian : yz3 + 1,

2

2Lig(z) = 3020, 27, so that ——%—Liy(z) = —log(1 — 2) and Liy(1) = Z-.

n=1 n2» dlogx 6
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where the first, “spurious”, branch comes with multiplicity 2. When a # 1, one of the spurious
branches recombines with the abelian and non-abelian branches into a single irreducible
component. The other spurious branch becomes ax — 1 = 0.

From the quiver of 3d N' = 2 theory or from the corresponding twisted superpotential
we can easily read off the anomaly coefficients, i.e. the effective Chern-Simons couplings.
The symmetry U(1), is a symmetry of 5d sector, and to account for the anomalies of this
symmetry, we need to incorporate into considerations the “closed string” 5d sector that so far
has been ignored. On the other hand, the symmetry U(1), is a global symmetry of the “open
string” sector associated with the Lagrangian brane, i.e. with a 3d surface operator in 5d
bulk theory. All fields charged under this symmetry are part of the 3d NV = 2 theory T'[Mk],
and therefore we focus on the anomaly of U(1), symmetry first. Since the symmetry U(1),
is preserved by the 2d (0,2) boundary conditions that are used either in cutting and gluing

~

or in computation of Z-invariants, we expect that the effective Chern-Simons coupling for
the U(1), should vanish:

(89) J—

Below we check that this anomaly vanishes on all branches.

In general, suppose that for a knot K the corresponding Fx can be written in the quiver
form (83). This means that 3d N/ = 2 theory has U(1)™ gauge symmetry with one chiral
multiplet per each U(1) factor and lots of Chern-Simons couplings for the dynamical gauge
fields, as well as for the global symmetries U(1), and U(1),. We are especially interested in
the latter, which can be computed as follows (see [GGP16] for details). First, from the data
of the matrix C' we construct the “dual” matrix G by writing a quadratic form??

=1 =1

ij=1
and completing the squares for variables u;. In other words, extremizing this quadratic
form with respect to u; gives m linear equations, from which we determine u; and substitute

the solution back into (90). This gives a quadratic (Gaussian) expression for the global
symmetries,

(91) ZGiniHj’
ij

where k; should be understood as the fugacity log x;. In other words,
ki = mn;logx + a;loga + mit;
(92) = n;k+ a;« + mit;,
where there is no summation over label ¢ and for convenience we introduced (k, «) in place of
(log z,log a). Substituting (92) into (91), we get the desired quadratic polynomial in k£ and o
kyok® + kopak + koo + ...,

whose coefficients are effective Chern-Simons terms for U(1), and U(1), global symmetries.
In particular, according to (89), we expect that k., = 0.

22This anomaly polynomial summarizes Chern-Simons couplings, including the effective Chern-Simons
coupling —% for each dynamical U(1) gauge factor that comes from integrating out a charged chiral multi-
plet [GGP16].
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For example, for the abelian and non-abelian branches of the trefoil we get®?
10 4 -8 0 2 0 0 0
4 2 -4 0 0 —6 4 8
B G = | g 4y g of G =g 4 2 4l
0O 0 0 =2 0 8 —4 -10

which, together with the data of the vectors a, t and n, lead to the anomalies
0- K% — 12ak — 2a* — 16mik — 47°
for the abelian branch, and
0 K%+ 8ak +0-a® — 16mik + 12mia + 207

for the non-abelian branch. In both cases (89) holds, as expected.**
Note, the term k,, on which we focused here is a very concrete combination of the data C,

a,t and n:
kxm == E Gijnz-nj.
ij

Moreover, from the physical point of view, extremization with respect to u; variables in (90)
comes from integrating over dynamical U(1)™ gauge degrees of freedom. Therefore, the dual
matrix G is basically the inverse matrix to C' — %1, so the anomaly vanishing condition (89)

can be stated as )

c—11
2

Note, this anomaly vanishing condition imposes a constraint on m when only C' is known

a priori. It says that m is a null vector of the inverse matrix to C' — %1 and should hold for

n- n = 0.

any branch of the theory and any choice of C'. Similarly, expressing Wi in terms of C, a, t,
n as above, and identifying y = exp ;KJVg £ on different branches gives a set of “invariants,” i.e.
combinations of C', a, t, n that have the same value on different branches of the A-polynomial

curve.

7.2. Runaway vacua. In (88) we glossed over one important phenomenon: while the as-
signment of branches makes sense only for a = 1 specialization, actually it is not true that
a = 1 specialization of the superpotential (87) has all three branches as its critical points. In
the limit @ — 1 the entire branch runs off to infinity.

Indeed, the critical points of (87) are solutions to the following algebraic equations:

Ty =1 =y, ays(yy — 1) =1 — ys,
(93) ary1ys = 1 — yo, —axyy =1 — yy.

The first equation is linear in ys; it has a unique and simple solution for ¥, in terms of ;.
Similarly, the third equation is linear in y3 and also gives y3 as a function of y;. The fourth

ZNote the symmetry between these two matrices. This is probably an accident and does not hold for
general knots; in particular, we have many more branches for general knots. On the other hand, anomaly
vanishing (or matching) discussed here are expected to hold for all knots.

24Note7 the coefficients of terms linear in s also match on the two branches. This, however, has no
significance since these terms describe mod 2 anomaly, which automatically vanishes in both cases. In other
words, we do have a matching of this mod 2 discrete anomaly on both branches, but it is less impressive.
Also, note that all anomalies listed here vanish in the sly specialization, i.e. when a =1 or a = 0.
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equation also has a unique solution. Substituting the resulting expressions for ys, y3 and y4
into the second equation we get a quadratic equation for y;, when a # 1 is generic.
However, when a = 1, it becomes a linear equation. It is easy to see that the second
solution of this equation runs off to infinity (in C* where all our variables are valued) when
a— 1:
11—z

94 ~ ———(a—1)4+0((a—1)?).

(99) hox a1+ 0 (e - 1)

At the same time, y3 also goes off to infinity, so that the product y;y3 remains finite
x—1

<95) Y1ys = 2 + ...

As a result, the whole non-abelian branch is completely missing in the theory (87) when
a = 1. In order to keep this branch as part of the vacua, we need to keep a close to unity,
but a # 1.

Note, in the superpotential (87) some of the terms that involve y; and y3 can be manifestly
grouped into terms that depend only on the product y;y3 and, therefore, are non-singular in
the limit @ — 1. The remaining terms that can be potentially singular are the following:

1 . .
(96) Q(log ys)® +log yslog(—a) + Lia(y1) + Lia(y3).
Writing 2 = ys3, y1 = é and using the dilogarithm reflection property
(1 . 7 1
Liy (;) = —Liy(z) — 53 log?(—2),

we can write the potentially singular terms as
1 1 A
5 log?(—2) +log zloga — 5 log?(—1) + Li, (—) + Liy(z) =
z

2 2 A 1
:—W——i—w——l—logzloga%—LiQ — | —Lixa (- ).
6 2 z z

Since z ~ (1 — a)~!, the term log zlog a goes to zero in the limit a — 1. Therefore, we only
need to estimate Li, (£) — Lis (1) as z — oo or, equivalently, Li, (Aw) — Li, (w) as w — 0.

z
Differentiating with respect to w, we see that

1 1—w
lim —1 = A-1
wi0 w 01— Aw

Therefore, it follows that lim [Lig (é) — Lis (%) } — const and it is then easy to check (say,

Z—00
numerically) that the constant is zero. We conclude that all potentially singular terms in
the superpotential (96) cancel each other up to a finite contribution %2

7.3. Closed 3-manifolds. For a surgery on a knot K, we have the relation

(97) W (S2,,(K))

S (logy)? + log ylog = + Wi (x),

T
p

where y is a new variable that came from ¢¢ in the surgery formula for Z-invariants. This is

consistent with the surgery formula for the twisted superpotential in [GGP16, GMP16].
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We wish to apply a surgery formula to a general expression of the form

l. T

(98) fL‘ a, q an — Zq%d0d+d-B+A H 7
n>0 d - (@

with z; = (—1)%gla%2™. Specializing to a = ¢* and then replacing x — ¢~ 'z, we get
)tidiq(Qai+li+Bi—ni)d' idi

R R S | e
d I3 i

n>0

where, of course, n = Y. n;d;.
Now we are ready to plug this expression in the above surgery formula with n =) . n;d;:

a 1dC’d—&-A—&-?“nQ—&-7"n—2n—&—f-l—i—§ 2r+2nr 242n 34+2n+2r+2nr
(99) Z(82,, (K § g TG —gq —q¢ " +q

(_ l)tidiq(Qai+li+Bi)di

(Q)di

%

For example, for the right-handed trefoil we have

A = 0,
01 00 B = (0,0,0,0),
c - 1010 t = (0,0,1,1),
Oo1 10} l = (1a07_%7_%)7
0 001 a = (0,1,1,1),
n = (1,1,1,1),
and the above surgery formula gives
A(S3(r>) _ 1_q_q5+q10_qll+q18+q30_q41_’_q43_q56+”"

2(531/2(3T)) = ¢'/® (1 g g B PO S0 — T ) 7
2\(531/3@;)) _ q1/3 (1 —q— q17+q22 . q35 +q42 +q90 . q101 +q127+ B ')7

that agree with the earlier calculations up to overall powers of q.

7.4. Nahm sums and MTC[Mj;]. Using the familiar rules (85)—(86), we can quickly read
off the twisted superpotential from the explicit expression (99). For the trefoil we get

— 1
W (5%,,,(31)) = logy1 log y + log y2 log ys + = (logys) + 5 (logys)?
(100)
+r (Z logyz) (log ys + log y4) log(— +Z (Liz(y:) — Lig(1))

Note, the quiver of the corresponding 3d N = 2 theory T'[S?, /r(31)] is very similar to the one

shown in Figure 12. Namely, it is a U(1)* gauge theory with lots of Chern-Simons couplings
and one charged chiral per each U(1) gauge factor.

Also note that (100) here is in agreement with the general surgery formula (97). Indeed,
logy appears only quadratically in (97). Extremizing with respect to logy, we generate
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a quadratic term for log x, which, in turn, appears in Ws, only linearly,”> multiplying > log ;.
Then integrating out log z gives r(>_ logy;)? = r(hm)?.

Now let us consider a topological Landau-Ginzburg (LG) model [Vaf9l, MP0O6] with
the (twisted) superpotential (100). Its chiral ring and all partition / correlation functions are
controlled by the critical points,

yg)‘) : exp oW =1 Vi.
dlogy;

These are the celebrated Bethe ansatz equations (BAEs) that in the context of gauge/Bethe and

3d-3d correspondence take the familiar exponentiated form (as opposed to the “2d version”
oW

= 0). For a general expression of the form (99) these BAEs take the form

Oy
c®n
(101) L=y = (=" v" (Vi fixed),
J
where we used @Lb(w) = —log(1 —z) and C?) is the matrix introduced earlier that

combines all terms in W <Si 1 /T(K )) quadratic in log y;. Note that these equations generalize

the so-called Nahm equations [Nah07]:

1—y; = H ij” (Vi fixed),

and reduce to them when all ¢; = 0. Already in the simple example of the trefoil knot, we
have t = (0,0, 1, 1), so we have to consider a more general version (101). In the trefoil case,
we get the explicit form of the BAEs using (84):

1—y;'=1-y, yiys(1—y') =1 —yo,
Yy(l—y, ') =1—y, vy sy =1 — .

These equations, however, have no solutions y; € C*. We have already seen this phenomenon
n (93). One way to go around it is to work with a ~ 1 and then take the limit a« — 1 at
the end of the calculation.

The relevant equations are

y=wyveysys, =y, (1—y)(l+2) =0,

and
Ty = 1 — 1y, —axy2ys = 1 — ys,
aryys = 1 —yo, —azrys = 1 — ya.

From the previous discussion we know that ys, y3, and y, are uniquely determined in terms
of y; which, in turn, obeys a quadratic equation. The non-abelian branch of the A-polynomial

25Specializing a — g2 — 1 in (87) gives

log y1 log & + log y» log ax + (log y3 + log ya) log(—ax) — log#(D_ logy;) + (log ys + log ya) log(—1)
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corresponds to a choice of solution (94) that escapes “to infinity” in the limit a — 1:

1—x (r —1—2?)
~—————(a—1)+... ~
Y 1—x—|—:1:2(a )+ Y3 2(a—1)
1 1
Y2 = —, Ys = .
T 1—azx

Substituting these into (100), we find

0 ) 0 (2) e () e (52 )
_log (1i ) (log <1ix) +2m~) _%2’

where we took advantage of (95) and the analysis below it. This twisted superpotential can
be brought to the form

— —1\? 1
w (Sil/r(iﬁ’{)) = rlog (?) + log(x)* + 5 log(—z)* — milog(—z) — %

1
+ Zlog(—z)* — milog(—z) — —

= rlog(y)® + log(z)? 5 3

from which classical Chern-Simons values can be seen at critical points of W.

This identification is a part of much richer structure. Namely, it was proposed in [GPV17]
that to each 3d A/ = 2 theory one can associate a braided tensor category of line operators,
which in many cases is a modular tensor category.?® For 3d N = 2 theories T[Ms], it is
denoted MTC[M;]. The Grothendieck ring of this category is the Jacobi ring of the Landau-
Ginzburg model with the superpotential W. In particular, critical points of w correspond to
simple objects of MTC|[Ms3], and various data — such as matrix elements of S and T matrices,
conformal dimensions, effective central charge c.g¢, etc. — are determined by this effective
Landau-Ginzburg model:

(102) Ty, = 5/\#€W(/\), Sox = e~V det Hess )7\7’ )
A
As a result, the twisted partition function on a genus-g surface ¥, can be written in the stan-

dard form [Vaf91, MPOG]:
—~\ 9—1
Z(S'x %,) = Z(SO,\)2_29 = Z (e‘U det HessW) :
A crit. pts. of W

with Sy given by (102).

The effective central charge ceq can be read off from the asymptotic growth of the co-
efficients a,, in the expansion of Z-invariants, which are identified with the characters of
logarithmic vertex operator algebras (log-VOAs):

Xb(Q) Z\ = qAb Zanq s

268ee [FG:20, DGNT20, CGEK20, CCFT19] for further discussion and applications.
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where it is important that we include in Z,(q) the (¢)eo denominator associated with the center
of mass chiral multiplet of the T'[M3] theory [CCEFT19]. Specifically, as n — oo,

1
(103) ay ~ exp 274/ Glent

For example, for small surgeries on the right-handed trefoil knot we have

> r 1 T (6r—>5 T (6r+7 1. (30r—1 1. (30r+11
Zo (Sil/r(31)) = n(q) (‘I’:(a67~+6) - \Iji(’)GrJ—rl—G) - qjéGr-&-G : + ‘I’:(J,Gr++6 ))
and, therefore, from (102) and (103) we read off
36r +5)2
Cof = C — 24h i, = 1 and c= —w.
6r +1

Since in this case we actually know the precise log-VOA whose characters can be identified
with Z -invariants, we can check that these indeed match with the VOA central charges for
all values of r € Z.

The situation is a little more interesting in cases where the precise log-VOA has not been
identified yet. In those cases, we can use (102) and (103) to obtain its modular data, central
charges and conformal dimensions hy related to Ty, = e2mi(ha=31)  The simplest class of such
examples is a family of small surgeries on the figure-eight knot 5% /T(41). For example, for
r = 2 we have

N

(104) Z(5%,5(41) = L (1—q+2¢° —2¢° + ¢° + 3¢ +¢" — ¢ — 3¢ + ...

3
~—

(g
.. — 1504067 4 ...).

Note, without the Dedekind n-function in the denominator, this would be a g-series with
oscillation coefficients of a growing amplitude. However, with 7(q) in the denominator,
all coefficients a,, have the same sign, as expected for a character of a (logarithmic) VOA.
Moreover, their rate of growth (103), illustrated in Figure 13, is consistent with

Co = 1
which suggests that c.g = 1, as in the case of small surgeries on the trefoil.
70}
60;
50%
40%
30%

20t

200 400 600 800

FiGure 13. Plot of loga,, as a function of n for —% surgery on the figure-eight knot.
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8. FUTURE DIRECTIONS

In this section, we provide a summary of interesting open problems that emerged during
our research:
e [s there a way to unify the wave functions F' I((a) (x,a, q) associated to different branches?
Recall that the wave functions F' [((a) (x,a,q) are associated to branches on the boundary
(x,a) = (0,0) (or via Weyl symmetry, (z,a) = (c0,00)). In order to unify them, we
probably need to understand better what happens in the middle of the holomorphic
Lagrangian.

An interesting observation in this direction is that for sly the non-abelian branch

Fy invariants seem to appear as a certain limit of 3d index from [DGG14].

Conjecture 10. Let K be a knot and let o denote a non-degenerate, non-abelian

branch of the A-polynomial of slope —]la. That is, F has a prefactor of the form
og T 2

"5 Let’s write (unreduced) Fg(x,q) as

%(log z)2+€ log(—1)logzx

F(z,q) = e G " f(q)r?
j=0

for some e € {0,1} and d € Z. Then f{(q) can be obtained from I (m,e) by

f8(g) = lim (1) HImg G T (m pm + 5).

mM—r00

For instance, for the figure-eight knot, with p = 2, we empirically checked that
lim (—l)mq_%mI4l(m,2m) =1,
m—0o0

lim (—1)"q 2" Ty (m,2m+1) = - = —¢* —¢* —¢® — ¢® — -

m—o0
1-2
= Q_L
1—g¢q

lim (—1)"q 2"y, (m,2m +2) = —q = ¢* + 4"+ 4" + 24" + -
1-3¢—¢+4¢ 1-2q

1-¢)(1-¢>) 1-gq’
so they match up perfectly. If true, this conjecture can be seen as a way to unify
non-abelian branch Fx invariants in sly case.

In recent works of [GGN21a, GGM21b], authors studied resurgence in complex
Chern-Simons theory and identified the entries of the Stokes matrix between non-
abelian flat connections with the 3d index from [DGG14]. Moreover, the abelian branch
Fi is related to the first row of the Stokes matrix. This is a strong encouragement to
study resurgence in the a-deformed setting, in particular looking for a generalization
of 3d index that unifies Fx from all the branches.

e How are quivers associated to different branches related to each other? So far we
only understand how they are related in a rather indirect way; e.g. they give rise
to the same holomorphic Lagrangian after eliminating variables from the quiver
A-polynomials. It would be nice to understand how to get from a quiver from one
branch to a quiver from another branch. Probably, understanding of the previous
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question (i.e. unification of Fi’s for various branches) will lead to an answer to this
question and vice versa.

e [t would be interesting to understand the categorification of F invariants in the con-
text of quivers. Recent results for knot conormals [EIX1.21] suggest that the presence of
quiver nodes with z; ~ y~", n > 1 imply a different structure of the refined generating
function. Another subtlety lies in the fact that the t-deformation inherited from
the superpolynomials and super-A-polynomials is not consistent with the one guided
by the number of loops. Further complication comes from the fact that different forms
of knot complement quivers would lead to different t-deformations.

e It would be desirable to find explicit formulas for Fj invariants in quiver forms
for knots and branches not covered in Section 4.2 and Appendix A. The case of
non-abelian branch of slope oo for knot 55, partly discussed in Appendix A, seems to
be especially interesting.
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APPENDIX A. QUIVERS FOR COMPLEMENTS OF VARIOUS KNOTS

In this appendix we present formulas for Fi invariants for all knots with 5 or 6 crossings,
as well as (3,4) torus knot, obtained using the method presented in Section 4.1. For simplicity,
we will keep g-Pochhammers (x;¢™")(y in the concise form. In case the quiver form of Fi is
needed, they can be easily expanded in two ways, as discussed in Section 4.1.

51 knot. The F invariant for the abelian branch of 5; is given by

I TN
Fsl(l’,a,CD — § (_1)d2+d4ad2+d4q2(2d1 do+4d3+ds)
dy,da,ds,da
1N L .
(I‘, 4 )d1+---+d4

H?:l(Q)Ji 7

X

« ph +J2+3c13+334q% >, Cijdid;

where
0 0 -1 -1
~ 0 1 0 0
C= -1 0 -2 -2
-1 0 -2 -1

Expanding the g-Pochhammer (x;¢71)
with Equation (54).

The quiver form of the F for the mirror image m(5;) = 57 and its non-abelian branch
with slope —% (corresponding to framing f = 5) is given by

dy4td, ODE can check that this formula is consistent

_1 S5 55
qu 5)(1., a, q) — E (_1)d3ad1+d2+d4
di e ds

% q%(cz1 —J2-|—2d~3—3624)x(21+(22q—% Zi,j C‘Uizd}

L=y )
—2icy did; (J}, q )d1+-~~+d4

H?:l(Q)(L- 7

(3d1-+3d24-4d3+4ds) 3, ds q (2, di)?

X q q

where

Qe
I
W= = O

W NN
= w N =
SR W W

59 knot. The F invariant for 5, corresponding to the abelian branch reads:

_ E do+dz+ds  do+ds+ds+2ds 1 (2d1 —da+d3—2d5—3ds
F52($,G,Q) - (_1) a qz( )

d1yeeyds

P et T
% xd1+d2+2d4+d6q§Zi,jcijdidj 1+--+de

Hle(Q)cL- ’
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where
0O 00 —1 00
0O 1.0 0 11
~ 0O 01 0 11
=1 - 100 0 11
0O 11 1 2 2
0O 11 1 2 3

For the mirror image m(52) = 55 we need to consider it in framing f = 5 and we get Fi
for the non-abelian branch corresponding to slope —%:

Fig Vo) = Y (c1)hgrhededddd,
di, dg
« q;(_5d”1—3J2—2d3—4d4—3ds—&6) p2d1+3d2+ds+2ds+dg q—% iy Cigdid;
R N B
(2J1+J2+3JS+2J4+4J5+3J6) > d; *3(21 Cii)Q —2i<j JiJj (LL’, q )d1+...+d6
X q q q 7 6 )
Hz‘:1(CI)cL
where
21 21 2 1
1 010 20
~ 21 31 3 2
¢= 1 011 21
2 2 3 2 4 3
1 0 21 3 2

For knots for which fy # 1, some of the coefficients of d; in the exponent of z are equal
to 0. For example, let us take 5y for infinite slope branch, and try to find quivers. We have

N-2
1 N -2
ol Rbaa |

(@)n—2 P

As we know, we can rewrite this in quiver form:

N-2 oo 11— o0 00 00 : S Llesa
Sy — Z ; - Z (qu—’(])OO — ZZZ (—1>7qNJq J jq2(]2 ])qk
0 — (@)i(@)N—2-i — (9)i(q) oo par et @i(0); (@) ;
and so
do quzfjldgq%(dg—cig)ng

fo(a,q): Z (—1) 2a

v, s (@)4,(2)4,(Dd,

This fixes the first 3 x 3 block of the quiver matrix and the first 3 entries of the rows of a, l.
For further ones, let us denote

BN o G 0 Al Bl Al
v SN S )

. s
bN — fl N.
i7j7k

Then we have the recursion

(1 —¢Maynie = 2any1 — ay, (1—q)by = (1 —¢" Y(ay + ans1)-



BRANCHES, QUIVERS, AND IDEALS FOR KNOT COMPLEMENTS 90

This suggests that we should have (at least) 4 nodes whose d;’s have coefficient 1 in
the exponent of = in F. The following formula (that is relevant for the off-diagonal entries in
the quiver for the expressions in fi(a, q) and higher ones) helps in simplifying the expressions:

Lemma 1. For integers o, 3,7 > 0 we have:
Vi =i gz P =d) gk

ai+6j+'yk(_1 _ q*
21 (@)i(0);(q)x =@ Z

i7j7k

In addition, if we denote
N=2+8 at

Pa,ﬁ(N>: Z d

then it can be obtained recursively by

and

In particular:

(105) Zqﬁj-‘r'yk(_l)

i?j7k

qujq_j_z-jq%(ij)qk — (dans
(0)i(0); (@) NS

In consequence, the first guess for the first 7 x 7 block can be:

0 -1 00 00O
-1 1 00101
0 0 00000 a=(0,1,0,0,0,1,1),
C= 0O 0 00O0O0OO/[, l=0,-1,1,0,0,—1,—1),
0 1 000O0O0 n=(0,0,0,1,1,1,1).
0 0 0O0O0T1O0
0 1 00O0O01
By using Lemma 1 (especially (105)), one can check that we get the correct answer for fi'.
s

However, one can see that the f5V is not quite correct, but it is close. Therefore either we
should either change C' (choose different off-diagonal entries), or add more nodes/generators.
They can also be added with different flavours: some of them proportional to x, and maybe
some of them proportional to z2.

6, knot. For the knot 6;, the F invariant corresponding to the non-abelian branch with
slope —% is given by

1 e e e e - .~ o~ -~ - - .
Fé_i)(x,a,q) — E : (—1)s+datdo-tdr di+2da-+ds-+da+ds-+2do-+2d7 -+
1
di,...,ds
% q%(—2d~1 —4(52—3d~3—d~4—6(i5—5d~6—3627—2£ig)xd~1 +d~2+d~4+2g5+(26+2d~7

O - . . ~ - A -
15 Ciydidy+(di+do+2ds+da+de+2ds) X, di—(3, di)? (%547 ) dy 1t ds

sJ ] y
Hi:1 (¢ )cii
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where

o 0 -1 0 0 -1 0 -1

o 2 0 1 2 0 1 -1

-1 0 -1 0 1 -1 0 -2

G- o 1 o 1 2 1 1 -1

N o 2 1 2 4 2 3 1

-1 0 -1 1 2 1 2 0

o 1 o0 1 3 2 3 1

-1 -1 -2 -1 1 0 1 O

For the mirror image m(6;) = 67 and for non-abelian branch of slope —4 corresponding to
framing f = 4, the Fx invariant is given by

1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
Fér_l)(x a,q) = Z (—1)s+dactds-+dr 2d1-+da-+2d5-+2d+3ds +do-+dy +2ds
1 9 ?

di,--,ds

X q%(_‘llil_2(;2_3J3_5d4_6j5_J6_3J7_458)xgdl+J2+2J3+J4+3J5+d6+2j8
Xq—% 3,5 Cigdid;

AN -

203, d0)? Y did; (%34 )iy 4-vdy

! ()

(2da+ds+2ds+2dg+3d7+ds) 3, ds

X q q

where

o 0 -1 0 -1 -1 0 -1

o 2 0O 1 -1 0 1 -1

-1 0 -1 0 -2 -1 0 -2

G — o 1 0 1 -1 1 1 -1

!l -1 -1 -2 -1 -2 -1 0 -2

-1 0 -1 1 -1 1 2 0

o 1 o0 1 0 2 3 1

-1 -1 -2 -1 -2 0 1 O

6, knot. For the knot 65 in framing f = 2, the F invariant corresponding to a non-abelian
branch with slope —%, is given by

1 e .~ - - -
Fé;i) (x, a, q) o Z (_1)d1+d4+d5+d8+d9ad1+d2+d4+d5+d6+d9+2d7+2d8+2d10

di,..yd1o

X q%(_3(21_2d~2+2(23_(i4_J5_4J7_3(28+d~9—QCZlO)1.@72+d~3+CZ4+(25+2d+6+d~7+3(28+4d~9+3(210

SN N N A S ; o (g1 ;
Zi,j Cijdidj+(2d1+d2+d3+d4+d5+d77d87d97d10) Zz di*(zi di) ) d1+-+dio

Hilgl(q)czi 7

1
X q2
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where
-1 -1 0 0 0 1 0 1 2 2
-1 0 1 0 0 1 0 1 2 2
0 1 0 0 0 1 0 2 1 1
0 o o0 1 1 1 1 2 2 2
G 0 o o0 1 1 1 1 2 2 2
o 1 1 1 1 1 2 1 2 2 2
0 o o 1 1 1 2 2 3 3
1 1 2 2 2 2 2 3 3 3
2 2 1 2 2 2 3 3 3 3
2 2 1 2 2 2 3 3 3 4
For the mirror image m(6,) = 6 in framing f = 4, we get the following Fx invariant
corresponding to non-abelian branch of slope —1—1:
Fég_%)(q;,a,q) — Z (_1)d~2+d~5+d~6+d~9+d~10a2d~1+(Z2+(i3+2d~4+d~5+d~6+d~7+(210
dy 1o
% q%(*2521+d~2*484*J5*d6*2cz7+2d~8+d~9*35z10)x2J1+JQ+J3+2d~4+J5+CZ6+CZ7
% q—% i Ci;did; q(021 +2do+2d3+da+2d5+2de+2d7+3ds+3dy+3d10) 3, c?iq—2(z,» d;)?
X q~ i<y cZiJj ($; q 110)J1+---+J10’
Hi=1(Q)Ji
where
-2 -2 -1 -1 -1 -1 0 -1 1 1
-2 -1 -1 0 0 o 1 0 1 2
-1 -1 0 1 0 o 1 0 1 2
-1 0 1 0 0 o 1 0 2 1
G- -1 0 0 0 1 1 1 1 2 2
-1 0 0 0 1 1 1 1 2 2
0 1 1 1 1 1 2 1 2 2
-1 0 0 0 1 11 2 2 3
1 1 1 2 2 2 2 2 3 3
1 2 2 1 2 2 2 3 3 3

63 knot. We note that knot 63 is amphichiral. For 63 in framing f = 3, we obtain the following
F invariant corresponding to a non-abelian branch for slope —%:

1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
Fé;g)(x,a,q) _ Z (_1)d2+d6+d7+d9+d12ad1+2d2+d3+d4+2d5+d6+d7+2d9+d10+d11

Czl,...,d~12
X q% (7521 *4J2 *JS *36[4*3525 *QCZ7 +J872J9 +d~107d~11 +2d~12)
% :L'QJl +da+ds+2ds+2de+dr+2dg+2d10+d11+-d12

% q% i Cijdid;+(d1+2da+2d3+3ds+ds+ds+2dr+3ds+do+dio+2d11+2d12) 3, di— 2 (32, di)?

(T ) gyt

I2@g
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where

o 0 0 -1 0 0 -1 -1 0 0 -1 -1

o 1 o0 -1 1 0 -1 -2 1 1 0 -1

o o0 o0 -1 1 o0 0 -2 1 1 0 o0

-1 -1 -1 -2 0 -1 -2 -3 -1 0 -2 =2

o 1 1 o 2 1 0 -1 2 1 1 -1
c-|o o o -1 1 1 0 -1 2 1 1 0
-1 -1 -1 0 -2 0 0O -1 -2 0 0 -1 =2
-1 -2 -2 -3 -1 -1 -2 -2 0 -1 -1 =2

o 1 1 -1 2 2 0 0 3 2 1 0

o 1 1 o 1 1 0 -1 2 2 1 0

-1 0 0 -2 1 1 -1 -1 1 1 0 -1

-1 -1 0 -2 -1 0 -2 -2 0 0 -1 -1

819 knot. For 8;9, which is (3,4)-torus knot, the corresponding Fj invariant for abelian
branch is given by

Fglg (ZL‘, a, q) = Z (_1)‘25+JG+d~7+d~8+d~9ad~5+d~6+6i7+(is+d~9+2dm
dy,dio
x 3 Cdi+2da+4ds-+6di—ds —do+dr+ds+3dy—2d10) 5 d +2da+3d5+5d-+ds+2ds-+3dr+4ds +5do+4d1
X q% Zi,j éz‘jCZiJjq(fd~1*2622736?375624762572&3—3&774J875CZ974J10) Zz d~z
(.Z‘; q_l)t{1+~-~+(210
10 )
Hz:1<q)d~1
where
2 335 233555
3445 3 44555
34 45 4446 56
5556 656 6 6 6
O — 23 46 33456 5
1 3445 35 4656
3446 44566 6
556 6 566777
5556 656777
55 6 6 56 6 778
For the mirror image m(8;9) = 874, we obtain F invariant corresponding to the non-abelian
branch of slope —%:
st’{jg (x’ a, q) = Z (_1)J6+J7+028+J9+J10a2J1+2J2+2J3+2J4+2J5+C'[6+d‘7+d'8+d‘9+d‘10
di,,d1o
X q%(_2621_4J2_4J3_6(i4_8d~5_CZG_‘57_3028—3629—56210)x3d~1+2d~2+2¢f3+d~4+d~5+2c26+¢i7+c28

) -
X g2 2y Cuadidi g

o =1 L 5
=i did; (l‘, q )d1+~~+d10

H2121 (Q)Ji 7

(—2d1—dz—ds—dg+do+di0) 3, d;

X q
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where

01235123435

010 10 © © 10O O b~ -
1O 10 O © 10 O © b= -
N FH FH O o O O
N < FH 1o Mo < O 10
NN FHFO MM < 1o O
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D FH oMM <F 1010
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