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Abstract

We introduce generalized quiver partition functions of a knot K and conjecture a rela-
tion to generating functions of symmetrically colored HOMFLY-PT polynomials and
corresponding HOMFLY-PT homology Poincaré polynomials. We interpret quiver
nodes as certain basic holomorphic disks in the resolved conifold, with boundary on
the knot conormal L, a positive multiple of a unique closed geodesic, and with their
(infinitesimal) boundary linking density measured by the adjacency matrix of the gen-
eralized quiver. The basic holomorphic disks that are quiver nodes appear in a certain
U (1)-symmetric configuration. We propose an extension of the quiver partition func-
tion to arbitrary, not U (1)-symmetric, configurations as a function with values in chain
complexes. The chain complex differential is trivial at the U (1)-symmetric configura-
tion, under deformations the complex changes, but its homology remains invariant. We
also study recursion relations for the partition functions connected to knot homologies.
We show that, after a suitable change of variables, any (generalized) quiver partition
function satisfies the recursion relation of a single toric brane in C.
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1 Introduction and summary

Polynomial knot invariants such as the Jones and HOMFLY-PT polynomials, originally
defined combinatorially, have been interpreted and further explained from physical
and geometric points of view. In physics the invariants appear through quantum field
theory (Chern—Simons theory) [1], topological strings and M-theory in combination
with the conifold transition [2], and in geometry through Gromov—Witten counts of
bare curves [3, 4]. Many polynomial knot invariants admit categorifications, where
the polynomial is expressed as the (graded) Euler characteristic of a chain complex
associated to the knot, with homology which is a knot invariant. The first example is
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Khovanov’s categorification of the Jones polynomial [5]. Connections between cate-
gorified knot invariants and BPS states in the physical theories underlying the original
knot polynomials have been proposed, see, e.g., [6, 7].

Following [8, 9], we study connections between knot invariants and quivers as
in [10, 11], where the motivic generating function of a quiver gives the generating
series for HOMFLY-PT polynomials from the perspective of BPS counts. Here quiver
nodes are basic BPS states, their interactions are governed by the quiver arrows, and
the interacting nodes generate the whole spectrum. Geometrically, basic BPS states
correspond to M2-branes wrapping basic holomorphic disks in the resolved conifold
with boundary on an M5-brane wrapping the knot conormal, and the quiver adjacency
matrix encodes boundary linking data.

The main theme of this paper is a conjectural extension of the correspondence
between knot invariants and quivers to the categorified level. The extension involves
new types of quiver nodes that geometrically correspond to certain ‘stretched’
(non-embedded near the boundary) holomorphic disks. More precisely, we define
a generalized quiver Q as an finite oriented graph in which each vertex i has a positive
integral multiplicity j1; and each arrow i — j carries a sign.! If N; ;i € Z denotes
the number of signed arrows from i to j, then the adjacency matrix of Q is given by

Nij if i # oy,

Cij = .
! ﬁ-Nij if wi=pn;=np

(1.1)

In this paper we focus on symmetric generalized quivers (for which C;; = Cj;),
associate variables x; to the generalized quiver nodes i = 1,2,...,m, and their
partition function as follows.

Definition 1.1 The partition function of symmetric generalized quiver Q is
d;

i 12
(qH; qz“l ), (12)

PQ(x q) — Z( 1)2, Ciipid; Zz J Ctj(ﬂtd )(M/d ) 1_[

i=1

where d ranges over all dimension vectors in NQg (i.e., the lattice with basis given
by the set of vertices of Q).

Definition 1.1 is the starting point for our conjecture on HOMFLY-PT homology
and a refinement of the partition function (1.2) will be discussed in the main text.

Consider a knot K and its conormal Lk in the resolved conifold. We conjecture
that it (after degeneration onto the unknot conormal) admits a U (1)-symmetry and
that there is a finite number of basic disks that we label 1, ..., m. We view these
disks as generalized quiver nodes, where the multiplicity of a node is the multiplic-
ity of the boundary of the corresponding basic disk. Attaching data for the normal
bundles of the basic disks give a quiver adjacency matrix C;;. Here, for i # j, C;
is the infinitesimal mutual linking (a relative framing). In particular C;; is integral if

1 We consider signed oriented edges, where negative signature may arise from a choice of large negative
framing.
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i # pj.For i = pj =pu, Cijis - u - Njj, where Nj; is the self- or mutual-linking,
depending on whetheri = j ori # j. This defines a symmetric generalized quiver Q
associated to K. Let log x be the positive generator of H;(Lg) and let loga® denote
homology class of CP! in the resolved conifold. Let the homology class of the gener-
alized disk i be p; log x +a; log a and its invariant self-linking (or 4-chain intersection
far from the boundary) be g;.

Conjecture 1.2 Let Q be a symmetric generalized quiver. If we substitute
Xj = x“”qqi*c"f“"a“" for i=1,2,...,m

then the generalized quiver partition function Pg(x; q) equals the generating function
of the Gromov—Witten invariants counting generalized holomorphic curves, or equiva-
lently the generating function of the symmetrically colored HOMFLY-PT polynomials
of K.

Remark 1.3 The change of framing operation, counterpart to changing variables x —
x(—y)/ with f € Z in the augmentation curve, is given by the usual shift of the linking
matrix C;; — C;;j + f, both for diagonal and off-diagonal elements, in the partition
function.

Remark 1.4 Equation (1.2) completes and corrects [8, Conjecture 1.1] as follows.
There, a ¢ times around generator in framing zero was assumed to be an embedded
disk that contributes (x*; g2)«o to the partition function. Its contribution to the refined
partition function was not specified as can be seen already on level d. One would
have to explain how the contribution (2"—“2)] implied by the proposal of [8] would be
promoted to a linear combination of @ with coefficients in N[g, ¢]. In our new
framework, the basic object is dlfferent 1t is an embedded disk outside, completed by

amultiply covered disk inside. Its level-d contribution to the partition function is now
xid
(@59
(g% g% ud - Once again this involves taking linear combinations of different basic disks
with coefficients in N[g, t]. We do not determine those combinations completely, but

discuss various possibilities and related evidence in the main text and the appendix.

On the refined level denominators in (1.2) must once again be enhanced to

Equation (1.2) differs from the proposed knots-quivers correspondence of [10, 11]
in several ways. Because of their denominators, they are not quiver partition functions,
nor are they characters of a cohomological Hall algebra [12, 13]. Nevertheless, both
expressions reflect the idea that the whole spectrum of BPS states is generated by a finite
set of basic objects, interacting in a certain way. The basic objects may be viewed as
nodes of a generalized quiver, whose adjacency matrix encodes their interactions.
The main difference with the knots-quivers correspondence of [10, 11] is that we
allow for nodes with i > 1 and with new denominators.

We list some arguments that show that some properties of our proposed partition
function are necessary:

1. In any quiver-like description, nodes with p > 1 are necessary, see [8] and
the examples in Sect. 6.
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2. A basic disk wrapping u-times around L g contributes to the multi-cover formula
with g2 replaced by ¢?*. See Sect. 3.1 for motivation and Sect. 6 for examples.
This leads to replacing denominators (¢%; ¢)4; in (2.6) by (g%, g**i),, in (1.2).

3. Poincaré polynomials of knot homologies seem to agree with the refinement
of vortex Hilbert spaces, as discussed in Sect. 3.2 where denominators of xhd
correspond to contributions from standard vortices, (qz, qz) ud- The change of
variables then requires multiplication and division by the finite polynomial:

(@%, qP)ual (@, g*Hi)g,.

In connection with 2, we also consider refinement. The correction introduced in
the numerator by (g2, ¢%) ud/(q i g2 )4; should arise from a similar correction by
polynomials in (g, t) with positive coefficients, where negative signs in the original
expression come from (odd) powers of 7. Algebraically, there are several possibil-
ities, and we explore some of them for the specific case © = 2. Our proposal is
based on the passage from Bott to Morse localization in (3.34). We check it in con-
crete calculations of colored superpolynomials for knots 945 and 10137 in Sect. 6 and
“Appendix B”.

We also make predictions for the general structure of HOMFLY-PT homology
colored by symmetric representations with 7 boxes. We view the generators of colored
HOMFLY-PT homology in the r-th symmetric representation as equivariant vortices
of vorticity r in the theory T[L ], see Sect. 3. The connection between quiver nodes
and equivariant vortices is somewhat involved: a basic curve on a knot conormal with
boundary that wraps r times around the circle in the conormal gives 2" ! generators in
the r-th symmetrically colored homology. At level r = 1 every generator corresponds
to a node of the generalized quiver. The quiver partition function describes a tower
of contributions from r = 1 generators to all higher levels with r > 1, which is
completely determined by homology data of these nodes and their mutual linking.
Knowing the structure of these contributions from level 1 to level 2 allows to separate
them from the genuinely new generators that appear on level 2. We continue in this
way inductively: taking out contributions from all nodes of levels < r allows us to
identify the genuinely new generators on level r. We verify the claim about homology
contributions of level r generators against several proposals for categorification of knot
invariants for the knots 94 and 1013, for r = 2, see Sect. 6 and “Appendix B”. Further
structures appear when we deform away from the U (1)-symmetric configuration. Here,
the pure level r generators generate a chain complex of ‘Bott-equivariant’ vortices, see
(3.35), which are transformed by chain homotopy under deformation. The homology
of the level r generators is non-vanishing only for finitely many r and, together with
linking data, it recovers the usual U (1)-symmetric HOMFLY-PT homology.

In Sect. 3, we also consider deformations that break the U (1) symmetric configu-
ration and propose an extension of the generalized quiver partition function. We first
show that the moduli spaces of stretched basic disks can be carried along generic 1-
parameter families of complex structures that remain stretched near the Lagrangian,
so that these moduli spaces together with linking information suffices to compute
the refined partition function. We also perform a bifurcation analysis of such defor-
mations. We generalize the quiver partition function to a function with values in chain
complexes and show that at any generic parameter in a generic path of deformations
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there are differentials on these chain complexes with homology that remains invariant.
(It should be mentioned that this does not lead to any closed formula for the differential
at generic moments, but shows that a differential that gives the right homology exists.)
Here, for higher symmetric colorings, the chain complexes correspond to certain sub-
spaces of the homology which nevertheless contain sufficient information to recover
all of the homology, see Sect. 3.5.2 for details.

Generating series for knot polynomials satisfy polynomial recursion relations. Geo-
metrically, such relations originate from counts of punctured holomorphic curves at
infinity with boundary on the knot conormal and asymptotic to Reeb chords at punc-
tures, see [4, 14]. From the viewpoint of the quiver or the basic disks without punctures,
the recursion relation is generated by similar relations localized around individual basic
disks. This leads to an algebraic description of the ensemble of basic disks in terms
of non-commutative variables, see [9]. In Sect. 4 we take this further and show that
after a suitable change of non-commutative variables the recursion relation of any
quiver is the recursion relation of the basic toric brane in C>. We generalize this sim-
ple recursion relation to include also the new basic curves discussed above and look
at the implications of such a relation for both knot polynomials and their categorifica-
tions. As the toric brane has a unique embedded holomorphic disk ending on it, this
universal relation to the toric brane is in line with U (1)-symmetric configurations of
knot conormals, where all holomorphic curves have boundaries which are multiples
of a unique simple closed geodesic.

In the light of the conjectured connection between HOMFLY-PT homology and
generalized quivers, one might expect that structures in one of the theories are reflected
in the other. We first consider structures in HOMFLY-PT homology that we expect
originate from the geometry of the basic disks in the U (1)-symmetric configuration.
There are sly differentials dy [15], which act on the HOMFLY-PT homology with
resulting homology being sl Khovanov—Rozansky homology. The s[; homology is
very simple, it has rank one for every knot (in reduced normalization). In Sect. 5
we conjecture that this structure is reflected on the level of generalized quivers and
that the quiver of a knot can be obtained from one ‘spectator’ node and a quiver of
half the size of the original quiver together with a ‘universal disk’ that comes from
the closed sector and carries the same grading of the s[; -differential d;. The application
of the multi-cover skein unlinking operation of [9] to a basic once-around disk and
the universal disk gives a pair of generators connected by d;. This pair corresponds
to two holomorphic curves which differ by a unit of winding around the base CP!
of the resolved conifold, where the heavier disk can be viewed as a bound state of
the lighter and the universal disk. The connection between reduced and unreduced
homologies seems to be reflected in the structure of the generalized quiver in a similar
way.

As already mentioned, the form of generalized quiver partition functions that we
introduce for multiply wrapped basic disks is conjectural. We check it against the few
available (also conjectural) results for knot homologies of 947 and 10133, and it goes
without saying that further tests are important. In particular, calculations of colored
knot homologies of knots with more than eight crossings would provide support or
indicate possible changes to our conjecture. In this context we point out that our con-
jecture has both a structural and a technical aspect. The structural aspect says that the
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Fig.1 The framed skein relation P(><) — P(/\/) “(g—q7") P(> <)

basic generalized holomorphic disks (generalized quiver nodes) and their boundary
linking densities (weighted quiver arrows) contain all information about symmetrically
colored HOMFLY-PT homology. The technical aspect gives the ‘change of variables’
for extracting this information. It is thus possible that the structural part is the correct,
even if the technical part needs modification. As discussed above, there are knots for
which standard quiver partition functions cannot reproduce HOMFLY-PT homologies
and, therefore, a generalization is needed. Our proposal is in a sense a minimal exten-
sion, compatible with available data and with the geometry of holomorphic curves
under SFT-stretching.

2 Background

In this section we review earlier results on knot polynomials and knot homologies and
their connections to quivers and (refined) curve counting. This is the starting point for
our study in later sections.

2.1 Knot polynomials and homologies

If K C S3 is a framed knot, then its framed HOMFLY-PT polynomial P(K;a, q)
[16, 17] is a two-variable polynomial that can be calculated from a knot diagram
(a projection of K with over/under information at crossings and framing given by
the projection direction) via the framed skein relation, see Fig. 1.

The polynomial is an invariant of framed knots up to framed isotopy. The standard
HOMFLY-PT polynomial of a knot is the framed HOMFLY-PT of that knot when
equipped with the framing for which its self-linking number vanishes. For a = ¢2,
the HOMFLY-PT reduces to the Jones polynomial J(K; g) [18], and for a = qN to
the sl Jones polynomial Jy (K; ¢) [19].

More generally, the colored HOMFLY-PT polynomials Pr(K; a, q) are similar
polynomial knot invariants depending also on a representation R of the Lie algebra
u(N). In this setting, the original HOMFLY-PT corresponds to the standard representa-
tion. Also the colored version admits a diagrammatic description: it is given by a linear
combination of the standard polynomial of certain satellite links of K. From the physi-
cal point of view, the colored HOMFLY-PT polynomial witha = ¢ is the expectation
value of the knot viewed as a Wilson line in U (N') Chern—Simons gauge theory on S>
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[1]. In order to simplify the notation, we will write the HOMFLY-PT polynomial also
when we refer to the more general colored version.

HOMEFLY-PT polynomials also have an interpretation in terms of open topolog-
ical string or holomorphic curve counts. Physically, P(K; a, g) can be interpreted
as the partition function of open topological string of the Lagrangian conormal of
the knot after transition from T*S> to the resolved conifold, where qg = e% and a
is the Kihler parameter in the resolved conifold [2]. From the mathematical point of
view, this results from invariant counts of open holomorphic curves by the values of
their boundaries in the skein module of the Lagrangian, see [3, 4].

We next consider knot homologies. Khovanov [5] introduced a knot invariant which
is a far-reaching generalization of the Jones polynomial. To any knot K he associated
a doubly-graded chain complex, the homology of which is a knot invariant and such
that the Jones polynomial arises as its (graded) Euler characteristic:

J(K:q) =Y (-1)¢q’ dime’[]?(K). Q2.1
i

In this sense H5 f2 (K) is a categorification of J(K; g). Khovanov—Rozansky homol-
ogy, which categorlﬁes the sl polynomial, was defined in [20]:

In(K:q) = (=1)Ig dim ¥ (K). (2.2)
i,J

In this paper we focus mostly on HOMFLY-PT homology [21], which is a categorifi-
cation of the (original) HOMFLY-PT polynomial:

P(K;a,q) =) _(—D*a'q/ dimH; 1 (K). (2.3)
i,j.k

The corresponding Poincaré polynomial then provides a t-refinement of HOMFLY-PT
polynomial called the superpolynomial [15]:

P(K:a,q.t) =) d'q/t*dimH; j 1 (K), (2.4)
i,j.k

with P(K;a,q,—1) = P(K, a, q). Categorifications of colored HOMFLY-PT poly-
nomials were considered in [7], where it was conjectured that there exists a colored
HOMFLY-PT homology, which is invariant under isotopy and such that

Pr(K;a,q) = ) (=D'a'q/ dimHg, j £ (K),
i,j.k

Pr(K:a,q,t) = Z a'q/t* dim M. j i (K). (2.5)
i,j.k
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There are also colored Khovanov (H“;,[2 ) and Khovanov—-Rozansky (H;[N ) homologies,

which categorify Jr(K; g¢) and Jy r(K; ), respectively. We point out that there are
many constructions of colored HOMFLY-PT and s[y homologies. They do not always
give the same results and some work only in special cases (e.g., for A” representations),
see [22-28] and references therein. Here we focus on symmetric representations R =
8", corresponding to Young diagrams with a single row of  boxes, and we will write P,
and H, instead of Psr and Hgr to simplify the notation. (For example, 1 will denote
the original HOMFLY-PT homology corresponding to the standard representation.)

2.2 Observed relations between knots and quivers

In [10, 11], knot polynomials were related with representations of quivers. A quiver
Q is an oriented graph with a finite number of vertices connected by finitely many
signed arrows. We denote the set of vertices by Qg and the set of arrows by Q;.
A dimension vector for Q is a vector in the integral lattice with basis Qgp, d € NQy.
We number the vertices of Q by 1,2, ..., m = |Qol|. A quiver representation with
dimension vector d = (dy, ..., d,,;) is the assignment of a vector space of dimension
d; to the node i € Qg and of a linear map y;; : C4% — C4 to each arrow from vertex
i to vertex j. The adjacency matrix of Q is the m x m integer matrix with entries
Ci;j equal to the algebraic number of arrows from i to j. A quiver is symmetric if its
adjacency matrix is.

Quiver representation theory studies moduli spaces of stable quiver representations
(see, e.g., [29] for an introduction to this subject). While explicit expressions for
invariants describing those spaces are hard to find in general, they are quite well
understood in the case of symmetric quivers [12, 13, 30]. Important information (such
as the intersection homology Betti numbers of the moduli space of all semi-simple
representations of Q of dimension vector d, see [31, 32]) about the moduli space of
representations of a symmetric quiver with trivial potential is encoded in the motivic
generating series defined as

m d;

X;
Poxiq)= Y (—gq)X1ss=n UG TT

2. 4,2
40 iey @547,

_ _\d-Cd x4 26
d b

where the denominator is the so called g-Pochhammer symbol:

r—1

@aqh)r =[]0 -2 2.7)
s=0
We will often refer to Py (x; g) = Pg(x1, ..., Xu; q) as the quiver partition function.

We point out that the quiver representation theory involves the choice of an element,
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the potential, in the path algebra of the quiver and that the trivial potential is the zero
element.

A correspondence between knots and quivers proposed in [10, 11] associates quiv-
ers to knots by equating the motivic generating series with the generating series of
superpolynomials or HOMFLY-PT generating series in the variable x:

o0

Pg(x,a,q.1) = Z
r=0
o0

PK(-xvavq):Z

r=0

PV(K;avqst) r
2.2y Yo
(q aCI)r
P.(K;a,
LKaq) . 2.8)
G~ 9)r

More precisely, the most basic version of the correspondence states that for each knot
K there exist a symmetric quiver Q and integers {a;, g;}ic@,, such that

Px(x,a,q) = Pg(x;q) for x; = xa%g9i=Ci 2.9)

The refined version conjectures the bijection between Qg and the set of generators of
‘H1, which fixes (a;, g;, t;) to be (a, g, t)-degrees of respective generators:

Px(x,a,q,t) = Po(x;q) for x; = xa® g9 =Cii (—p)li . (2.10)

For + = -1, this equation reduces to (2.9), following the relation between
the superpolynomials and HOMFLY-PT polynomials.

The correspondence between knot invariants and quivers stated above was proved
for all 2-bridge knots in [33] and for all arborescent knots in [34] but it does not hold
for all knots, e.g., the knot 947 gives a counterexample, see Sect. 6. We will discuss
a modification of the correspondence below that includes new types of nodes.

2.3 Physics and geometry of knots and quivers
2.3.1 3D N = 2 gauge theories

The physics around the knots-quivers correspondence is a duality between two 3d N =
2 theories: one associated to the knot and denoted T'[L g ], and the other associated to
the quiver and denoted T[Q], see [8].

The theory associated to the knot K, which we denote T[Lg], arises from M-
theory over the resolved conifold X with a single M5-brane wrapping the conormal
Lagrangian of the knot Lg [2]:

space-time : R*x ' x X
U U (2.11)
M5: R x S! x Lg.
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In general T[Lg] does not admit a simple Lagrangian description, but its vortex
partition function is known to count M2-branes wrapping embedded holomorphic
curves ending on Lg.

In contrast, T[Q] is easier to describe: the gauge group is U(1)*2° and there
is one charged chiral for each U (1) factor. Interactions among the different sectors
are mediated by (mixed) Chern—Simons couplings, encoded by the quiver adjacency
matrix. The quiver variables x; encode exponentiated Fayet-Iliopoulos couplings.
The partition function of vortices again counts M2-branes wrapping embedded holo-
morphic disks. But in this case there are only |Qg| of them that are linked according
to the adjacency matrix. Here, all other holomorphic curves are branched covers of
the basic embedded disks which after perturbation are counted in the U (1)-skein of
the Lagrangian projected to homology and linking [3, 9]. The duality with T[Lg] is
encoded by the change of variables (2.9).

An important distinction to keep in mind is that while 7'[ Q] has a simple Lagrangian
description, T[L] is closer to knot homology, see Appendix C. Indeed, its vortex
partition function equals the generating series of colored HOMFLY-PT polynomials:

[e.e]

P.(K;a,
Px(x.a.q) =) —2(2. ‘;)Q) T= Y7 a,q) "
r=0 g7 9 )r r>0
= Z""%(x,a, q). (2.12)

The coefficient erorte" (a, q) is a character for the moduli space M, of r vortices,
see [2, 35]. It takes the form Zirmemal(a, 9)/(q*; ¢%), since schematically M, ~
Mintemal s (C7/S,), where the second factor parametrizes positions of r vortices in
the plane, and generates the denominator, see (3.34) below. Therefore, Zirmema‘1 (a,q)
is a polynomial whose coefficients correspond to net counts (with signs, including
cancellations) of cohomology generators of MMl Passing to categorification, this
polynomial corresponds to an index for the Hilbert space arising from quantization of
Minemal yhich serves as a model for @; j xHyi, j 1 (K).

2.3.2 Basic holomorphic curves

In the previous subsection we saw that T'[ L i ] arises from M-theory as the effective the-
ory on the surface of the M5-brane and that its BPS particles originate from M2-branes
ending on the M5. From the symplectic geometric point of view, BPS states correspond
to generalized holomorphic curves with boundary on the Lagrangian submanifold L.

We recall the definition of generalized holomorphic curves in the resolved conifold
X with boundary on a knot conormal L C X (as defined in [8, 14]) from the skeins on
branes approach to open curve counts in [3]. The key observation in [3] is that the count
of bare curves (i.e., curves without constant components) counted by the values of their
boundaries in the skein module remains invariant under deformations. The count of
such curves also requires the choice of a 4-chain Cx with dCx = 2L . Intersections
of the interior of a holomorphic curve and the 4-chain contribute to the framing variable
a in the skein module. For generalized curves there is a single brane on L g, which
leads to a = g. Then, the map from the skein module to ‘homology class and linking’
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is well-defined and thus counting curves this way, less refined than the U (1)-skein,
also remains invariant. In Lg ~ S! x R? one can define such a map that depends on
the choice of a framing of the torus at infinity. More precisely, one fixes bounding chains
for the holomorphic curve boundaries that agree with multiples of the longitude at
infinity and replace linking with intersections between curve boundaries and bounding
chains. In [14] an explicit construction of such bounding chains and compatible 4-
chain Ck from a certain Morse function of Lg was described and shown to give
invariant curve counts in 1-parameter families.

Consider now holomorphic disks with boundary in the basic homology class. Such
disks are generically embedded and can never be further decomposed under defor-
mations. Assuming, in line with [36, 37], that all actual holomorphic curves with
boundary on L lie in neighborhoods of such holomorphic disks attached to the conor-
mal, it would then follow that all generalized holomorphic curves are combinations of
branched covers of the basic disks. Using the multiple cover formula the count of gen-
eralized curves then agrees with the quiver partition function with nodes at the basic
disks and with arrows according to linking and additional contributions to the vertices
given by 4-chain intersections.

From this point of view, the theory T[Q] can be thought of as changing the per-
spective, starting from a neighborhood of the Lagrangian in its cotangent bundle
and attaching small neighborhoods of the basic holomorphic disks along curves near
the central S!. The resulting neighborhood is then determined up to symplectomor-
phism by the framed link of the boundaries of the disks attached. In this paper we
will extend the collection of basic holomorphic curves to include certain non-standard
disks that are not embedded. Such curves have boundary that wraps the homology
generator of the conormal several times, but are not combinations of curves going
once around that generator. As we will discuss below, the most basic such curves are
not embedded disks: an embedded disk that goes d times around is expressed as d
such basic holomorphic curves. We give a conjectural picture of the contribution from
holomorphic curves in a neighborhood of such basic curves to the partition function,
also on the refined level. From the quiver point of view, these curves could perhaps be
considered as a new type of ‘orbifold’ quiver nodes, see Sect. 3.1.2 for the underlying
geometry.

2.4 Omega-background and refined indices

Having reviewed the geometric and physical features of the quiver-like description of
knot invariants in the context of topological strings, we now turn to the question of
refinement. We begin with areview of well-known facts about refinement in the context
of closed topological string theory. We then give a brief description of the counterpart
for the open sector for a knot conormal L ¢ from the point of view of the theory T[L g ].
In Sect. 3.3 we discuss the extension of refinement to the open string sector further,
reviewing and clarifying the role of a certain U (1) symmetry and its interpretation in
the context of branes wrapping knot conormal Lagrangians.
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2.4.1 Closed string sector

One of the motivations leading to refined topological strings was the explicit evaluation
of partition functions of 4d N/ = 2 gauge theories via localization [38, 39]. These
gauge theories may be engineered by type IIA string theory on a Calabi—Yau threefold
X times R4, denoted T14[X]. This construction may be further viewed as a circle
compactification of M-theory on X x S é x R*, which engineers a 5d theory Tsq[X].
The eight supercharges of ' = 2 SUSY in 4d transform as spinors under SO (4) >~
SU2)r x SUQ2)R, and are further charged under a U(1) x SU(2); R-symmetry.
This U (1) is often anomalous and we will ignore it. Supercharges transform under
SUQR)L x SUQ)r x SUQR)ras (0F, 00) = (2,1;2) & (1,2 2).

If S' x R* is replaced by an R*-bundle over S' with holonomy g € SO(4), in
order to preserve some supersymmetry one can turn on a non-trivial R-symmetry
background as follows [40]. Via the identification SO (4) >~ SU(2)r x SU(2)g, we
may split g = (g, gr). One can turn on a holonomy g; of SU (2); for the rank-2
R-symmetry bundle when going around S', in particular one can set g; = gg. Itis then
natural to consider the diagonal subgroup SU (2); C SU (2)gr x SU (2). Supercharges
transform under SU (2); x SU(2)4 as

2,1;2) > 2,2, 1.,22)—> 1, DHa(1,3). (2.13)
O 0 Oy

There is a distinguished supercharge Q. which is invariant under the S' holonomy for
any choice of (g7, gr)-

Next we restrict to a specific choice of bundle, the so-called Omega-background,
see [39] for an in-depth description. In this case the holonomies g7, gg are restricted
to U(1)r x U(1)g subgroups. Notably, this implies that one only needs a U(1);
subgroup of SU (2); to perform a topological twist. This fact will be important later
when introducing branes. After twisting, the holonomy group is then U (1), x U(1)q4,
and acts by rotations (g7, gg) = (€112, ¢17€2) of R* ~ ]R?l ® Rgz. Thanks to this
restriction there are actually two conserved supercharges in the Omega-background.

To understand this, let us choose a basis for spinors in which J L3 g are diagonal.
Doing the same for SU (2);, the eight supercharges of the 4d theory have charges

1

1 11
(:tz,O; :i:2> ® (o, *5: :i:z) under U(1)p x U(Dg x U();, (2.14)

0} 0l

where signs are chosen independently. With the topological twist, one may preserve
the following two linear combinations:

~ 1 1
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where now the signs are correlated. In fact, under U(1); x U(1); both of these
transform as (0, 0).> As already hinted by our parametrization of (g7, g4) in terms of
€1,€,J 2  are diagonal/anti-diagonal combinations of J; 2, the latter being generators

of rotations in Rg] @ Ré. The surviving supercharges therefore transform as

Q-11~1 Q-11~1
t\222 2) U2 22

under U(1); x U(1)2 x U(1);. (2.16)

Note that Q_ = Ql Taking into account that our conventions for R-charges are
opposite to those of [41], we can readily identify these supercharges with Q,, O,
there, respectively.

Note that [F, Q4] = £04 with F = 2(J;} + J3) ensures that {04, (—1)F} = 0.
Reducing the theory along ]R2 ) R2 gives a N = 2 quantum mechanics on S', !
where {Q+, O_} ~ H and [Qi, H] = 0. It is well-known that Q+ cohomology
only gets contributions from groundstates with H = 0, due to cancellations among
bosons and fermions for all excited states. Deformations of the theory may lead some
excited states to become groundstates, or vice versa, however the count of bosonic
(F € 27Z) minus fermionic (F € 27Z + 1) groundstates remains invariant. Witten
index Tr(—1)Fe#H coincides with the invariant difference of dimensions of spaces
of groundstates dimH(O) dlmH(O) [42]. By construction Qi are invariant under J3,
and J13e +J3, therefore one may introduce additional grading on the whole Hilbert space
(both groundstates and excited states), preserving cancellations induced by the twisting
(=D in the trace. This leads to the following for the 5d theory [38]:

Z(e1, €2) = Trpgpy, (—1)Fem @ Timerred(j+77), 2.17)

Although this index will not be an object of primary interest for us, we will use it as
apoint of contact to match with conventions of [41]. If we turn off R-symmetry and only
rotate R*, one readily sees that J| = J 2 + J13e and J, = —J 2 + 113e are the generators
of rotations of R2 and Rgz, respectively. We then identify Sy, S>, Sg, e ¢!, e~2 from
[41] with Jy, Jp, — J , 4, tLin the present paper. With these identifications, the index
takes the form

Z(@q, ) = Tragr (— DT 5175, (2.18)

where Slf = §; — Sg fori = 1, 2, as claimed in [41]. Adapting to conventions from
our earlier work [8, 9], we will henceforth switch to

q=q"% t=—/9 "% (2.19)

2 From these, one recovers Q ~ 04— 0_ being the singlet 1 C 2 ® 2.. With the Omega-background, as
opposed to more general SU (2) holonomy, one may in addition preserve 0 ~ Q+ +0-.
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2.4.2 Open string sector

Let L be a special Lagrangian submanifold of the resolved conifold X = O(—1) &
O(—1) — CP!. The low-energy dynamics of an M5-brane on L x S' x R? is described
by a3d N = 2 theory T[L] on S! x R? [43, 44]. From this viewpoint, J; is a space—
time rotation, however J, is now an R-symmetry. As stressed above, it only makes
sense to turn on fugacities ¢, t in the index if the corresponding generators commute
with the surviving supercharges. The presence of the M5-brane on R? inside R*
breaks Lorentz invariance; therefore, we must re-investigate whether supercharges are
preserved or not.

Recall our discussion of the 5d theory in a general background, which led to the exis-
tence of a single preserved supercharge (. Since this transforms as a scalar in 4d,
clearly it is also preserved by the presence of the M5 that breaks Lorentz invariance.
However to define an index and its deformation by ¢, ¢, we need two supercharges.
Without the brane this was made possible by the choice of a non-generic background,
the Omega-background which breaks SO (4) to U (1)1 x U(1)>. As long as the defect
lies in a plane R?, that is either Rgl or Ré, it preserves the group of rotations of
the Omega-background. To preserve two supercharges it was also crucial to perform
a topological twist using a U (1) subgroup of the SU(2); R-symmetry. In general
there is no reason to expect that neither SU (2); nor U (1); should be preserved by
the presence of M5 on L x S' x R2. However, one may hope that there exist spe-
cific geometric configurations of L that allow to preserve at least the U (1); subgroup
required by the topological twist.

We will assume that U (1); C SU (2); is preserved by the presence of M5 on L. This
is a non-trivial and crucial assumption made in [41], whose geometric significance in
our setting will be clarified in Sect. 3.3.2. With the topological twist, one may preserve
the same two supercharges (2.16) discussed before introducing the M5. As already
stressed, these coincide precisely with Q,, 0, from [41].

Finally, we come to the object of main interest for us: the partition function of 3d
BPS states and its refinement. These consist of open M2-branes ending on the M5-
brane, which give rise to BPS vortices of the 3d A = 2 theory T[L]. The 3d index
counting such BPS states is a Witten index, again deformed by fugacities coupled to
symmetries of the theory that commute with Q. and therefore with H:

7@, ) = Tragry (= DT ¢%1¢%2a%7 (2.20)

Here Q is the charge of a global U(1) symmetry of T[L] associated to rotations
of the base CP' of X [45], and 7T is the charge of the topological U(1) symme-
try associated to the gauge U (1) of T[L] [46].3 Contributions to the index by states
with a?*x" correspond to M2-branes wrapping a relative homology cycle labeled
by (k,n) € Hy(X, L). It is natural to switch to a different basis for g, t to distin-
guish between the spin of a BPS state (along Rgl) and its R-charge (along transverse

3 The fact that T[L]is a U(1) gauge theory follows from the fact that b1 (L ~ § Ly Rz) = 1. The abelian
2-form on M5 reduced along the 1-cycle in L gives rise to an abelian gauge field in T'[L].

@ Springer



117  Page 16 of 76 T. Ekholm et al.

directions). Adopting (2.19) yields

Z(g, 1) = TrH[TM](_1)2(11+12+J1)q2(11—Jz)t2(Jz+Jl) anT’ (2.21)

where we lightened notation JI3 — Jr. Spin J; along the direction tangent to M5
is detected only by ¢, not ¢. Conversely, the R-symmetry charge J; is only detected
by #, not g. When L is a knot conormal, this 3d index is expected to correspond to
the refined HOMFLY-PT generating series of K (with symmetric colors) [2, 41].

3 Generalized quivers and HOMFLY-PT homology

In this section we analyze the relation between HOMFLY-PT homology and general-
ized quivers from various perspectives, which provides motivation and arguments for
conjecture 1.2.

Remark 3.1 One of the implicit assumptions in the original formulation of the knots-
quivers correspondence [10, 11] is that each node of the quiver has an associated change
of variables where x; is directly proportional to x. From a geometric perspective, this
means that each one of the basic disks represented by nodes of Q has a boundary
that wraps around the longitude of L exactly once. It was noticed in [8] that this
assumption is not always satisfied (see Sect. 6 for concrete counterexamples), and
an extension of the knots quivers correspondence was formulated [8, Conjecture 1.1].
This conjecture was erroneously stated on the level of the refined partition function—
the problem is that it does not say what the refined contribution for higher level nodes
would be. In this section we discuss such contributions.

In more physical terms, the basic disks corresponding to the nodes of Q are mutually
linked and interact according to the quiver adjacency matrix. Together they generate
the whole spectrum of BPS states corresponding to M2-branes wrapping embedded
holomorphic curves [8, 9]. The quiver description expresses a BPS state winding
d times around as a bound state of d copies of once-around basic disks, each cor-
responding to one of the nodes of Q. As mentioned above, for knots that do not
admit such descriptions there are BPS states corresponding to curves whose boundary
wraps d times around the longitude of Lk, which cannot be realized as bound states
of once-around curves. In these cases the original formulation of the knots-quivers
correspondence fails.

3.1 Geometry and combinatorics of multiply-wrapped basic disks

In this section we study the geometry of the basic holomorphic disks that are the nodes
of our generalized quiver. We will first describe their geometry and then derive their
multi-cover formulas. As mentioned above, quiver node curves appear for a U(1)-
symmetric configuration which arises as a degenerate limit when the knot conormal
lies on top of the unknot conormal. This limit arises as follows, present the knot as a
braidin aradius » > 0 tubular neighborhood of the unknot, as » — 0 the knot collapses
to a multiple of the unknot and accordingly the conormal of the knot collapses to a
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multiple of the unknot conormal. Since the unknot conormal supports no basic higher
genus curves, we expect all quiver nodes to correspond to disks. The simplest such
curves are embedded disks and their multiple-cover formula is well-known.

Consider now an embedded holomorphic disk with connected boundary in class x*
for u > 1. We apply so-called Symplectic Field Theory (SFT) stretching around L,
see [47]. This is a degeneration of the complex structure under which holomorphic
curves degenerate into several level holomorphic buildings, with parts near L g (inside
parts) and parts far from L g (outside parts) joined at Reeb orbits in the unit cotangent
bundle of Lk. In the case at hand, we pick a metric on Lg ~ § 1 % R? with only
one simple closed geodesic, and correspondingly only two simple closed Reeb orbits
which are the unit cotangent lifts of this geodesic with its two orientations. Then, since
the unknot conormal has holomorphic curves that go in only one of the two directions,
all inside parts of holomorphic buildings near Lk are multiples of the basic cylinder
stretching from the simple Reeb orbit to the geodesic (with the positive orientation)
in the zero section. In particular, our basic once-around disk becomes a two level
building consisting of an outside sphere with puncture and an inside disk with puncture.
The contribution to the partition function comes from multiple covers of this curve
together with constant curves attached along it.

Since all curves near the Lagrangian, the inside parts in the stretched limit, are
multiples of the basic punctured disk (stretching between the Reeb orbit and the unique
geodesicin S! xR?), we find that the inside part of the holomorphic building in the limit
is a p-fold cover of this basic punctured disk. The outside part of the curve, the upper
level, is a once punctured curve asymptotic to the p-fold cover of the basic Reeb orbit.
The curve before the limit is assumed not to be a multiple cover. Assuming that it is
somewhere injective also in the limit, this limit curve is generically embedded as well.
The simplest such two-level building has a sphere with one puncture as its outside part
and we define such buildings with inside part a p-fold cover of the basic punctured
disk and outside piece an embedded punctured sphere, as our new pu-times around
basic curves. Note that for u = 1 we simply get stretched versions of our previous
basic disks.

3.1.1 Generalized curves, the four-chain and deformations of M2-M5 configurations

We next consider how these two-level buildings and their multiple covers glue and
how they contribute to the partition function counting generalized curves. Consider
d-fold covers of the levels. The inside piece looks like a disk with an U (1)-action with
a fixed point of order ud at the Reeb orbit. The outside piece looks like a d-fold cover
of a sphere with a single puncture. In Gromov—Witten counts of connected curves,
a ud-fold cover of a disk with a single fixed point contributes

1 1
(=)

To see this, we use a deformation argument. Consider first an embedded annulus
stretching between two Lagrangians L and L', and with standard normal bundle.
Assume that the boundary of the annulus in L is homologically essential and lies
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in homology class logx # 0 € Hj(L), and that the boundary in L’ is contractible.
The d-fold cover of L then contributes

Assume now that the boundary in L’ shrinks to a point. This leaves a disk with a d-
fold branch point. As in the skein count [3], this disk is an instance of a 1-parameter
family of disks that crosses L’. The intersection of this disk with the 4-chain of L’
changes by 2d as they cross (d positive intersections become negative). If the disk
contributes £, then invariance in the U (1)-skein projected to homology and linking
gives the equation

1
¥ — &= Zxd’ (3.2)
and we find

S= 0=y

as claimed.

Consider now gluing on the outside piece. This outside piece breaks the symmetry;
there are u ways of gluing (here we glue first the underlying curve and then take
multiple covers) giving instead the contribution

1 1 _1 1 13
“'E(l—qzﬂd>_3(l—(q2u>d)’ G-

Therefore the contribution to the Gromov—Witten partition function from a single basic
two-level configuration with boundary going u times around the generator is

1 @y 2pn—1

Remark 3.2 Relation (3.2) has a suggestive interpretation from a physics viewpoint:
the left-hand side represents contributions of M2-branes wrapping holomorphic curves
belonging to the same family of deformations, and located on either side of an M5-
brane on L’. On the right hand side, there is a contribution of an annulus with a boundary
on L'. This is a kind of skein relation between M2 and M5-branes supported on higher-
dimensional objects of total codimension one in the Calabi—Yau, see Fig. 2. (The
objects are linking from the viewpoint of the A-model on X, where M2 is represented
by a holomorphic curve and M5 by a Lagrangian. Lifting to M theory, the M2 couples
to the three-form potential A3 sourced by the M5 by jys5 ~ dF4 where F4 = d A3
locally. Let F; = xFj be the dual field in 11d; this is sourced by the M2 current j»
with a boundary term correction d F = jm2 + H3 A juys, where Hj is the self-dual
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— o +

Fig. 2 Skein-like relation for an M2-brane wrapping an embedded holomorphic disk: when crossing an
MS5-brane, the M2 breaks up and leaves behind a new curve with a new boundary on the M5

field strength on the M5, which couples to the M2 boundary [48].) At the level of
(plethystic-)exponentiated partition functions, this relation is expressed by the well-
known property (¢2x; ¢%)oo = 1= (x; ¢*)oo. (This generalizes to p-times around
curves, see (3.18)) Tracking 4-chain intersections is key for establishing this relation
via Gromov—Witten counting. Closing the puncture corresponding to the boundary on
L, yields a similar relation between generating functions of M2-branes on spheres and
disks (qzaz; qz; qz)OQ = (a?; 512)&)1 (az; qz; qz)oo, where a? is the flux of M5-branes
on L linked by M2.

3.1.2 Orbifold models of multiply wrapped disks

As discussed above, two-level holomorphic buildings where the inside (the part near
the Lagrangian) is a punctured un-branched cover of a punctured disk and where
the outside (the part far from the Lagrangian) is an embedded punctured sphere are
key objects in our generalized quivers. In order to understand the behavior of such holo-
morphic objects, we can view them from inside and move the embedded sphere part
far away. This means shrinking the outside punctured sphere together with the Reeb
orbit where it is attached to a point and that gives an orbifold disk. In this section we
study topological strings on orbifolds.

We start our discussion from the following identity, relating the partition function
of a pu-times around basic disk to u once-around basic disks, with specific B-field
fluxes:

n—1

(g = [Ta—atg® ™ = TTTTa - ¢!

n>0 k=0 n>0
n—1
=[] % aH, (3.5)
k=0
where ¢ is a primitive u-th root of unity. We will explain how such expressions appear

from certain ‘fillings’ of cylindrical versions of punctured orbifold singularities. We
start in the simplest non-trivial case, when u = 2. Here we simply have

(% Moo = (43 gD oo (=3 ¢H)oo- (3.6)
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Fig.3 Toric diagram of
0(0) ® O(-2) — CP!

This equation appears geometrically from the toric brane in O(0) ® O(—2) — CP!
in a certain limit. Consider the toric diagram in Fig. 3. The mirror curve is

F(x,y)=1—y— (14 Q)x + 0x2, (3.7)

with a single solution

y=U-x)1 - Qx). (3.8)

In the limit Q — €™ = —1 (the complexified Kihler modulus is purely B-field) this
becomes

l—y—x*=0. (3.9)

(Note that this is precisely the classical limit of (4.8).)

Switching from the classical to the quantum level, we consider a toric brane
on the horizontal leg. Its partition function can be evaluated by topological vertex
techniques®:

Z(x) = (1475 (@x: gD - (3.10)
This is annihilated by the quantum curve
y=0-001-0%), (3.11)

whose classical limit recovers (3.8). Now an orbifold limit Q — —1 turns the curve
into

F=(1-)1+5%=1-3%* (3.12)

4 Compared to topological vertex conventions, we absorb inessential powers of ¢ in x and Q for cleaner
expressions.
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and the partition function collapses to
Z() = (5 g5 (—x g = (P ghHy (3.13)

This is precisely the proposal for the unrefined partition function of a twice-around
basic disk. Indeed,

hghd =Y o (3.14)
=0 @ ak

matches with the form proposed in (1.2) with C1; =0, u; =2 and x; = x2.

In order to see the geometry underlying these calculations, consider the orbifold
C x (C?/(Z./27)) and remove the codimension four fixed point locus C x [0], where
[0] denotes the point in the orbifold quotient which is the image of 0 € C2. We
view the resulting symplectic manifold as having a negative end (the negative half
of the symplectization of standard contact RP? times C) near the removed locus and
note that there are two fillings: the orbifold itself and O(—2) & O(0). In the latter
filling we view the symplectic area of the sphere as zero since the filling is at negative
infinity. We can now interpret the limit Q — —1 as this negative end splitting off
from O(—2) & O(0). When this happens, punctured versions of the curves remain in
the punctured orbifold and these can be completed by curves in the actual orbifold
filling. As the flux through the sphere at negative infinity is set to mi, the partition
functions match. Geometrically, this can be interpreted as the fact that upper level
connected curves with odd asymptotics cancel, whereas those with even asymptotics
add. This means that all nonzero curves can be filled with the orbifold end or the i flux
O(-2) & O(0) and that the curve counts agree. Thus, from the viewpoint of curve
counts in the two-level symplectic manifold, the two fillings give the same result.
Moreover, as the filling O(—2) & O(0) moves toward negative infinity, the moduli
space of curves in the upper level approaches the corresponding space for the orbifold.
It is in this sense that taking the limit 0 — —1 should be understood.

Higher degree basic disks appear in more complicated orbifold quotients. The cor-
responding toric diagram is shown in Fig. 4 and gives the mirror curve

y=U0-x0-01x)--- (I = Qu-1x). (3.15)

2mi
In analogy with the case © = 2 above, we take the limit Oy — e %% and get the mirror
curve of the orbifold C x (C2 [ (Z]1Z)).

1—y—x*=0. (3.16)

On the quantum level this reproduces the identity (3.5). The geometric interpretation
is as above: we count two level curves in the two level symplectic manifold. The upper
level of this manifold is the orbifold with the central C x [0] removed, viewed as
a symplectic manifold with an end given by the negative half of the symplectization
of the standard contact lens space L(i, 1) times C. The filling of the negative end is
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Fig.4 Toric diagram of
the resolution of the orbifold
C x (C*/(Z/u))

either the orbifold itself or the manifold given in Fig. 4 with zero-area spheres, since
they live at negative infinity, and with B-field fluxes ZZlk so that curve counts are
identical. The convergence of moduli spaces works in direct analogy with the u = 2
case.

3.1.3 Semi-classical consequences of basic disk denominators

It is worth noting that the difference between the standard denominators (g2; qz)d,.
and (g2Hi; g2t )a; we propose in (1.2) can be seen already at the semi-classical level.
Consider a single basic u-times around disk with no self-linking. Then the partition
function

p— xdr (B 201
_gm_u FR I (3.17)
is annihilated by 1 — y — x*, since
V- gL = @ P = A=t ety (B8)
The classical curve is therefore
1—xt—y=0. (3.19)

On the other hand, a partition function like

Py

d>0

xan _
@ = R @20

would behave as follows:
F gD = @ =1 —xM) (1= xMgH )
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(5 g*) (3.21)
The classical curve in this case is quite different:
(I—=xMH* —y=0. (3.22)

Therefore, in order to detect the difference between the two types of denominator, it
is sufficient to compute the unrefined contributions from genus-zero basic curves to
the augmentation polynomial. In Sect. 6 we will provide concrete examples where
the distinguished form of the curve (3.19) appears.

3.2 Holomorphic curves viewed as BPS generators

The structure of HOMFLY-PT homology seems to indicate that it is more closely
related to the expansion of the refined partition function of the theory T'[L ] in terms
of equivariant vortices than to the corresponding expansion in terms of basic holo-
morphic curves. This means that in order to extract homology information from basic
holomorphic curves viewed as BPS generators, we must understand how to expand
a configuration of such objects as a combination of vortices. In this section we discuss
proposals for such an expansion and its origins. We study the expansions for single
generators on the unrefined level, and then discuss how these might be refined. The dis-
cussion here is in a sense localized near the boundary of the curve and independent
of other charges, which on the unrefined level comes from homology class, 4-chain
intersections, self-linking, and—on the refined level—also on a certain framing density
term that we discuss in Sect. 3.4.

Consider a basic holomorphic curve. As explained in Sect. 3.1, such a curve consists
of a punctured embedded sphere on the outside, asymptotic to a multiple of the unique
Reeb orbit, and an unbranched multiple cover of the basic cylinder stretching from
the simple Reeb orbit to the geodesic in the zero section on the inside.

In particular, our basic once-around disk becomes a two level building consisting of
an outside sphere with puncture and an inside disk with puncture. The contribution to
the partition function comes from multiple covers of this curve together with constant
curves attached along it. Here we propose to push the contributions from the con-
stants down to the boundary. In the limit we would find copies of the basic disk with
branched covers of the constant disks attached to them at the boundary. We observe
that at the level of generalized curves, these multiply covered constant disks give the
same contributions as very thin holomorphic annuli with one boundary component
linking the basic curve and the other one not linking it, that can intuitively be thought
of as appearing when the boundaries of the basic disk joined by the constant disk are
lifted apart. For a d-fold multiple cover of a basic disk, there is one such annulus on
each level of magnification. The first annulus links all strands, the second all but one,
etc., until the last annulus which links only one strand, see Fig. 5.

To support this picture, let us explain how it relates to the more familiar count of
multiple covers of a single holomorphic disk with boundary on Lk . Recall that Lk
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1
\= 1—q2x
: 1 1 1 d
'_"_ 1_q2 1_q4 Tt 1_q2dx
— = ==\=
f all curves
—\— = + = + = +

d
eXp<—Zd%>=ﬁ=1+y+y2+---

Fig.5 Contributions of pushed down constant annuli to generalized curve counts. Both boundaries of each
annulus follow the longitude, one of the boundaries also wraps around a small meridian, linking with
the boundary of the i-th strand. The overall holonomy is y; - x - = Vi

carries a U (1) local system, with meridian and longitudinal holonomies at the bound-
ary denoted x, y. These holonomies provide (exponentiated) Darboux coordinates for
the moduli space of abelian flat connections on 7% ~ L. We denote their defor-
mation quantization by %, 9, obeying the relation % = ¢2%3. Any disks ending
on Lk arise through the large N geometric transition, descending from a com-
mon holomorphic cylinder stretching between the zero-section in T*S> and L. As
the boundaries of this cylinder are the original knot K C S° and the longitude in
Lk, its skein valued partition function will be given by (2.8), where P.(K; a, q) is
the HOMFLY-PT polynomial of K in the r-th symmetric representation, and x” is
the U (1) HOMFLY-PT skein element in L g projected to homology and linking. For
illustration, consider the unknot in reduced normalization, for which P.(01; a, g) = 1.
This gives the following partition function of a holomorphic disk

xi’

@7§=mfm (3.23)

Y(x) =Py, (x,a,9) =)

r>0

From the viewpoint of U (1) Chern—Simons on L g, boundaries of worldsheet instan-
tons wrapping the holomorphic disk give rise to infinite series of Wilson lines [49].
A Wilson line wrapping » > 0 times around Lk with k kinks on it contributes with
g% x”. The number of such Wilson lines is ¢, defined by the expansion

V) =YY e qg*x (3.24)

r>0 k>0
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The interpretation of ¢g2*x” as an r-times wrapped Wilson line with k kinks can be
seen by noting that kinks are counted by powers of a as in Fig. 1, and by noting that
in U (1) Chern—Simons a = g. Incidentally, ¢, is also the dimension of the Hilbert
space of BPS vortices of T[L g ] with vorticity r and spin k [35].

Kinks on the boundary of a Wilson line can be traded with linking with a dual

Wilson line using the U (1) Chern—Simons skein algebra of variables x, 3:

x" 1, r
=: —X - X (3.25)

q@%qd, 1= 1-3

r

where : : is the normal ordering operation defined in [9]. Trading kinks with linking
loops may be viewed as a ‘half’ of the U (1) skein relation on Lg: the x Wilson line
with a small ¥ loop around it can be viewed as the over-crossing diagram in the first
line of Fig. 1, while the kink corresponds to g times the smoothing also on the first
line. Similarly the under-crossing can be traded with an anti-kink, which is ¢! times
the smoothing. Consistency then implies that the over-crossing equals under-crossing
times g2, in agreement with % = ¢%%7.

Once again, this specific ensemble of Wilson lines can be given a geometric inter-
pretation in terms of curve counting. The factor % corresponds to an annulus with
a boundary linking the boundary of the x-cylinder in Lg once, and with the other
boundary linking zero times. Overall, the partition function resembles an x-annulus
ending on L, with a linked y-annulus on each strand of its multi-cover:

1 4 1

r>0 1-y

The corresponding recursion relation is

(1_< hf))w:l, (3.27)
I—y

equivalent, upon left-multiplication by 1 — y, to the more familiar

(1—-y—-xy =0. (3.28)
As remarked above, a single vortex would contribute ¢g*x” corresponding to
a Wilson line. On the geometric side, we repackage Wilson lines into linked holo-
morphic annuli. On the gauge theory side of T'[L k], this repackaging corresponds to
the definition of equivariant vortices.

Given this, we now propose to think about an equivariant vortex in the theory T'[ L ]
simply as a configuration of the form above: on level d, there are d parallel copies of
the central curve linked in the nested way by basic annuli, see Fig. 5.

We next consider the corresponding procedure applied to a @ times around gen-
erator. We propose that such generators become multiples of p with constants and
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=

J N\

annulus annulus with twist
d 1 —ty)?
exp (- %) = &5 exp (2, S5 ) =141y
total contribution : ?—ﬂ T L:ﬁ :
-y 71—y

Fig.6 A degree 2 generator with constants pushed down. The trivializations of the normal bundles to the
annulus boundaries in the Lagrangian differs. This affects the signs in the count and correspond on the
refined level to distinct #-powers

anti-constants attached on all intermediate covers. The constant and anti-constant
push down to the boundary as almost identical annuli, where the second annulus has
a twist in the trivialization on the boundary corresponding to # with integer odd «.

Let v € N be a divisor of ., and consider a contribution to the partition function of
the form

"
- (3.29)
—q
To refine this, we first write it in the form
PO S
S L —x¥ (3.30)
1=y
and then introduce a sequence of annuli and anti-annuli as follows
1 todd 5 1 todd 5 1 1 todd 5 1 Z‘odd 5
ACEES SOk e [ L S St SO ke § PNEE D)

—X —X —X ~
1=y 1=y =y 1=y I-y
n—v v—1

The refinement does not just depend on p, but also on a choice of divisor v. This rule
therefore leaves room for several possibilities, and we will discuss some of these in
Sect. 6 and “Appendix B”.

For illustration consider the case © = 2, v = 1. Figure 6 shows the configuration
for a twice-around generator with contribution

1+ 1
NE I PSS (3.32)
I-y 1-y
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e _ e
( Uses X =q , not true in u(1) skein )
dl d1 dl
Zdl,d2>0 = Zdl,d2>0 e+
do ds dy +1
1 1+¢°

1I-)?2 — 0T-)(1-¢9)

Fig.7 Contributions on second level from two unlinked basic disks

Remark 3.3 The homology generators in (3.31) in general do not correspond to the
basic disk generators, such as (3.17). For example the two generators in (3.32) do not
correspond one-by-one to the two basic twice-around disks in Fig. 7. This indicates
that there are collections of basic disks that are categorified together, and then cannot
be categorified individually.

To illustrate the procedure, we next consider the second level of a system of two
unlinked basic disks. We must express the configuration of two strands with an annulus
linking each in terms of our standard basis, which leads to the counting of intersections
presented in Fig. 7. In the first line we compute the powers of g arising from a singly-
wrapped annulus linking with each disk boundary, resulting in ¢ times the unlinked
configuration (with annuli removed). As explained in the second line of the figure,
this identity relies on the use of a projection from the U (1) skein to the algebra of
U (1) Chern—Simons Wilson lines, which is characterized by the ‘half skein relation’
discussed earlier. In the last diagram on the first line we illustrate another use of this
relation, whereby the same ¢* factor could arise from a single curve boundary linking
now both disks. The third line illustrates the geometric interpretation of the identity
reported at the bottom of the figure, where the two terms in the numerator correspond
to each of the two summands, and the factors (1 — q2) and (1 — q4) in the denominator
arise from linking with annuli linking, respectively, one of the disks, and both of them,
recall Fig. 5.

We next look at this way of expanding states in terms of vortices and their Hilbert
spaces. Consider an equivariant vortex. Its partition function is given by

x4

Va9 =) G a = (3.33)

d>0

Expanding the denominators using geometric series, it is convenient to think of
the Hilbert space at level d as follows. Consider the points in the simplex x| >
X3 > ---xgq > 0 with integer coordinates (n1, ..., ng). The dimension of the Hilbert
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space of states with g-charge k is then the number of points in the intersection between
the simplex and the plane Z?:l xj =k

The Hilbert space of mixed states of two vortices on level two as above looks
like the integral points over the first quadrant and can be expressed as two copies of
the simplex, one shifted by multiplication by ¢2. Similarly, one generator going s
times around corresponds to the points along the diagonal x; = --- = x,, and can
be expressed as a sum of shifted simplices. This indicates that refinement applies to
the Hilbert spaces associated to vortices individually.

We give one final perspective on vortices and homology. Viewing a vortex as
an U (1)-invariant fixed point in C, we may compute its contribution to the parti-
tion function by Bott localization. Here we change coordinates and think of the d-fold
vortex as a point in the configuration space of d points in C thought of as the space of
polynomials using the relation between roots and coefficients. The contribution

1

3.34
(T=g?) (1 =g 539

now arises as the equivariant Chern character. For a u times around generator, only
the top degree coefficients of the polynomials are fixed, others are free to vary. This
means we have a corresponding C*~! family of fixed points with similar action on
normal bundles. The contribution from the corresponding Bott manifold is

e [(CPHd—1], (3.35)

where we have replaced C with CP! and a fixed point also at infinity.

3.3 M2-branes wrapping holomorphic curves

In this section we discuss the physical and geometric interpretations of refinement,
connecting the conjectures of [41] to our interpretation of the knot-quiver correspon-
dence [8, 9]. The 3d N = 2 index (2.20), proposed by [41], corresponds to the refined
partition function of knot invariants. However, this index is well-defined if not just one,
but two supercharges are preserved in the Omega-background and with an M5-brane
inserted along L x S! x R?. We will now provide motivation for the existence of this
additional supercharge, based on the presence of a certain geometric U (1) symmetry,
expanding on a suggestion of [41]. Eventually, this will lead us to a geometric inter-
pretation of the R-charges of BPS states in terms of ‘self-linking densities’, consistent
with our previous observations in [8]. Then, together with the study in Sect. 3.2, this
gives our generalized quiver partition function.

The analysis of preserved supersymmetries that we develop here takes a different
perspective from the one in Sect. 2.4. There we started with supercharges of the 5d
theory engineered by X and examined which ones survive in presence of the Omega-
background, and eventually also in presence of the M5-brane on L x S! x R?. Here
we shall start with the worldvolume supersymmetry on the M5 and analyze how it
is broken by introducing the Calabi—Yau background and by placing the brane on
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L. An interesting novelty of this perspective is that it will clarify a little-appreciated
consequence of the U (1) symmetry postulated in [41]. As we will show, the existence
of a U(1) symmetry corresponds to a point in the moduli space of 7'[L] with enhanced
supersymmetry.

3.3.1 Conserved supercharges in the generic case

We study M-theory on the resolved conifold X = O(—1) & O(—1) — CP! times
S xR, with an Omega-deformation turned on. This consists of rotations of the planes
R? x R? by independent phases €] » when going around the S' [38, 39].

The Calabi—Yau background preserves eight supercharges. This amount of super-
symmetry is further reduced if we consider an M5-brane wrapped on a special
Lagrangian submanifold L C X times S' x R%l. Recall that a special Lagrangian
is a Lagrangian calibrated by the holomorphic top form on X, which must have a con-
stant phase along L, the phase determines which supercharges are preserved and which
are broken by the M5-brane. Under a genericity assumption, such a configuration
preserves four supercharges. Let us review how this works.

In a flat space the theory on an M5-brane would be the abelian 6d (2,0) SCFT,
with 16 supercharges transforming as (4, 4) spinors under Spin(1,5) x Spin(5),
with the second factor corresponding to the R-symmetry group. With the Calabi—Yau
background, the latter is broken to Spin(3) x Spin(2), where Spin(3) is a subgroup
of the local rotations on X which leave L fixed, and Spin(2) >~ U (1), is the group of
rotations of Rgz. The (2,0) 6d supercharges thus decompose as follows:

44— (2,2:2) 4120 (2,2:2)—12 (3.36)
as representations of
Spin(3)71 x Spin(1, 2)51XR31 x Spin(3)yz X Spin(2)Rg2 . (3.37)
cSpin,5) cSpin(s)

The holonomy on X belongs to an SU(3) C SU(4) =~ Spin(6) subgroup. This induces
non-trivial holonomies for both Spin(3)7 and Spin(3) 51, further reducing the num-
ber of conserved supercharges. The special Lagrangian property of L implies that
holonomies of the tangent and normal directions to L are related. This means that
to any given loop y € m1(L) one may associate holonomies for both NL and TL,
denoted, respectively, grr € Spin(3)7r and gy € Spin(3) 1. Due to the fact that
L is a special Lagrangian of X, these group elements are in fact related to each
other, allowing one to perform a topological twist by considering the diagonal sub-
group Spin(3)47, C Spin(3)7r x Spin(3) vz . Then, spinors in the (2, 2) transform as
2 ® 2 =1 @ 3, implying that one out of four components is invariant under holonomy.

5 Recall that these rotations arise from the diagonal and anti-diagonal combination of Cartan generators of
U xU()g C SUQR)L x SUQR)g ~ SO(4), via the identification (g, gg) = (e€1T€2¢€17€2),
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This leaves four conserved supercharges, which transform as

(1,2)412® (1,2)—12 under Spin(3)4. x Spin(l, 2)51ng| X SPiH(2)Rg2~
(3.38)

These are the four supercharges of 3d N' = 2 theory T[L] arising on the M5-brane
worldvolume, along directions ! x Rzl. This amount of supersymmetry can be pre-
served under generic conditions under our assumptions, namely for an M5-brane
wrapping any special Lagrangian L in any Calabi—Yau threefold X.

3.3.2 Supersymmetry enhancement from a geometric U(1)-symmetry

Following [41], the definition of a refined index requires an additional supercharge in
addition to those in (3.38). In view of this we make the following assumption.

Assumption 3.4 The Lagrangian L is diffeomorphic to S! x R? and there exists a U (1)-
action on L which rotates the S'-factor. The corresponding vector field V defines
a normal plane R%, at each point. Then ENR%, is the contractible meridian on the torus
aL.

The embedding 7L C T X defines a dual vector field JV normal to L (J is
the complex structure on X). We view JV as the direction in which an M2-brane
wrapping a holomorphic curve in X attaches to L. (If the M2 boundary lies along a flow
line of V in T L, and the M2 wraps a holomorphic curve in X, its normal is tangent to
aflowlineof JV inJ-TL ~ N L, using the local splitting TX ~ TL®&NL.) LetR%,,
be the family of planes normal to JV within NL. Now we come to the assumption:
the existence of a U (1)-action implies that the holonomy g7, € Spin(3)7 is actually
not generic, but belongs to a subgroup Spin(2)y that rotates the planes RZT ; tangent to
]R%, as one goes around S' corresponding to the boundary of a holomorphic curve. Since
L is special Lagrangian, gr; = gnr and therefore the holonomy induces a rotation of
RIZVL' The holonomy gy = grr = gnvr € Spin(2)41 C Spin(3)4L, so it rotates both
summands in RZT L @ R%\, ;. by the same amount, leaving fixed the ‘origin® § I'xRc
T L x NL, corresponding to the tangent and normal directions of a holomorphic curve
wrapped by M2 attaching to L.

Our proposal is to identify U(1); = Spin(2)yr as the R-symmetry of the 5d
theory Ts4[X] that is necessary to perform a topological twist to preserve additional
supercharges leading to a refined index, recall the discussion from Sect. 2.4. We will
elaborate on the details shortly.®

First, we wish to stress that U (1); is an artifact of the string theory setup, and not
a property of a garden-variety 3d N/ = 2 theory. On the one hand, while surviving
3d NV = 2 spinors are invariant under Spin(2),4y, they transform non-trivially under
U(1)7. On the other hand, U(1); is not an automorphism of the 3d A/ = 2 super-
Poincaré algebra, i.e., it is not an R-symmetry of the 3d theory. To establish these

6 Thisisa subgroup U (1); C SU(2); of the R-symmetry group of the 4d N = 2 theory on R4 arising from
reduction on the M-theory circle. It corresponds to the R-symmetry employed by [38, 39] in the topological
twist to define refined partition functions of 4d A" = 2 gauge theories.
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claims, recall that surviving spinors arise from the branching rule 2 ® 2 = 1 & 3 for
Spin(3)4r C Spin(3)7r x Spin(3) v 1. Also recall that, following the above assump-
tion, we identified a distinguished Spin(2) 7, x Spin(2) vz C Spin(3)7r x Spin(3)n L,
whose generators will be denoted J% Iy 1%, - Working in a basis where J; Iy ;, L are
diagonal, we may reclassify the spinors in (3.36) as follows:

44 — (£1/2,2; £1/2) 410 D (£1/2,2; £1/2) 12 (3.39)
as representations of the following subgroup of (3.37)
Spin(2)7r x Spin(1, 2)SlxR§] X Spin(2)nr X Spin(Z)Rgz. (3.40)

Topological twisting with reduced holonomy Spin(2) 77 x Spin(2) 1 implies retaining
those supercharges that are invariant under the diagonal subgroup. In this case, these
are the ones with opposite charges jy = — j;y under Spin(2)7p x Spin(2)yr:

(£1/2,2; F1/2) 412 ® (£1/2,2; F1/2) 1 2. (3.41)

This leaves a total of four plus four conserved supercharges, twice the generic amount
in (3.38). To lighten notation, we will sometimes omit the representation labels under
Spin(1, 2) g1 xR2, X Spin(Z)Rgz, and simply use (jy, jjv)-

Among these, we can recognize the singlet 1 that survived in the general case (3.38).
This must be a linear combination proportional to (1/2, —1/2) — (—1/2, 1/2), since
it arose as the second anti-symmetric power of 2 for the diagonal subgroup Spin(3)41..
Overall, there are four supercharges in the singlet: a 2 of Spin(1, 2) with j, = +1/2
and another with j, = —1/2. There is also a second combination of supercharges that
is conserved, namely (1/2, —1/2) 4+ (—1/2, 1/2). While this is part of the triplet 3 and
therefore not invariant under the generic Spin(3)4, it is nonetheless invariant under
the reduced Spin(2)4;,. Again, this corresponds to four supercharges. Therefore, our
assumptions on the geometry of L and the existence of a U (1)-action imply doubling
the supersymmetry from 3d NV = 2 in the generic setting to 3d A = 4 in presence of
U’

For Lagrangians L = S! x R? as above this has the following consequences. From
the point of view of the theory T[L] in the generic case, without the additional U (1)-
symmetry, the Hilbert space of states is generated by vortices and contains states
of fixed vorticity x” and fixed spin in the Rgl -plane, ¢*. The partition function is
a (super)trace which for fixed vorticity x” gives a Laurent series in g2. As the state
space is generated by vortices, the coefficients stabilize as the power of ¢> goes to
infinity, and the coefficient of x” can be expressed as P, (g™ (g% qz)r’], where P,
is a polynomial with integer coefficients. With additional U (1)-symmetry, there is an
additional ¢-charge that refines this theory and its states. The Hilbert space is now

7 This fact was observed also in [41] albeit somewhat implicitly. From a physics viewpoint, this enhancement
is also plausible from the viewpoint of the theory T'[L] of the unknot conormal. This is Ny = 1 SQED,
which up to a (neutral) adjoint chiral can indeed be viewed as a 3d N = 4 theory in disguise. It is unclear
if this enhancement is visible in the theory T'[L] for other knot conormals.
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a sum of finite dimensional vector spaces of fixed charges x"¢*t'. As before, after
fixing the vorticity x” the Poincaré polynomial of the vector spaces stabilizes and we
can write it as P, (g2, t¥1)(¢?; ¢?);!, where P, is a polynomial with positive integer

coefficients and such that P, (¢*2, —1) = P, (¢*?).

3.3.3 Omega-background and 3d index

Now we come back to the definition of the refined 3d index (2.20). First we note
that, while surviving supercharges are not neutral under Spin(2) v, neither do they
transform in a representation of Spin(2) . In this sense U (1) is not a symmetry of
the 3d A/ = 2 superalgebra. For this reason we consider linear combinations of the two
conserved supercharges. In particular, one may view (1/2, —1/2) and (—1/2, 1/2) as
being separately conserved. With this change of basis, supercharges transform as
representations of U (1);: the first batch with charge —1/2, the second batch with
charge +1/2. Overall, the surviving supercharges are (2),, j,, where jy = —jjv
and jy, jo» € {—1/2, +1/2} are chosen independently. Note that j; = jjy = —jy is
the charge under U(1);.

The point of having supercharges with a well-defined charge under U (1); is that
one can turn on the Omega-background and use the U (1); remnant of the 5d R-
symmetry to perform a topological twist. The Omega-background means that as we
go around the M-theory circle, we perform a rotation of U(1); x U(1)2 x U(1);. In
particular, this breaks Spin(1, 2) 1, g2 to U(1)1 and spinors (2) , j, get labeled by
their U (1) charges (j1, j2, jr). In this notation, the surviving supercharges are those
with j; = j» = —j, as derived in (2.16). This can be shown to match precisely with
the supercharges considered in [41].

3.4 R-charge, homological degree, and self-linking

In this section we provide a geometric analysis of the phenomena discussed in the
previous section. The Lagrangian considered there is S! x R? and a neighborhood
of it in the Calabi—Yau looks like its cotangent bundle 7*(S I'x Rz). We furthermore
have a U (1)-action that rotates the S'-direction, and which splits the normal bundle
of the Lagrangian as NL = R x R%V - We can therefore write a neighborhood of
the locus of the M5-brane as

x ST, (3.42)

t

(S' x R) x (RZTL x Rfu) xR2 x R2,

where normal directions lie in R x R%, L X Rj, ,- Here R?] and Rf{,lt come from (2.21):

they are the planes that are rotated by J; and J», respectively. The topological twist
reduces the structure group of this bundle to a diagonal U (1) rotating both factors
R%VL X Ri_]t in the same way.
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3.4.1 Once-wrapped disks

We next read off the 7-charge of an M2-brane wrapped on (S! x R) x S!. In the Calabi—
Yau space this is a holomorphic curve along S! x R. By holomorphicity, its normal
variation along the boundary is given by a vector field (v, Jv) € RZT L X R%V - This
implies that, going around a loop in S!, the vector field v rotates in RZT ; by an amount
that equals that of Jv in R%\, - The former furthermore equals the self-linking Cj;
in L. By the topological twist the rotation of Jv contributes to the 7-degree and it
follows that the corresponding 7-charge of a d-fold cover is g~ %4 (—£)Cii¢, in line
with the conjectural identification of C;; and the homological z-degree [10, 11].

We point out that the origin of the contribution qc”'”l2 to the partition function
is different: it comes from counting g-power in the U (1)-skein and then passing to
homology and (self-)linking. In other words, the quadratic growth of powers of ¢
corresponds to the contribution to the Gromov—Witten invariant from counting gener-
alized holomorphic curves. In physics this corresponds to the open topological string
partition function with an A-brane on L, where g arises through the M-theory inter-
pretation of the string coupling constant [2]. There are C;; crossings between d-fold
Cii

. . . 2
covers of an underlying once-around curve which gives ¢€i¢". Overall we have con-

tribution ini d*~Ciid (—1)Cii 4 for the d-fold cover of a once-around disk. We stress that
this reasoning is based on a picture of M2-branes wrapping d times around, viewed
as tightly packed copies of an underlying once-around disk.

Our prescription should recover the contribution to the unrefined partition function
in the limit #+ = —1. On this level we should perturb multi-covers of the underlying
curve and then count generalized curves. The geometry behind the count is the follow-
ing. A contribution to C;; can be thought of as an infinitesimal kink. After perturbation
we find an actual kink with d? crossings; in order for this to be d times a curve in
framing C;;, we deform to make all innermost kinks very small and then pull them out,
making them infinitesimal again and trading them for framing. This leaves d(d — 1)
crossings, and summing contributions from all C;; infinitesimal twists we eventually
get ¢Ciid@=1) This agrees with the specialization to r = —1.

Remark 3.5 To round off our discussion on the geometric interpretation of the homo-
logical degree of BPS states, we offer yet another reason why such geometric
information (the ‘wiggling’ of an M2-brane boundary) should play a role in the defini-
tion of the BPS partition function. M2-branes wrapping holomorphic curves produce
Wilson lines for the U (1) Chern—Simons theory on L. From the viewpoint of the full 6d
N = (2, 0) theory describing the worldvolume dynamics of a single M5-brane, such
Wilson lines correspond to reduction of Wilson surfaces. By supersymmetry, these
involve integration along the boundary of the M2 of the abelian 2-form connection, as
well as the five scalars. In particular, the latter transform as a vector under the Spin(5)
R-symmetry of the (2, 0) theory. Recalling that R-symmetry corresponds to rotations
transverse to the brane, the winding number of these scalars around the brane must cor-
respond to their charge under R-symmetry. At the same time, the scalars parametrize
embeddings of M5 in the transverse directions, and in particular they parametrize
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the direction along which the M2 ends on M5. Yet again, this suggests that the wig-
gling of the M2 boundary is captured by the R-charge of a BPS state, which in the setup
involving L C X is eventually identified with the homological degree.

3.4.2 Multiply-wrapped disks

Our suggestion for refinement for multiply wrapped disks has two sources. The first
arises when we express the contribution of the curve in terms of standard vortices,
or geometrically in terms of a specific link as described in Sect. 3.2. Here, internal
t-charge of the M2-brane is transferred to thin annuli and appears as a difference in
framing along their two boundary components. The second comes from an external
framing analogous to the framing of the standard basic disks discussed above.

To describe this external 7-degree, we refer to Sect. 3.1.2 where multiply wrapped
disks are related to disks in orbifolds and consider an M2-brane wrapped on a disk
in a degree p orbifold corresponding to (3.16). The ¢-charge arises from the U (1)-
action on L, and the M2-brane is invariant under this action (rotation along S') only
if its boundary remains a tightly wrapped wu-fold cover of S' x point. This means
that its boundary gives a single Wilson line of charge u rather than a p-times around
Wilson line of charge 1. As in Sect. 3.4.1, by holomorphicity and the topological
twist that identifies rotations in Ry and RZ‘ 1,» the r-degree is the framing of this
charge-u Wilson line, which in turn is determined by its self-linking. We define C;; to
be the framing density along the w;-fold boundary of the M2-brane, thus C;; € M%_Z.

This means that a single twist of the underlying simple curve corresponds to C;; = —-
The total twist in the normal bundle is then C;;u; € Z, which leads to the charée
xl.d ~ g~ Ciitid (_p)Ciitid for a d-fold cover of the -wrapped M2-brane. Next we
consider the self-linking contribution to g-degree for generalized curves invariant
under the covering transformation. We think of the framing C;; u; of the underlying
curve as a collection of infinitesimal kinks. These lift to C; iuiz kinks, giving the total
contribution to the g-degree ¢ {4 at the d-fold level of the brane. In summary
we then have contributions proportional to g uid®=Cii wid(_p)Ciitid at the d-fold
covering level.

Similarly to the once-around case, we consider the t = —1 specialization of this
formula and the contribution to generalized curves after perturbation. As above we
consider the lift to the d-fold cover. A p;-wrapped curve with CiiM,-z infinitesimal
kinks gives C;; M%d 2 crossings at the d-fold covering level, after perturbation. In order
to lift a curve d times around a curve with framing C;; u;, we trade the innermost kinks
at Cj;u; of the crossings for framing, leaving a net C,-,',ul.zd2 — Cjipid crossings and
hence an overall contribution of g Cii#id(Hid=1)

We next consider a degree w; basic disk on a more general Lagrangian of topology
S x R2. Here, as before, we get a U (1)-symmetric boundary of the disk by SFT-
stretching. In the limit where the embedded disk is split off, the lower piece close
to the Lagrangian can be identified with the complement of the orbifold point in an
orbifold disk. The addition of the orbifold point corresponds to adding the embedded
disk ‘atinfinity’. Again, the existence of a U (1)-action on L implies that all boundaries
of holomorphic curves should sit very close to each other, within an infinitesimal
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neighborhood of the orbits S! x point. The z-degree is then obtained from the framing
of the once-around charge-u boundary in the plane field normal to the orbits, and
the contribution to the refined partition function atlevel d is (—1)ii#i dgCii wid*=Ciipi d
exactly as above.

3.5 HOMFLY-PT homology and geometric deformations

Sections 3.3.2 and 3.4 explain how holomorphic disks in a U (1)-symmetric setting,
via branched covers with constant ghost bubbles attached, generate symmetrically
colored HOMFLY-PT homology. In this section we isolate the ingredients in this
description and give a proposal for how they might give rise to a deformation invariant
version: holomorphic curves for generic almost complex structures (constrained near
the Lagrangian only) give a chain complex with a differential, the homology of which
remains invariant and equals certain filtered quotients of HOMFLY-PT homology that
recover all of the original HOMFLY-PT homology. Naturally, as a chain complex is
not determined by its homology, the chain complexes we propose are not uniquely
determined. The guiding principle for our definition is that it should reflect the under-
lying geometry and that it should model the initial U (1) invariant situation as closely
as possible.

3.5.1 Tracing the refined partition function under deformation

Recall the data that gave the generalized quiver partition function from a U (1)-
symmetric version of the knot conormal: a collection of numbered basic disks
i € {1,...,n} together with linking densities C;; measuring linking and self-linking
between their boundaries. Here the holomorphic curves are in fact two-level holomor-
phic buildings in an SFT-stretched complex structure: the outside parts are embedded
once punctured spheres, while the inside parts are unbranched covers of the trivial
cylinder over the unique geodesic in S! x R2. In this limit all curve boundaries are mul-
tiples of the unique geodesic, and the linking densities C;; appear as the (normalized,
relative) framing of these boundary components. We point out that the only curves
near the Lagrangian that are invariant under the U (1)-action are these unbranched
covers of the punctured disk.

We next consider a class of deformations for which the picture above persists. To
this end we express the data we have as follows: a collection of M;, moduli spaces of
holomorphic punctured spheres asymptotic to Reeb orbits, and trivial cylinders near
L g with linking densities C;;, where C;; are integers if u; # u; and Cj; € ﬁZ if
i = j = u. We will now keep the trivial cylinders and linking densities C;;, but
allow for deformations of the outside curves. More precisely, we consider the moduli
spaces M, for varying almost complex structure J; on the outside part, while we keep
J fixed and equal to the stretched structure near the negative end of the symplectic
manifold (i.e., near the Lagrangian).

To organize this, we note that the homology data of each punctured sphere in M;
is characterized by its Reeb multiplicity w;, its homology class a;, and its 4-chain
intersection g;. We write M(u, , v; x = 1) for the moduli space of all embedded

@ Springer



117 Page 36 of 76 T. Ekholm et al.

punctured spheres i with ; = u, a; = o, and g¢; = v. Then

Mu, v x =1) = U M

{i: pi=p,ai=a,q;=v}

is a space with a finite number of points, one for each disk i that has these quantum
numbers. Furthermore, if their orientations are twisted by their orientation data at
the boundary, all the points come with a positive sign.

We next study the moduli spaces M;(a, v, u; x = 1) corresponding to a 1-
parameter family of almost complex structures J;. We argue that a generic 1-parameter
family gives a cobordism of moduli spaces with the following properties. At generic
times s the actual spheres in the moduli space admit standard neighborhoods such
that any other holomorphic curve inside such a neighborhood must be a branched
cover of the basic sphere. This is analogous to what happens in the neighborhood of
the central sphere in the resolved conifold: here any other holomorphic curve must
lie completely over the central sphere. There are finitely many instances where there
are Morse modifications in our 1-dimensional cobordism. Such instances correspond
to birth/death of curves. Also for this phenomenon, there is a standard neighborhood
of the sphere at the critical moment, that contains only the central curve and the two
redundant curves for nearby times, while all other curves are multiple covers of these.
We mention that also moduli spaces M(«, i, v; x = xo) of punctured embedded
curves of Euler characteristic yo < 1 can be handled in the the same way and that our
conjecture says that these moduli spaces are empty in the U (1)-symmetric situation.

We next discuss how one might establish such a structural result, i.e., how to find
cobordisms of basic U (1) invariant curves with neighborhoods that contain all holo-
morphic curves and which objects the corresponding moduli spaces actually contain.
One starts with the simplest punctured spheres with once-around boundary. Here
the result on moduli spaces is straightforward: by minimality there can be no split-
ting and the moduli space gives a cobordism. We next consider embedded punctured
spheres with boundaries that go twice around. The entire moduli space for these must
also include certain two-level curves: two once-around spheres on the outside, with
a branched covered trivial cylinder in the symplectization level. We do not perturb
the cylinder, but equip it with both an obstruction bundle and with gluing data to
the spheres above it, which then allows us to count. Once we check that these config-
urations contain all possible limits, we would get the required cobordism. The only
configuration not accounted for in the SFT-compactification is then the one given
by a branch-covered cylinder glued to two copies of the same once-around sphere.
However, since the once-around sphere has a standard neighborhood, the whole curve
would have to agree with this configuration at earlier times and then already from
the first step, which contradicts our sphere starting out as embedded. After establish-
ing the existence of neighborhoods for twice around disks, the argument proceeds to
the next Reeb orbit covering level. It is clear how to continue: include all several level
curves with branched covered cylinders at the negative end, the existence of the stan-
dard neighborhoods at earlier steps shows that the moduli space gives a 1-dimensional
cobordism. Thus if we start from a finite number of moduli spaces, the cobordism class
never changes as we deform J;. The same argument works to show that the algebraic
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count of embedded higher genus curves equals zero since there are no such curves
at the starting U (1)-symmetric configuration. We point out that an important prop-
erty of the knot conormal used in this argument is that it can be placed so that all
outside curves go positively around the basic geodesic. This is arranged by placing
the conormal close to the toric Lagrangian on an external leg of the conifold toric
diagram.

3.5.2 Partition functions with values in chain complexes

As explained in Sect. 3.5.1, we can find the symmetrically colored HOMFLY-PT
homology from the moduli spaces of embedded curves M («, v, u; x = 1) for any
generic almost complex structure with standard negative end near the Lagrangian, pro-
vided we know the linking information. For an actual deformation this is easy to trace,
but it may also be useful to have a bifurcation analysis version of this. The behavior
of the full chain complex is somewhat complicated, see Sect. 3.6, but certain filtered
quotients, from which the full homology can be recovered, are simpler to trace. In this
section we introduce these quotients and study them under homotopy.

We start by considering the filtration we will use for the U (1)-symmetric configu-
ration. Let K be a knot and Q its associated generalized quiver with set of nodes Q.
We subdivide the nodes according to their multiplicity and write Qg = UZIZI Qo(w),
where Qo(w) is the set of nodes corresponding to disks of multiplicity x. To each
node j we associate a quiver variable x; and basic charges

xj= xHi g q® gCiiti (—)Ciiti (3.43)

Then the refined partition function has the form

xr

PQ(-XI""7xmaq’t)Zzhr(a7q’t)(2_—25 (3'44)
- q:q9°)r

where h, is a Laurent polynomial with positive integer coefficients that—we
conjecture—equals the Poincaré polynomial of HOMFLY-PT homology in the ri
symmetric coloring. Here we will categorify this in a trivial way. We view the mono-
mials in A, (a, g, t) together with the denominators as generators of a vector space of

. . . . .. k . sqv
equivariant vortices of corresponding charges. Explicitly, to a summand n%,
) r

n > 0, we associate a vector space C" spanned by n equivariant vortices of
charges a*q*t’x”. We further think of these vector spaces as a chain complex with
the trivial differential. We write the chain complex Co = €P, Cp,, and its homology
H = P, H,,where the extra subscript 0 refers to the starting point of the deformation
we will consider. As the differential §g on Cy is trivial, we have Cy = H.

We next consider a filtration on Co. The vector space Cp - is spanned by equivariant
vortices. Each such vortex is a bound state of one of more basic disks x;: it arises in
the refined partition Il{“unction as a coefficient of a unique combination of monomials

ki 1

of the form x Xy and we define its filtration degree as the maximal multiplicity

wj; of the quiver variables x; in this monomial. We then define Cy , (k) C Cp,, as
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the subspace spanned by vortices of filtration degree < k, and Co(k) = €D, Co, (k).
Then

Co(1) S Cp(2) € --- S Co(M) = Cp. (3.45)

Consider now the quotient Co(k)/Co(k — 1). It is rather complicated, spanned by all
bound states of nodes of multiplicity < k that contain at least one node of multiplicity k.
However, if we restrict to the degree r part of the complex Co () /Co.» (r — 1), we find
something simpler; here any monomial is a combination of multiplicity » generators
and we can write the contribution to the generalized quiver partition function as a sum
of collections of vortices of the following form:

hj(q.1) (3.46)

Xj
(% >
where £ (g, t) is a polynomial with positive coefficients.
We define a new chain complex of equivariant vortices generated only by the r
times around nodes. We take Dy(r) to be the vector space of equivariant vortices
corresponding to r times around disks. Recall that such vortices have partition
functions

xrd

—_— (3.47)
(q%3q* )a

We define Dy (r) to be the chain complex with trivial differential associated to the unre-
fined partition function, except for substituting the variables x; by the above powers
ofx,a,q,t:

Poy(x,q.1) = P (x; g"), (3.48)

where g* denotes the substitution of denominators (¢2; ¢%)q by (g**; ¢**)4 in
the quiver partition function (2.6) and where Qk (r) denotes the multiplicity r part of
the quiver Qk, i.e., all the degree r nodes and all weighted arrows connecting them
(weighted according to (1.1)).

Let G(r) denote the homology of Dy (r) with the trivial differential. Geometrically,
this is the vector space generated by the Bott equivariant vorticity r vortices as in
(3.35). We will show below that for a generic path of complex structures J; we can
define a family of complexes D with differentials §; such that the homology of §; is
isomorphic to G for each generic s.

Remark 3.6 We have Dy(1) = Cy(1). Furthermore, since the quiver is finite, there
is R > 0 such that G;(r) = O for » > R and if we know G ,(r) for all r < R,
then together with the framing density matrix C;;, half-framing information, and the
refinement information for all nodes of multiplicity > 1, we can recover H.

We next consider redundant nodes. Consider a quiver node i of multiplicity u; = i
with associated quiver variable x; and linking density C;; = 0 € ﬁZ. Its w-refined
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partition function is given by

d;
. X;
Piy(x,q,t) = —t (3.49)
o ; (%5 q*M)g,
Consider also a quiver node i* of multiplicity u;+ = p and with linking density

Cixjx = ﬁ Then the u-refined partition function of i* in the quiver variable x;« reads
di* 122
X4

4 dix  ptd?
Pin(e g0 = ) (=% g e,

dy

(3.50)

and setting x;+ = g~ *(—t)x; we find that P; ;—_1(x1) - Pj* ;=—1(x;x) = 1. We call
the pair (i, i*) the degree u redundant pair of linking density zero. We think of
the redundant pair as a two node generalized quiver with nodes i and i* with linking

density matl‘iX
U . .

We define the degree v redundant pair of linking density f € llLZ by a fractional
framing change on the linking density zero pair. Thus its linking density matrix is

instead
for
(ff+;l¢). (3.52)

Since framing change alters the partition function of a quiver according to the sub-
stitution x; —> q“izf (—1)/ " x;, the unrefined partition function of a redundant pair is
still 1.

The degree 1 redundant pair is a ‘standard’ redundant pair noticed first in [11] and
explained in terms of multi-cover skein relations in [9].

Remark 3.7 We comment on the geometry of redundant pairs. Think of the node 1¢
as an orbifold disk. Its corresponding canceling disk should have underlying framing
different by one twist. We can imagine undoing the twist and picking up 1 4-chain
intersection, the shift in quiver variable g ~#! can be thought of as 4-chain intersections
canceling these and returning the original disk.

The fractional framing change of the redundant pair corresponds to framing in
the w1-fold cover where the lift lives and indicates that a framed redundant pair cannot
be equivariantly separated.

We next define a set of chain complexes Dy (r) for integers » > 0. This complex is
generated by the punctured spheres in the moduli spaces M (i, «, v) where u = r. Let
the linking matrix be C;;. Consider the 1-parameter family J; of almost complex struc-
ture and the corresponding moduli spaces M (i, @, v). When J; moves away from
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the U (1)-symmetric configuration, the moduli spaces undergo Morse modifications
at birth/death instances and is otherwise unchanged. We will describe correspond-
ing changes in the chain complex. At a birth moment s¢, the chain complex at times
slightly before sg, Dy,—e (1), changes by addition of a redundant pair to a new chain
complex Dy, ¢ (r) with differential 85,4 such that the homology of &, is equal to
that of 5, (and hence still equal to G(r)). Below we show that such a differential
exists. At death moments the chain complex changes by removal of a redundant pair,
and similarly the homology is unchanged.

3.5.3 The differential on D,

We show that the required differential exists. Let Q be a generalized quiver with m
nodes of vorticity . The birth of a redundant pair of nodes involves modifying Q by
adding a pair of nodes which link with all previous m nodes in the same way, resulting
in a new quiver Q’. The signs of the two spheres in the redundant pairs are opposite.
This means that their framings differ by one unit when the orientation data are pushed
to the boundary, and the disks must form a redundant pair as the partition function
stays unchanged at the unrefined level.
Therefore Ppr = Pg - 1 where the identity is represented as follows

,
1 d 2 —d)2+2 dy+-oydy
1= ZZ(_D(/H- )+ grer +u(r—d)*+2ur(ardi++amdny)

r>0d=0

d —d
xm+1x;rn+2 (3.53)

(@5 4*M)a (@ ¢* )

Here p is the multiplicity of the redundant pair of disks x,,+1 ~ Xp42 ~ x*, while
P = UCmi1m+1 = UCni2.m+2 — 1 = wCpi1,m+2 18 the integer self- and mutual
linking of the pair of new nodes, and o; = Cj m+1iti = Cim+24i is the linking
between the pair and the i™ pre-existing node. The identity is true provided that
Xm+2 = q *xu+1, and reduces to [9, Eq. (4.19)] when u = 1.

Recall that we allow Cy,41,,42 to be valued in 17 since Um+l = Umt2 = K.
In connection with this, note that at a redundant pair of disks the U (1)-symmetry
has necessarily been broken, disk boundaries are no longer tightly packed, and single
strands of a p-times around disk can link with strands of other disks individually.
For perturbations not too far from the the U (1)-symmetric setting, we need to relax
integrality of mutual linking C;; only for pairs of disks with the same homology data
(the same - and a-degree). More general perturbations may however require further
relaxing integrality of the linking matrix. Understanding this would require a further
study of the geometry of perturbations, which we leave to future work.

At the refined level (3.53) ceases to hold. By our general rules on the assignment of
homological degree, we refine the partition function by setting x,,4+2 = —tq¢ " x;+1,
which reflects the fact that uCp42 m+2 = wCpt1,m+1 + 1. This deforms (3.53) as
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follows:
-
szwl Z(—1)(pH)r+dq“p’2+“(’*d)2+2w(a1d1+~~~+a,,ld,,,)
r=0 d=0
(_tq—u)r—d
(% ¢2)q(q*; g*)r—q (3.54)
= ZX,ZH(—1)”’q“(ﬂ“>’2—W+2W(a1d1+---+amdm)

r>0
(14 1g2*0=Dy . (1 + g1 + 1)
(g% %), '

While this is not equal to 1 anymore, it is an expression of the form

ur
141 +t)2m frla g, 1), (3.55)

r>1

where the Laurent polynomial f, (a, ¢, t) is a sum of integer multiples of monomials.®
We require the differential to map a vortex corresponding to a monomial ¢*a’t* in
1- fi(a,q.t)tog*a"t* Vint - f,(a,q, ) and to be 0 on all other vortices. This gives
a differential of degree (a, ¢, t) = (0, 0, 1) with desired properties.

Remark 3.8 It is crucial to keep the denominators (g2*; g**), of Bott-equivariant
vortices here. Switching to the usual denominator (¢2; ¢) wr Of standard equivariant
vortices spoils the positivity of coefficient in the numerator. The positivity of the coef-
ficients is what allows us to define the required differential, which then allows us to
interpret the partition function as the Poincaré polynomial of the complex D of Bott-
vortices defined above. In order to carry out the same program for a chain complex
generated by standard vortices, one would have to introduce other types of generators,
see Sect. 3.6 for an analogous discussion.

Remark 3.9 The differential §; defined in this way depends on the path of almost
complex structures J; as well as choices of near which basic disks the redundant
pair should be located. It would be interesting to consider the construction of chain
homotopies of different differentials on Dy that came from different paths. (Note that
any two such paths are homotopic since the space of almost complex structures is
contractible.)

Remark 3.10 In the same way as combinations of basic disks give the HOMFLY-PT
homology in (3.31), one can get the HOMFLY-PT homology from the homology of
the complex D.

8 The overall sign is fixed by (—1)”" and there are no cancellations inside this expression.
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3.6 Unlinking and multiple disks

When defining the differentials §; in the complexes Dy in Sect. 3.5.2, we worked with
a stretched almost complex structure that allowed us to keep holomorphic disk bound-
aries fixed. This was essential when demonstrating the existence of chain complexes
still generated by equivariant vortices and with invariant homology, along paths of
almost complex structures. Similar constructions not keeping all symmetry require
additional generators of new types. To illustrate this, we consider the basic unlinking
operation in the presence of nodes with multiplicity > 1.

Recall that in the case of embedded disks there are, besides the birth/death of
redundant pairs of nodes, also other operations on quivers that do not affect the partition
function [9]. The most basic such move is unlinking, where two linked nodes are
replaced by two nodes with mutual linking decreased by one unit, together with a new
node obtained by gluing the other two. We discuss the counterpart of this for multiply
wrapped disks, and show that such an identity involving multiply wrapped disks cannot
exist, unless we introduce certain additional holomorphic objects. This then indicates
that U (1)-invariant configurations are essential for defining HOMFLY-PT homology,
and that a much more involved description is required if one allows to break that
symmetry near the boundary.

To see how unlinking works for multiply covered disks, we consider crossing
a simple disk in class x; with a p-times around disk in class x>. The contribution
to the partition function from a u-times around disk can be written as a product

2mi(p—1)

\pqu(xz)=\yq(;)wq(e%;)---\yq(e o), (3.56)

see Eq. (4.2), where here ¢ is aroot of ¢ = x3, and W, is defined in. We next assume
that there is a disk x| that links once equivariantly with x;. To see the partition function
after unlinking, we average over all possible unlinkings, and get

n—1

Wy (x1) Wy (x2) - ” Z‘l’ 1(qe z Exl) = W, (x1) Wy (x2)p (x2x), (3.57)
k=0

where

22 (qxle )‘1

3.58
@2 4P ua B8

¢ (x2x} )—Z( 9"

This latter function is a new contribution from a p-times around disk with a simple
disk attached. For unlinking of more complicated disks we would similarly get new
objects, and more of them when we unlink further. To categorify these changes, we
would need to find contributions on the refined level as well as necessary differentials.

@ Springer



Knot homologies and generalized quiver partition... Page430of76 117

4 Recursion relations for generalized quiver partition functions

A fundamental property of partition functions of knot invariants is the fact that they
obey certain types of recursion relations. In [8, 9] we showed that quiver partition
functions share this property, in fact leading to a decomposition of (quantum) A-
polynomials (and generalizations thereof) into universal building blocks. In this section
we review these properties, and extend them to include generalized partition functions
with multiply wrapped disk nodes.

4.1 Non-commutative variables

In [9] it was shown that the partition function of a quiver Q can be conveniently
expressed by introducing non-commutative variables

IP>Q :\I/q(Xm)"Dq(Xm—l)"'\Ijq(Xl)v 4.1
where
0 Lo oCii T oCi
v, (&) = Z (2_—2)5 . Xi = (=D)CigCu- o Hyj”. 4.2)
=0 ‘47 9k j<i
The non-commuting variables obey quantum torus relations X; X; = q*4ii X i Xi,

where A is an antisymmetrization of the quiver matrix determined by a choice of order-
ing of nodes. This is based on the convention that ;£ ; = g%/ % ; 3;. The quiver partition
function is obtained from Py by normal ordering, defined as taking all the y; variables
to the right, where they become trivial and the action of %; is just multiplication by x;:

PQ = ]P)Q s (4.3)

We can apply this idea to generalized partition function and write (1.2) in operator
form, as a generalization of (4.1). We single out a node, whose variable we denote x,
and rewrite the partition function as follows:

Py = Z |:(_])C00M0d0+2,- Cii#idiqc()ol/v(z)dg+zzi Coipopidodi+3; ; Cij(uidi)(wjd;)

do.d

do d;
% %o l_[ Yi }
(g%H0; gH0) g, (g% g2 g,

i>0

d
= | 7 (1) oonodog Coonidy I [T50 e
. 1 (q2llv(); qZ/L())dO i

do i>0

~d;
X.
« (— 1) Ciitidi g2, Cij (idi) (1)) | @
|:Z l_[ (qZ;LL : qzﬂi)d,-

d i>0
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where we employed quantum torus variables with the usual g-commutator y;X; =

A A . . A A An A 2_
q*%i 2 ;. Next, we rewrite the first sum as an operator using (£ 9¢)" = X4 551q "k,

with n = do and k = Cooud. This gives

Po

(g>H0; g2H0) g,

) ()?0§C00ﬂ3)d0 rodo
. C do ,,C d, 0 A Coj
. Z(_l) 00r0do g Coorydo l_[yi[ 0i

do

i>0

nd;
X.
x 2 :(_1)2,» Ciill«idiqu,j Cij(uidi)(pjd;) (l |2z—>:| :
Hi g2Mi
[d (115 g7y

i>0
~ ~Coopd d
B Z ((—1)Cooro g Coor o9, *"0)do ny’”cm Hodo
. do (g2 g%/ )ay i>0 l
X
% Z(_l)ziCifuidiq21.jCij(ﬂidi)(ﬂjdj) (l_[ e >:| :
Wi+ g2ii
|: 7 e (g=Hi5 g=Hi)g,
o ~Coottd T amomiCoi
=: W o ((_1)CooﬂoquoM%M0 %03, 00£5, nyiﬂolttc()z>
i>0
&
« (—I)Zi Ciil‘«idiqu,j Cij(uidi) (1 jd;) —t : (4.5)
[Xd: ll:([) (q%i5 q*Hi)g,

Iterating on all remaining nodes, we eventually rewrite the generalized partition
function as Pg =: Py :, the normal ordering of a suitable operator

Py = Wyum (Xpn) - \I-’qﬂ,n_| (Xm—1) -+ Wy (X1), 4.6)
with W defined in (4.2), and with variables defined as follows:

AlitjCij

s 2 A AC--;L-Z
Xi — (_1)CuuquuM,~ ﬂlxl,yi [’ ;

4.7

j<i
4.2 A-polynomials for generalized partition function

Let us next turn to recursion relations obeyed by generalized quiver partition functions.
The advantage of the operator form of the partition function is that we can easily read
off the recursion relation. Notice that

(1 — 5 — 2)W,u(EH) = 0. (4.8)

This may also be recast as (1 — ﬁl.” — X)Wy (X;) = 0 in the language of single-node
variables where X; ~ X#, § ~ .
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Next, let us introduce a symmetrized version of variables X; (4.7) akin to (4.15):

X] = (= 1)Cuts g Cuet =g, gt i g, 4.9)
j=i

These are commuting variables X X ; =X ; X . Moreover, the partition function (4.6)
may as well be replaced by an analogous expression }P’/Q obtained from P by replacing
X; — X|. The two have the same normal ordering : IP”Q :=:Pg := Py since
the substitution of X corresponds to right-multiplication by suitable powers of J;, as

previously discussed in Sect. 4.1.
Then, the partition function (4.6), or more precisely its surrogate P;, must be

annihilated by operators A;:
AiPy=0 Vi=1,....m, (4.10)

defined as

~

Ai=(1-3"-Xj). 4.11)

1

This statement is obvious for i = m since it corresponds to the first factor in (4.6).
But now recall that the choice of ordering of nodes in P/Q, the surrogate of (4.6) upon
replacing X; by X/, is arbitrary since variables X commute with each other. Therefore,
if Am annihilates the partition function, so must A,- foranyi =1,...,m.

4.2.1 Example: a twice-around basic disk

If the above derivation may appear a bit formal, we can easily rederive this result for
the special case of a single p-times around basic disk with partition function (1.2).
Taking for simplicity 4 = 2 and x; equal to x*, we have

2d
Po(x,q) =Y  ——— (4.12)
=0 (g% 9%)d
Now notice that
2(d+1) 2d 2d
A2 N X X X 2d
PPR =) T =) =) o (1-¢7)
s W@haDa T @haNa-r  @hiata
x2d
=(1=-9) ——— =:1-=9»HPuRX,q):, (4.13)
dgg (g% g ©
SO
AR, J.q)=1-3 -3 (4.14)
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in agreement with the specialization of (4.11) to u; = 2.

4.3 The toric brane property

We now discuss a new connection between quiver descriptions of generic knot conor-
mals, and the toric brane corresponding to the unknot conormal. This property is best
explained in the formalism of quantum variables introduced in our previous work [9],
suitably modified.

4.3.1 Adistinguished basis of quantum variables

The presentation of the quiver partition function as the normal-ordered expression of
Py is clearly not unique. It is ambiguous by right-multiplication by any function of
the quantum torus variables y; that evaluates to 1 when all y; — 1. We will use this
freedom to switch to a new set of non-commuting variables that reveals new structures
of the knot homology encoded by the quiver. From now we assume that all quiver
nodes correspond to basic disks wrapping once-around, i.e., such that u; = 1 for all
i; the general case will be discussed later.
As a first intermediate step, we introduce the variables

m
. ~Cij
X = (%[5, (4.15)
j=l
which appear in the quantum quiver A-polynomials, see [9]. Note that these variables
are mutually commutative: XX ; =X ; X;.

For the purpose of studying structures in knot homologies, we consider a slightly
different set of variables defined as

zi =X [[3 (4.16)

j<i
These obey quantum torus relations:
Z;Z; = q2Sgn(j_i)Z,'Zj. 4.17)
We will denote the Z; the toric brane variables.
Remark 4.1 Thinking geometrically of the boundaries of the disks as curves very close
to the central S! in $' x R?, the variables X l’ correspond to an unlinked collection of
parallel circles, whereas the collection Z; correspond to a collection of curves obtained

from this by introducing linking so that strands i and j link with linking number i — j.

Note that the definition of Z; and their algebra depend on a choice of ordering of
nodes of the quiver. Later we will discuss a certain preferred choice. With any choice
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of ordering for quiver nodes, we claim that the operator I@’Q = Zr>0 @ 2 eI —L_P, with
~ r

has the property that its normal ordering recovers the quiver partition function Pg:

:Po 1= Po(x; q). (4.19)
This is because monomials of fP’Q are related to those of P by right multiplication

by y;-variables, which is invisible to normal ordering.
Recalling the definition of the g-multinomial,

2. .2
[:1} _ (q°59)r ’ 4.20)
l]2

@% 4)a, - (% 4P,
and the algebraic property (4.17), we find that P, takes a very simple form:
=(Zi+-+Zn). (4.21)

A proof of this formula is given in Appendix A. In the limit ¢ — 1, this statement
reduces to the multinomial theorem.

4.3.2 The toric brane recursion relation

Expression (4.21) shows that there is a universal recursion relation among knot
homologies (at least for those knots which admit a quiver description with once-around
generators):

=(Zi+-+Z)Pry. (4.22)

The recursion relation (4.22) exhibits an exponential growth property that reflects
analogous growth behavior of colored link homologies. On the other hand, and more
important for the present discussion, is the fact that (4.22) coincides precisely with the
recursion relation that characterizes the partition function of a toric brane in C* (which
corresponds to the unknot conormal partition function, in reduced normalization). In
fact the quiver partition function written in terms of Z; takes the same exact form:

_ 1
PQ22(2 5 21+ +2) =[]0 -¢"D7" = Z: ¢ 423

r>0 n>0

in terms of the variable

Z=Z14 -+ Zpn. (4.24)
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In other words, the quiver partition function takes the form of a toric brane partition
function in this coordinate, after normal ordering

Po(x;q) =: (Z;¢HH (4.25)

This is the remarkable toric brane property of quivers (so far we have assumed that
all basic nodes wrap exactly once-around the conormal, but soon we will extend this
to generalized quivers).

Recalling that § = []; J; is the quantum meridian holonomy on 9L, it follows
that Z satisfies

YZ=4q>Z3%. (4.26)
Using this relation, it is easy to see that
(1-39—-2Z)Pg(x;9)=0. (4.27)

This is exactly the quantum curve of a toric brane in C3. The change of variables
x; — Z; then shows that the HOMFLY-PT partition function of any knot (admitting
a quiver description with once-around generators) obeys a new relation, which takes
the form of an unknot quantum curve (the partition function of a toric brane in C3
corresponds to the unknot conormal in the conifold in reduced normalization). This has
consequences for the structure of knot homologies, which we will analyze in Sect. 5.

Finally we relax the assumption that all quiver nodes are basic disks with u; = 1,
and consider the more general case where u; > 1 for some nodes. If longitudes of
basic disks are given by x; ~ x*'/, then meridians contribute in proportional amounts
to the overall meridian at 9Lk, namely § = $|"'$) - - - §,,". Ordering nodes so that
U1 > o > -+ > Uy, We introduce zZm — Zieln Z;, where I, is a set of indices for
which u; > n. Iy = I contains all indices and Z © = zM = 7. I, contains indices
for which p; > 2 (for all thin knots it is empty), and so on. Then the generalization

of the toric brane property is encoded by the following quantum curve:
YPo(x; q)

= 5]{”5}52 .. .iszxp <

Zi+Zo4 -+ Zn
1 — g2
E ((q2 — l)qznmaxz(”max) + o+ (q2 — 1)q2Z(2) + (q2 — 1)Z(1) + Z(O)>
= Xp

1 —q2
— (1 _ q2nmaxz(ﬂmax)) o (1 _ q22(2)> (1 _ Z(1)> Py(x; q). (4.28)

Remark 4.2 The definition (4.24) of the toric brane variables shares tantalizing sim-
ilarities with partition functions of framed BPS states. In [50] it was observed that
the expectation values of a “‘UV’ line operator of a rank-N theory, engineered by
a stack of M5-branes wrapping a complex curve C, admits a decomposition as a linear
combination of expectation values of ‘IR’ line operators of a low-energy U (1) theory,
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arising from a single M5 wrapping a covering ¥ — C. Both UV and IR line operators
are engineered by M2-branes attached to the M5-system. In our setup the Z; corre-
spond to expectation values of U (1) Wilson lines on the Lagrangian L wrapped by
a single M5-brane. The expansion of Z as a sum with integer coefficient in the Z; then
suggests an interpretation of Z as the expectation value of a line operator in a ‘UV’
theory, obtained by wrapping a stack of M5 on another three-manifold L. The quan-
tum curve (4.27) identifies a natural candidate: L’ should be the toric brane, or unknot
conormal, on which a stack of M5 is wrapped. The line operator on L’ is described
by (4.27), and arises from an M2-brane ending on L’ along a curve. In the infrared
the multiple M5-branes on L’ merge and branch, resolving into a single brane wrap-
ping a covering of L', corresponding to L. The M2-curve gets lifted to the various
basic disks on L, linking as described by the quiver. This interpretation of Z as a line
operator in the toric brane is therefore consistent with viewing L as a covering of
L’, in line with the general assumption, underlying the geometric origin of quivers,
that boundaries of basic holomorphic curves in L all lie very close to the zero-section
S x point.

5 Homology structure encoded in the quiver

The possibility of describing knot invariants using quivers enables translating quiver
properties to HOMFLY-PT homology. In this section we will study how redundant
pairs and toric brane variables are reflected in structures of HOMFLY-PT homology.
For simplicity, we will assume that all nodes of the quiver have multiplicity u; = 1.

5.1 Redundant pairs and s[; pairs

In Sect. 3.5.2 we described the degree © redundant pair of nodes. Now we want to
study its relationship with the d differential of [7]. We consider the simplest possible
case in which we have a quiver consisting of a single degree 1 redundant pair of nodes
without any other vertices and arrows. This means that the quiver adjacency matrix is

given by
00
C = <0 1) 5.1)
and we demand x| = gx».

Now we consider the ¢-deformation of the degree 1 redundant pair of nodes,
following the rule t; = C;;. This means that

x = x19""(=1). (5.2)
Note that after #-deformation nodes 1 and 2 are no longer redundant and the quiver
partition function is given by

xi + (—=¢q)x2 141t
—2 + 3
1—¢q 1—g¢g

Po(x1,x2;,9) =1+ Xy 4. (5.3)
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(As a cross-check, we can see that r = —1 leads to Pg = 1.)
We observe that relation (5.2) is reminiscent of the shiftin (a, ¢, t)-degrees involved
in the definition of dy differentials in [7]. Indeed, deforming (5.2) into

x = x1a*q N (=1) (5.4)

corresponds to the statement that homology generators corresponding to nodes 1 and
2 are connected by a dy differential which shifts (a, g, ¢)-degrees by (-2, 2N, —1),
respectively, which matches [7] for N > 0 (after adapting conventions). Note that
when a = qN, (5.4) reduces back to (5.2).

Keeping a generic and taking N = 1 leads to the most important building block of
the uncolored homology: the canceling differential d. Since (H,, dy) is isomorphic
to one-dimensional Hfll, all quiver nodes but one are grouped into pairs of the form

(x,-, Xj = xia2q73(—t)) . (5.5)

We call such (x;, x;) sl pairs. Note that elements of sl; pairs cancel each other at any
level (any representation S”) in the dj-cohomology. This is in line with the expectation
that s{; knot homology is the same for all knots, with only one generator surviving
for each symmetric coloring (the one corresponding to the unknot). In particular,
the unique surviving generator in the first homology Hf[l must correspond to a node
of the quiver, which we call the spectator node.

5.1.1 Relation to prequivers

Nodes in sl pairs are closely related to a particular prequiver introduced in [51].
The basic idea is that all nodes of the quiver come in pairs, except for the spectator
node. Furthermore, within each pair the two variables are related as in (5.5), suggesting
that node x ; can be viewed as a bound state of node x; with an additional x-independent
node with variable x, = azq_3(—t). Indeed, it was observed in [9] that introducing
such an extra node with a single unit of linking to x; would result in a bound state like
the node x;, via a procedure of unlinking. In [51] this idea was developed in greater
detail, suggesting the following:

Conjecture 5.1 For each knot K with refined partition function that has a quiver
description as in the original knots-quivers correspondence (i.e., with x; ~ x) there
exists a unique quiver Q corresponding to K with adjacency matrix of the form

0 F F, --- F
Fl Dy Up - Ui
c=|F U, Dy Ux (5.6)
S
Fp U Uy - D
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where

vy éii Cii éij éij
Fi=[Co Coi]. Di=|:" - Ui =1 o ’
i [ 0i Ol] i |:Cii Cii+]] ij [Cij+1 Cij + 1

Con € 7. (5.7)

Here the diagonal block D; corresponds to the self-interaction of the i-th sl pair
(note that D; is a framed version of (5.1)), the block U;; corresponds to the interaction
between i-th and j-th sl; pairs, the zero in the top-left corner of C to the spectator
node, and F; corresponds to the interaction between the spectator and i-th sl; pair.

Using Egs. (5.6), (5.7), we can define a prequiver Q [51] with an adjacency matrix
given by

0 Cop Coz -+ C:'Ok
Q()Tl Cui Cip -+ Cik
C=|CnChCun - Cul. (5.8)

T AT AT ~
Cok Cix Co -+ Crk

Nodes of the prequiver correspond to the spectator node and s[; pairs, while arrows
correspond to interactions among them. Note that using Egs. (5.6)—(5.8) one can easily
reconstruct C from C. Moreover, since the change of variables for the sl; pair (x;,x;)

satisfies (5.5), the changes of variables for Q and Q read

Xo
X1 P
X1a*q 73 (1) x‘f
X2 v
x=| va2¢ 30 | X=]"]. (5.9)
s xk
Xpatq =3 (—1)
and we have
x 3.0
Z( q)dc" Z( aq7607) g T
vd
X
G (5.10)
(4% 9%);
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Let us see how it works on the example of the trefoil. In that case the quiver and
the change of variables are given by [10, 11]

0 F 707;1717 xa’q~?
C= <FT Dl)z 122, x=| =xd?(-0? |, (5.11)
e 123 xatq3(—1)3

whereas the prequiver and corresponding change of variables read [51]

5 0,1 v xa’q~?
C= (12> , X = <xa2(—t)2 . (5.12)

One can also check that Eq. (5.10) is satisfied.

As we mentioned earlier, the transition between (5.12) and (5.11), called splitting
in [51], can be interpreted in terms of the unlinking procedure described in [9]. We
can consider a quiver node corresponding to a curve that does not wind around Lk
and links node number 2:

7OL17;07 xa’q~?
C=|121], x=| xa*(-n* |. (5.13)
010 a’q =3 (—1)

Then unlinking node number 2 and the new node leads to

0,11,0 xazq_2
| 12210 | xd?(—1)?
€= 71:7273107 C YT xatg 30 | (5.14)
0'00'0 a’q=3(—1)

After unlinking, the last (x-independent) node is completely detached from the rest of
the quiver. Its contribution to the partition function is an overall multiplicative factor
(a’q73(=1); g*)~'. We view it as part of the closed sector and when discarding this
node, we recover the trefoil quiver and its partition function (5.11).

We conjecture that the refined partition function of every knot corresponding to
a quiver with x; ~ x can be recovered (up to a x-independent prefactor) from a pre-
quiver linked to an extra node which does not wind around L. This is true for all
examples analyzed in [51]. Basing on the results of this paper, we also know that one
could mirror the reasoning presented in this section starting from the differential d_
[15]. This would lead the other choice of spectator node and different form of the
blocks in the matrix C, but all structural properties would be analogous.

We expect Conjecture 5.1 to have a natural extension to include multiply-wrapped
basic disks, where some of the multiply-wrapped disks can be viewed as products
of unlinking between a ‘primitive’ multiply-wrapped disk, and a distinguished disk
which does not wrap around the longitude of L g and that links one of the w; strands.
It is not clear from currently available calculations how such pairs are organized.
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Direct computations for colored HOMFLY-PT polynomials for knots that require
multiply-wrapped generators would help understanding this.

5.2 Knot homologies in toric brane variables: a new grading

In this section and the next one we use the toric brane variables to illustrate a property
of colored knot homologies. We start here by defining a certain grading that will later
be used to describe the structure of a spectral sequence involving knot homologies
with different colorings.

Recall the ambiguity in the definition of toric brane variables due to a choice of
ordering of the nodes of the quiver Q. Recall that each node corresponds to a basic
disk, with interactions among basic disks determined by their mutual linking in Lx
corresponding to quiver arrows, and the spectrum of bound states is encoded in Pg
[8].

While everything that follows holds independently of the specific choice made
(mutatis mutandis), it will be convenient to fix this choice at least partially. For this
purpose, we recall that for any knot its homology in the fundamental representation and
reduced normalization must have an odd number of generators. There is a distinguished
spectator disk, while the remaining disks arrange in s[; pairs, as discussed in Sect. 5.1.

We adopt an ordering where the spectator node comes first and s[; pairs are labeled
by 2i,2i + 1 fori > 1. Let us recall that, in the language of quivers, an sl; pair of
disks is characterized by

Coit1oiv1 = Coini + 1, x2i01 = x0:a°q > (—1). (5.15)

We do not specify how sl; pairs should be ordered among themselves, but simply
assign Z to the distinguished spectator node and Z»;, Z»; 1 to the pairs. Note that

yC21+l j_CZt ] (516)

2 -2 o
Loiy1 = Zyia“q "ty j

In particular, this means that in (4.22), when Zsi, Zoi+1 acton the same term ~ ¢ C
P,_; with |d| = r—1 , they produce two terms in PP, with well-defined shift of degrees:

) mogoes o n
: Zzi+1xd D= ath_2+2d2’+22111df(cz’“*f Qi) 72 (5.17)

This relation will be instrumental for defining a new differential on the S” homology.

If a knot K has a corresponding quiver Q, one may consider a grading on the S”-
colored HOMFLY-PT homology H, induced by the dimension vector d. The d-grading
subsumes ¢-grading and a-grading, but not the g-grading—this is clear from the form
of the quiver partition function with x; = xa”iq’i (—t)cfi (we have [; = g; — C;; and
assume that w; = 1 for all quiver nodes):

a; Ciind;
PQ = Z( q)Zz j=1 Cijdid; l_[ (xa (qq (q H=H~
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_ 1 r 7= Cijdid;
=Y 2 [a] come

" \d|=r

l_[(xaaiqli (_t)cii)di’ (5.18)

i=1

In general, the grading by (d, ¢) is more refined than (or at least as refined as) the triple
grading (2.3). As the latter can always be recovered, we will henceforth focus on (d, g)
gradings.

Recall that we are working under the assumption that x; ~ x for all quiver nodes.
Then the partition function of the quiver can be organized by x-degree, corresponding
to S”-coloring of the HOMFLY-PT polynomial, as in the second line of (5.18). The
S”-colored superpolynomial is then a sum of terms with distinct d-degrees such that
|d| = r. In particular, terms of degree d take the form of the g-binomial [2] , times

q
a monomial. Let «,(d) be the coefficients of [;} , = Y n=0kn(d) g*", which are
. >

positive integers.’ The partition function may be then expressed as

PQ—Z

Z ZKn(d)(f”( q)Z,, | Cijdid;

2
(61 e 1=

H(xaa,‘qli(_t)cii)di. (5.19)

i=1

Using the d-degree we may introduce a nonlinear shift of the g-grading, to just retain
the ‘n-grading’ induced by the g-multinomial

Ndegree = 5 | 9degree — Z Cljdld] Zlidi . (5-20)
i,j=1 i

This way of grading states in H, is precisely what is accomplished by switching to
variables Z;. For example, at level » = 2 in (4.18) and (4.21) one has terms such as

2 B , -
|:d=(1,1,0,...):|zzlz2_( 1 + q°)-Z1Z, =222+ 77,
! n=0 n=1

These two terms both have d = (1, 1,0, ...) but are distinguished by n = 0 and
n=1.

9 To see positivity, one may note that it holds for coefficients of the g-binomial [52, Theorem 6.1] Then
one may recursively express the ¢g-multinomial in terms of nested g-binomials, as we did in Appendix A.
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Adopting the (n, d)-grading of H,, we deduce its universal structure from (4.21):

Ho= P C"D@Hyn (5.22)

ld|=r,n>0
where Hg , = Cis one-dimensional.'?

5.3 Traces of a spectral sequence of symmetrically colored knot homologies

Having introduced the necessary notions of quiver grading on knot homologies
together with the toric brane property, we are now in a position to lay out some
of their most interesting consequences. We present a simple structure that appears on
the knot homologies, which is reminiscent of a spectral sequence.

Pages of the spectral sequence correspond to HOMFLY-PT homologies with differ-
ent colorings by symmetric representations. The non-trivial data that we will provide
corresponds to a definition for the differentials of the spectral sequence. (These should
not be confused with the differentials that define the colored HOMFLY-PT homolo-
gies. The structure we are about to discuss is more similar to, although not quite
the same as, the one conjectured in [53].) We should stress that our considerations
are motivated by structures observed at the level of partition functions, and we will
provide only partial information about differentials in the spectral sequence.

We introduce linear maps

d, i H, — H,, (5.23)

which map vectors (more properly, one-dimensional subspaces) with degrees

n

{dz(dla"-7d2i7d2i+l5"~)

d/: (d19""d2l' + 17d2i+1 - 17)
{n — 2. (5.24)
for one choice of i =1, ..., %(m’ — 1), which depends on the specific subspace in

question. Of course, this does not fully specify the map, for two reasons. On the one
hand, different subspaces of Hg , may be mapped to different H, ,,» depending on
the possible ways (labeled by i) of trading a unit of dy; 1 for a unit of d»;. On the
other hand, from (5.22) the overall subspace of degree (d, n) has dimension «, (d, n),
so there are «,, (d, n) x ,(d’, n’) possible choices. A more concrete realization of this
map will be provided shortly.

Nevertheless, we claim that the map exists, as a consequence of formula (4.22). It
follows from the same formula that the map can be defined in such a way that it is

10 The choice of ordering of basic disks does not influence this structure. Different choices are related by
elements of End C¥n (@)
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nilpotent:

d’=0. (5.25)

One way to describe the maps d, in some detail is to consider the free group F,,
generated by S = {ay, . ..an}, where m is the number of nodes in Q. We then consider
an element of the group ring Z[ F,,] defined by

gr=@+ - +a) = D Y o) dag,): (5.26)
(i1seir) OES;
where the first sum runs over all distinct partially ordered sets (i1, ..., i,) with i <

ip <--- <i, with 1 <i; < m. By construction, all monomials are distinct and there
are m" = dim H, of them. In particular, monomials of g, are in 1-1 correspondence
with generators of H, in a suitable basis:

Hr =~ Z Z Ao (iy) * Ao iy) - C. (5.27)

(IS ir) OESy

We do not specify the details of this map. The only constraint is that the choice of map
must be compatible with the one obtained by replacing a; — Z;, and with a subsequent
identification of the normally ordered expression with the polynomial of degree x” in

P Q'l 1
The linear map d, can now be described as follows: its action depends only on
the first letter a; in a given monomial a; --- C g, labeling the corresponding one-

dimensional subspace of H,:

(al...).(c — 0
d 3 (@i-)-C—0 (5.28)
(@it1++) - C > (az---)-C

Ellipses denote any word of r — 1 letters, which is furthermore understood to be
identical on the lhs and rhs of the last line. Up to normalization of the basis, this
defines d, explicitly. Nilpotency follows directly.

An interesting property of the maps d, is that they endow the S”-colored HOMFLY-
PT homologies of a knot with the structure of a spectral sequence, in the sense that

H*(Hrs d;) ~H, 1, (529)

where >~ involves a regrading, which will be detailed shortly. The H, are pages of
a spectral sequence, where the r-ordering is decreasing.

T Each monomial of gr maps to a certain (d, n) degree. There are «, (d) mapping to a given (d, n). On
the other hand the multiplicity of Hg , in (5.22) is «, (d) -dimensional. So there are «, (d)! ways to map,
any choice is admissible.
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The claim (5.29) can be established easily with the aid of P, written in terms
of variables Z;, as in (4.22). In fact, the specific form of d, given in (5.28) cor-
responds to pairing up all terms of the type (Za + Zai+1) [15=1 ¢C 7 Ziy - - Ziy,
where ]_[2;} q('")Z,'I -+ Z;, is any monomial in P,_;. Wh%t remains after pairwise
cancellations of these terms is precisely a regraded copy of P,_1:

~ K o T -3, \Cn 5C1j
P.>Z-P_y=|xa"q “ (—q) l_[yj

J

Py, (5.30)

where the shift of various degrees can be summarized as follows:

xr—l _)xr’ a#_>a#+}:’

ot q#_>q#—>:+011+22,»:1dj01j' (5.31)

5.3.1 Example: trefoil

For the trefoil knot in reduced normalization, the generators of H; and H; have,
respectively, the following degrees:

|
IS

W WL NN R O~

(5.32)

[ W= W= Y= N N NI NG N
N O 0N BN

Here the spectator node is Zj, while the sl; pair is (Z,, Z3). Therefore, in Hj
the differential d, pairs up terms of types (Z2Z;, Z3Z;) fori = 1,2, 3 (cf. (5.17)):

ZrZy:(4,4,2) with Z3Z;: (6,2,3),
7275 :(4,8,4) with Z3Z;:(6,8,5), (5.33)
72723 :(6,6,5) with Z3Z3:(8,6,6),

leaving three terms corresponding to a regrading of P{ (cf. (5.31)):

le 14,-4,0) Z1Z,:(4,2,2) Z1Z3:(6,0,3). (5.34)
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5.3.2 Sketch of the differential from H, to H,_;

Once we have a differential relating H, to H,_1, it is natural to wonder if there is a
generalization that decreases color by multiple steps S” — S"~! forany [ < r. Let us
begin by rewriting

Pr=:(Z1+Zs)) : (5.35)
where Z;, = Z — Z; contains all sl pairs (and excludes the spectator):
k
Zsi, = ) Zoi + Zais. (5.36)

i=1
In the simplest case when / = 1, we have
Po=:(Zi+Zs)P—1: (5.37)

and we can see that Z; P,_ is just a regrading of P,_;. We can cancel Zg[, P, by
defining a differential:

Z1 Py V250,
Zoi Pry v250, (5.38)
d
Zyit1 Proy > 20 Py,
whose homology corresponds (by construction) to Z1 Pr_1, a regrading of H,_1. This
is the usual differential discussed so far d; = d, in agreement with (5.28).
For [ = 2 we have
Po=:(Z1 + Z1Zot, + Zst,Z1 + Z1 ) Pr 2 - . (5.39)
Then we define
Z2P 3+ 250,
d
Z1Zoi1 Proa v 21 Z0i Pr_a,
2127 Pr_» I&O, (5.40)
d
Z2i+1ZjPr— '—Z>ZziZjPr—2,

d
Zz,‘ Zj Pr—2 I—Z)O,
whose homology corresponds, by construction, to le P._5, aregrading of H,_».
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For general / we write

d;
lePr_l —0,
-1 d -1
2y Zoiv1 P v 2 22 Pry,

d,
le_l Zoi Pr_; I—l>0,
(541

_ d _
2" Zoi 1 ZjyZjy Ly Pro 2y 2025 2y 2y Pr,

- d
2" 202y Zjy - 2y P 0,

whose homology corresponds (by construction) to le P._;, a suitable regrading of
Hy—i.

6 Examples with multiply-wrapped basic disks

In this section we discuss concrete examples of geometries where multiply-wrapped
basic disks appear naturally, and cross-check proposals discussed in previous sections.
We point out that the available data to which we compare is limited and sometimes
conjectural.

6.1 The line in real projective 3-space

In this section we study the example of the conormal of the real projective line in real
projective space, where a multiply wrapped disk appears in a smooth, non-orbifold
geometry.

Consider the curve

l—y+a’%y —x>4+y =0. (6.1)

This curve was derived in [14] as the zero set of the augmentation polynomial of
the knot contact homology of the projective line RP! in RP?. Viewing the latter as
a (Z/2Z)-orbifold of 3, in the large N limit this is also the moduli space of a toric
brane sitting at the orbifold point in a (Z/27Z)-orbifold of the resolved conifold. To see
this directly, we observe that this is a genus-one curve with six asymptotic regions.
There are horizontal asymptotic legs at x — 0 with y — y, and at x — oo with
y — 1/a”. There are also pairs of vertical asymptotic legs, located at x — +a~2
with y — oo, and at x — £./T+ y with y — 0.

Let us focus on the limit y = 0, in which the curve is doubly covered by the unknot
mirror curve 1 — y — x + a’xy = 0 through the change of variable x — +x!/2. The
vertical external legs of the conifold geometry now sit at x = +a~! and x = %1. In
particular, each pair of legs is separated by log(—1) = i, precisely as the external legs
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of Fig. 3 in the limit Q — —1. Indeed, taking also a — 0 and switching orientation
y — y~ ! turns (6.1) into (3.12). This confirms that (3.12) describes a toric brane
in the (Z/27Z) orbifold of C3, namely the half-geometry of the (Z/27Z) orbifold of
the resolved conifold obtained by sending a*> — 0.

Since the brane described by (6.1) at ¥ = 0 sits at the orbifold point, the upshot
of this analysis is that any holomorphic curve ending on it must have boundary that
wraps around the longitude twice. This is so because otherwise such a curve in the brane
would not bound any holomorphic curve away from the orbifold point. This is the large
N dual of the statement that such a brane was engineered as the conormal of the line
in RP3, which is likewise non-bounding: only its double cover can bound curves in
T*RP3. This observation provides an independent confirmation from knot contact
homology (a rigorous check, in fact), that curve counting in our orbifold toy model
(3.8) really features a basic twice-around curves, as claimed in (3.13). In particular,
this dispels any potential ambiguities concerning reinterpretations of (3.13) as two
once-around disks in the vein of (3.6), since the boundaries in class x cannot bound
any curves in the orbifold, where the brane is stuck at the orbifold locus.

A similar analysis of the conormal of the shortest closed geodesic in lens space
L(u, 1) shows how degree u basic disk generators appears.

6.2 The knot 94,

Our next example of multiply-wrapped basic holomorphic curves is the knot conormal
of the knot 945. The superpolynomial in the fundamental representation is [15]

Pi(a,q.t) =a> L+q2 + q4t3+i+2t+1
q2t2 q4l

t2
+ad? <q2t4 + —2> ) (6.2)
q

In a standard quiver picture, each generator of the first homology 1 would correspond
to a node whose change of variables (2.10) would involve the following (a, g, t)
degrees:

ai |gi — Cii|t; = Ci;

2 -2 4

2 —4 2

0 1 3

0 -1 1

0 1 | (6.3)
0 0 0

0 -3 —1

-2 2 0

-2 0 -2
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Now let us temporarily assume that all higher BPS states arise from bound states of
the basic once-around curves corresponding to the generators (6.3), as in the original
formulation of the knots-quivers correspondence of [10, 11]. Then the quiver partition
function would predict the following contributions at level x?:

(qz + 1>q2c6,9—2 (qz + 1)qzc7,9—6
+
12 13

2 2C4,9-2
(1)
+<q2+1> 263,042 4 (q2+1>tqzc4,8+2+%

2 2C59—2 2 2C78—2
(q +1)q 59 (q +1)q 18
T <qz+ 1) 2Cs 842 +

t t
4 (qz 4 1) 42C6,3+2>

+a2(<q +1) 2C) 3+6+<q +1) 2c14+2+(q2+1)t5qzc.,5+2
+(q2+1);4q2Cl»6+2+(q2+1)t3q251-7*2+(q2+1)15q2C2-3+2
+(q —i—l)t3 2024— 2-i-(q +1)t 20,5~ 2+(q +1)12 262,62

n <q2 " 1) tqzcu—ﬁ)

PQ|x2 _ a—z((qz + 1)t3q2C3,g+6 +

4((2 6 2C 12,8 4 (q2+1)q2C8’9 1 4
+a ((q +1)tq L2 gt +t)+a7 (72+ﬂ+q)
t g8t

<q2+1)t q2C1 8+4+<q2+1)[2q2C1,9+<q2+1)t2q2C2,8
t4qzc3,5+4+ <q +1)t qzc3,6+4+(q2+1)t2q2c3,7

<q2 + 1) g>Cor™ 2 2 4
A

- _ 1
¢2Ca7 4+(q2+1)qzc5,7 44 1446 4 0422 +ﬁ+l (6.4)

in terms of unknown linking numbers C;;.

This prediction should be compared to the superpolynomial for the second sym-
metric representation P». While at present no direct computation of this is available, a
conjectural expression was communicated to us by Marko Stogi¢ [54].!? A key feature
of P, is the presence of terms of order a~°, from which one can readily deduce that
the two expressions cannot quite agree

P, # PQ|x2‘ (6.5)

12 This conjecture was communicated to us as an improvement of the earlier result from [7], which is
discussed in Appendix B.
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6

Moreover, the number of generators of degree a~°x? is 6, and they appear to come in

pairs of the following type

1+ q4t:|:1

—_—. 6.6
(1—=¢»1—q"h ©0

As far as we are aware, 94 is the simplest knot where multiply-wrapped basic
disks appear. The known expressions for the first and second colored superpolyno-
mials provide evidence for deviations from the standard form of the knots-quivers
correspondence.
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A Inductive derivation of the g-multinomial identity

We would like to prove that

Z r Zldl .“Zmdm — (Zl +-|—Zm)r (Al)
|d|=r d 7

with Z; obeying the algebra (4.17) and with the g-multinomial coefficient a finite
polynomial in g with positive integer coefficients, defined as in (4.20).
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For m = 1, the identity is trivial. Now suppose it holds for a given m, and consider
adding one variable

;
> [d] 21 Zy W 2 = (Zy A A Z + Znr)) . (A2)
dj=r - -4
The [hs can be recast as follows:

r

—k
> Z[rd,} Zy " Zy ™ m Zmia", (A3)
q’ q’

k=0 \|d'|=k

where k = dy, 11, d' is a dimension vector consisting of the first m entries in d =

(d’, k), and we used
r r—k r
- : Ad
o) =" E], =

which follows from the definition of the g-multinomial. Using the identity on m
variables, the lhs can be further simplified:

,
> [l’;] 2 zrkzk (A.5)
q

k=0

where Z = Zy + --- Z,,. Notice that Z,, | - Z = q2 Z - Zy+1. Therefore, we only
need to prove the following binomial identity with non-commutative variables:

,
) [J 2 2 = 2+ Zn) (A.6)
k=0 q

In fact, this equation is a consequence of Gauss’ g-binomial theorem, see [52,
Theorem 5.1].

B A stronger conjecture on refinement

Here we collect an alternative, and stronger, conjecture on the refinement of partition
function (1.2)

PQ(x, q, t) — Z(_I)Zl Ciiﬂidiqu.j Cij(ﬂidi)(dej)
d

d;

ﬁ x| (—=q%t%; ¢®)a; s

(@% gDy (—qPHi10i; g2,

(B.1)

i=1
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The motivation for this conjecture comes from results for the second-symmetric
HOMFLY-PT homology of the knots 94> and 10;33. We now provide supporting
evidence based on these.

B.1 The knot 94,

We consider again the knot 942, with superpolynomial in the fundamental represen-
tation (6.2), and with corresponding quiver prediction for the second-level generators
as in (6.4).

This prediction can be compared to the superpolynomial for the second symmetric
representation conjectured in [7]:

2 1 9 2 24 @1
Pg(a,q,t)=1+<q +1> a2q—4t3+1 E-Fl a~q°t +q—2
+(a2+1) L) (o 1) (241
q a2q513 a2q*13 221

X <a2q6t6 +a2q%° +a*q*® + 242470 + Pt + Pt + l3>

+(a*+1) Ly S L) (24
q " a2q%13 a2q%13 221

X a4q8t8 + a2q8t7 + a2q4t5 + a4qzt6 +a%tt + q6t5 + t3)

1 1 1
—— +1 —— +1 —— +1
* (azf - ) <612516f3 * > <0244f3 * )
qz
(T + 1) (a4q12t8 + a4t4) . (B.2)
a“t
In fact, one can readily deduce that the two expressions cannot quite agree
Py # Po| .. (B.3)

because of the terms of degree a~© present in P,.

Although knowing the first and second colored superpolynomials is not quite
enough to fix all the linking numbers C;;, itis nevertheless instructive to make an ansatz
for the latter so as to reproduce at least part of the second-degree superpolynomial.
Upon making such a (non-unique) ansatz for the linking numbers C;; (this affects
only terms of a-degree > —4), we may then compute the difference between the two,
which turns out to be

Py—Polo=a%p s+a*pat+a?po+apo+a’py+aps, (B4

where

~—1+1+1+1(2t+1)+1+]qz+1
P=o =\ TS T s T2 )\ S22 )\ :
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- 1 2 1 1 2 1 2
P=+=\ 22 + pErs + PErE T 4513 + PIE + 41074 + per

2
+qt ;) (4% +1)

q* 1 1 1 2 i o
T (Gt gt g et
c 20 +1)
qzt q4t qz ’

2 I
~ _ 2 8.3 8.2 6,2 4.2
p_z—(qt—i-])(qt +a¥ g 12 st

q
RN SN S Y% PO A .
1 6¢ q8t

4 2
+ ot S+ 20+3)
q10t2 q10t3 q4t q q2 q4

2
+ <q7 + 1) (q8t4 +2¢*3 + ¢*1? + 3¢%2
P t+2+3+1+r2+3r)
qlotz q2 q4 qﬁt q4 qﬁ ’
po = (qzt + 1) <q1°t5 + g8t + 495 + 5¢*8 + ¢*1
4 w12
+3¢20 +2¢°2 4 ¥+ 5+ T =+ e +217)
N A A
2
+ (qT + 1) (q‘°t6 +2¢365 + ¢85 + 2¢5¢* + g2

502 212 S +2t3>
B A R ’
2

~ t
o= (g% +1) (q12r6 +q"%0 + ¢80 + g% + 2¢%* + 2% + 241 + 7
24 a2
i A A )
q
> 3
+ (7 + 1) (q8t7 + %% 4+ ¢* +2¢%8° + i r4> :
q2
pa = (qzt + 1) <q8t7 4 q2t5) n (T i 1) <q8t8 +q2t6> .

The number of generators at each level is

‘a‘6 a‘4 a_2 ao a2 a4
Py, |12 60 124 129 64 12 (B.5)
Pol2| O 4 20 33 20 4
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The difference, divided by two to account for the correction to the denominator 1 — q4
of (1.2) vs (1—¢?)(1—g*) of knot homology, gives the number of new disks wrapping
around L g twice.

The difference (B.4), corresponding precisely to the contributions of the new twice-
wrapped basic disks, organizes into sums of terms with overall factors of the form
(1+1%14?), level by level in powers of a. This fact is non-trivial evidence supporting
our proposal for the refined version of the generalized partition function (B.1), noting
that setting d; = 1, u; = 2 gives

1 —** qDa, 1 (—q*F 4,
(% gD, (—q2HrEL g2 g (%5 g2 (—q*t*; g%
1 +q2ti]

= 0 . B.6
(1—=¢51—q% 0

The denominator matches with the one accompanying the superpolynomial for H>,
while the numerator is exactly the type of binomial that organizes (B.4). It should
be noted that the expression (B.2) is in fact conjectural. In this regard, the evidence
supporting our proposal for the refined generalized partition function (B.1) is not
conclusive.

B.2 The knot 1013,
Another example is provided by the knot conormal of the knot 10;3;, and we discuss

it following the steps from the analysis of 94;.
The superpolynomial in the fundamental representation is given by [15]

r+1 12
Pi(a,q,1) = d® (q2 (r3 + tz) + 7) +a* (q4t6 ot (2t4 + t3)>

5
t
+a® (q2t7 + —2)
q

This corresponds to quiver generators with (a, g, t) degrees

ai|qi — Cii|ti = Ci
6] —5 7

6| -7 5

4 -2 6

4] —4 4

4| —4 4

4| -3 3 (B.7)
4 -6 2

2 -1 3

2 0 2

2 =3 1

2] =2 0
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Now let us again temporarily assume that all higher BPS states arise from bound
states of the basic once-around curves corresponding to the generators (B.7), as in
the original formulation of the knots-quivers correspondence of [10, 11]. Then, we
would have the following contribution to the partition function for the coefficient of x2:

PQ’)CZ =

(q2+1>t12 2e10 o g14g18 4 410, 6) 12

(61 ) /13 2c13+6+(q —i—l)t” 2c14+2+<q +1) Y 2c15+2
qz ) (10 2c16+2+(q +1>t9 2c17— 2+<q —H) (1 2623+2
g +1) (92624~ 2~|—(q2+1> t9q262=5_2+(q2~|—1> tsqzcm—z
qz ) (7 g2c27— 6) 10

<q2+1) /10 2618+4+(q —i—l) 9 2‘19+4+(q +1> /82110

)

)

)

1>t10q2m4+4+<q +1> 11042035+
>t9q26‘35+4+(q n 1) 2c37
)z8q2°45+(q +1) 17 g

q +1>t6q26“7 4+(q +1>t7 2¢s.6
+(q —i-l)t q265=7_4+(q2+1)t5q206v7 4+t12q20

+ 2t8q8 + t6q6 + t4q*4)a8

+(<q2+1) 9q2033+6+(q +1)t8 26;9+6+(q +1>t7 23,1042
( )teqzcs,lwz + (qz + 1)t7q2C4,g+2 + (qz + 1>t6q264_9+2
(q2+1)z5q2“4=10*2+(q +1) g 2+(q +1)r7 205.58+2
(q2+1>t6q2659+2+(q +1> 2¢s,10— 2+<q2+1>t4q2cs,.1—2
( >t6q2c68+2+(q +1>t5 2c69+2+<q +1)t4 2¢6.10—2
( >t3q2"6=” 2+<q +1) (Sg28— 2+(q +1) 420192
(7+1)

£3g2eni0- 6+(q +1) 2521 6) 6
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4 (<q2 T 1) Pgsots 4 <q2 + 1) g0 4 <q2 + 1) PEPRLNY
+ (q2 + 1) Pg*o0 + (q2 + 1) g

+ <q2 + 1) tq2010,11*4 + t6q10 + [4q8 + tzqu + q74)a4, (B.8)

in terms of unknown linking numbers C;;. This prediction can be compared to
the superpolynomial for the second symmetric representation [54]

Py(a, q,1) = a’po+ a®pa + a*ps + abpe + aBps +a®pio + apra, (BY)

where

t2n1—8 t2n1—8 t2n2—7 t2n2—7 t2n3—8

_ 2n3—8 2. 2n4—7 2n4—7
po = + +1 +qt +1
q° q® q* q° q*
N t2n5—8 t2n5—8 t2n6_7 t2”6—7
q? q* q? q*

3t
+ ¢ +¢* P + ¢ + ¢ P+ PP+ 2+ p + 3¢

2 1 1 2 2 1 1
S+ttt + T +to3+55+2

+
q q4 q6 q6t qSZ q6t2 q8t2

l2n1_7 2t2n1_7 12"1_7 2[2n1_5 t2n1—5 ni—s l2n2_6
P2 =3 8 10 2 e 3
q q q q q q
22‘2”2_6 t2n2—6 B l2n2_4 3 2I2n3_7
+ = + ) + q2t2n2 4 + — + 2t2n2 4 + <
q q q q
S 6,2 45 | 2.om5 L 2.me6 P70
b+ T g 1 28T 4 PR T PO ——
q q

t2n577 2t2n577 t2n577

+2t2n476+q8t2n474+2q6t2n474+q4t2n474+

2 4 6

q q
t2n6—6 2[2n6—6 t2n()—6

q

+q4l‘2"5_5 +2q2t2n5_5+t2n5_5+

2 4 6

q q

+q4t2n674 +2q2t2n674 +t2n674 +C]12l6 +2q10l6 +C]8l6

+ ¢ +2¢"°7 4+ 3¢%° + 3¢5

+q4l‘5 +q8t4+6q6t4+9q4t4 +4q2t4+4q6l‘3 +7q4t3 +8q2t3
213

+ s +76% + ¢** + 2¢%1?

q

+12t2+5t2+8t2+7t+5t+3t+ oAy 1 N 1
q* @ q* q¢ 48 > q*
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+ 2 + 4 + + ! + 2 + !
q6 qS q10 q°t q8t qlot’
t2n1_6 t2n1_6 31‘2”1_4 3t2n1—4 t2nl_4
pa =
6]8 q10 q2 q4 6]6
it | Aam2 | aamen PR oy 30T
F T gt T gt T —— g T+
q q q
t2n2—3 t2n3—6 t2n3_6
+ q4 +3t2"2_3+q6t2n2_1+q4l2n2_1+ q2 + q4 +q6t2"3_4
+ 36]4[2”3_4 + 3q2t2n3—4 + t2n3—4 +q10t2n3—2 +q8t2n3—2
t2n475
+ q2 +t2n475 +q8t2n473 +3q6t2n473 +3q4t2n473 +q2t2n473
21’!5—6 t2n5—6
+q12t2n4—1 +q10t2n4—1 + ; + - +q4t2n5—4 +3q2t2n5—4
q q
s ms—d | 8ms—2 | 6ams—2 L DT 00T a3
+ 5 3T+t T T — A —— gt
q q q
l2”°_3
+3q2t2n6_3 + qz +3t2n(,—3 +q8t2n6_l +q6t2n6_1
+q16t9 +q14t9 +q16l8 +2q14t8 +3q12t8 +2q10t8
+ q14t7 + 4qlzt7 + 9q10t7 + 7c]8t7
+q517 +2¢"1% + 8¢1%1% + 124%° 4 144%° + 8¢4*°
+¢%t% + g% 4+ 6¢81° +13¢5°
+ 20q4t5 + 15q2t5 +31° + q8t4 + 4q6t4 + 13q4t4 + 17qzt4
8t ot
+ — + = + 15¢4 +3q4t3
q q
1422 1122 283
+ 86]2[3 + q—2 + 61_4 + q_6 + 1073 +q4t2 +C]2t2
82 Ttr M 22,
ot gt et gt
q q q q
+t 3t 2t 2t 2t+1 1+1
q2 q4 6]6 qS qu q4 qS qu’
2n1-3 2n1-3 2n1-3
t 2t t
P6 = q2 q4 q6 +q4t2n1—1 + 2q2t2nl—1
t2n272 t2n272
+ t2n|71 +C]612n2 + 26]41‘2"2 +q2t2n2 + qz + q4 + t2n272
+q4t2n3—3+2q2t2n3—3 +t2n3—3+q10t2n3—1 +2q8t2n3—1 _I_q6t2n3—l
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+q12t2”4 +2q10t2n4 +q8t2n4 +q6t2n472 +2q4t2n472 +q2t2n472
t2n5—3
+q2t2n5—3 + q2 +2t2n5—3 _I_q8t2n5—l +2q6t2n5_1 +q4t2ns—1

+ q8t2n6 + 26]61‘2”6 +6]4l2n6 + q2t2n672
t2n6_2 2n6—2 1811 1611 18,10 16,10
+ 7 F+ 26T g g 0t gt +3g 0t

+ 36]141‘10 +q12t10 +3q16t9

+ 6417 +10¢"%1° +9¢'%° 4+ 24%° + 3¢"® +94'%8
+15¢'978 + 14438 + 5¢°1% + ¢'247

+9¢1%7 +18¢%17 +22¢%7 + 17¢*t" + 5¢%1" + ¢'%1® 4 9¢°1°
+18¢%1% + 21¢*1 + 184%1°

95 2
+ 70+ 4% +2¢°° +9¢° + 15¢°° + — + = + 148
? q
9t 6rt
+ q4t4 + 7q2t4 + ? + q—4
+ 2 + 11 + g% + 3 +4t3 + 2 + A +1°+ - + 2 + e
Yz q 5 a1 Yz - ~ Yz _7
q° ? 9t ¢ 4 gt 4¢° 48

ps = q2t2n1 +t2n1 +q4t2n2+1 +q2t2n2+1 +q8t2n3 +q6t2n3 +q10t2n4+1

_,’_q8t2n4+1 +q6t2n5 +q4t2n5 —‘,—C]6l2”6+] +q4t2n5+1

+q20t12+2q18t12+3q16t12

+q14t12+2q18t”—|—4q16t”+4q]4t”+2q12t”

+ 2q16l10 + 7q14t10 + 12q12t10

+ 13q10t10 + 6q8t10 + 2q14t9 + 96]12t9 + l4qlot9

+13¢%° 4+ 64%° + 3¢'%% + 124343

+ 15¢%% + 14¢*8 + 64213 + 3437 + 12457 + 144*7

+9¢%t7 4+ 417 + 545 + 2¢*16

+6q2t6+$+t—i+6t6+q2z5+@+t—j+4z5+%,

> q > q q

plo = t13q20 + 2t13q18 + t12q18 + 3t13q16 + 3t12q16 + 2t13q14

+ 3t12q14 + 3t“q14 + llquz

4 61‘116112 4 3t10q12 + 8t11q10 4 7t10q10 + 5t“q8 + 6t10q8
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+t]2q12+2t12q10+t”q10+t12q8+t1]q8+t10q6,

and n1, ..., ng are some (unknown) integer numbers.
As for 947, the main point is that the two expressions cannot agree:

Py # Po|.a, (B.10)

this time because of the terms of degree a” and a? present in P,.
In fact, we may compute the difference, upon making a (non-unique) ansatz for
the linking numbers C;; (this affects only terms of degree > a*)

Py — Poly2 = a®po + a® pay + a* ps + a8 pe + a® ps + a'%pro + a'? pra,
(B.11)

1
= (2 4.2
po_(qt""l (qt +q8,2+ 2t8+q4t8 q6,8+q8t8
+

6
Py = <q2t + 1) (qutS +¢%° +2¢%* + Ctl—s +2¢%* + 3¢*F
+

2q% 242
3+
512 2 1 2 2 2 2 1

=+ t o=+ 0=t =+ o=+
g2 g5 TS g2 T M T g6 T g8 T q107

2t 3t t+ 1 Jr1
q4 qﬁ qlot q4

2
+ (‘IT + 1> <q10t6 1+ g%0 4 g% + ¢4 + agtt

1 2 5 2 1
+$+q—8+4l +t_5+t_7>

2 3
24, 23,97 2
+49°t" + gt +t_4+¥
4t2+4t2+ Lo 12 +2t3+1>
2 gt g T T AT BT 8T 410 “)
10
po=(a%+1) (" + "7 4247 + 29" + qt—z
e
+¢%" + 5q8t6 +3¢% + 2
6 46 LI VA

6,6 6,5 6,4 , 4 4.5 4.3, 4
+4g°t° +5¢°t +q’t +t_2+t_4+8qt +q't +t_2+t_4+qt
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+q6+q4+q2+t6+3t5+1)
T <61t_2+1> (2q16t12+q14t12+2q14t11 4212411 42412410
+5¢10710 1348410 4 34849 1 446/° 4 34548
+8¢*8 + 2% +2¢%17 4+ ¢*1 + t6),

Fro = (q2t+1> <q18t12+2q16t12+2q14t12+q12t“ t2g1210
+5q10t10+4q8t10+q6t9+2q6t8+3q418+q2t8)
+ <61t_2 + 1) (q14t13 4 q'2012 4 g1011 4 g8 +q6t10>’

2
P2 = (qzz + 1) <q14t13 +¢'0"! +q8t”) + (qT + 1) g'tt

The difference turns out to have the general form

2

P2_PQ|x2Z(qu+1)['~‘]+<q7+1>["-]. (B.12)

and the number of generators at each level is

‘ao a2 a* a® a8 410 412

P, (36 172 352384237 80 12 . (B.13)
Ppl2|0 0 16 40 41 20 4

The difference, divided by two to account for the correction to the denominator 1 — g*
of (1.2) vs (1—¢?) (1 —g*) of knot homology, gives the number of new disks wrapping
around L g twice.

The known expressions for the first and second colored superpolynomials provide
further robust evidence for deviations from the standard form of the knots-quivers
correspondence, adding to the case of 94;. In addition, we observe how the difference
(B.12), corresponding precisely to the contributions of the new twice-wrapped basic
disks, organizes into sums of terms with overall factors of the form (1 +r%14?), level
by level in powers of a.

As for 94, it should be noted that the expression (B.9) for the second symmetri-
cally colored HOMFLY-PT is conjectural. In this regard, the evidence supporting our
proposal for the refined generalized partition function (B.1) is not conclusive.
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C Comparing T[Lg] and T[Q] in view of knot homology

We collect here some comments on how the theory T[L k] is more closely related to
knot homology than its dual description T[Q].

At level x2, the quiver partition function has terms proportional to
xixj/ [(qz; q2)1]2. The partition function of T[Lg] is obtained by substitution of
quiver variables x; = x;(x, a, ¢). Such terms appear as (1 + qz)xixj/(q2; g%, ie.,
with a different denominator:

1 . 1+ 4>
(1—¢H?  A-¢HUA-g%H’

(C.1)

This is somewhat unnatural from the viewpoint of T[Q] since it ‘doubles’ the contribu-
tion of certain generators of the Hilbert space of BPS vortices. On the other hand, from
the viewpoint of T[Lg], this change of denominator, and similar changes at higher
orders in x, arise naturally and therefore the Hilbert space of level » BPS vortices
in T[Lg] is more closely related to HOMFLY-PT homologies of knots. Physically,
the difference between the denominator (¢2; ¢%)> in T[Lk] and ((¢%; ¢*)1)* in T[Q]
comes from viewing a vortex with vorticity 2 as a bound state of two distinguishable
vortices (each with vorticity 1) in T[Q] versus viewing it as a bound state of two
indistinguishable vortices with vorticity 1 in T[Lg].

Let us discuss another point concerning denominators in the partition function.
Consider a d-times around node which is not a bound state of once-around disks. It
will contribute to the partition function Pk (x, a, g) by a term of the form

a(xqﬁx2
1— q2d :

(C2)

The contribution of this term to the HOMFLY-PT polynomial with S¢-coloring will
then be obtained by correcting the denominator by multiplication and division by
(1=g%)--- (1= g*@ D)

(1—g% - (1 —q*d=D)a%gh
(g% q%)a '

(C.3)

From the viewpoint of a quiver-like description it is somewhat unnatural to compen-
sate the denominator by this extra factor: it multiples the contribution of a single
fundamental curve (a d times around basic disk) by 2¢~! and it produces terms with
opposite signs in the numerator. See Definition 1.1 for a framework where the corrected
denominator appears naturally and where there is a refinement that retains positivity.
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