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ABSTRACT: We formulate large N duality of U(N) refined Chern-Simons theory with a torus
knot /link in S$2. By studying refined BPS states in M-theory, we provide the explicit form of
low-energy effective actions of Type IIA string theory with D4-branes on the Q-background.
This form enables us to relate refined Chern-Simons invariants of a torus knot/link in 3
to refined BPS invariants in the resolved conifold. Assuming that the extra U(1) global
symmetry acts on BPS states trivially, the duality predicts graded dimensions of cohomology
groups of moduli spaces of M2-M5 bound states associated to a torus knot/link in the resolved
conifold.
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1 Introduction

Large N duality is an equivalence between a U(N) gauge theory at large N and a string
theory. The original idea was due to 't Hooft [tH74] and we have witnessed various successful
incarnations of this idea in string theory. Among them, Gopakumar and Vafa proposed in
the celebrated paper [GV99] that the large N limit of U(XN) Chern-Simons theory on S is
equivalent to topological string theory on the resolved conifold. Since Chern-Simons theory
is realized on topological branes wrapped on S® in the deformed conifold 7*S® [Wit95],
this duality can be also interpreted as geometric transition at large N in string theory. This
proposal has far-reaching consequences both in physics and in mathematics. One of significant
consequences is a striking connection between two seemingly different theories of invariants.
On the one hand, Chern-Simons theory provides a natural framework of quantum invariants of
three-manifolds and knots [Wit89]. On the other hand, topological string theory on a Calabi-
Yau three-fold is mathematically formulated as theories of enumerative invariants involving
some moduli spaces of curves in the three-fold. In particular, Labastida, Marifno, Ooguri and
Vafa (LMOV) [OV00, LMn01, LMnV00, LMn02] have put forth a remarkable relationship
between quantum knot invariants and enumerative integral invariants in the resolved conifold
by incorporating a knot in the duality.

As a parallel development, a theory of knot homology, which categorifies quantum in-
variants, has been constructed by Khovanov and Rozansky [Kho00, KR08a, KRO08b], which



enriches the large N duality to a great extent. In fact, Gukov, Schwarz and Vafa [GSV05]
proposed that sI(/N) knot homology [KR08a] at large N can be identified with the space of
BPS states in the resolved conifold, which can be understood as triply-graded HOMFLY-PT
homology [KRO08b]. Furthermore, Aganagic and Shakirov have formulated refined Chern-
Simons theory by using U(1) symmetry of a Seifert manifold or a torus knot [AS15, AS12b].
Remarkably, the large N limits of refined Chern-Simons invariants of a torus knot are con-
jectured to be equal to Poincaré polynomials of the corresponding HOMFLY-PT homology
when colors are labelled by rectangular Young diagrams. In addition, refined Chern-Simons
theory on S2 at large N is dual to refined topological string theory on the resolved conifold.
Based on these results, refined topological vertex formulations are reproduced by using refined
Chern-Simons theory at large N [AS12c].

The goal of this paper is to formulate large N duality of refined Chern-Simons theory with
a torus knot. In other words, we shall find a relation between refined Chern-Simons invariants
of a torus knot and refined BPS states in the resolved conifold, which is the generalization
of the work of LMOV in refined topological string theory. This formulation also extends the
proposal of [GSV05] to any colors in the case of torus knots. Since the form of partition
functions on the deformed conifold has been determined in [AS15, AS12b, AS12c|, we shall
investigate the form of partition functions on the resolved conifold and will find implications
of the large N duality on refined BPS spectra.

To this end, let us first recall relevant setups of M-theory in which refined topological
string theories are embedded. On the deformed conifold side, we will consider the following
brane configurations:

space-time: St x TNy x T*S3 space-time: S x TNy x T*S3
N M5-branes:  S' x D, x S3 N M5-branes:  S' x D, x 5% . (1.1)
M Mb’-branes:  S' x D, x Ng M M5-branes:  S!' x D; x Ng

Here, D, is the two-dimensional cigar and Dy is the two-dimensional base of the Taub-NUT
space T'N4. Moreover, writing the local complex coordinate z; for D, and 2z for Dj, we turn
on the -background by the action

(21,22) = (gz1,1 ' 22) . (1.2)

The N Mb-branes wrap the zero section (a special Lagrangian submanifold) of the cotangent
bundle T*S? of a three-sphere, realizing Chern-Simons theory with U(N) gauge group on S3
[Wit95]. The M probe M5’-branes are located at another Lagrangian submanifold, which is
the co-normal bundle Nx C T%S? to a knot K C S3 where the knot K is realized as the
intersection of the two stacks of the M5-branes K = S3 N Nk [OV00]. As in [AS12c], we
consider two distinct probe M5’-branes; one spanning on D, and the other on D;. Although
both the configurations preserve four supercharges, the ¢ and ¢ branes become topological
branes and anti-branes, respectively, in topological string theory.

The groundbreaking proposal in [GV99] is that, at large N, the geometry undergoes the
transition where S® shrinks and 52 = CP! is blown up. As S shrinks, in order for the probe
M5’-branes to avoid the singularity, the conormal bundle N is lifted to the fiber direction
and it no longer touches S3. We refer the reader to [DSV13] for detailed treatment. As a



result, the Calabi-Yau three-fold becomes the resolved conifold X = O(—1) ® O(-1) — CP!,
the N Mb5-branes turn into B-field flux supporting CP' and the M M5-branes are situated
on a Lagrangian submanifold Lx C X encoding the information of the knot K:

space-time: Sl x TNy x X space-time: Sl x TNy x X

. (1.3
M Mb5’-branes: St ox D, x Lk M Mb5’-branes: S x Dy x Lk (13)

Indeed the large N duality can be summarized as an equivalence of partition functions. On
the deformed conifold, the partition function is a generating function of refined Chern-Simons
invariants at large N. On the other hand, the form of a partition function on the resolved
conifold can be determined by adapting Schwinger calculation and it is expressed as a sum
of contributions of all the BPS states arising from M2-branes attached to the M5’-branes
[GV98b, GVI98a, OV00, LMnV00]. Hence, the large N duality relates refined Chern-Simons
theory to M2-M5’ bound BPS states. Moreover, in the refined context, we will conjecture a
positivity property for refined Chern-Simons invariants.

The organization of this paper is as follows. In §2, we review refined Chern-Simons
theory and generating functions of refined Chern-Simons invariants of torus knots. In §3, we
shall perform Schwinger’s computation for BPS states in M-theory to determine low-energy
effective actions of Type ITA string theory in the refined context. We first consider M-theory
without Mb5’-branes for illustrative purpose and then proceed to the case with M5’-branes.
In 84, the large N duality is proposed for torus knots at the refined level. This relates
refined Chern-Simons invariants to graded dimensions of BPS states in the resolved conifold,
which results in a positivity conjecture for refined Chern-Simons invariants. In §5, the large N
duality is generalized to multi-component torus links. In §6, we discuss related open problems.
In particular, we comment on property of BPS states for non-torus knots. In Appendix A,
we present a brief summary of symmetric functions used in this paper. Appendix B provides
explicit formulas for reformulated invariants in terms of refined Chern-Simons invariants by
using the large N duality. Appendix C contains tables for BPS degeneracies associated to
torus knots/links in the resolved conifold.

2 Deformed conifold side

On both the deformed conifold and resolved conifold side, low-energy effective actions are
determined by taking account of small fluctuations around trajectory of a BPS particle arising
from an M2-brane. On the deformed conifold side, partition functions of refined topological
string theory have been analyzed in [AS15, AS12b, AS12c¢]. In this section, we briefly review
generating functions of refined Chern-Simons invariants and we refer the reader to the original
papers [AS15, AS12b, AS12c| for more details.

The work of Witten [Wit95] provides the way to interpret Chern-Simons partition func-
tions as an index counting BPS states in M-theory. From the viewpoint of M-theory, BPS
states arise from M2-branes bridging between the Mb5-branes and the M5’-branes, and they
propagate only along the M5-branes. In low energy, one can suppresses S2 C T*S3, and we
can view that these states propagate along R x D, C R x T'"N4 when S lis large. Therefore,
Chern-Simons partition functions can be identified with an index Tr(—1)¢/1=72 of the three-



dimensional theory on S! x D, with N' = 2 supersymmetry where .J; is the Cartan generator
of the SO(3) Lorentz symmetry of S! x D, and .J, is the generator of the U(1)y R-symmetry
in /' = 2 supersymmetry. In fact, J; and Jy can be considered as generators of the rotations
around the z; and 29 plane, respectively.

In [AS15], it is argued that the extra U(1) symmetry exists when K is a torus knot T}, p,
(more generally Seifert three-manifolds). Then, using the charge Sg of this U(1) symmetry,
a refined Chern-Simons invariant of a torus knot is defined by a refined index !

14

rCSsu) A (Tmn) “ =" Tt 23z, (1) g7 75 457772

where “ = 7 means the equality up to a suitable normalization. Therefore, refined Chern-
Simons theory is defined via the 3d/3d correspondence. In §3.2, we shall provide more ex-
planation about the refined index. These invariants can be computed by using the modular
S and T matrices associated to Macdonald functions [AS15] or double affine Hecke alge-
bra [Chel3]. Moreover, it is proven in [GN15] that there exists a unique rational function
rCSx(Tyn.n; a, g, t) which is the stable large N limit of refined Chern-Simons invariants with
SU(N) gauge group 2 of a torus knot in the following sense:

@)\(Tm,n; a = tNa q, t) = rCSSU(N),)\(Tm,n; q, t) .

The stable limit rCSy (T, n; @, ¢, t) is sometimes called DAHA-superpolynomial. For instance,
the refined Chern-Simons invariants of the unknot

tl/ (I) — aqa/(‘r)

rCS)\(O;a?CLt) - H W

TEN

so that, at the a =tV specialization, it becomes the principal specialization of the Macdonald
function

m)\(o;a = tN7Q7t) = P/\(tp7Q7t) = @SU(N),)\(O;Qa t) y

where p is the Weyl vector of s[(N). (See Figure 1 for the notation.) When the color \ is
labelled by a rectangular Young diagram, it is conjectured that the invariant @)\(Tm,n; a,q,t)
with change of variables (4.3) coincides with the Poincaré polynomial of the corresponding
HOMFLY-PT homology.

Moreover, a partition function of refined topological string theory on the deformed coni-
fold can be determined by taking account of BPS particles arising from annulus M2-branes
stretched between S* and N7, . For the g-brane setting in (1.1), the M2-brane stretching
between S® and N7, , gives rise to two bifundamental A” = 2 chiral multiplets, ® and P,
on S! x D, charged as (N, M) and (N, M), respectively, under U(N) x U(M). The chiral
multiplet ® has charges (0, 0; —%) under (J1, J2; Sg) and ® is neutral. The three-dimensional
N = 2 index can be evaluated by counting “single-letter index” [IY11l, KW11] where the
chiral multiplet ® contributes to the single-letter index by (¢'/2t=1/2 —1)/(1 — ¢) and the

!Charges of Ji, J2 and Sg are normalized to be half-integers.

2The brane setting gives rise to U(N) gauge group instead of SU(N) gauge group. However, the U(1) part
merely provides the correction due to the framing number as well as the linking number of a knot/link, which
play no role in this paper. Therefore, the difference between U(N) and SU(N) invariants will be ignored in
this paper.



other @ yields (1 — ¢'/2¢%/2)/(1 — ¢). From the viewpoint of the three-dimensional theory on
St x D, the M M5’-branes give rise to U(M) flavor symmetry, and a torus knot Ty, , in S3
contributes to the single-letter index via the 3d/3d correspondence. Therefore, putting the
single-letter index invariant under U(N) x U(M) into the plethystic exponent, the refined
index takes the form

Zdef su() — &XP (Z Z dy

d>0 u -q

Bt Tndn,, (0t s <d>>,

w\g. m\m
mg. N\R.

where Indr,, , ,.(q,t) is a contribution of the knot 7}, to the single-particle index charged
under the flavor representation . This expression can be expanded by the basis of holonomies
of the U(M) group which are the Macdonald functions Py(x;q,t) in refined Chern-Simons
theory
Ziersun = D 9@t rCSsuy A (Tmni a:t) Palasq,t) (2.1)
A

where the function gy can be determined by using the unknot invariants and it turns out to
be the Macdonald norm defined in Appendix A. At the unrefined limit ¢ = ¢, it reduces to the
generating function of SU(N) quantum invariants Jgu(nyx(Zimni ¢) first obtained in [OV00]

Zdet,SU(N) = ZJSU (Tonni @) sa(z)

where s)(x) are the Schur functions.

On the other hand, the ¢-branes intersect with the g-branes at a point in D, in (1.1) so that
annulus M2-branes stretched between S% and Nr,, . bring about only a single bifundamental
fermionic particle. Since it contributes to the refined index by —1, the index is of the form

Zdef SU(N) — €XP (Z Z IndTm,n,u(qdatd) Su(xd)> :

d>0 p

For the ¢-brane setting, the expansion in terms of the basis of holonomies of the U(M) group
is more subtle. Since the ¢-branes are topological anti-branes, colors for the holonomy need
to be transposed to the one for the ordinary branes. In addition, the role of the equivariant
parameters should be exchanged (¢,t) < (t71,¢71) due to (1.2) for the holonomy of the
t-branes. Therefore, the partition function for the ¢-branes takes the form

Zé_ef,SU(N) = Z@SU(N),A(Tm,nS q,t) Pyxr(—x3t,q) , (2.2)
\

where we use the property Pyr(—z;t~,¢7!) = Pyr(—x;t,q) of the Macdonald functions.

3 Resolved conifold side

In the seminal papers [GV98b, GV98a], Gopakumar and Vafa (GV) proposed that an effective
action of Type ITA string theory compactified on a Calabi-Yau manifold can be determined
by considering effects of BPS particles arising M2-branes in the anti-selfdual graviphoton



background. Moreover, the form of an effective action has been explicitly evaluated by ap-
plying Schwinger computations. Subsequently, Labastida, Marifio, Ooguri and Vafa (LMOV)
[OV00, LMn01, LMnV00, LMn02] have carried out similar analyses in the presence of D4-
branes, which can be regarded as an open-string analogue of the GV formula. At the unrefined
level, thorough analysis and elaborate explanation for these formulas have been presented in
[Mn05, DW16]. In this section, we will find the explicit form of an effective action of Type
ITA string theory in the presence of D4-branes in the refined case.

3.1 Without M5-branes

To this end, let us first review an effective action of Type IIA string theory compactified on a
Calabi-Yau manifold X without D4-branes. In this subsection, we assume that a Calabi-Yau
three-fold X is general and we do not necessarily restrict ourselves to the resolved conifold.
The effective action of Type ITA string theory has F-terms that admit genus expansion

Fl=logZik = =i Y [ dtedo Fy () WapW )
g>0 /B

where F, are holomorphic functions of chiral superfields Xy (A = 0,---,bo(X)) associated
to vector multiplets and Wyp is a chiral superfield whose bottom component is anti-selfdual
graviphoton field strength

1
Wap = §TAB — Rapcpbo®Po+--- .

Since the graviphoton field strength takes the value T' = gs¢(dx; Adxe — dzg Adzy), the genus
g contribution is proportional to gs2tg -2, Gopakumar and Vafa proposed that the free energy
F' can be evaluated by summing up contributions of BPS states in M-theory. They arise from
M2-branes wrapped on a holomorphic curve ¥ in the Calabi-Yau manifold X.

To see the spin content of BPS states, let us recall the five-dimensional ' = 1 supersym-
metry algebra consisting of eight supercharges with an Sp(1)r = SU(2)r R-symmetry. Since
the graviphoton field breaks the five-dimensional Lorentz group SO(1,4), it is convenient to
rewrite the algebra in terms of four-dimensional notation, so that the supercharges can be
organized as Ql, Q! where I = 1,2 are the SU(2)g indices, and o and & are negative and
positive chirality of the rotational group SO(4) = SU(2), x SU(2),.. Then, the supersymmetry
algebra is given by

{Qa Q5} = eape™ (H + ) ,
{Q6. QY =espe™(H ()
{Qh. Q7 = —ir" e P,
where ( is the real five-dimensional central charge. Then, short left-handed BPS multiplets

take the form,
((0,0:3) @ (3,0:0)) ® (Je, Jr3 ) (3.1)

which represent BPS particles of mass m = ( at rest. The first spin content is indeed the half-
hypermultiplet representation and the second is an arbitrary finite dimensional representation



of SU(2), x SU(2), x SU(2)g. It is easy to see that the unrefined index
Tr(_l)Q(JngJr)qQJeef,BH

receives contributions only from the short left-handed BPS multiplets. Therefore, a one-loop
calculation involving small fluctuations around a BPS particle trajectory takes the form

Fcl o /oo @TrBPS(_1)2(J5+Jr)q25J5675m
0o 8 (g2 —q ’

_ q_§)2
o Z Z lTrH(B)(—l)Q(Je—l-Jr)qMJz s 32)
N d 4 -4\ ’ '
d>0 B H(X,2) (g2 —q2)

where we identify the parameters by ¢ = ¢t and m is the central charge of BPS particles.
Let us closely look at the meaning of the GV formula (3.2).

e the denominator is obtained by Schwinger computation for the one-loop determinant of
BPS particle with the half-hypermultiplet representation in the anti-selfdual gravipho-
ton background of the form

0 gst

1| —gs 0
=2 | % (3.3)
2 0 —gst

gst O

The two dimensional contribution (the upper block) can be evaluated by summing up
all the Landau levels (% + n)gst for n € Z>g:

S itz 1

1 _1
>0 q2 —q 2

Including an identical factor for the lower block, the Schwinger calculation provides the
denominator.

e the unrefined index in the numerator receives contributions from other massive BPS
states (3.1), which can be understood as fermion zero modes on M2-branes. The detail
analysis for the BPS spectra will be given below.

e the central charge of a BPS state is given by the area of a holomorphic curve ¥ the M2-
brane wraps and the Kaluza-Klein momentum. If we take a basis C7 (I =1,---,b2(X))
of Hy(X,Z), then the homology class of the curve is expressed by [X] = >, 8;C with
Br € Z. Denoting the complexified Kahler parameter of the 2-cycle C; by 7/, the area
of the M2-brane is equal to 7- 5 = )", 718;. Then, the central charge of the BPS state
is given by m = 7 - 8 4 2min where n is the Kaluza-Klein momentum of the M2-brane
along the M-theory circle.

e from the first to the second line, we perform a Poisson resummation ., ., e~ 2™ =

> 4ez 0(s — d), which re-expresses the sum over the Kaluza-Klein momenta as a sum
over winding numbers.



In refined topological string theory, the graviphoton field is no longer anti-selfdual, and
it rather takes the form
T = e1dr1 A dxo — eodx3 N dxy | (3.4)

which introduces the 2-background (1.2). Furthermore, by using the SU(2)r R-symmetry,
we define a refined index [Nek04] as

Tr(_1)2(Jg+Jr)q?quz(JrfSR)efﬂH '

It is easy to see that only left-handed multiplets (3.1) again contribute to the index while the
long multiplets and the right-handed multiplets do not. To write the refined index in terms of
the equivariant parameters ¢ = €’! and t = €'2, we introduce J; = Jy + J, and Jo = J, — J;

so that it takes the form
Tr(_l)Fqu—SRtSR—Jze—,@H ,

where we define ¢ = (qt)'/? and ¢, = (q/t)'/?. Then, the free energy at the refined level can
be written as
Frcelf _ /oo @TI.BPS(_1)Q(SJngJ,«)zs(JlffR)ts(SSRsz)efsm
s (42 —q72)(t72 —t2)
B 1TrH(ﬂ)(_1)2(J2+Jr)qd(J1—SR td(Sr—J2) dpr
=2 > d @ Td € '

—d
d>0 BeHy(X,Z) (g2 —q 2)(t72 —t2)

Since we now have different equivariant parameters the upper and lower block in (3.3), the

I

~

ol

denominator is resolved to (q% - qfé)2 — (q% - qfé)(t% - f%).

Now let us study other massive BPS states that contribute to the refined index. A
propagating M2-brane wrapped on a holomorphic curve ¥, C X of genus g generates a 5d
particle that preserves a half of superysymmetry [BBS95]. For the low energy description,
we need to take into account fermion zero-modes on X, where half of them transform under
SU(2); x SU(2), as (3,0) and the other half transform as (0, 3). The (4,0) fermionic zero
modes can be interpreted as differential forms on 3, and therefore there are zero-modes
consisting of 2g copies of the (%, 0) representation on the curve ¥, of genus g. In other words,
the (%, 0) zero modes on ¥, can be interpreted as the cohomology of the Jacobian of ¥, where
the SU(2), action can be understood as the natural Lefschetz SU(2) action on the cohomology
Hy := H*(Jac(X,)) of the Jacobian. Quantization of this system gives g copies of the spin
content (0,0;3) & (3,0;0) under SU(2); x SU(2), x SU(2)g so that the contribution to the
index is (q% - q_%)g(t_% - t%)g .

On the other hand, the (0, %) fermion zero modes are related by supersymmetry to
infinitesimal deformations of Y, as a holomorphic curve in X. Let us denote a moduli
space M, g that parametrizes the bosonic deformations of ¥, under the homology class
f € Ha(X,Z) inside the/\Calabi—Yau three-fold X. Then, if M, g and X, are both smooth,

the total moduli space M, for the BPS states in this configuration is

Jac(¥y) —— ﬂd
iw : (3.5)
My,p



Since the zero-modes of (0, %) fermions are differential forms on M, g, the space of total BPS
states in this situation is the de Rham cohomology H*(M, 3;H,) of M, g with values in
H, where the SU(2), action is the natural Lefschetz SU(2) action on H*(M, 3). However,
the assumption that X, is always smooth is almost never satisfied and there are usually
singular fibers in (3.5), which makes it difficult to give a rigorous mathematical definition
of GV invariants. (However, important progress has been made recently in mathematics
[PT10, MT16].)

In physics, one can formally count the number of BPS states. For this purpose, we
decompose the zero-modes of (0, 3) fermions into the spectrum H*(Mgyg) = @ Ay 57,55
with respect to J, and Sg spins so that the total BPS spectrum takes the form

H(B) = @ Hy ® Agp.1,,5p -

g7JTvsR

As a result, denoting the number of states with fixed charges by

~

Ng.g.gr,sp =dimAg s s s, ,

the refined free energy takes the form
l 1 2Jr 77 4 dvg1,-4 dyg 1 —dfr q\4lr=sr)
Fau=> > DT Nog,gsr (a2 —q72) 7 (172 —12)7 e >y <¥> ,

where charges are summed over g > 0, 8 € Hy(X,Z), and J,, Sg € %Zzo. In particular, the
integral numbers for unrefined BPS states

Ng,p = Z (—1)%/7(2J, +1)(2SRr + 1)Ny 6,7,.55

Jr,SRELZ>0

are called GV invariants, and ngg = (—1)4meMosy (M, 5) if M, 5 is smooth. We refer
the reader to [AS12¢, CKK14, CDDP15, NO14, GHKPK17, references therein| for recent
developments on refined closed BPS invariants.

3.2 With M5-branes

Now let us include M5’-branes on S! x R? x £ C S x R* x X like (1.3) where £ is a special
Lagrangian submanifold of a Calabi-Yau three-fold X. In general, a half of supersymmetry is
preserved even if we include a number of M5’-branes unless their supports £; C X are special
Lagrangian [BBS95]. By reducing on the M-theory circle, we have Type ITA string theory
with D4-branes. Then, its low energy effective action has terms that are supported on the
world-volume R? C R* of the D4-branes so that it takes form

P = Y / d'x d*6 6(2%)5(6%) Fyu(Xas Vo) WDIW ! (3.6)
g.h>0 7 R

where V, (0 =1,...,b1(£)) are chiral superfields associated to the moduli of £. Here W is
the “parallel” component of the graviphoton superfield Wsp. More precisely, for the anti-
selfdual graviphoton background (3.3), Tj, = T /2 if the D4-branes are located on the D,



plane and T3, = 1| /2 if they are put on the D; plane where T} is the bottom component of the
superfield W;. At the unrefined level, each integral in (3.6) is proportional to gQ*‘H'h 2 = gs %,
which is natural from the viewpoint of string perturbation theory since the Euler characteristic
of a Riemann surface of genus g with h holes is equal to xy =2 — 29 — h.

Even in the presence of M5’-branes, one can apply the same idea that F°P can be de-
termined by analyzing contributions of BPS states in M-theory [OV00, LMn01, LMnV00,
LMn02]. To obtain a contribution to the Type IIA effective action supported on R?, a rele-
vant BPS state arises from an M2-brane wrapped on ¥ C X and generally attached to the
M5’-branes on L so that they propagate only along the M5’-branes. From a low energy point
of view, these states propagate along S* x R? ¢ S x R*.

Therefore, let us investigate quantum numbers of BPS states in three-dimensional N' = 2
supersymmetric theory. The three-dimensional ' = 2 supersymmetry algebra is given by

{Qay@ﬁ} = _iUZQPu + ieaﬁ( )
{QO&?QB} =0= {@aaaﬁ} .

For a theory on the g-branes, the supercharges () are complex spinors in the spin—% representa-
tion of the rotation group SO(3) = SU(2);, which is the diagonal subgroup of SU(2),x SU(2),.
In addition, a U(1)y R-symmetry, which is actually the U(1) subgroup of the skew-diagonal
subgroup SU(2)s = {(z,271) € SU(2), x SU(2),.} in five-dimension, rotates Q, and Q,. (See
Table 1.) For a theory on the ¢t-branes, the roles of SU(2); and SU(2), are exchanged so that
the rotational group is identified with SU(2)s and the R-symmetry is U(1); € SU(2);.

The three-dimensional unrefined index defined by
Tr(—1)F g/t =T2ePH (3.7)

counts states annihilated by the supercharges @, and @_. Then, only the left short multi-
plets, which represent BPS particles of mass M = ( at rest,

((0;=3) @ (=5;0)) ® (J1; J2) (3.8)

contribute to the index. The proposal of LMOV is that the free energy (3.6) in the anti-
selfdual graviphoton background (3.3) takes the form

FOp = :l:/oo @T‘I‘BPS( )F S(Jl JQ)e_Sm
0

s (42 —q 5) ’
1 Tryy ( nFgith=r)
Ly oy oy )
d>0 BeHa(X.Z) F q2 —q 2)

e since BPS particles propagate only along the M5’-branes, the Schwinger computation
is here performed only on R? C R* spanned by the M5-branes so that the denomi-
nator originates from either the upper (¢g-brane) or the lower block (¢-brane) of (3.3),
depending on the M5’-brane configurations.

e as in the closed case §3.1, the unrefined index in the numerator receives contributions
from other massive BPS states (3.8), which can be understood as fermion zero modes
on M2-branes attached to the M5’-branes. The detail analysis for the BPS spectra will
be given below.
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e the central charge of a BPS state is expressed by the area of the M2-brane as well as the
Kaluza-Klein modes. The area of a holomorphic curve ¥ C X whose boundary is on £
is determined by its relative homology class in Ho(X, £;7Z). A Lagrangian subvariety
L in (1.3) for a knot is topologically homeomorphic to S x R? [HLJ82, AV00], which
simplifies the relative homology as

Hy(X,L;7Z) = Hy(X;Z)® Hi(L;Z) .

Therefore, the homology class [¥] € Ha(X, £;Z) is expressed by 8 = (81, , By, (x)) €
Hy(X;Z) as in the closed string as well as the winding numbers w = (wy,--- ,wp) €
(Hy(L;Z))" = Z" of boundary components 9% = (S')". Since ¥ is oriented, one can
assume that w; are all non-negative integers. To express the contribution from the
boundary components, we define a vector k as follows: the i-th entry of k is the number
of w;’s that take the value 4. Then, when M Mb5’-branes wrap on S! x R? x £, we can
write

-m _ _—7-B—2min

e M=e pp(z)

where the fugacities = parametrize the Cartan subgroup of the U(M)-valued moduli of
L and pE(x) is defined in Appendix §A. Let us note that it is easy to transform from
the winding basis pg(7) to the representation basis s, (x) for the moduli of £ by using

(A.1).
Now, let us consider the case where X is the re-
2J1 | 2J5 | 2SR solved conifold and L is the configuration Lr,, , for a
Q|| +1 | +1 | +1 torus knot as in (1.3). As we have discussed in §2, this
Q_ | -1 | 41| +1 configuration preserves the extra U(1)g global sym-
Q. +1 ] -1] -1 metry, which can be actually interpreted as the U(1)
o -1 -1 =1 subgroup of the SU(2)r R-symmetry in five dimen-

sion with eight supercharges. In this case, the three-
Table 1. Charges for 3d N/ = 2 super-

dimensional N' = 2 supercharges have the quantum
symmetry on the g-brane.

numbers under this symmetry shown in Table 1. Since
J1 — Sr and Sk — Jo commute with the supercharges
Q4 and @ _, one can refine the index by

Tr (—1)F qu*SR tor—J2o=BH

Therefore, one can consider refined topological string theory in the presence of M5’-
branes supported on ST x R? x Lr,, . by using the refined index. First, we shall consider the
g-brane setting in (1.3) at the refined level. In the refined graviphoton background (3.4), the
Schwinger computation provides the form of the free energy

1T
D DD SE L

d>0 BEHo(X,Z) 1 q

)F d(J1— SR)td(SR J2)

7 e PTs, (29 .
2

N\SL

-q

The BPS states that contribute to the refined index are fermion zero modes on an M2-
brane wrapped on a holomorphic curve X, ;, C X whose boundary is on £. Since the presence
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of the M5’-branes breaks SU(2), x SU(2), x SU(2)r to SU(2); x U(1)2 x U(1)g, it is not so
straightforward to study quantum numbers of BPS states as in §3.1. However, as before,
fermion zero modes on an M2-brane can be associated to cohomology groups of the moduli
space

o~

Jac(Xgp) —— Mop

lﬂ ,

Mg h,s

where M, ;, 3 parametrizes holomorphic deformations of ¥,; C X. More precisely, as em-
phasized in [LMnV00], the fermion zero modes are the cohomology groups H *(M\Op) =
H*(Jac(X44)) ® H*(Mgpp) of the moduli space mod out by the action (Sprecht module)
of the permutation group & where the group &), exchanges h distinguished holes of X .
The Jacobian Jac(¥, ) of a curve of genus g with h holes is topologically (72)9 x (S1)"~1
where the permutation group &; does not act on the cohomology H*((T2)9) of the Jaco-
bian of the “bulk” Riemann surface. Therefore, the contribution to the refined index from
H*((T?)9) is (g2 — q~2)9(t"2 — t2)9 as in §3.1.

The projection of H*((S*)"~1) @ H*(M, 5) onto the invariant subspace can be done
by using the Schur functor S,,. More explicitly, the invariant subspace in BPS states H (5, i)
with charge § € H2(X,Z) and pu (a representation of U(M)) can be written as

tov (H* (8" @ H' (Myng)), =
B Coupr Sy (H((81)'™1) @ Sy (H* (M) (3.9)

Hl “//

where the Clebsch-Gordon coefficients C), v, of the permutation group &, is

Gyt = 3 () (R (3.10)
E

It is easy to see that they are symmetric under the permutation of (u, u’, u').

The cohomology of the Jacobian of ¥, can be interpreted as differential forms on X .
In particular, the boundary part H*((S')"~!) are spanned by one-forms df;, (i = 1,--- , h),
which are Poincaré dual to the holes in the curve ¥, , and they are subject to the linear
constraint . df; = 0. Moreover, one can consider the differential form df; as the fermion
zero modes 1; on a rigid curve with charges

(J1:J2,SR) = (5:—3,3) - (3.11)

As explained in [LMnV00, Mn05], the BPS spectra S,(H*((S!)"~1)) can be obtained by
acting the fermion zero modes 1; on the vacuum |0). The defining representation V of &,
can be constructed by acting one fermion v; on the vacuum |0), and its dimension is A — 1
due to Y 1; = 0. The rest of the spectra are generated by taking the wedge products AV
of the defining representation. Assigning the Young diagram oo with h boxes of one row
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to the trivial representation |0), the irreducible representations AV of &), are called hook
representations since their Young tableau are of the form with (h — d)-boxes in the first row:

Assuming that the vacuum |0) is neutral, the state A?V has charges
(Jla J2, SR) = (%? _ga %) )

because it is essentially obtained by acting d-wedge products of the fermions charged by
(3.11). Hence, the contribution from the state AYV to the refined index is (—t)?. As a result,
the refined index only over the BPS states S, (H*((S')"~1))

B, = TrSM(H*((Sl)hfl)) (—1)F qu_SR t9rR= 2

is summarized as

da— [n[—1 d
B,(t) = (—t)*™ 2 w : hook rep for AV
g 0 1 = otherwise

In fact, we normalize B,, by t_MT_l so that they satisfy
Bt ") = (=) B (1) .

It is easy to see that the BPS states H,, , = H*((T?)9)®S,(H*((S1)"71)) obey J; +Jy =
0, corresponding to the (3,0) fermions under SU(2), x SU(2), in five dimension. On the other
hand, the BPS states S,,(H*(M,,g)) satisfy J; — Jo = 0, analogous to the (0, 1) fermions in
five dimension. Although they can contribute to the unrefined index (3.7) only by signs, the
refined index receives non-trivial contributions. Defining J, := %(Jl +J3), one can decompose
S, (H*(Mygyg)) into the spectrum € A, 4 5.,.5, With respect to J, and Sg charges so that
the total BPS states are

H(B,p) = @ Crptt Hurg @ Aprrig.8.3,,55 -
/‘Llr,u‘//7ng7‘7SR

As a result, writing the number of BPS states with fixed charges by

~

Nygpte,sp i=dm Ay, g5, 55 (3.12)

the refined free energy takes the form

1 fl(a?, ¢4t
Fr({ef = ZZ gugi_gsu(x ) ) (313)
d>0 p qz —q 2
N T 1.1 1, /q\Jr—Sr—%
faqt)= Y (1" Cupwr Bu ()N g.p.0,.50 (a2 —q 2)0 (42 —12)° (2) 2 af
charges
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where charges are summed over g > 0, 8 € Ho(X,Z), J;,Sgr € %Z, and all representations
w',p” of U(M). Note that, to see relation to refined Chern-Simons invariants in the next
section, here we define the parameter by

In fact, the integral numbers for unrefined BPS states

Nyg.p = Z (_1)2JTNu,g,B,Jr,SR (3.14)
Jr,SRE%Z

are called LMOV invariants. Moreover, Marifio and Vafa proposed the multi-covering formula
that relates the LMOV invariants N, 119,38 to open Gromov-Witten invariants in the presence of
D4-branes supported on R? x £ [MnV02]. In the case of the framed unknot, the multi-covering
formula have been proven based on localization method and combinatorics [LLZ03].

Next let us consider the ¢-brane setting in (1.3). The form of the free energy is

T
CIESED Sl =t

d>0 BeHy(X,Z) W

eidBITSH (xd) ’

(—1)F qd(n—Sr)4d(Sr—J2)
t=5 5

where the Schwinger computation on the D;s plane yields the denominator. Although the BPS
spectra in the {-brane setting are essentially the same as those in the g-brane setting, their J;
and Jy charges are exchanged. Hence, the fermion zero modes 1; for H*((S')"~!) have charges
(J23J1,SR) = (3;—3,3) so that the refined index over the BPS states S, (H*((S')"1)) is
given by Bu(q_l). The other part is exactly the same as the ¢g-brane setting so that the free
energy for the t-branes is

1 £t (ad, g, ¢
ref—zzdf“t T 7 7 )s#(xd), (3.15)

d>0 p
3 e 1 g1 1../7q Sr—73
filaa )= D (D Copw B (@ )N g, sula® —a )77 —12)7 (1) ’
charges

It is easy to see that the free energy for the g-branes and that for the ¢-branes are related by
Fo(a,q,t) = Fli(a,t™'q71) (3.16)

which can be expected from the equivariant action (1.2) on C2.
Finally, let us extract the common part of fji(a,q,t) and fﬁ(a, q,t) as

-~ ~ 1 1 1 1 Jr—Sp—5
Fulaat) = 3 (D Nugpasalad —a 3@ s =2y ()77 2a . (317)

charges

which is invariant under the exchange (q,t) <+ (t7',¢7!). If we can define an invertible
symmetric matrix

t) — ZCMN/NNBN”(t) ,
Pz
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then we obtain concise expressions

fa% ZM,up fpa(Ia)a

(a,q,t ZMMP fp a,q,t) . (3.18)

4 Large N duality for torus knots

The geometric transition implies that a generating function of Chern-Simons invariants with
a knot at large N is equal to a topological string amplitude with M5’-branes associated to
the knot in the resolved conifold

A}gnoo Zaet,u(v) (@) = Zres(a, q) -

a"=a
The work of LMOV not only determines the form of low-energy effective actions of Type
ITA string theory with D4-branes on the resolved conifold but also provides its connection
to Chern-Simons invariants of a knot at large N. In other words, colored HOMFLY-PT
polynomials are related to LMOV invariants. In this section, we shall put forth the large NV
duality for torus knots in the refined context.

On the deformed conifold side, we have reviewed generating functions of refined Chern-
Simons invariants in §2 . At large N, we substitute the stable limit rCSy (T, n;a,q,t) [AS15,
GN15] for SU(N) invariants rCSgy(ny(Zimn; ¢ ) in (2.1) and (2.2). Then, using the forms
of the refined free energy on the resolved conifold determined in §3.2, the equivalences of the
partition functions for both the g-brane and ¢-brane setting can be recapitulated as

d 4d
> 1C8A(Tinn; a, ¢, t) ga(q,t) Pa(; q,t) = exp (ZZ LI moni 2 ’Z i )Su(xd)) , (4.1)

/\ _4d

d=1 p qz —q 2

R > ].f{(Tm,n;a aqdatd)
> TCS\(Tinni @, q,t) PAT(_$§t7Q):eXp<E > p s ) (4.2)
2

A =1 1 7z —1z2

These identities determine the refined indices f, fﬁ and J?u on the resolved conifold in terms of
refined Chern-Simons invariants rCSy. Therefore, we call fi, f;i and ﬁ refined reformulated
invariants. We shall present general formulas in Appendix B.

In the case of the unknot K = ("), the formulas above become the Cauchy formulas (A.2)
so that only two BPS numbers are non-vanishing as in the unrefined case, i.e. the refined
reformulated invariants f{ (1)), ff\(@) colored by non-trivial representations (A # o) of the
unknot vanish. Geometric picture has been drawn in [OV00, Figure 3] where £ is S x R?
with S' the equator of CP' in the resolved conifold and the two BPS states correspond to
the M2-branes covering the upper and lower hemisphere of CP!.

The refined reformulated invariants can be explicitly evaluated by using refined Chern-
Simons invariants of torus knots obtained in [AS15, DBMM ™13, Chel3, FGSA12, Shal3]. In
all the examples we have checked, the refined reformulated invariants fji(T},.,) and ft( mn)
obey the relation (3.18). Moreover, after making change of variables

=q, (4.3)

[SIE
N|=

a=-a’t, qz=—qt, t
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~

fo(Timn) can be written in the form

=3 Npgsr(Tun)lat—a 't (a—q')at". (4.4)

g>0 B,FEZ

Surprisingly, we observe that the numbers 1/\\1,)7975, F(Tmn) are always non-negative integers
for any p, g, 8, F. Let us emphasize that this is not obvious. Even if we assume that f,(T.)
takes the form (3.17), we have

NogsrTmn) = >, (D Nyg5,.5.Tmn) ,
2(Jr—Sp)=F

which could be negative. Since ﬁpygﬁ’ Jr.Sp(Tmn) are non-negative integrals by definition
(3.12), the positivity of ﬁpyﬁ’p(Tm,n) strongly suggests that the extra U(1) g global symmetry
Sr acts trivially on the BPS states S,(H*(Mgp3)) so that F is indeed equal to 2J,. The
same phenomena has been found for refinement of analytically continued WRT invariants of
Lens spaces L(p, 1) defined by the 3d/3d correspondence [GPV16, GPPV17].3

Now let us formulate the conjecture of refined large N duality for torus knots, which is

the main claim of this paper.

The extra U(1)g global symmetry Sg acts trivially on the BPS states S, (H*(Mgp3))
in the resolved conifold. Hence, the refined reformulated invariants fj(7),,) and
ft( mn), expressed in terms of refined Chern-Simons invariants of a torus knot Ty, ,,
via the geometric transition (4.1) and (4.2) (or more explicitly (B.1) and (B.2)), can
be written

fq( m,n; @, q,t) = ZMup(t)]?p(Tm,n;a,q,t) )

fg(Tm,n; a,q, t) = Z Mup(qil)ﬁ)(Tm,n; a, g, t) s (45)
P

where ]/";;(Tmm) takes the form

j/i)(Tm,n;a,q,t) - Z (_1)2Jrﬁp,g,ﬁ,JT(Tm,n)(q% - q_%)g(t_% - t%)g <Q>JT
charges
(4.6)
with non-negative integers ]/\7,07975% (Tmn) € ZZO.AFurthermore, for p, g, B fixed, the
2J, charges of non-zero (hence positive) integers N, 3 s (T)n ) are either all even or
all odd so that no cancellation occurs in the unrefined limit (3.14) and therefore the
LMOV invariant is

No,g,8(T; =+ Z Np.g,8,0-(Tmn) - (4.7)
Jr€LZ
The conjecture on the trivial action of Sg implies that the numbers N, .9.8,Jr (T m,n) indeed

yield complete information about BPS degeneracies in M-theory on the resolved comfold with

38.N. would like to thank Pavel Putrov for discussion on the positivity and the action of Sg.
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the M5’-branes associated to a torus knot 75, ,. From geometric point of view, they are graded
dimensions of the cohomology groups S, (H*(Mgp 3)) of the moduli space of M2-M5’ bound
states. In Appendix C, we present some examples of N 1.9.8,Jr(Tm,n) for the trefoil T 3 and the
T5 5 knot. In addition, a Mathematica file attached to arXiv page contains more information
about reformulated invariants. It is easy to see that, for p, g, 8 fixed, 2J, charges of non-trivial
N079767J7' (Ton,n) are either all even or all odd. In addition, the property (4.7) is manifest if we
compare them with tables given in [LMnV00].

It is known that refined Chern-Simons invariants rCSy of a torus knot colored by non-
rectangular Young diagrams generally contain both positive and negative coefficients even
after the change of variables (4.3). (For instance, see [Chel3, §3.4].) However, this formulation
lends itself to the natural interpretation of refined Chern-Simons invariants as a generating
function of BPS states, providing non-negative integers N .9.8,Jr (T m,n) for any color p. Thus,
this can be interpreted as positivity conjecture of refined Chern-Simons invariants of a torus
knot.

Furthermore, we notice several interesting features of refined reformulated invariants.
First, instead of taking the genus expansion of M2-branes (4.6), we find that the naive change
of variables (4.3) for fA’“(T m.n) always yields a Laurent polynomial with non-negative integral
coefficients

fu(Tm,nQ a = —a2t, q= q2t27t = q2) = ia.q.t. Z Nu;i,j,k(Tm,n)a%qzjtk )

i7j7k
with N#;i,j’k € Z>o. Therefore, this evidence also indicates that there exists underlying
cohomology groups of some moduli spaces for N,.; ; ;.. Below some examples are given:

Fo(Ts) = %(.a% +1)(a2q%t® + gt + 1)
R 2
f(Te3) = % (a2t + 1) (aQt?’ + 1) (q41:2 + 1) (a2t + q2) (&12q2t3 + 1)
fAE(T2,3)
2

a

= @ (a2t + 1) (a2t + q2) (312q2t3 + 1) (q8 (a2t7 + t4) + q4t2 (a2 (t3 + t) + 2) + a3 + 1) .
Second, we also observe a positivity property when we make the same substitution (4.3)

for f[i | (Tom,n) colored by symmetric representations A = [r] as well as f[tm (Ton,n) colored by

anti-symmetric representations A = [1"]:

o __0,0 . . k:

f[i] (Trmn; —a2t7q2t2’q2) = +a®q’t ZN([IT];i,j,k(Tm,n)aQZq%t 7
i7j7k

fir (T —a%t, 6%, q*) = £2°q"* Y Nfp, o (Tnn)a®q¥th |
i7j7k

where N, - (Tinn) € Zzo and Nf,,,

i (Tonn) € Z>p. For instance, we have

1,3,k

2t2
fE(Tr3) = aT (a%t +1)(q®(a*t® +a%t®) + q0(alt? + att® +a%t® +t2) + a?q*t3(a%(t3 +t) +

2) +q2(ab> + a't? + a’t + 1) + a’t(a’t + 1)) ,
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2
fEE(Tg’g) = %(aQt + 1) (a%q®t®(a%t + 1) + ¢°t%(alt® + a't? + a%t + 1) + a’q*t3(a(t> + t) +
2) + q%(a” + a't? + a%t? + 1) + alt? + a%t) .

Let us conclude this section by mentioning the implication of the symmetry (3.16) for the
free energy in the resolved conifold. As the right hand sides of (4.1) and (4.2) are interchanged
by (¢q,t) <+ (t71,q71), so are the left hand sides. Using the property of Macdonald functions
Py(—z;t,q) = (=) Py(2;¢71,¢71), this implies

97(a,t) TCS\(Trn s a, g, t) = (—1)M tCSyr (Trnpsa,t™1, g7 1)

which is called mirror/transposition symmetry of refined Chern-Simons invariants. This ex-
planation is first presented in [AS12c, §3.1].

5 Large N duality for torus links

In this section, we generalize refined large N duality to torus links with L components. For
each component of a torus link, we introduce M; Mb5’-branes supported on the conormal
bundle £; of the component in the deformed conifold T*S3. These M5’-branes still remain
after the geometric transition. Since a half of supersymmetry is preserved if the supports
of M5’-branes are special Lagrangian submanifolds in a Calabi-Yau as explained in §3.2, it
is straightforward to extend the analysis in the previous sections to torus links. To avoid
repetitious explanation, we shall present only essential results in this section.

For a torus link T}, ,,, we need to introduce the fugacities x; (i = 1,--- , L) that parametrize
the Cartan subgroup of the U(M;)-valued moduli of £; both on the deformed conifold and
on the resolved conifold. In the resolved conifold, we consider a holomorphic curve ¥4
with h = Zle h; boundaries where h; boundaries end on £;. Therefore, we have to project
the space H*((S1)"™!) ® H*(M, ) on the invariant subspace of the relevant symmetry
Sp, X -+ x &, . Eventually, the BPS spectrum for a torus link analogous to (3.9) is

v (H*((S")'™) @ H*(My9)) =

H(Bp1, 5 pL)
* 1\h—1 *
@ Cm papy 'CML u’w’,{su’l,m ,M’L(H ()" ) e Su’l’,--- N (H (Mgﬁ,ﬁ)) .
{nit {ni'}
For the g-branes, the fermion zero modes wgi), sy w,(l? coming from the boundaries ending on

L; contribute to the refined index by (t% - t_%)Bu/ (t). The factor (t% - t_%), which is absent

in the case of a torus knot, stems from the fact that we do not impose the linear constraint
Z?;l LZJ]@ = 0 on each boundary. Therefore, we have

L
_N\F =Sk $Sr—J2 _ (15 _ 4—3\L—1 )
Trsull,.“7H’L(H*((Sl)h71))( 1) q t (t2 t 2) 1—[13”2(75) (51)
e

where the linear constraint Zz‘L:1 Z;“:l %@ = 0 on the total boundary fermion zero modes

yields the factor (t% — t_%)_l.
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As in the case of torus knots, we conjecture that the extra U(1)r global symmetry Sg
acts trivially on the BPS states S,y .. . (H*(Mgppg)). Therefore, we decompose the BPS
states

Su’l’w“,u’L’ (H*(M g, hﬁ @APL “,PL:9,0,JIr

with respect to only J,. charges but not Sg charges and define

~

Nov g de = dim Ay b 65,

The free energy of the ¢-branes can be obtained from that of the g-branes by exchanging
(q,t) <> (t71,¢71). Thus, we can write them in the forms

_ L
L(t2 —t d d ,d d
refzzzg a —d fﬁl,---,M(Tm,n;a g, )H‘Sm(xz) )
i1

L
a fle’.__’HL(Tmm;ad,qd,td)HSM(.CE?) )
2 i=1

where the refined reformulated invariants have the forms
fgl’---,#L(Tm,n;a7Q7 Z Mu1p1 : MNL,OL (t)fpl7“‘7pL (Tm,n§aa Qa t) i

lth,'“,,uL (Tm,n;t%qv Z HlPl "'MuLPL (q_l)fpl,"',PL (Tm,n;Wq’t) (5.2)

and ]/”;1,... o1 (T n) are of the form

N

~ 1 1,1 1 g\ Jr—
fpl7"'7pL(Tmyn;a’7 Q’ t) = Z ( 1)2JTNP17 7pL7g7ﬂ7JT(Tm7n)(q2 _q 2)9(t 2 —t2)g (;) alB

charges
(5.3)
with non-negative integers Np1,~--,pL,g,B,Jr (Tonn) € Z>o. Here we factor out (t2 -t~ 2)L !
in (5.1) from the definition of refined reformulated invariants since it depends only on the
number L of link components.
As a result, the large /N duality of refined Chern-Simons theory with a torus link T, ,,

with L components can be summarized as

L
D 1CSx e (Tonmi a0, 8) [ i (@) Py (w5 0, 1) =
\i i=1
%— qu d d ,d = d
exp ZZ ﬁ 317,,,7M(Tm7n;a g%t )Hsm(xz) , (5.4)
d>0 {u;} g2 —q 2 i=1

L
Z rCSx, - 2y (T s g, 1) H Pyr (—wist,q) =
A

i=1

w\m

d

e [0 ——

L
t d d
d f,ih...,uL(Tm,n;a :qdutd)Hsm(xi) : (5'5)
d>0 {1;} — 12 i1
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where the reformulated invariants are of the form (5.2) with (5.3). These identities enable us
to express the reformulated invariants in terms of refined Chern-Simons invariants of a torus
link, which are presented in (B.1) and (B.2). Thus, the large N duality provides a rather
non-trivial connection of refined Chern-Simons invariants rCSy, ... x; (Tyn.n; a, q,t) of a torus
link to enumerative invariants ]vph... r1.9.8.0r (Tmm) € Z>q in the resolved conifold.

In Appendix C, we present some examples of N o1.p2,9,8,J for the Hopf link 75 2 and the
Ty 4 link by using the results in [DBMM™13, GNST16]. As in the case of torus knots, it is
easy to see that, for p1, po, g, 5 fixed, 2J, charges of non-trivial Npl p2,9,8,J, are either all even
or all odd. Therefore, we conjecture that this is true for any torus link with L components
so that the LMOV invariant is

~

Npl,-'wpug,B(Tm,n) == Z NPI7“'7PL797/87JT(Tm7n) .
YN Y/

6 Discussion

In this paper, we have formulated large N duality of refined Chern-Simons theory with a torus
link. Assuming that the extra U(1)g global symmetry acts trivially on the BPS states coming
from holomorphic deformations of M2-branes, this formulation gives a remarkable relation
between refined Chern-Simons invariants of a torus link and graded dimensions of cohomology
groups of moduli spaces of M2-M5 bound states in the resolved conifold. Therefore, this leads
to positivity conjecture of refined Chern-Simons invariants of a torus link. Conversely, one
can obtain complete information about BPS spectra in M-theory on the resolved conifold
with M5’-branes supported on R3 x Lr,, . by using the geometric transition. It is also worth
mentioning that, for M-theory on any non-compact toric Calabi-Yau three-fold with M5-
branes, its free energy on the {2-background takes the forms (3.13) and (3.15) if the extra
U(1)g global symmetry is preserved. It is important to understand in which situations the
extra U(1)g global symmetry acts on the space of BPS states trivially as in this paper.

It would be interesting to categorify large N duality for non-torus knots. Recently,
conjectural formulas for Poincaré polynomials of colored HOMFLY-PT homology have been
obtained for a certain class of non-torus knots. (For instance, [GNST 16, references therein].)
However, the formulas for non-torus knots are expressed in terms of the variables (a,q,t)
instead of the variables (a,q,t) and the naive change of variables (4.3) does not work for
non-torus knots. This is the reason why we cannot simply extend the formulation in this
paper to the case of non-torus knots.

Nevertheless, we can make observation about BPS spectra in the resolved conifold for a
non-torus knot. As proposed in [GSV05], in the fundamental representation, a reformulated
invariant is equivalent to the Poincaré polynomial of unreduced HOMFLY-PT homology for
any knot even at the categorified level:

f(K:a,qt) —
fD(q —’21117 ) = PD(K; a, q>t) .

— 20 —



For instance, the Poincaré polynomial of unreduced HOMFLY-PT homology of the simplest
non-torus knot, a figure-eight, is

— _ (a’t+1) (a®q't? + * (a’t! + a’t? + 1) 4+ a’t)
PD(4173~7 q,t) - a3q2t3(q—q_1) :

This formula can be brought into the form (4.4) and the resulting BPS degeneracies can be
tabulated as follows:

g [-3/2] -1/2 1/2 | 3/2
OF| 21 0 1]0 2| 3
1 [2 1 11 2] 1
1100 1 0]0 0 0

Table 2. ﬁ[l],g,/iF for the figure-eight knot

At the de-categorification limit t = —1, it is easy to see that there are (boson-fermion)
cancellations by sign although they reduce to the corresponding LMOV invariants [LMnV00,
Figure 7].

It was observed in [LMnV00, LMn02] that, for any knot K, the LMOV invariants
]V%g”g(K) have the same parity of their a-gradings £, i.e. (—1)5]?”79”3 become all non-
negative integers for any u, g, 3 up to appropriate grading shifts. However, as we see in the
example of the figure-eight, there are cancellations behind for non-torus knots, which can be
seen only at the categorical level. Presumably, one of the reasons why the formulation of
large N duality for non-torus knots at the categorical level is not straightforward originates
from the fact that the property of underlying BPS states is different from that (4.7) for torus
knots.

Giving a mathematical definition of refined LMOV invariants N .98, (Tm,n) discussed in
this paper is a challenging, but important open problem. Refined GV invariants have been dis-
cussed in the literature [CKK14, CDDP15, NO14, GHKPK17, references therein| as refined
Pandharipande-Thomas (Donaldson-Thomas) invariants for non-compact toric Calabi-Yau
threefolds. However, mathematical understanding of their open analogues are still immature
although the Poincaré polynomials of uncolored HOMFLY-PT homology of torus knots have
been related to motivic Donaldson-Thomas invariants in [DHS12]. Actually, upon the reduc-
tion on the cigar of the Taub-NUT in (1.3), BPS states can be understood as D6-D4-D2-D0
bound states. Therefore, it is an important task to give a mathematical definition of D6-D4-
D2-D0 bound states for refine Chern-Simons invariants discussed in this paper. It would be
also intriguing to find a connection to (a certain variant of) “P=W conjecture” [CDDP15,
references therein].

Another direction to pursue is to find large N duality of refined Chern-Simons theory
with different gauge groups. In fact, SO(2N) refined Chern-Simons theory has been proposed
[AS12a], generalizing Kauffman polynomials. In addition, large N duality for Kauffman poly-
nomials has been put forward by incorporating orientifolds in the resolved conifold [Mn10].
Consequently, this leads to an integrality conjecture involving both colored Kauffman and
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HOMFLY-PT polynomials. It is natural to ask whether a positivity property can be seen
when the conjecture of [Mn10] is refined.

Note added: After the completion of the paper, we were informed of an independent work
[DDP] on the same topic. Since their approach is different from ours, it would be great to
find a connection to their work.
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A Symmetric functions

In this appendix, we review basics of symmetric func-

tions relevant to this paper. For more detail, we refer

!
the reader to [Mac98]. , I'(s)
’ . Z(s) ghals)
Let = (x1,z2,---) be an infinite number of 15 ]

the variables, A = (A1, Ag,---) be a Young diagram
(i.e. non-negative integers such that \; > A\;41 and I(s)
Al = >, A < oo) and k = (ki,ka,---) be a vec-

tor with a infinite number of entries, almost zero,

and whose nonzero entries are positive integers. The

Young diagram A and the vector k are in one-to-one
correspondence with the relation k; = m; (\), where Figure 1. Arm, leg, co-arm and co-leg
m; (A) is a multiplicity of ¢ in .

First, we define the power-sum symmetric functions by pg (z) = 3.5, x¢. It is convenient
to denote their products by py (z) = []; pa, (z) and pz = []; pfz These are bases of the ring
of symmetric functions. Schur and Macdonald functions can be defined by introducing an

inner product on the ring of symmetric functions.
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Schur functions

The Schur functions s) (z) are uniquely defined by orthogonality and normalization condi-
tions:

<S)\75,u>:07 if A#u,

8)\( —w,\m—i-g U)\#w# s U)\MEQ,
p<A

where w) (z) is the monomial symmetric function, < is dominance partial ordering (A > p <
Al = | and S5 A > S8 i for all i), and the inner product is defined by
(PasPA) = Oaun Z) = Hlmmz' ,
i>1

where m; = m; (A) is a multiplicity of 7 in .
The relation between Schur and power sum symmetric functions is known as Frobenius

formula:
m)—ZXA(Z(k))p,;(x), ZXA CE)sx(z) , (A1)
3 k

where x\(C (E)) is the character of the representation A of the permutation group &, evaluated
at the conjugacy class C’(IZ) where h = Zj jkj. The Frobenius formula is used for the
computation of Clebsch-Gordon coefficients (3.10) of the permutation group &y.
Macdonald functions

The Macdonald functions P (x; ¢, t) are uniquely defined by orthogonality and normalization

conditions:
(Px, Pu)gt =0, if \#p,
Py (x;Qat) = W) ($)+ZH<>\ UNp (Q7t) Wy (:1:) ) Uy ((Lt) € Q(Q7t) s
where the inner product is defined by
1— q s
<p/\>p)\ 5)\112)\1—[ 2\ = HZ ‘m;! .
i>1 i>1

At the ¢ = t specialization, the Macdonald functions reduce to the Schur functions. From
the definition one can show

a(s)+1tl(s)

(Q/t)w 1—gq
= P P = - -
gA(q,t) ( As >\>q7t slg\ 1 _ qa(s)tl(s)-‘rl ’

where an arm length a (s) = A\; — j and a leg length [ (s) = )\jT — 1 for each box s = (i,7) in A
are depicted in Figure 1.
We denote by X A(E; q,t) coefficients in the expansion of a Macdonald function Py (z;q, t)

(z5q,t Z%A (x) .

with respect to py (z):
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Note that at the g = t specialization

Let us express some Macdonald functions in terms of the power-sum functions:

P =p;
P _A-HA+qgpi  A+)A-q)p2
- (1—tQ) 2 (1—tq) 2’
p 1+ -)A -0 pi  (1-a)(1-)(1-q") pip
(- —tg)(1—tg?) 6 (1—q)(1—tq)(1—tg?) 2
L ()1 )1 py
(1=l —tq)(1 —tq*) 3
po_-D@et+att+2)p  (L40E-apr (1911 ps
= 1— qt2 6 1—qgt2 2 (1-t(1—qt?) 3
PP papr | p

(1-t)(2qt+q+t+2)

For instance, we have %B:(E =(3,0,0);q,t) = 6(1—qt%)

because of Pi—(300) = ps.

Cauchy formulas

The Cauchy formulas play a very important role in this paper. The Cauchy formulas for
Schur functions read off:

_1yd-1
D sa(a)sa(y) = exp (Z Cllpd( ) Z sx(z)syr(y) =exp (Z (:l;pd@f)pd(y)) :
)

d>0 d>0

The analogues of Macdonald functions are

> gx(a,t)Pa(w; ¢, t) Paly; ¢, ) = exp (Z;(;Z;pd(w)pd(yo :
A d 2—q 2
_1\d—1
> Pa(wiq,t)Par(yst, q) = exp (Z (gpd(fﬂ)pd(y)> : (A.2)
A d>0

B Explicit formulas of refined reformulated invariants

In this appendix, we will derive explicit formulas for refined reformulated invariants of a torus
link 77, ,, with L components in terms of its refined Chern-Simons invariants from (5.4) and
(5.5) by following [LMn02]. To this end, we define the plethystic exponential and its inverse

EXp(F):exp<Zd:ld>oF, Log(F :Z'ugi (go F) ,
d=1

d=1
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where an operator 1 is defined by ¥g0 F(a, ¢, t; ) := F(a%,¢%,t% 2?) and p(d) is the Mobius
function. If one set

1 1
(tz —t72) q
F = % § fm, '7NL Tmmnia,q,t Hsul (z:)
—q i
i}

l\’)\)—l

then the right hand side of (5.4) can be written as Exp(F"). Hence, one can manipulate the
identity (5.4) as

L

F=Tog | Y 1CSx.a,(Tmmia,q,t) [ [ or. (¢, 1) Py, (i . 1)
(i} i=1

L
d —=(d
4 1 3 rCSyy, [Ton (@t Py, (o 0 1)
! =1

(@) & (-1t ’
m=1 a=1 {A<D‘)}

Mdi

d=1 m=

m—l

s Z“DH18 1

—_

{/\(‘1)} ﬂ(a)

where @& ) = = rCS\(Tn;a d, q%,t?) and other notations are given in Appendix A. To com-
pare with the coefficient of Hi:l s, (x;), we introduce kq for k = (k1, k.- ) as (ka)ai = (k)i
1.€.

ky = 0,--+,0,k1,0,- -+ ,0,ko,0,---) ,

where ki is d-th entry, ko is 2d-th entry and so on. Then, the properties pg(xd) =Dy, () and
pi(®)py () = pp, () of the power sum functions tell us

Hp,;gw(% =Py oy, (23) = > X (COZE)a)) sy (1)
a=1 {Hz a=1

Using these results, we obtain the explicit formula for f? in terms of refined Chern-Simons

invariants:

(tz — ¢ 2)L1

% r Tnnia,q,t) = (B.1)
qz —q 2
3 p(d) - - 7 (@
Z ( - -m Z H Xﬂz Z(kfa))d)) H g/\(.a) (qd7 td )\(a) (k(a)7 q td)rCS (a)
dm=1 (F@y ey i=1 a=1 a=1 '

Similarly, we can obtain the explicit formula for ff:

Sy i (Tmi a,,t) = (B.2)
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H > rCS)\(Q) )\(a)Hg)\(a) g%t Zae (B, g td)pk J(z)

b



00 L m
m—1 #(d) « (e0) o (d)
Z (—1) 1d-m HXMT( Z k:( ) H Tz (T (k:( ). td,qd)rCS)\(a) @)
d,m=1 7(a) (a)y 1=1 a=1 a=1
’ {B: Y

In the following, we provide reformulated invariants of a torus knot colored by Young
diagrams with a few boxes for the ¢-branes from (B.1):

q
%—mm
13 — {72
s — ¢35 -1 7 2(q-1) : 2(q + 1)
tf t—q— £2-1__  t-1 t+1 —@)
gt% _ t—% —q2 — 1I'CSD:| + ﬁrCSE — m(rCS ) mrcsu s
tf  _(@=D(@t ) (=Dl —1)-
Z — rCSyy — ————=——rCSrCS,
as 5 (@-D(@ -1 T (g—12(g+1) T
(t—1)2 5 24+t+1 ——@3)
C - 71CS
+3(q—1)2( ) 3(q2+q+1)r B

521328 e S]CSD
251—; T T 5 e
[T O G D 1

In addition, we present reformulated invariants of a torus knot colored by Young diagrams
with a few boxes for the ¢-branes from (B.2):

t

% :rCSEh
t2 —t7 2

— —a == 1 =
__Jm - 1 2
PR rCSp + 2rCSD 2(rCSD)
m :I‘CSD:[ + t — 1I'CSE — §rCSD _ 5 CS\

1

S _]fcsﬁ_rcsurcsHJr (rCS L CS(3) ’
t2 — t** 3

B (t+ Do~ 1) g (-t +1)
t2 . t_, - CSE:'_‘_ q7f2——1 CSE CSED—F TTCSE rCS,
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p/J— 1—
4*§0(Sgﬁ4#§r08§%

ft ( 2
— g+D)g—t) e | (@ (a—t)
e L R R SRl prome v s L
—= , la—1t) 1 3 1<)
+ | —rCSH + pr— rCSg| rCS; + g(rCSD) - ngSD )

C Tables of BPS degeneracies

In this appendix, we shall list tables of non-negative integral invariants N o1, ,p1,9,8,J» Of some
torus knots/links. The formulas (B.1) and (B.2) enable us to evaluate reformulated invariants
by using refined Chern-Simons invariants of torus knots/links obtained in [AS15, DBMM™ 13,
Chel3, FGSA12, Shal3, GNST16]. Writing reformulated invariants into (5.3), we read off
non-negative integral invariants.

3 1/2 3/2 |[5/2
g\2J, [0 1 2 2
0 0 1
1 1

1
1
0

S N W

1

Table 3. ﬁ[l]’g’ﬁ’Jr for the trefoil (T% 3)

B 1 2 3 4 5
g\2J, 10 1 2|1 2 3 4 52 3 4 5 6 7 8|3 4 5 6 7|4 5 6
10 12 0 4 0 21 0 5 0 5 0 1(2 0 4 0 2|1 0 1
1 61 0/{0 3 0 3 00 2 06 02 0|0 3 0 3 00 1 O0
o o0 0j0 010 0fO0OO1O01O0UO0|]0 01 0 00 0O

Table 4. N[2]7Q7B,JT for the trefoil (15 3)

B 1 2 3 4 5
g\2J, |0 1 2 3 4|1 2 3 4 5 6 7|2 3 4 5 6 7 8 9 103 4 5 6 7 8 9|4 5 6 7 8
0 102012 0 7 0 502108 0 90 50 1307040220101
1 02020050 1005003 0 1401203 00609 03500 2020
2 (001 00[004 0 400[003 0 8 30 0[(0040400[/00T100
3 [0 0o000/000 1 000000 1 0 00 0/0 00100 0/00000

Table 5. ]\Af[l)l])g)ﬁm for the trefoil (T5 3)
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Table 7. N[l]’[l]ﬂg’ﬁ”[r for the Hopf link (7% 2)

Table 8. ]V[Q]’[l]_’gﬁvjr for the Hopf link (7% 2)

I} 3/2 5/2 7/2
g\2J, |0 1 2 3 4|1 2 3 4 5|2 3 4

0 1 01 0 11 0 2 0 2|1 0 1

1 0o 2 0 2 0|0 2 0 3 O0j0 1 O

2 0O 010 0|0 O 1 0 O0j0 0 O

Table 6. ]\Af[ngﬁJT for the T3 5
I} -110 154 -3/2 | -1/2
g\2J, | -2 | -1 g\2J, -3 -2

0 111 0 1 1

3 2 1 0
gN\2J. | -7 6 5|6 -5 -4|-3
1 0 2|1 0 31

1 o 1 0]0 1 0

Table 9. Niy [2).4.5,, for the Hopf link (73 2)

B -2 -1
g\2J, | -5 | 4
0 111

Table 10. ]V[Q]’[M]ygﬁ“h for the Hopf link (T%2)

8 -1 0 1
g\2J, | -4 -3 -2]-3 -2 -1|0
0 1 0 271 0 3|1
1 0O 1 0|0 1 010
Table 11. j\\[[lL[l],g,,B,Jr for T2,4
8 -3/2 -1/2 1/2
g\2J, |-T 6 -5 4 3|6 -5 4 -3 -2(-3 -2 -1
0 1 0 2 o0 3|1 O 3 O 5|1 0 2
1 0O 2 0 3 0 2 0 4 010 1 0
2 o 0 1 0 O0OfO0 O 1 O O0}j0 O O
Table 12. N[Q],[l],g,ﬁ,‘],‘ for T2,4
B -3/2 -1/2 1/2
g\2J, | -5 -4 -3|-4 -3 -2/ -1
0 1 0 1)1 0 2 1
1 0O 1 010 1 O 0

Table 13. N[l,l],[l],g,ﬁw]r fOI‘ T2’4
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