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Abstract

We study U(N|M) character expectation value with the supermatrix Chern—Simons
theory, known as the ABJM matrix model, with emphasis on its connection to the
knot invariant. This average just gives the half BPS circular Wilson loop expectation
value in ABJM theory, which shall correspond to the unknot invariant. We derive the
determinantal formula, which gives U(N|M) character expectation values in terms of
U(1|1) averages for a particular type of character representations. This means that the
U(1|1) character expectation value is a building block for all the U(N|M) averages,
and in particular, by an appropriate limit, for the U(N) invariants. In addition to the
original model, we introduce another supermatrix model obtained through the symplectic
transform, which is motivated by the torus knot Chern—Simons matrix model. We obtain

the Rosso—Jones-type formula and the spectral curve for this case.
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1 Introduction

Since it was shown by Witten [I] that a knot invariant is realized by using the Wilson loop
operators in Chern—Simons gauge theory, knot theory has been providing various kinds of
interesting topics not only for mathematicians, but also for physicists. In particular the most
important example of the knot invariant, which is called Jones polynomial, is obtained from

Chern—Simons theory with the Wilson loop in a fundamental representation

J(K;9) = (Wo(K:q)) /(W O30)) (L1)

where the Wilson loop in a representation R is given by

Wr(K;q) = Trg Pexp <;€( A> : (1.2)

and its expectation value is taken with respect to Chern—Simons theory with SU(2) gauge

group on a three-sphere S3

SCS[A]:f/SsTr (A/\dA—i-gA/\A/\A). (1.3)
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In this case the parameter g is associated with the level of Chern—Simons theory as ¢ =
exp (27mi/(k + 2)). This prescription to derive the knot invariant is quite general: when the
fundamental representation R = [ is replaced by a generic representation, one obtains the
colored Jones polynomial, and SU(N) and SO(N)/Sp(N) generalizations provide HOMFLY
and Kauffman polynomials, respectively.

The knot polynomial is usually defined by the Skein relation with a proper normaliza-
tion of the unknot invariant. Although it is in principle computable for any knots based
on that definition, their expressions get much complicated as the number of crossings in
knots increases, or the representation of the knot polynomial becomes highly involved. For
a particular class of knots, the unknot and also torus knots, there is a useful integral rep-
resentation of the knot invariant [2, 3, [4] [5], which is applicable to a generic gauge group
and representations. This is based on the matrix integral formula for the partition func-
tion of Chern-Simons theory, especially defined on a three-sphere S3, and then given as the
expectation value of the character in the corresponding group.

In this paper we consider a supergroup character average with the supermatrix Chern—
Simons theory, known as the ABJM matrix model [6], towards a supersymmetric generaliza-
tion of the knot invariant. This supermatrix model is derived from N = 6 superconformal
Chern—Simons—matter theory with gauge group U(N )y x U(N)_g, which is so-called ABJM
theory [7], by implementing the localization technique for the path integral. In this theory
the Wilson loop, in particular the half BPS operator, is described by a holonomy with a
superconnection taking a value in U(N|N), which is written as a supergroup character [§].
Thus it is expressed in terms of the supersymmetric Schur function [9, [10]. In this sense the
average we compute here is expected to be an unknot invariant for U(/N|N) theory.

The knot invariant and the character average have an analogous structure to a matrix
integral in the presence of external fields, which is dual to a correlation function of char-
acteristic polynomials. Especially in the case of supermatrix models, the corresponding
correlation function is that for the characteristic polynomial ratio. There is an interesting
determinantal formula for this correlation function, which consists of a single pair correlation
function as a kernel [11} [12) I3]. In this way we shall expect that a similar determinantal
structure can be found in U(N|N) theory, and the U(1|1) expectation value plays a role as
the kernel function there. We will show in this paper such a determinantal formula for the
average with a particular type of the character representation.

According to the general scheme of the topological recursion [14], one can determine all
order perturbation series for the correlation function from the spectral curve. In the case of
the knot invariant, there are basically two kinds of perturbative expansions. The first is based
on the spectral curve, which is obtained from the A-polynomial, and its expansion is from the
large representation limit [I5, [16]. Although this A-polynomial was originally introduced to
the Jones polynomial, namely SU(2) Chern—Simons theory, it can be now extended to more

generic theories. See for example [I7]. The other expansion comes from the spectral curve



arising in the large rank limit of the knot invariant. This kind of spectral curves is quite
analogous to that discussed in random matrix theory, because for some kinds of knots we
have matrix integral-like expressions for the knot invariant, and in this case the matrix size
N corresponds to the rank of Chern—Simons gauge group SU(N). This large N limit plays an
important role in topological string theory, because it describes the geometric transition of
the corresponding Calabi—Yau threefold [I8]. Such a duality is also available for the situation
even in the presence of a knot [19], which gives a brane on a proper Lagrangian submanifold
of the Calabi—Yau threefold. In the sense of topological strings, the corresponding spectral
curve provides the mirror Calabi—Yau threefold. In this paper we will discuss the large N
spectral curve for the supermatrix Chern—Simons theories.

The supergroup character average discussed in this paper is based on ABJM theory. As
pointed out in [20], it is perturbatively equivalent to Chern—Simons theory on the lens space
L(2,1) = S3/Zy = RP?, which is dual to the topological string on the local P! x P! geometry,
and the associated spectral curve becomes a genus-one curve. Therefore the unknot spectral
curve is just given by the mirror curve of the local P! x P'. In the case of the torus knot, the
spectral curve is obtained by applying the symplectic transformation of the unknot [5]. As
well as the ordinary HOMFLY polynomial for SU(/N) Chern—Simons theory, we will introduce
the (P, Q)-deformed supermatrix model through the symplectic transform of the original
matrix model, which is motivated by the torus knot Chern—Simons matrix model. Since
the Adams operation works well even for the Schur function associated with the supergroup
U(N|N), we can derive the Rosso—Jones formula for the torus knot average. This means
that the torus knot character average can be represented as a linear combination of the
fractionally framed unknot averages. We will also derive the spectral curve from the saddle
point equations of the (P, Q)-deformed supermatrix model, and then obtain a consistent
result with the symplectic transform of the unknot curve.

This paper is organized as follows. In Sec. [2] we study the supergroup character average
with the ABJM matrix model, which is just given as the half BPS circular Wilson loop
operator in ABJM theory. We especially focus on the representation, corresponding to the
partition such that the number of its diagonal components is given by N. We will show the
determinantal formula factorizing the U(IN|N) character average into the U(1|1) expectation
values. In Sec. We then consider the (P, Q))-deformation of the supermatrix model, which is
obtained by the SL(2,Z) transform of the original ABJM matrix model. We will show that
the Rosso—Jones formula holds even for the U(N|N) theoy, and the U(1|1) average plays a
role of a building block for the (P, Q)-deformed U(NN|N) character expectation value with a
particular kind of representations. In Sec. We extend the argument to U(NN|M) theory, and
we will see that the determinantal formula for the character average can be derived even in
this case. We obtain the expression which interpolates U(N) and U(/N|N) theories. In Sec.
we discuss the spectral curve for the (P, Q)-deformed matrix model. We show that there

are two consistent ways of obtaining the spectral curve: One is the symplectic transform of



the original matrix model and the other is the saddle point analysis of the (P, Q)-deformed
matrix model itself. In Sec. [6] we give some comments on the relations to topological string

and random matrix theory. Sec. [7]is devoted to a summary and discussions.

2 Unknot matrix model

Let us start with the matrix model description of Chern—Simons theory at level k defined
on a three-sphere S3. When we take the gauge group G = U(N), the partition function is

given as the matrix model-like integral

N 2
d T — . i 4Ly
Zcs(S %q) =N /H T H (2 sinh = 5 $]> , (2.1)

1<j

where the parameter ¢ is related to the coupling constant as ¢ = exp gs with
27
k+ N~

We then consider the expectation value of the circular Wilson loop operator with represen-

9s = (2'2)

tation R, which corresponds to the unknot invariant,

<WR(O ZCS ¥l /H dai _2;6 ‘ ﬁ <2 sinh 22 ; xj>2 TrrU(x). (2.3)

1<j

The matrix U(z) is given by

Ux) = , (2.4)

and Trr U is indeed the character of G = U(V) in the representation R. This character is

written as a Schur polynomial with the corresponding partition A to the representation R
TrrU = sy(e™,---,e"™N). (2.5)

Although we can deal with only the unknot Wilson loop based on this matrix model, it is
possible to obtain the torus knot invariants by applying a slightly different matrix model, as
discussed in Sec. [3l

We now consider a supersymmetric extension of this Chern—Simons theory. In this paper
we especially apply the supermatrix generalization of the Chern—Simons matrix model ,
namely the ABJM matrix model [§]. It was shown in [6] that ABJM theory [7], which is the
three-dimensional superconformal Chern—Simons—matter theory with gauge group U(N ) x

U(N)_g, can be similarly reduced to the matrix model-like integral

N —2
dxzdyz —1(m— ) Ty —Yj
3 _ Y3 . J
ZaMm (575 q) = N2 /H 97 9 2 H <2005h 5
Z?]
N T 2
H <2 sinh 5 J) <2 sinh 22— yj) (2.6)
1<J



In this case there is no level shift in the coupling constant
27
9s = I (2.7)

We can insert the Wilson loop operator into this matrix model as well as Chern—Simons
theory with the classical group. Although there are some possibilities for the operators in
this case, the relevant choice to this study is the half BPS circular Wilson loop operator,

which is given by a character of the supergroup U(N|N) [8] 20],

Wa(0) 1 1 N dz; dy; — 5 (22—42) al 9 cosh T Yi -
= _— —_— gs z g —_—
< il )> Zapim N2 /};[1 o 21 € H cos 2

ihj

N 2 2
T T LYY
X H <2 sinh 5 j> (2 sinh yz‘y]) StrrU(x;y),(2.8)

1<j

where the matrix U(z;y) is of the size 2N x 2N

Ulz;y) = ( U(x) o) > . (2.9)

Let us call this expectation value the unknot Wilson loop average as an analogy with the
knot invariant. The supergroup character for U(/N|N) is obtained by replacing the power
sum polynomial Tr U" in the U(N + N) character with the supertrace Str U™ [9].

As well as the U(N) representation theory, the supergroup character can be also expressed

as the Schur polynomial, but with a prescribed symmetry [10]
Strr U(x;y) = sx(e”;eY). (2.10)

For U(N|N) theory, we have a useful determinantal formula in terms of the Frobenius coor-
dinate of the partition A = (aq,--- ,ad(,\)|ﬁl, e ,ﬁd()\)) with o; = \; — i and f3; = )\g —i [21]
N

)= det e, 211
sx(u;) 1<ig2d() kzlzzl%( Juth =1

where the matrix C~! is the inverse of the Cauchy matrix

1
C= < > . (2.12)
Uk + U ) 1<k i<N

We remark that the supersymmetric Schur polynomial is identically zero when d(\) > N, or

equivalently Ay11 > N. The formula (2.11]) also implies that it can be written only in terms

of the hook representations

sx(u;v) = 1gige§td(>\) S(a|8;) (U3 V) - (2.13)

This is just a supersymmetric version of the Giambelli formula. Actually this relation is

useful to study the Wilson loop operators with various representations in ABJM theory [22].



Figure 1: The partition A = (12,9,8,6,5,5,4,3,2,2), which is also represented as A\ =
(11,7,5,2,0(9,8,5,3,1) in the Frobenius coordinate with d(A\) = N (= 5). We obtain sub
diagrams p = (7,4,3,1,0) and v* = (5,4, 3,2,2) involved in this partition.

Especially for the most generic situation with d(\) = N, on which we focus in this paper,
the supersymmetric Schur polynomial is decomposed into the ordinary ones [21]
) = det _w - det v/ det Cy
() 1<igen T igigen / 1<igeN !
N

= suw) s () T (it o), (2.14)

ij=1

where the partitions p and v are given by

i =X\ —N, vi=MA—-N, i=1,---,N, (2.15)

1

or equivalently, u! = ! AN v = Xitn, as shown in Fig. [l The determinant of the Cauchy

matrix is given by

N
det C = A(w)A(v) ] (wi+vy)™", (2.16)
i,j=1
with the Vandermonde determinant
N
Au) = H(u, —uj). (2.17)
1<j

2.1 U(1]1) theory

Let us consider the simplest example with the supergroup U(1|1), which plays a fundamental
role in this study. In this case only the hook representation is possible, which is written as

A = («|B) with the Frobenius coordinate. The corresponding Schur function reads
el (€75 €¥) = (7 + ) TPy (2.18)

The unknot Wilson loop expectation value is given by

— 1 dx dy ik (22—y?) r—y - z ¥\ az+PBy
<W(a|5)(O)>—ZABJM 596" 2 cosh 5 (e +eY)e . (2.19)



We can compute this integral explicitly by applying the Fourier transform formula

1 dz e2iwz/7r
_— = [ — . 2.20
2 cosh w 21 cosh z ( )
Thus we have
1 _
dodyds 1 s oogypor))or(se iy - L @200 o
21 27 27 cosh z k q%(a+ﬂ+1) + q—%(a+,8+1) S

Since the partition function becomes Zagynm = (4/{)*1 for N = 1, we obtain the expectation

value as follows,
4 g3 (a+B+1)(a—p)

g3+ 4 gm3(a+B+D)

<W(alﬂ)(O)> = (2.22)

This depends only on the total and relative lengths of the partition, given by o+ § + 1 and
a — 3, respectively. We will see that the numerator can be seen as the framing factor in the

following section.

2.2 U(N|N) theory

We then consider the character expectation value for U(N|N) theory, in particular with
a representation with d(A\) = N, A\ = (a1, - ,an|B1, - ,0n). Let us first rewrite the
partition function (2.6))

2
Zasni(5%0) = g / (dz)V [dy]™ det <1> , (2.23)

prp—
2costhyj

with shorthand notations

lda] = ;L: e [dy] = d% s (2.24)

where we have used the Cauchy formula

N -1 N
1 _ Ti — Y o X T . Yi— Y
IS(ZJ.’?%N (W) = H <2 cosh 5 ) H <2 sinh B 2 sinh T .
2 i,j=1 1<)
(2.25)
In this case the Schur function has a simple expression as shown in (2.14). Therefore the

unnormalized unknot expectation value is now given by

1 N N 1 N x-é-ﬁ-y-n
(We(0)) = i [ ) )™ det oz ) Ll e

i=1
where the parameters &; and n;, defined as & = \;—i+1/2 = ;+1/2and n; = Nl —i+1/2 =
Bi+1/2, play a similar role to external fields in matrix models, as discussed in Sec. @ Since all

the x; and y; are not distinguishable, this integral can be expressed as a size N determinant

dz dy 1 (@2 —y?)+atityn; =Y -
NE 1Sy ! orar O 7| 2cosh —— : (2.27)
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At this moment the computation is almost reduced to that for U(1]|1) theory. Again using
the formula (2.20]), we obtain the determinantal formula for the character expectation value

N
1 1(e2_ .2 1
”/ - | | 7(51‘_777;)
< R(O)> N12 N i:1q2 1S%?%N (q%(ﬁﬁ-ﬂj) _l,_q_%(fi"rnj)) ' (2.28)

This shows that the U(N|N) unknot character average is factorized into that for U(1|1)
theory , and thus the measure of this matrix integral is Giambelli compatible in the
sense of [12].

To see that the U(N|N) theory contains the U(NN) knot invariant, it is convenient to
rewrite the expression by applying the Cauchy formula,

N
(Wr(0)) = Wﬁ(@@)—@(u» [T (g3Covo 4 q—g<ai+ﬁj+1))*1
ij=1
N
1 1 1 1
% q2(@i=o5) _ g=a(@i=y)) (o5(Bi=B;) _ =3(Bi=F))) (2.29)
It ) )

o0 1\2 1\2
where the 2nd Casimir operator is defined by Ca(\) = Z (()\Z —i+ 2> - <—i + 2) ) .
i=1

Thus in this case we see that the standard framing factor is given by q%(CQ(“)_CQ(”)). Up
to the normalization constants, the factors in the second line coincide with the Wilson
loop expectation value for U(N) theory, which is given by the quantum dimension of the

representation R,

N S
i = Aj =i+l
1% = —
< R(O)>U(N) E [—i + jlq
= dimyR, (2.30)
with
2]y = ¢"* — 2. (2.31)

The denominator in (2.30) corresponds to the partition function of U(N) Chern—Simons

theory
6%’1\7(1\771)

Zcs(9%q) = (q%(iiﬂ) B qié(iiﬂl)) ' (2:32)

N3 (k+N )¥ i<j

Let us now comment on the situation such that the representation of the character
obeys d(\) < N. In this case we do not obtain a simple determinantal formula, since the
Schur function with such a representation is not simply factorized any more. For example,
the character expectation value for the hook representation, corresponding to the simplest

situation d(\) = 1, is given by

N
(W (0)) = zAleNlﬂ / da] [dy)N det G2 i;e(a%)m(m;)w (¢, . e



where we have

~ 1
C = <x> . (2.34)
i—Yj
2 cosh =5~ L<ij<N

Although it is difficult to find an explicit formula for this integral, we expect that its asymp-
totic behavior is obtained from the determinantal formula by taking the limit of
a1, 81 — oo. Let us comment that we can apply the Fermi gas method even to this case.
Actually if we consider the grand canonical partition function, it turns out to be written as

a Fredholm determinant, due to the Giambelli formula. See, for example, [22].

3 Torus knot matrix model

In addition to the unknot invariant, there is a similar integral formula for the torus knot

Wilson loop based on Chern—Simons theory [2] 3, [4} 5],

N N
1 1 dx; —sLa? . T — T . T — T
<WR(KP,Q)> - ZéPS’Q)]V'/l_‘E o e 2ds H <2 sinh op > <2 sinh 2@ )TIRU(x),
(3.1)

where the coupling constant is now rescaled s = PQgs, and the corresponding partition

function is then given by

N N
P, 1 dr; __1 .2 LT — X N 7
ZéSQ)(S?’;q) = N'/H 5 € 295 i H <281nh 5P j) (251nh 50 j> . (3.2)

i=1 i<j

This is obtained from the ordinary matrix model by applying the SL(2,Z) transformation [5].
Note that it is also seen as the biorthogonal generalization of the Chern—Simons matrix
model [23].

For the torus knot invariant there is a useful formula, which is called Rosso—Jones for-
mula [24]

(Wakpq)) =" cho (Wi(Kiy)), (3.3)
14

with f = P/Q. This means that the (P, Q) torus knot invariant can be expressed as a linear
combination of the fractionally framed unknot invariant. This formula is easily derived from
the integral formula (3.1)) by using the Adams operation

sa(u®) = Z o su(u). (3.4)
I

The coefficient cﬁ o can be determined by the Frobenius formula for the Schur and power

sum polynomials,

1
A= ZXA(Cu)pua Pu=_xu(Cp)sv, (3.5)

I



where x) and C, are the character and the conjugacy class for the symmetric group, and
the coefficient z, is given by z, = Hj pi! j#i. Thus we have

Ao=> ZluxA(Cy)xu(CQu) : (3.6)

v
Since the Rosso—Jones formula is obtained from the representation theoretical point of
view, it is natural to think that there is a similar formula even for supergroup theories. Ac-
tually supersymmetric polynomials obey the same Frobenius formula by definition [9].
Therefore we obtain the Adams operation for U(N|N) theory with the same coefficient (3.6)),

sx(u@;v%) = ZCK,Q su(u;v). (3.7)

Following the above discussions, we now introduce a supermatrix version of the torus

knot matrix model ([3.2))

(P,Q) 1 / N N 1 1
Z = — dx d det | ———— | det ——— | > 3.8
ABJM N2 [ ] [ y] (2 cosl :1312*24] 2 cosh ZQ*Z/J ( )

with the rescaled coupling constant §; = PQQSH Then we consider the character expectation

value with respect to this partition function

11 1 1
Wgr(K Z/dedyNdet ———— | det | —————| sale™;¢e’).
(Wa(Kpq)) zar e | 11 o T roosh 2o ) )

(3.9)
Let us call this expectation value the torus knot character average. We can easily show
that this (P, Q)-deformed U(N|N) character average also satisfies the Rosso—Jones formula
by applying the Adams operation for U(N|N) theory . In this sense it is enough
to compute the framed unknot average to obtain the torus knot average. In fact, when
we start with a generic partition A = (aq,--+ ,an|f1, -+, Bn) for a particular torus knot,
representations appearing in the expansion only provide partitions satisfying d(A) = N E|
Therefore we now focus on the torus knot and framed unknot with a representation with

d(\) = N. In this case we can show that the framed unknot average has the same expression
as (2.29)), up to the framing factor,

1 1 f 1
- = = 45C(w)-Ca(v)
<WR(KW)> Z(LD NEZEN 7 1S5 <q§(a¢+b’j+1) + qé(aﬁﬁjﬂ))

N
1 1 L — v 1. ) 1 ' _
o g OO T (g e )

ABJM ij=1

1

» ﬁ <q%<ai_aj) _ q—émi—aﬂ) (Q%(ﬂi—ﬁﬁ _ q—%(ﬂi—ﬁﬁ) . (3.10)

1<j

"We can derive the so-called mirror description for this partition function, as well as the ordinary ABJM

matrix model [25]. It depends on the parameters (P, Q) in a trivial way || See Appendix [A| for details.
2Although we do not have an explicit proof of this statement, we check it with a number of examples by

numerical calculations.
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This means that the U(1]1) expectation value plays a role of the building block for the torus
knot average at least with thid kind of representations.

For U(1|1) theory we can compute the character expectation value explicitly, as
well as the unknot average . In this case we have

4q§(a+6+1)(a—ﬁ) (q%(aﬂﬂl) + q*§(°‘+6+1)>

<WR(KP,Q)> - ( (3.11)

g7 (@+B+1) +q_§(a+,8+1)> <q%(a+5+1) +q—%(a+5+1)> '

Then we obtain “U(1]|1) knot invariant” for the torus knot from this expectation value by
implementing the normalization with the unknot contribution (2.22)), as shown in (|1.1)).

Removing the framing factor, we have

<q%(a+,3+1) +q—§(a+/3+1)> (q?(wrﬁﬂ) _i_q—%(oﬂrﬁﬂ))
Jr(K = 3.12
rlKra) (qFrse) 1 gl (Ferird) ¢ = §larsen) (3:12)

This is a generic formula for the (P, @) torus knot with the representation A = (a3). This

Lin general, but it is manifestly invariant under

the exchange of P < @, and also the inversion ¢ <> ¢~ L.

expression is not a polynomial of ¢ and ¢~

4 U(N|M) theory

The argument shown above can be straightforwardly extended to U(N|M) theory. The
U(N|M) supermatrix Chern—Simons model is obtained from the Chern-Simons-matter the-

ory with gauge group U(N) x U(M)_g, which is called ABJ theory [26],

N M N2
Zay(S:q) = N!ljw! /[dm]N[dy]MHH <2 cosh %2%)

i=1j=1

N ':Uy_x. 2M PR . 2
><H<25inh = ”) H<2sinh%2yj) . (4.1)

1<j 1<j

The matrix measure in this model can be also expressed as a determinant using the gener-

alized Cauchy determinant formula [27]

N M ul'cfl
An(u)Apr(w) [T T wi +v5) ! :det< b ) , (4.2)

i=1j=1 (us +v5)~
where we assume N > M, and the indices run as ¢ = 1,--- N, 5 =1,--- ., M and k =
1,--- N — M. Thus we have

HH <2(:0$th 5 yj) H (QSiIlth 2x]> H <QSinhyZ2yj>

i=1j=1 i<j i<j

N M i B
=l o [e > v det< er(k=1) > . (4.3)
=1

e (e¥i 4 ¢¥i) ™!
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N x M

Figure 2: The partition A = (14,11,11,9,8,6,5,5,4, 3,2,2) satisfying Ay > M with N =7
and M = 5, which includes = (9,6,6,4,3,1,0) and v = (5,4,3,2,2).

We then consider the expectation value of the Wilson loop operator with respect to this
partition function. As in the case of U(N|N) theory, if the partition, corresponding to the
representation of the Wilson loop, satisfies Ay > M as shown in Fig. [2] the Schur function

is factorized into the ordinary ones [21]

i=1j=1
MM N ubt
= H ug\ﬁ'N_M_l H ng ! det ! 1 ) (4.4)
i=1 j=1 (ui +v5)

where the partitions p and v are defined as p; = A\; — M fori=1,--- N and v; = /\t- - N
for j =1,---, M, or equivalently uf = \! iy and 1/ = \j+n. Therefore the unknot character

expectation value is now given by

1 1 N eTi(k—=1) N (i—it1) - (AL—j+1)
- dar|™ [dy]M det D [Let
dar o~z +a( §z+k——)
1 1 det
= 71 ’
Zapy N!M! dx dy e*ﬁ(x “VFRLA; (9 g LY
27 27

(4.5)

with & = A —i+ 4 fori=1,---,N and n; = Al —j+ § for j = 1,---, M. This yields the
determinantal formula for U(N|M) theory

S SRR » RIS ) 1(k—3 gty
<WR(O)> = ZABJ NlMl kN;]W HqQ HqQ J H q2 2 det (q& n qT]j)_l .

(4.6)
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This formula is also represented as follows,

(Wr(0))

1 1 N-—M N M
1 2 1 1 2 1
_ F(N-M)(N-M+3 N MJ L(E2+(N-M) 51 (n2+(N—-M)n
= 2oy et gice [Ts+ !
=1 7j=1
N M N M 1
<1 <q%(gi—sj) _ q—asi—ej)) I1 <q§(m—nj) _ q—am—nj)) I1 H (qmm tq 2<sz+m>)
i<j 1<j =1j=1

(4.7)

It is easy to see that this expression is reduced to the U(N|N) average (2.29) and the U(N)
invariant ([2.30]) by taking N = M and M = 0, respectively.

We can similarly introduce the U(N|M) supermatrix model for torus knots
-1 -1
ZEA];?)(S 1q) = N'M' / [dz]N [dy) 11_[1]1_[1 <2 cosh = ) <2 cosh 2Qyj>
X ﬁ (28inh T mj) <QSinh i mj) ﬁ <ZSinh Yi — yj) (28inh Yi — yj) .
P 2Q L 2P 2Q

i<j <]
(4.8)

The torus knot average is obtained from this matrix model by inserting the U(N|M) char-
acter, and thus satisfies the Rosso—Jones formula (3.3]) thanks to the Adams operation (3.7)).
In the next section we will discuss the spectral curve for this matrix model arising in the

large N limit.

5 Spectral curve

We then provide the spectral curve for the ABJ(M) matrix model for (P, Q) torus knots,
which is introduced in Sec. [3] and Sec. ] In order to obtain the spectral curve, we have
to solve the saddle point equations arising in the large N limit of the corresponding matrix
model. It is well known that the ABJM matrix model is perturbatively equivalent to the
Chern-Simons theory on the lens space L(2,1) = S3/Zy = RP3, which is regarded as the
two-cut solution of the Chern—Simons matrix model [20]. As well as the ordinary ABJM
matrix model, we can obtain the spectral curve for the torus knot ABJM model from the

(P, Q)-modified Chern—Simons theory on the lens space L(2,1)

N
(P,Q) dx; dyz — 1 (22+y2) Ti — Yy
2EOL21):0) = 1 / H il P IT (2con ™
ij=1

H — Vi~ Y Vi~ Y
X (2 smh > (2 smh ) <2 sinh > <2 sinh
i 2Q 2P 2Q)
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Chern—Simons matrix model ([2.1])

SL(2,7Z) transform/ \cut & analytic continuation

(P, Q) torus knot ABJM matrix model (2.6)
matrix model (3.2) (Chern-Simons supermatrix model)

2-cut & analytic contlnuatlc\ / ) transform

Torus knot ABJM model (3.8))

Figure 3: Two ways of obtaining the (P, @) torus knot ABJM (supermatrix) model.

This is interpreted as the two-cut matrix model of the original torus knot model , which
breaks the gauge group as U(N + N) — U(N) x U(N).

As shown in Fig. [3] we have two ways of obtaining the spectral curve for the torus knot
ABJM matrix model. The first is to apply the SL(2,Z) transformation to the spectral curve
for ABJM theory, which is given by that for the lens space Chern—Simons theory, through
the analytic continuation [28, 29]. We note that this kind of symplectic transformation is
considered to discuss the knot invariant for the lens space [30, B1]. The second is directly
solving the saddle point equation for the matrix model . In this case its saddle point
analysis is similar to the ordinary one-cut solution, which is discussed in [5]. We will show

that these two methods provide a consistent result.

5.1 Symplectic transformation

Let us start with the spectral curve for the Chern-Simons theory on the lens space S®/Zq =
P3, which is essentially equivalent to that for ABJM theory. The spectral curve C is defined

as the zero locus of the two-parameter function

C:{(U,V)ec*xc*

H(U,V) = o}, (5.2)

where the function H (U, V') for the lens space L(2,1) is now given by [29]

2

H(U,V)—C<U+V

2
U)-v +¢V 1. (5.3)

14



The parameter ( is to be determined, and c is related to the 't Hooft coupling constant as
¢ =expgs(N + M) /2 for the two-cut model with U(N) x U(M) symmetryﬁ

In order to compare with the expression obtained in [5], we modify the curve by
replacing the variables (U, V) — (U2, C_%U%V),

HU,V)=cU?+ V% —c'W2U2 4 ¢ 2¢VU — 1 = 0. (5.5)
This gives
yo_ bt (_¢ Ui\/CQU2+(1—cU2)(1—c—1U2) (5.6)
1—c U2\ 9.3 4c ' '

By taking the limit ¢ — 0, this solution is just reduced to the one-cut solution, and it

reproduces the previous result [5], up to a proper replacement of the variable V — V2,

(=0 1—cU?
V — o2 (5.7)
If we write the discriminant of (5.6]) as
S (1—cU?)(1 — ¢ LU?) = (U2 - a> (U2 . l) (5.8)
4c al’
the end point of the cut is determined by
1 1 ¢

Thus the parameter ¢ is seen as the blow-up parameter for the spectral curve, which is

determined by requiring that the filling fractions of the cuts are:

1 dUu
— logV — = ¢gsN, 5.10
210 Jia-1/2 a1/2) RCAN T ( )

1 au
logV — = gsM , (5.11)

U

211 [,a1/27,a—1/2]

where the integration contour surround the corresponding segments counterclockwise.
We can obtain the spectral curve for the (P, Q) torus knot from (5.6) through the sym-

plectic transformation, which is characterized by the SL(2,Z) matrix [5]

Mpgq = ( @ r ) , (5.12)
)

3 The spectral curve for Chern-Simons theory on the lens space L(r, 1) = S*/Z, (the r-cut Chern-Simons

matrix model) is given by [29]
T

HU,V) = ¢ (U + %) (V) =0, (5.4)
where p,(V) is a degree  polynomial such that the coefficients of V" and V° are given by one, p.(V) =
V7 +---+1. When the Chern-Simons gauge group is broken as U(N1+---+ N,) = U(N1) X --- X U(N,), the
parameter ¢ corresponds to the total 't Hooft coupling as ¢ = exp gs(N1 + - - - + N,.) /2. Since the polynomial
pr(V) has r — 1 parameters, the total number of the parameters becomes 1+ (r — 1) = r, which is consistent

with that of the subgroups, U(N;) with i = 1,--- ,r.
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where these integer entries satisfy the condition
Q5 —Py=1. (5.13)
We then apply the following choice of variables corresponding to the matrix (5.12)),

X =U0%v"r, (5.14)
Y =U"V°. (5.15)

In this case by substituting the original expression (5.6) and rescaling the variable U? —

P
cQU?, we obtain the spectral curve for the (P, Q) torus knot Chern-Simons theory on the

lens space
Q 2 P
X = u (—Cc(g_l)/QU + \/gcg_1U2 + <1 — cg_1U2> (1 — CSHUQ)) ;
P NP2 4
(1 —c@ U2)
(5.16)
2
S ¢ ST \/chlm n (1 - c5*1U2) (1 _ 05“(]2) .
1—calyz \ 2 4
(5.17)

It is shown in [30, B1] that the new curve obtained through this kind of symplectic transfor-
mation gives the topological invariants for torus knots in the lens space, which is dual to the

topological string on the local P! x P! geometry.

5.2 Saddle point analysis

We study the spectral curve for the torus knot from the large N limit of the matrix model
(5.1), and then check its consistency with the result obtained through the symplectic trans-
formation, (5.16)) and (5.17). We now rewrite the matrix integral (5.1) with another set of

variables, u; = %/(PQ) and v; = e¥%/(PQ),

(PQ) L[ d¥u dV - Q. ,Q
Zus Y (L(2,1);q) = N /(27T)N L exp Z <log(u + v; )+log(u + v; ))
ij=1

N
+ Z (log(uf - uf) + log(uZ-Q - u?) + log(v! — UJP) + 108;(’%'@ - U?))
z‘<j

P
_ Z <2 log2 u; + log? vi) + ( ;Q(2N —-1)+ 1> (log u; + logvi)> ] )
Js

(5.18)

The matrix integral has a convex potential (see [32]), and this implies that the integrand has

a unique minimum.
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In this case we have two saddle point equations with u; and v; variables,

N Q NT pop Q
Puf Qu; Pu; Qu; PQ P+Q
+ L = log u; + (2N — 1)+
PRSI ] B0 [ ] I
(5.19)
N Q N T P Q
201 v; P! v; P P+
Z PUZPJr QQZQ +Z PUZPJr QQZQ - QIOgv“L Q<2N_1)+
e R R A e el R A O
(5.20)
Let us now rewrite these equations in terms of the resolvent [5]. Using the formula
PPt =1
5= ——g (5.21)
) =0 Y
PPt = 1
- — (5.22)
with the primitive PQ-th root of unity w = exp 27i/(PQ), we have
N N
i T ‘ J
N =T, P14
— —wl kQy _ il 2 (k+3)Q)
= + Wy (u;w + W (u; w! 5.23
Z Z<gs )+ X, ) 52
J(#1) k=1 k=0
where Wéi) (u) is the leading contribution to the resolvents
N u oo
1 _ _ 2911771
W (u) = <gZ — u> =Y g2 Wil (u), (5.24)
=1 g=0
N
W@ (u) = 207w 5.25
(u) gs;u_vz Zg (5.25)

These resolvents are analytic in the complex plane except for a finite set of cuts. We now
assume that each resolvent has only one cut in the complex plane C. We can check later
that this assumption is correct, using unicity of the exremum guaranteed by [32].

We introduce the 't Hooft coupling constants for this matrix model. If we consider a

generic situation with the gauge group U(Nj+ Na) — U(N1) x U(N2), we have two constants

tW = g,N;,  i=1,2. (5.26)

The summation of them is denoted by ¢t = t1) + ¢, ABJM theory corresponds to the
situation such that Ny is analytically continuated as No — —N», and then the gauge group
ranks are chosen to be N1 2 — N. This means that the total 't Hooft coupling becomes zero
t = 0. Then the boundary conditions for the resolvents are given by

(u—0)

W () — (5.27)

L,

1.



and the saddle point equations in the 't Hooft limit with N — co and g; — 0 yield

P-1 Q-1
P
PQlogu + ; Q,_ W (w+i0) + W (w—i0) + 3" WP (k@) + 37 Wi (uehh)
k=1 k=1
P—1 ) Q-1 )
+ Z W(§2) (uw*+2)Q) 4 W0(2) (uwFt2Py | (5.28)
k=0 k=0
p— -1
POI P+Q, @, o, @)y i (2 e (2) () P
Qlogu + ) t=W," (u+10) + W, (u—zO)+ZWO (uw )—|—ZWO (uw™)
k=1 k=1
P—1 ) Q-1 )
+ Z Wél)(u wk+2)Qy 4 Z W()(l)(uw(k+§)P) . (5.29)
k=0 k=0

In order to deal with these equations, it is convenient to introduce the exponentiated resol-

vents
¥ (u) = —uexp PP+QQ <; - Wél)(u) - W(§2) (u wéQ)> , (5.30)
y® () = —uexp PP+QQ <; — W) - W (uwép)> , (5.31)
with the boundary behavior
(ab) —u e%t (u—0)
Yy (u) — rig (5.32)

—ue 22" (u— o0)

The saddle point equations are now written as follows,

P—1 Q-1
¥ (u 4 i0)y® (u — i0) H Y@ (4 W) H yO(uwff)y =1, (5.33)
k=1 k=1
P-1 Q-1
YD ((u+ iO)w%Q)y(b)((u — iO)w%P) H ¥ (u w(k+%)Q) H y(b)(uw(k+%)P) =1. (5.34)
k=1 k=1

Because it is converted to each other under the exchange of W) (u) and W) (u), these
equations imply an equivalent condition for the resolvents, which is essentially the same as
the one-cut Chern—Simons matrix model for the (P, Q) torus knot [5]. Thus we can apply a
similar approach to solve these equations.

We consider the products of the resolvents

P-1
Fp(w) = [ v uw*9), 0<k<@-1, (5.35)
=0
Q-1 1
FQH(U):HW, 0<I<P-1. (5.36)
k=0

Since we have assumed that the original resolvents W) (u) have a single cut, these functions

Fj.(u) and Fg1(u) have 2P and 2@Q) cuts, obtained by rotating the original one with integer
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Fo Fy Fy F3 Fy
Fé F/ F/
. F3 Fy F 0 ) Fy
F4 — — F3 F{ PO . — FO FO — PO . F{
F Fy Fy B P F R
Fy F F Fy Fy
/ /
P Fy £ Fo B
F Fi F. 1 B R, R
Y ee e . Fy i
~ F I Fi/ jand "R, F) - \Fé
Fa F} F Fj Fy
Table 1: The cuts of the functions Fj(u) and Fg4(u) for (P, Q) = (2,3), where Fj, = Fi(u),

F| = Fi(u w%(PfQ)) and F ) = Fo(u w%(pr)). The solid and dotted lines correspond
to the cuts from the first resolvent W) (u) and the second resolvent W) (u). For example,
we can see Fy = F3, Fy under crossing the corresponding cut of W(l)(u), and Fy = Fi, F)
through the cut from W (u).

multiple angles of 27 /(PQ). The total number of the cuts is thus 2PQ. Due to the saddle

point equations they satisfy

Fi(u—1i0) = FQ+[(U +10) for W(l)(u) ,

Fr(u—i0) = Fou((u+i0)wz@P)) for W@ (u),
F((u — ZO)“J%(P Q)) Foui((u+ iO)w%(Q_P)) for W(l)(u) , (5:37)
Fi((u — ZO)W%( @) Fo+i(u+10) for W@ (u).

This means that Fj(u — i0)
W (u), Fy(u—i0) = Foi((u+ iO)w%(Q_P)) for the cut from the second W® (u), and so
on. See Table [1] for the case with (P, Q) = (2, 3).

Using these functions we define a function

= F4i(u + 10) under crossing the cut from the first resolvent

S(u, f) = Si(u, f) Sa(u, f) (5.38)
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where

St f) =T (£ = Fw) IT (£ = Forw) (5.39)
k=0 =0
Q-1 P-1

Sa(u f) = I (£ = Felwwt ) I (f - Fon(uewt @) (5.40)
k=0 =0

This function has no cut in the complex plane
S(u—10, f) = S(u+10, f), (5.41)

and the only singularities at w = 0 or u = oo as poles. This implies that S(u, f) is an entire
function of v in C* with polynomial behavior at 0 and at co, therefore it must be a Laurent
polynomial of u. Moreover since this function satisfies S(u, f) = S(uw, f), it depends only
on vF?, and must be a Laurent polynomial of u”’?. We remark that S;(u, f) and Sy (u, f)
still have the cuts, and thus they are not analytic functions.

By definition, S(u, f) vanishes when f = Fj(u), and thus the spectral curve is the

algebraic equation:
S(u, f)=0. (5.42)

As shown in [5] we can determine coefficients of the polynomial S(u, f) by the asymptotic
behavior of F,(u) and Fg4(u),

o (P+Q)
—whP e 20 PP (u— 0)

F(u) — : (5.43)
—whP? e_%t uf (u— o0)
Foqi(u) e S (w0 (5.44)
Q+i\u) — . .
—wle? e%t uw @ (u— o0)
If we write
P+Q
Si(u, f) =Y (=1DFSiplu) fPT7F . i=1, 2, (5.45)
k=0
this behavior implies
(
Sik(u) = O(u™r?), 1<k<P-1,
Sip(u) = (—1)PFQHPR TP (14 Ow) , k=P,
PiQ at ©u—0,
Sop(u) = (1) 2 ' PL (14 O(u)) , k=P,
Sik(u) = O(uFQuk=PIP) P+1<k<P+Q-1,
(5.46)
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,
Sik(u) = O(Wrr), 1<k<Q-1,
Sip(u) = (—1)PHQHPQe 52 PQ (14 O(1/u)) , k=Q,
PiQ at u — 0.
Sok(u) = (~1)PRe~ 2P (1 + O(1/u)) k=Q,
kSi,k:(u) — @(UPQU—(k—Q)Q) ’ Q+1<k<P+Q@Q-1,
(5.47)

Thus we obtain that S(u, f) is a polynomial of f and of uf’?
Su, f) = f2(P+Q) +14+ (_1)P+Qe—(P+Q)t (u—QPQfQQ + u2PQf2P) b (5.48)

where - - - means terms within the Newton polygon, and which are not determined by asymp-
totic behaviors. The spectral curve for the two-cut matrix model is now given by the following
polynomial relation,

S(u, f)=0. (5.49)

It is shown in [32), 33] that if the potential has convexity property, then the solution of the
saddle point analysis is unique. This is the case here. We are looking for a two cut solution,
i.e. a genus 1 spectral curve. A generic S(u, f) with the given Newton’s polygon ,
would have genus the number of interior points of the Newton’s polygon, i.e. 4(P + Q) — 3.
However we are here looking for a genus 1 curve, which implies that all but 1 coefficients of
S(u, f) must be fixed by vanishing of some discriminants. The last coefficient is fixed by the
filling fraction condition for U(N|M), corresponding to and (5.11)):

1

9 7{4 W (u)du = gsN, (5.50)
where W (u) is the sum of the resolvents, and A is a contour around the first cut. One could
determine S(u, f) by solving all vanishing discriminant equations, so as to impose that the
curve have genus 1. However there is a short-cut: one can exhibit an S(u, f) with the correct
Newton’s polygon, the correct filling fraction condition and the correct asymptotic behaviors
at 0 and oo and which is guaranteed to be genus 1. By unicity according to [32, B3] it must
be the correct spectral curve.

The S(u, f) which has genus 1 and the correct asymptotic behavior is simply the sym-
plectic transform of the unknot of section which we write parametrically as [5]

f=% =X =07, (5.51)

we obtain another expression of the spectral curve (5.49) in terms of U and V/,

S(U,V) = UHPHQ) L y2(P+Q) 4 (1) PHQe= (P )APHQ) 4 (_)PHQ—(PHR) 4 ... —

Y

(5.52)

which is equivalent to
S(X,V) = V2PHQ) L x2 4 (_1)PQe~(PHQ) x2y/2Q 4 (_1)PRe~(PHQIY2P ... — . (5.53)
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Figure 4: Newton’s polygons for the spectral curve. The polygon in the left panel corresponds
to the curve (5.53). There are cetain lattice points inside the polygon, which are fixed by
the condition that the curve should have genus 1, and by the filling fraction condition. The
right panel shows its singular limit, where the two resolvents WM (u) and W® (u) coincide

with each other. In this case there is no lattice point inside the polygon.

We depict the Newton’s polygon for this spectral curve in Fig.

Let us then comment on the singular limit of the spectral curve , which is realized
when the two resolvents W) (u) and W® (u) coincide with each other. In this case the
analytic function obeys S(u, f) =S (uw%, f). This implies it depends only on u*P?. There-
fore the spectral curve has to be written only in terms of X? and V2. The Newton’s
polygon corresponding to this situation is shown in the right panel of Fig.[d] Since there is
no lattice point inside the polygon, the spectral curve has no free parameter. This means

that it is just reduced to the genus-zero curve, which corresponds to the limit ¢ — 0 of the

curve (5.3)).

5.3 Asymptotic expansion and topological recursion

The matrix integral (3.8]) is of the type discussed in [32], therefore it guarantees that it has

an asymptotic expansion of the type
o0
P, _
log Z{p = Y 9972 F, (5.54)
g=0
which obeys the topological recursion of [14], i.e. Fj is the ¢ symplectic invariant of the

spectral curve as defined by the topological recursion [14]. Similarly, all expectation values

have a g5 expansion, whose coefficients are given by the topological recursion.
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The character expectation values <TrRU > can be decomposed on the basis of power

sums. We have:

n n
d .
<H Tr Upi> = Resy,50..-Res g, oWa (21, ... @) 2t .. abr H x'l (5.55)
i=1 =1 g
and W, has a topological expansion:
oo
Wiz, o) = Y g2 "Wy (@, ... xn) (5.56)
g=0

and Wy, is computed by the topological recursion.

6 Comments on related topics

6.1 Topological A-model

Let us comment on the realization of the knot invariant in topological string theory, especially
in the topological A-model. It was shown in [19] that the knot invariant for K is obtained
in the topological string by adding a brane with a proper Lagrangian submanifold of the
Calabi—Yau threefold Ly . This insertion of the brane corresponds to the expectation value

of the characteristic polynomial with respect to Chern—Simons theory

Ziop(Ki2) = (det (18 1-Ume™) )
_ §<TarU>CS e (6.1)

where the matrix U is the holonomy along the knot K, U = Pexp ]{ A, and R, is
the totally symmetric representation with n boxes. This means that this fopological string
partition function is the discrete Fourier (Laplace) transform of the HOMFLY polynomial,
since the expectation value of the holonomy <TT r,U > just gives the knot invariant. If we
consider a multi-point correlator of the characteristic polynomials, the knot invariant with
more generic representations is obtained. Note that this knot invariant is analogous to the
matrix integral with the external source, as discussed in Sec. This kind of relation
between the characteristic polynomial and the external source is naturally interpreted from
the viewpoint of the topological expansion of spectral curves.

In our case it is natural to consider a supermatrix version of the partition function ,

corresponding to ABJM theory

Ziop(K2,y) = <Sdet (1 R1-U® < < B >>> : (6.2)
e’ ABJM

Actually one can obtain this partition function by applying both of bosonic and fermionic

modes, describing strings stretching between the three-sphere S® and the Lagrangian L.
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We can similarly expand 1} with the corresponding expectation value <StarU >ABJM.
This partition function is also expanded with the string coupling constant in the sense of the

WKB expansion [19]. Using the identity

Sdet(l@l—U@(6 >>:exp[Strlog<l®1—U®<e ))],
e Y e Y

we have

Zrop(K2,9) ~ exp <1 /y $p<x>dw) , (6.4)

9s

where the integrand is given by

p(z) = glsiglo nz:;] gS<Str U”>ABJM e ", (6.5)

In this way we can show that its leading contribution is given by the disc amplitude as
well as the ordinary knot invariant. In this case, since the ABJM matrix model is obtained
from Chern—Simons theory on the lens space L(2,1) through the analytic continuation, the
mirror curve, on which the one-form is defined, is replaced with that for the local P* x P!
geometry. Actually the Wilson loop expectation value is evaluated based on this spectral
curve [20, B34]. Furthermore, in , both of the initial and end points of the integral
have physical meanings, as positions of brane and anti-brane. Thus the partition function
describes pair creation of branes in the topological string. If we take the limit y — oo, it

goes back to the usual one, including either of bosonic or fermionic modes.

6.2 Topological B-model

In the B-model description of the topological strings, the n-point function defined in ([5.56))
plays an important role. As well as the one-point function W7 = W which is given as the
resolvent, we also have a series expansion of the multi-point function with respect to the
coupling constant. If once a spectral curve is obtained, one can determine higher order
terms by using the topological recursion [14]. In this study the spectral curve is given by the
genus-one mirror curve for the local P! x P! geometry and its symplectic transform. Indeed
this expansion has a natural interpretation in terms of the B-model topological strings.
The multi-point correlation function corresponds to multiple insertion of the Wilson loop
operators into the Chern—Simons matrix model. Thus a set of variables in the multi-point
function provides the boundary condition for topological strings. This implies that it
computes the open string sector of the B-model, and we can obtain the corresponding open
Gromov—Witten invariants based on the mirror symmetry in a perturbative way [35], [36] 37].

As in the case of the topological A-model, the knot invariant can be investigated also in

the B-model through the mirror symmetry. In addition to the unknot invariants [38] [39], the
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torus knot invariant is formulated by using the symplectic transformation acting on the B-
model open string moduli [5]E| Moreover this prescription for giving the torus knot invariant
is now applied to the knot invariant not only in the three-sphere S3, but also in the lens space
L(2,1) [30,31]. Since the ABJM matrix model is perturbatively equivalent to Chern—Simons
theory on the lens space L(2,1), the perturbative analysis of the knot invariant for L(2,1),
which is based on the topological recursion, is apparently relevant to our supermatrix model
for the torus knot introduced in Sec. [3| Although we can obtain a systematic expansion of
the correlation functions, we have to also take into account non-perturbative contributions,
which play an important role in knot theory [I5], [16] and ABJM theory [41]. The study of
such a non-perturbative effect on the torus knots is an interesting and important issue to be

clarified in the future.

6.3 Matrix models

We comment on the idea underlying this work, which comes from random matrices. In ran-

dom matrix theory, the wave functions are expectation values of characteristic polynomials

W(z) = <det(a: - M)> : (6.6)

where the expectation value is taken with respect to a certain measure, which is specified
later. The Hamiltonian associated with this wave function is given by the non-commutative
Riemann surface, which is obtained through quantization of the spectral curve. In fact, a
more important object is the kernel

1 det(x — M)
K = ) (67)

Out of that kernel one can reconstruct every other observable. For instance, if the matrix
size is given by N, the wave function is obtained by sending y — oo,
Y(z) = lim ™ K(zy). (6.8)
Y—00

Every other correlations of characteristic polynomials is obtained by the Fay identity [11]
(See also |12, 13])

b det(z; — M)\ [T ;(yi — )
det(y; — M)

det K(ziy), (6.9)

i=1 ; Hi<j(xi — ;) (yi — yj) 1<ig<k

which is also seen as Pliicker or Hirota equation. The factor in front of the determinant of
the kernel can be written as the Cauchy determinant ([2.16]).

Wave functions and kernels can be seen themselves as partition functions. Indeed let

Z = /du(M) (6.10)

4 Let us note that another kind of approach to the B-model description, which is in principle applicable
to any knots, is discussed based on the A-polynomial [40].
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be a matrix integral with some measure du(M) depending on a coupling constant gs. In

many cases, there is a small g5 expansion of the type
log Z = Zng 2F,(C (6.11)

where C is the spectral curve associated to the measure du, i.e. the g — 0 limit of the
eigenvalue distribution.

An expectation value of characteristic polynomials can be written

k
K(Il)"'amk;ylu"wyk) / H 5 (612)

i.e. it is the partition function with a new measure

k
ttary (M) = exp > (T log(w; — M) — Tr log(y: — M) ) dp(M). (6.13)
=1

There is also a gs expansion with a new spectral curve
log K(x1, ..o Tk Y1y -+ 5 Yk) = 2929 2( Fy(Caiy) — F4(C)) . (6.14)

The way to find the new spectral curve is as follows. The spectral curve C is a Riemann
surface equipped with two analytic functions u and v as C = {(u,v) € C x C| H(u,v) = 0}.
The new spectral curve Cp,y is a Riemann surface such that vdu has additional simple poles
at the z;’s (residue +1) and at the y;’s (residue —1).

Instead of characteristic polynomials one may also be interested in external fields inter-

actions
1
(eTrMAY = Z/d,a(M) eTrMA, (6.15)

Again, this has (under some assumptions) a gs expansion with a new spectral curve C4
log (™M) Zg% 2 (Fy(Ca) — Fy(0)) . (6.16)

The way to find the new spectral curve is as follows. The spectral curve C is a Riemann
surface equipped with two analytic functions v and v. The new spectral curve C4 is a
Riemann surface such that udv has additional simple poles at the a;’s (the eigenvalues of A)
with a residue equal to the multiplicity of a;.

We see that under the exchange u <+ v and by identifying the a;’s with the z;’s (multi-
plicity a; = 1) and the y;’s (multiplicity a; = —1), this would be the same spectral curve
and thus

k
<eTrMA>ﬁ x <H det(x; — M)O”> (6.17)
i=1 M
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where the measures p and [i are obtained by exchanging the role of u and v in the spectral
curves, and A is a matrix with eigenvalues z; with multiplicity «; [14] 42, [43]. This raises the
question of how can a multiplicity be negative? This is why supermatrix models are needed.
Negative multiplicities correspond to the fermionic side of the supermatrix [44]. This duality
between external field and expectation values of characteristic polynomials appeared in [45].

As shown in , the half BPS Wilson loop expectation value in ABJM theory has a
quite similar expression to that of matrix integral with the external source. The Gaussian

matrix model with the external source is given as follows,

1 _1
<eTrMA>:Z/dMe LT M2 Ty M A

N

I / H dmz —ix +z;a; 1_[(37Z _ xj) : (6.18)

1<J

where the U(N) part is integrated out using the Harish-Chandra—Itzykson—Zuber formula [46
47). Writing the U(N) character in terms of the Schur function

det e®NatN=I) (6.19)

sx(e?) = A(e?) 1<ij<N

we obtain the Wilson loop expectation value with respect to the U(N) Chern—Simons theory

N
dwz — a2 € o Li — Ly
<WR(O)>U(N ch N! /H o H 2sinh 2 ’ (6:20)

i<j

with éz =\ -1+ % In this sense the insertion of the Wilson loop operator corresponds
to the external fields for the matrix integral.

This kind of interpretation can be possible even for the supergroup character average
, at least as long as the partition A, corresponding to the representation R, satisfies
d(\) = N E| All this means that characters of U(N|N) are dual to expectation values of

characteristic polynomials of another matrix model with some measure u,

N det(c; — M)
<WR(K)>U(N\N) B <,_1 det(53; — M)> ’ (6.22)
= H

5When the representation does not satisfy this condition, there is no simple analogy between the matrix

integral with the external fields and the Wilson loop average , because such an external field has
to consist of N + N parameters for U(IN|N) theory. On the other hand, this analogy holds for arbitrary
representations in the ordinary U(NN) Chern—Simons theory as . It is because even if the number of
non-zero elements in the partition is less than N at the first place, it can be made N by the constant shift,

since the average (2.30)) is invariant under the shift of the partition
(Al,)\Q,-“,AN) — ()\1+C,)\2+C,~~-,)\N+C). (6.21)

It is obvious that the U(N|N) invariant (2.26) is not invariant under such a constant shift of the partition,

since the corresponding external field is characterized by the Frobenius coordinates of the partition.
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and where «;, B; are the Frobenius coordinates for the representation R. Then the Fay

identity says that

<WR(K)>U(N\N) - 1g(ii,?tgzv <W(°‘i|f3j)(K)>U(1\1) ' (6.23)

This is what we have checked in this article, especially as the determinantal formula for the
unknot average shown in (2.28]). This means that those supergroup character expectation

values are Giambelli compatible [12].

7 Discussion

In this paper we have considered the supergroup character expectation value based on the
ABJM matrix model as the supermatrix Chern—Simons theory, with emphasis on its con-
nection to the knot invariant. We have explicitly computed the U(1]|1) expectation value for
the unknot and torus knot matrix models. We have obtained the determinantal formula,
where the U(1|1) average plays a role of a building block for U(NN|N) theory, and shown the
Rosso—Jones-type formula for the supergroup character average. We have also discussed the
U(N|M) theory, and found its determinantal formula which interpolates U(N) and U(N|N)
theories. We have derived the spectral curve for the torus knot as the symplectic transform
of the unknot curve, and by analyzing the saddle point equations for the torus knot matrix
model itself. We have shown these two methods to obtain the spectral curve are consistent
with each other. We have then commented on how to realize the knot invariant in topological
string theory, and the underlying idea coming from random matrix theory.

Let us comment on some open issues to be investigated in the future. The most attractive
one is to check wheather the supergroup character average can be a knot invariant or not.
We have certain evidence on this point. First of all, the U(N|N) character expectation
value contains U(N) part as shown for the unknot Wilson loop (2.29). It is expected that
the U(N|N) average can be reduced to the HOMFLY polynomial in this way. Secondly
the ABJM matrix model is obtained from the lens space Chern—Simons theory through the
analytic continuation. Since the knot invariant in the lens space is given as the character
average with the corresponding matrix model, we can expect the character expectation value
with the supermatrix model is also a knot invariant, at least up to some non-perturbative
contributions. Moreover, the construction of the knot invariant shown in Sec. seems
natural from the viewpoint of the topological string, and possibly applied to an arbitrary
knot. These supporting facts suggest that we can obtain a knot invariant from ABJM theory.
For this purpose, for example, it is interesting to see whether the torus knot supermatrix
model can be directly obtained from ABJM theory. In the case of classical group theory, it
is shown by [48] that the torus knot matrix model is obtained from A = 2 Chern—Simons
theory on the ellipsoid-type squashed three-sphere Sg. In this sense, it is expected that the
supergroup torus knot character average is given by the half BPS Wilson loop for the ' = 6
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ABJM theory on Sg’. However the integral formula is not obtained naively using the
localization method for Sg, because the matter contribution cannot be written as a simple
cosh function for such a case [49]. Probably we have to turn on the flux coupled to the
matter sector, or modify the supersymmetry transformation.

If we can have the supergroup knot invariant, it is also interesting to provide another
definition of the U(N|N) knot invariant, for example, based on the Skein relation, which en-
able us to compute the invariant for any knots in principle. It is naively expected that such a
relation can be related to the supergroup WZW model. However, it is known that the U(1|1)
WZW model describes the Skein relation for the Alexander—-Conway polynomial [50, 511 [52],
while the torus knot average obtained in this paper is not consistent with that. This
reflects the fact that ABJM theory is not just Chern—Simons theory with the supergroup. We
have to explore other possibility of the two-dimensional CFT model, which shall live on the
boundary of ABJM theory, if it exists. Furthermore, as the recent progress in knot theory,
it is definitely interesting to study the volume conjecture and its generalization [53, [54] [55],
the AJ conjecture [56], and also the knot homology [57, 58], 59 60, [61] corresponding to the
supergroup knot invariant. In order to discuss the volume conjecture, we have to deal with
the hyperbolic knot and the volume of its complement in S3. Therefore our construction,
which is so far available only for the unknot and torus knots, is not yet enough to study this
conjecture. Also from this point of view, the definition of the knot invariant based on the
Skein relation is highly desirable, as commented above. The AJ conjecture claims that the
knot invariant satisfies some integrable equations, which are obtained through quantization
of the A-polynomial. In other words, this implies that the knot invariant is associated with
the corresponding 7-function. As pointed out in Sec. [6 the knot invariant is closely related
to the matrix integral with the external fields, which can be seen as a certain 7-function.
For example, the determinantal formula for the character expectation value given in this
paper can be one of the supporting results for such a suggestive relation. The determinantal
formula also gives an insight into the knot homology. Using the Jacobi identity for determi-
nants, one can obtain some relations between the knot invariants for different rank groups.

Such a relation could provide a natural differential on the knot homology.
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A Mirror of the torus knot ABJM partition function

In this appendix we derive the mirror description of the torus knot ABJM partition func-

tion [25]. We first expand the determinants in (3.8) as summation over permutations

N -1
o oto’ 1 Zi — Yo' (i
2455 = > (=17t W/[dx]N[dy]NH(zcosh2P()2COSh 50 ()) ‘
O',U/GBN ) =1

Applying the formula (2.20), we have

;1 [ dNe ANy Az Ve
Z (—1)7te /( 3: J © H cosh z; coshw;) ™!

2
ey N! 2m)N (2m)N (2m)N (2m)N Pl
N
_ B I I (e O B i O)
<o | 1hor Zx ) ;<‘“<P+Q> y( P T Q ))]

- Y (e (PQ)Y /sz dw ﬂexp (ziwi = 201 Wor1)] (A2)

N2 N 2m)NV 1. Cosh z; cosh w;

0,0'EGN

At this moment it is obvious that the partition function depends only on the composition

of permutations o - ¢/~!. Thus, by fixing either of them ¢’ as the trivial permutation, we

obtain

N
(P,Q) (PQ)N/ Nz de eXp Zz— U(.)) Z]
Z = -1
ABJM GEG (-~ NN )N | |1 Cosh . coshw)
g N i=

N (PQ) . 5= 2o\
= Z( ny N'k:N/27r) Zl_[1<coshzi-2005hk()>

ceGn
_(PQN [ dNz ARE Ziy -1
= N!(2k:)N/( ~ H(tanh o ) g<2008h2>
= (PQN2{g\- (A.3)

This is the mirror expression of the partition function (3.8). Especially for k = 1, the mirror
theory turns out to be N' =4 SYM theory with a single fundamental and a single adjoint
hypermultiplet. The dependence on the parameters (P, Q) becomes obvious in this mirror

representation.
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