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method and the refined holomorphic anomaly equation method in the topological string

the Omega-deformed background R? = x S'. We provide the refined topological vertex
theory, from which we have exact computations on the 5d Wilson loops partition functions
in both A- and B-models. Finally, with the exact results we have in B-model, we recover
the quantum periods of local P! x P! model and local P? model in the study of quantum
geometry and we further give a refined generalization of A-period.
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1 Introduction

The topological string theory proposed in [1] on Calabi-Yau threefolds has been intensively

studied for decades, not only because of that they provided new techniques in computing

mathematically well-defined topological invariants such as Gromov-Witten invariants, but

also they predicted new kinds of topological invariants like Gopakumar-Vafa invariants.

The amplitudes of refined topological strings on a non-compact Calabi-Yau threefold X

in the A-model capture the BPS spectra of M-theory compactified on X. The low energy

theory obtained from geometric engineering [2, 3] is a 56d N' = 1 supersymmetric quantum

field theory (SQFT), which is a supersymmetric gauge theory or a non-Lagrangian theory



with eight supercharges on Omega-deformed background Rﬁl , X S1. The BPS particles are
understood in [4, 5] as M2-branes winding on holomorphic 2—6yc1es C € Hy(X,Z), where the
BPS particles carry non-trivial spins (jz,, jr) in the representation SU(2);, x SU(2)g = SO(4),
which is the little group of massive particles in R* x S1.

In the resulting gauge theory, an important physical observable is the Nekrasov’s
instanton partition function [6, 7] in the Coulomb branch, which takes the form Zgpg =
Zpert Zinst- Zpert 15 the perturbative partition function which is made of contributions from
vector-multiplets and hyper-multiplets. Zi,s is the instanton contribution which takes
the form Zipge = 14> 50y quk. Here q = e~87°B/934 is the instanton counting parameter
defined from the 5d gauge coupling gsq and the radius 3 of the Euclidean time circle S'.
Z}. is the k-instanton partition function which could be computed from ADHM quantum
mechanics as a Witten index

Z), = Try, [(—-1)" e*ﬁ{QvQ*}e—el<J1+JR>6—62<J2+JR>e—a'He—m'H} . (1.1)

Here H;, is the k-instanton Hilbert space of 5d gauge theory on R, J1,2 are the Cartan
generators of the SO(4) Lorentz symmetry group on R*, Jg is the Cartan of the SU(2)r
R-symmetry. II and H are the gauge and the flavor charges respectively. « is the chemical
potential for the electric charges in the Coulomb branch, m is the chemical potential for
all other flavor symmetries. The ADHM construction has been used to calculate the more
generic 5d instanton partition functions in [8-11] and 6d elliptic genera in [12-18].

In this paper, we are interested in another important physical observable, the correlation
function in the presence of a half-BPS Wilson loop operator

W, = TraT exp (z 7{5 dt(Ao(t) - go(t))) (1.2)

in the representation r, winding around the time circle S'. For more notations and
explanations, we refer the readers to section 3. The Wilson loop operator in the gauge
theory can be generated by the worldline of a heavy stationary quark fixed at the origin
of the space, which corresponds to a 1d line defect particle in the 5d theory. Inspired
from the holographic Wilson loop for A/ = 4 super Yang-Mills theory in 4d [19], the brane
configuration in type-II string theory for the line defect was proposed in [20] as a defect
D4-brane perpendicular to the D4-branes in the R?* directions. Such a brane configuration
suggest a ADHM quantum mechanics construction for instanton partition functions with
line defect, and the expectation values of the half-BPS Wilson loop operators in the 5d gauge
theories were computed from ADHM quantum mechanics in [21-26] and the analogous 6d
Wilson surface version were studied in [27-31] as well. In particular, the 1d line defects play
an important role in the study of quantum Seiberg-Witten curve and the non-perturbative
Dyson-Schwinger equation [22, 26]. More recently, the blowup equation for the instanton
contributions with 5d/6d Wilson loops/surfaces were suggested in [32], and the Wilson
loop expectation values for many theories which may not admit ADHM descriptions were
predicted there.

In M-theory, the heavy stationary quark can be realized as particles from M2-branes
winding on additional stationary non-compact holomorphic 2-cycles [32]. In general, these



additional curve classes can always be decomposed to non-decomposable curve classes C;,
which are called primitive curves. Now we denote the background (X, {C;}) as a collection
of the original Calabi-Yau manifold and the additional primitive curves, which can be
embedded in a new Calabi-Yau manifold X. For the simplest case when X is local P! x P!,
we show in section 3.4 that X can be understood as the n-point blowups of X. For a
single primitive curve C insertion, the generated Wilson loop is in the non-decomposable
representation rc. It was conjectured in [32] that the expectation value of the Wilson loop
operator in the non-decomposable representation r¢c has a BPS expansion

(Wee) = Fppsqcp = . > (—D)HPEFHRNC - N (€)X pler)e e (1.3)
CeHx(X,Z) jLJr

in term with non-negative integer Wilson loop BPS invariants N ]C; gy Where €4 = %(61 +€9)

and x; is the SU(2) character with highest weight j. The right hand side of equation (1.3)
is nothing but the single heavy quark BPS sector Fppg (¢} of M2-branes winding on the
curve classes C 4+ C' in X without the momentum factor 2sinh(e;/2) - 2sinh(ez/2). For two
primitive curves Cy, Co insertion, the resulting Wilson loop is in the representation of tensor
product of r; ® ra, we find the expectation value has a BPS expansion

(Wriors) = FBPs,{C,}FBPS {Co} + 28inh(e1/2) - 2sinh(e2/2) - Fpps {c,,Ca}> (1.4)

each BPS sector in (1.4) takes the BPS expansion as (1.3) with the positive BPS invariants.
More details and more generic discussion can be found in section 3.1.

The BPS states of the 5d gauge theory from M-theory compactification on X are
captured by topological strings on the non-compact Calabi-Yau threefold X. Thanks to
the string-gauge theory duality to three dimensional Chern-Simons theory [33], the large
N Chern-Simons theory leads to topological vertex calculation to the partition function
in the A-model. The topological vertex was later generalized to the refined case [34, 35],
where the partition functions computed from the refined topological vertex were proved
in [36] to be the same as the calculation from localization method [6, 37, 38]. In the
B-model, from the worldsheet description of topological strings, there exists a holomorphic
anomaly equation [39] which gives the direct integration method to solve the topological
string amplitudes [40-43]. By combining the gap condition proposed in [40, 41], the direct
integration method provide a very powerful tool to compute the string amplitudes. Later,
the refined version of the holomorphic anomaly equation was proposed in [44, 45] which
was used in [44-48] to calculate the refined topological string amplitudes.

Recently, based on geometric descriptions and inspirations from the blowup equation
for gauge theories [49-52], the blowup equation for refined topological strings was proposed
in [53], which was further generalized to generic 5d/6d SQFTs and the blowup equation
play an important role to compute the partition functions and elliptic genera for 5d/6d
SQFTs [53-60]. The generalization of the blowup equation to Wilson loop expectation
values can be found in [32, 50, 52]. In particular, in [32], the blowup equation for Wilson
loops in generic gauge theories and non-Lagrangian theories was suggested, and the Wilson
loop BPS invariants for many 5d/6d theories were calculated there.



Even though the blowup formula for Wilson loop expectation values provides a very
efficient method to calculate the BPS invariants of Wilson loops, the refined topological vertex
approach and the refined holomorphic anomaly equation for 5d Wilson loop expectation
values are still missing. Our goal in this paper is to establish these two approaches. In
section 3.3, we explicitly calculated the Wilson loop expectation values in the representations
28" n=1,---,5 for SU(2) theory by using the formalism of refined topological vertex. This
method gives the exact all genus result for a given instanton number in the A-model. In
section 4, we proposed the refined holomorphic anomaly equation for Wilson loop amplitudes
in the B-model. We observed that the refined holomorphic anomaly equation for the Wilson
loop amplitudes is the same as the refined holomorphic equation for refined topological
strings. This suggests that the Wilson loop free energies inherit many important properties
of topological amplitudes. Indeed, as will be calculated in section 4, we find the Wilson
loop amplitudes are finite polynomials of the propagators and they are still weight zero
quasi-modular forms as the conventional topological strings [61].

The paper is organized as follows. In section 2, we review the basic concepts of
topological strings on local Calabi-Yau threefolds. In section 3, we describe the M-theory
understanding of Wilson loop operators insertion, we derive a BPS formula for the Wilson
loop expectation values in generic representations. In section 3.4, we establish a refined
topological vertex method to compute the Wilson loop expectation values, and we computed
the Wilson loop expectation values for 5d pure SU(2) theory in the representations 2" n =
1,---,5. In section 4, we review the direct integration method by using the refined
holomorphic anomaly equation, and generalize it to the cases in the presence of Wilson
loops in 5d. We explicitly test the direct integration method approach for local P! x P!
and local P? models in various representation. In section 5, we use the exact results from
holomorphic anomaly equation, derived the quantum operators for local P! x P! and local
P? models studied in the quantum geometry and suggests the refined A-period and the
refined version of the quantum operators. In section 6, we summarize the result and discuss
about the interesting future directions.

2 Topological strings

The topological string amplitudes F,(t) in the A-twisted topological theory are defined as
integrals over genus g moduli space of worldsheet Riemann surfaces and are generating
functions of the genus g Gromov-Witten invariants. When the target space is a Calabi-Yau
three-fold X, these generating functions are related to M-theory compactified on R* x S* x X.
The topological string amplitudes then compute the Gopakumar-Vafa invariants which count
the numbers of BPS particles coming from quantization of the moduli space of wrapped
M2-branes on 2-cycles of X. These BPS particles carry SU(2)z, x SU(2)r = SO(4) quantum
numbers, where SO(4) is the little group of massive particles in R* x S*. We can turn on a
constant graviphoton field strength G = Fydz!' A da? — Foda® A dx?, that the BPS particles
carry non-trivial spins (jr, jr) in representations of SU(2)r, x SU(2)r. The amplitudes then



can be written from Schwinger integral [4, 5], as

ds Tr(jL JiRr) (_1)UL+GR678me*236(ULF++JRF_)

FBps = / — . . ;
Ce}g(:X 2) JLZJ:R JL.dR s 2sinh(seFy/2) - 2sinh(—seFy/2)

(2.1)

where o7, g is the Cartan of SU(2)z, g, m is the mass of the electric particle which is equal
to the volume of 2-cycle C' that M2-brane is wrapped on, usually is denoted as tc = [ w,
where w is the Kéhler form of X. The number N ch‘ jr counts the number of BPS particles,
when the Calabi-Yau three-fold X is non-compact, it is an topological invariant which is a
positive integer and is usually called refined BPS invariant. The numerator of (2.1) in the
integrand comes from the summation of all eigenvalues of the harmonic operators in the
Schwinger integral with respective two different graviphoton field strengths Fi, Fbs.

After performing the integral, the amplitude is then written as

Xir (we )X]R (WE+) —wt
Feps(tc,e1,e2) = Z Z Z 1)et2r N ]CL iR e,
T el (X2 jnn w-2sinh(we; /2)-2sinh(wez/2)

(2.2)

(25 +1)e_g— (24 1)e
e(_e—E .

where we defined €1 = eF, 69 = —ely, €4 = *(61 +e), xj(€) =

In the worldsheet description of topological string amplitudes, the parameters €; 2 are
identified as a refined version of the string coupling gs. Genus expansion of the topological
string amplitudes corresponding to small string coupling expansion

o0

Flto,€1,€2) = Z (e1 + 62)271(6162)971.7:(”’9)(tc), (2.3)
n,g=0

where F("9)(t¢) take the general form

F0.0 (to) = / WwAwAw+ Z GW(foe_tcv (2.4)
X CeHy(X,7)
FOD (o) = —op [LwneX)+ Y GWge'e, (2.5)
X CEeH,y(X,Z)
FOO ey ="+ > awlee, (2:6)
CeHy(X,Z)
Frdte) = 30 GWie™™ n+g>2, (2.7)
CEHy(X,Z)

where w is the Kéhler form of X, c2(X) is the second Chern class of X, GI/V,%v o 1s the refined
version of Gromov-Witten invariant come from the coefficients of the genus expansion of
Fpps(te, €1, €2). Here we denote t; the basis element of ¢¢, bgl’o)ti is computed from the
unstable maps of the relative Gromov-Witten invariants [62]. The free energy F(™9)(t¢)
is easier to compute in the B-model method, where we will give a review in the following
subsections. See [63] for a mathematical rigorous definition for the refined amplitudes.



2.1 Local mirror symmetry
We now focus on the topological strings on toric Calabi-Yau three-folds. A toric Calabi-Yau
three-fold X is a toric variety given by the quotient

X = (C*** - SR) /G, (2.8)

where the group G = (C*)* and SR is the Stanley-Reisner ideal of G. The group action
is specified by a matrix of charges Q¢, i =1,---,k+ 3, a = 1,- - - k, satisfying the Calabi-
Yau condition

k+3

> QF =0, (2.9)
i=1

that act on the open subset as
G: xw—)uggac,-, 1=1,---,k+3, (2.10)

where a =1, k, jto € C* and Qf € Z. One can define divisors D; = {z; = 0}, such
that the charges Q' are the intersection numbers of the divisors D; and the curve class
C® € H*(X,Z),

Q5 =C*- D;. (2.11)
All the data above can be encoded into a toric diagram, which is described from the rays
v = (1, I/%Z), 1/52)) with the constraints
k+3

S =0, a=1,-k (2.12)
=1

One can translate the language into the B-model geometry. Introducing the homogeneous
coordinates a; with the identification

a; &= Aa;, AE C*. (2.13)

Not all of the homogeneous coordinates are independent, they are constrained by
Ha??:za, a=1,--- k. (2.14)
=1

Here z,’s are parameters in the complex structure moduli space of the B-model geometry.
The local B-model geometry is then defined by

k+3
whw™ =H=>a;. (2.15)

i=1
Since not all the homogeneous coordinates a; are independent. The homogeneity of the
coordinates a; allows us to set one of a; to be one. Eliminating all the a; in (2.15) by



using (2.14), and choose other two as e” and e¥, then a proper choice always brings the
mirror geometry into a form

k+3 @)
H (e",€Y; z4) Za ”1 oy, (2.16)

The geometry we describe here is called local Calabi-Yau [64]. In particular, the period
integrals over the holomorphic three-form of the B-model local Calabi-Yau is encoded in
the periods of an algebraic curve

H(e" eY;24) =0, (2.17)

which is a Riemann surface usually named as mirror curve.
The meromorphic one form A of the Riemann surface is induced from the holomorphic
three-form of the Calabi-Yau three-fold and is defined as

A = ydx. (2.18)

:7{ A nf:f Al (2.19)
A; B;

where A; and B; stand for the 2-cycles of the Riemann surface. ITIZ and IIZ are called

The periods are defined as

A- and B-period respectively. A simple way to compute the periods is from the Picard-
Fuchs equations

(H o — Haﬁ)HAB 0, a=1,--k (2.20)

Q¢>0 Q<0

The solutions are constructed by the Frobenius method. By using the fundamental period

1
WO(Zap) :Zn:F(Q? (na+pa)+1)

[e3 (o3

()™ TP (2.21)

we have the solution
M7 = 0,,00(2, p)|p=0=log(z:) + O(z1), (2.22)

while IT7 is given by a linear combination of the second order derivative of wy(z, p = 0) with
respective to z. We usually use the notation t;(z) = IT{(z) denote the Kéhler parameter in
the A-model and t”(z) = IT?(z) the dual parameters. The A-period here provide mirror
maps between A-model Kéahler parameters and B-model complex structure parameters.
Since the 2-cycles in the period integral are not completely independent, there exists a
function F(©9 which is called prepotential, such that

k
OF(©0)
tP(z)=> Cis =g (2.23)
J

=1
where Cj; is a subset of Qf* which is the intersection matrix of compact divisors and curves
in the A-model Calabi-Yau manifold.



Figure 1. (p, q)-brane web diagram (black) in the 2% directions for pure SU(2) gauge theory as a
dual graph of P* x P! (red).

3 Wilson loops

In this section, we study partition functions of 5d N' = 1 super Yang-Mills theory on
Rﬁlm x 81, in the presence of Wilson loop operators winding around the time circle S'. The
insertion of a Wilson loop operator corresponding to adding a heavy stationary quark at the

origin of the space R*, that can be obtained by the insertion a half-BPS non-local operator
Wy = Tex T exp (z 7{5 dt(Ao(t) - go(t))) (3.1)

winding around the time circle S* in the path integral formalism. Here 7 is the time ordering,
r is a representation of the gauge group, Ao(t) = Ap(Z = 0,t) is the zero component of
the gauge field and ¢(t) = (& = 0,t) is a scalar field accompany with the gauge field to
preserve half of the supersymmetries.

3.1 The SU(NN) gauge theory and Wilson loops

In the following context, we focus on SU(N) gauge theory with Chern-Simons level &,
sometimes also denoted as SU(N), in short. In the type IIB brane setups, a SU(N) gauge

0,1,2,3,4

theory is provided by N D5-branes lying in the x ® directions, which is stretched

0.1,2,3,4.6 dQirections. The graph illustration of the type

between two NS5-branes lying in the x
IIB brane configuration in the %% directions is called (p, q) five-brane diagram [65]. An
example of (p, q) five-brane diagram for SU(2)( theory can be found in figure 1. A Wilson
line is then provided by inserting infinitely long fundamental strings in the 2% directions,
which is perpendicular to the D5-branes at 2%% plane. In [20], following by [66], the authors
suggested to terminate the fundamental strings on a stack of defect D3-branes in 20789
directions, such that the fundamental strings are stationary along the R?* directions z1:234,
and then move the D3-branes to infinity. The insertion of D3-branes generates the insertion
of fermionic heavy quarks in the lower dimensional quantum field theory.

The brane configuration with n additional parallel defect D3-branes provides the

partition function with 1d line defects in the ADHM construction
(n)  _ -pert - k1 i dag (k) 7(k) - (k,n)
Z5d/ld - Z5d q H H i ZvecZCS Zdefect‘ (32)
k=0 ’



where Z((Jks) = [15_, e"* and!

[T 2sinh (252) - T} ;- 12smh(m>

(k) —
& [T5_, 1TV, 2sinh (%) H]}’le 2sinh (%‘“1) - 2sinh (a”TJrQ) 7

vec

(3.3)

with ¢1 + - ¢n = 0. Here Zélzfgzt is the defect contribution which takes the expression

L sinh(&(ar — x;) +€-)
iy sinh(E(ar — 1) —ey)’

N k
246, =TT I] 2sinb(a — 1l

I=1i=1

(3.4)

where x;, [ = 1,---n, are the fugacities for the defect branes. The contour integral can be
computed from JK-residues [67] where the JK-poles are classified by N 4 n Young tableaux.
See [11] for a recent discussion.

As described in [24], the partition fu(n;:tion Zyw, of Wilson loop operator is computed

from the line defect partition function Z5 d/1d- In particular, for pure SU(2) case, we have
the expectation value

(n) n

Z dx z{n
5d/1d l 5d/1d
<H 2®n> - (0) - f I | 27TZXZ Z 0) ) (35)
5d/1d 5d/1d

where we have defined X; = e™ L. Zég)/l 4 is the partition function without defect. The
expectation value (Woen) is expanded with instanton numbers k as

(Waen) = (Wit +Zq N (3.6)

where <W2(g<>)n) is the zero-instanton or perturbative part
n
(Wat) = (e?+ 7). 6=1 = —os, (3.7)

which is exactly the character of the representation 2®" and <W2(lé)n> is the k-instanton
part. We will use the result from (3.5) to verify our calculations from a different approach
in section 3.3.

3.2 Wilson loops from primitive non-compact 2-cycles

In M-theory, as explained in [32], the heavy quarks are generated by M2-branes winding on
additional non-compact 2-cycles with infinite volumes, where the additional 2-cycles can be
obtained from the blowups of the original Calabi-Yau three-fold X. However, these particles
are not stationary on R*, they have an additional center of mass term or momentum term

1
2sinh(ey/2) - 2sinh(ey/2)’

(3.8)

"Here we use the notations a;y = oy — oy and sinh(za + b) = sinh(a + b) - sinh(—a + b).



which should be absorbed to the masses of these particles. Define C; the primitive non-
compact curves which is not decomposable, such that any other non-compact curve can
be written as a linear combination of primitive non-compact curves with non-negative
integer coefficients. By absorbing the momentum term, we define the effective mass of the
additional stationary heavy particle as

e ta

= 2sinh(er/2) - 2sinh(es/2)’

From the Schwinger integral approach, the amplitude with a primitive curve C have an

(3.9)

M,

additional term which takes the expression

‘F];)\lglsson (tcu tCa €1, 62)
0 o0
_ Z Z Z (_1)2jL+2jRNC,c{-C Xic (wf—)XjR(Wf+) o—wto—wd-tc
ST el X D) join JLIR oy - 2 sinh(weq /2) - 2 sinh(weg /2)

(3.10)

When the volume of the primitive curve is extremely large, the only surviving degrees are
those with wd < 1, then the BPS partition function is reduced to

Wilson
ZBps

= exXp (fBPS(t07 €1, 62) + f]g\lglsson(t(bt@ €1, 62))

. B
~ Zpps(to, e, e) ([ 1+ Y Y (“D)PEFRNES xj) (e )xjr(er)e oM |
CE€H(X,Z) jL.Jr
(3.11)

where

Zpps(to, €1, €2) = exp (Fpps(tc, €1, €2)) (3.12)

is the BPS partition function of X. We expect that the partition function Zy, in the
presence of the Wilson loop operator Wy is the coefficient of M, then the expectation value
of the Wilson loop operator has a BPS expansion

Zw. o~ _
(We)= 2= 30 3 (CD)PHRNT o (e xale)e O, (313)
BPS  CeHy(X,2) jrin

vCe  — nGC
where we use Ny in = NjL,jR’

ants of Wilson loops with representation r generated by the primitive curve C. The

which are always positive integers, for the BPS invari-

non-decomposable property of the primitive curve indicates the representation r is also
a non-decomposable representation. The BPS expansion (3.13) for non-decomposable
representation was first proposed in [32] and was used to extract the BPS invariants of
Wilson loop operators from the blowup equations.

For the case with 2 primitive curves Cq, Co, the amplitude has additional contributions

FRpe (te, tos €1, €2) = Fups (e} M1 + Fps {co} M2 + I - Fps {cy.co} Mi1Ma + O (M12,2) ;
(3.14)

~10 -



where we define
7 = 2sinh(e1/2) - 2sinh(eq/2), (3.15)
and

FopsCrmcy = . 3 (~1)PEFERNCCL G (e )y (e )e Tt (3.16)
CeH(X,Z) jL\JR
as the amplitude of the curve class C' + Cy + --- + C; for any C € Ha(X,Z).

At the large volume limit of the primitive curves, the partition function Zw, g, of
the Wilson loop operator in the representation r; ® ro can be obtained by picking up the
coefficient of M Ms in the partition function with primitive curves Cq, Co, we then have
the BPS expansion

ZWl"l Qdro

<Wr1®1‘2> = ZBPS

= JBps,{C1}/BPS,{C.} T Z - FBPS,{C,Ca} (3.17)

From equation (3.17), the SU(2); x SU(2)r symmetry is not broken, thus we expect
that the expectation value of the Wilson loop operator for the tensor product of two
non-decomposable representations r; and ro can be still expanded as

Weer) = 3 D (DPEHRN 0 G (e)Xgn(ey)e'e. (3.18)
C€EH2(X,Z) jL Jr

However, due to the existence of the momentum term Z in (3.17), N for decomposable

jL ]R
representations would not always be positive.

One can generalize to the case with n primitive curves C;,l = 1,---,n. From the
Schwinger integral approach, the amplitude with n primitive curves C;,l = 1,---,n, takes

the expression

n l
.F]g%llsson(tc, lc, €, 62) = le’l : Z Z -FBPS,{CLMCL} H Mi + O <Mn+l) s
=1 Si {C1,Ci}eS) i=1

(3.19)

where & is a subset of {Cy,---,C,} with  primitive curves. At the large volume limit of
the primitive curves, we have the expectation value for the Wilson loop operator of generic
tensor product of non-decomposable representations as

k
< ri®- ®r" Z Z Z Inik ’ HFBPS,{C”J,"-,Cli’ni} (320)

k=180 {Cy, ;+.Ci,., }ESn, i=1

by summing up all subsets S, € S = {Snl, S U, ={Cy,-- Cn}}. We claim
that (3.20) provides the BPS expansion for Wllson loop expectatlon value in arbitrary

. . . CAC, 1""’Clz‘ 0t
representation and the BPS invariants V. e

iR are given by each BPS sector

C{Cy, 1Cu; 0 )

2 2 1 i, —t

FBPSC, oG } = D, 2 (FD)FEFHRN, "X (e=)Xgn e4)e e,
‘ CeHy(X,Z) L iR

(3.21)
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Ts5

L T 3

Qr

Figure 2. (p,q)-brane web diagram in the 2%¢ directions for pure SU(2) gauge theory.

The expectation value (3.20) can also be recast to the pseudo-BPS expansion

<Wr1®"~®rn> = Z Z 2]L+2]R ]CLJRX]L< —)XjR(€+)e_tcv (3'22)
CeH2(X,Z) jL R

with the pseudo-BPS invariants N jCL jr- When the representation is the non-decomposable
representation, the pseudo-BPS invariant is indeed the BPS invariant which is always a
positive integer. When the representation is decomposable, the pseudo-BPS invariant is not
a proper BPS invariant which could be negative. Examples with negative integers can be

found in table 6 and table 8 for SU(2) gauge theory.

Remarks. In general, the Wilson loop expectation of tensor product of representations are
not equal to the product of Wilson loop expectation values in each individual representations.
However, this is true in the NS limit as a consequence from the BPS expansion (3.20). It is
clear to see that in the NS limit e — 0, we have Z — 0, such that

Wri@e@ra)leys0 = H FBPs (G},

=TT (Wedl o (3.23)
=1

This property can also be recovered from the refined holomorphic anomaly equation
in section 4.2.

3.3 Example: pure SU(2) gauge theory

In this section, we study the Wilson loop partition function for pure 5d N’ =1 SU(2) gauge
theory with zero theta angle. Geometrically, this theory can be obtained from M-theory
compactified on local P! x P!, where the partition function can be computed from the
(p, q)-brane web diagrams via refined topological vertex [34]. In the type IIB configuration,
the 5d SU(2) theory can be described by two D5-branes spanned over 2212345 directions
and two NS5-branes spanned over z%12:346 directions. Then the (p, ¢)-brane web diagram
describes the (p, q) 5-brane configurations in the x5 direction, as illustrated in figure 2.
To generate Wilson loops in the representation 2", we need to add stationary heavy
quarks generated by primitive curves Cy,---,C,. For n = 1,--- 8, a natural embedding
geometry X of the original threefold and these primitive curves is the n-points blowups

- 12 —



of P! x P!, that in the low energy physics, we can first insert N + = n fundamental flavors
and then take the heavy mass limit. In the (p,q) 5-brane configuration, the fundamental
matters are provided by additional D5-branes ending on 7-branes at infinity, the Wilson
loops in the 5d gauge theory are provided by fundamental strings or (p, ¢)-strings ending
on the additional D5-branes. One can then move the D5-branes to infinity to make the
particles heavy. Now the (p, q)-strings are part of the background of the theory, where the
supersymmetry is broken by half. We can now treat the heavy flavor matters as Wilson
loop particles, however, the D5-branes we inserted are spanned over the direction 012345
the (p, q) strings ending on them are movable along x23* thus are not stationary. The

non-stationary property generate a momentum factor

-1 _ 1 _ \/m
I = 2sinh(e;/2) - 2sinh(ez/2) (1 —q1)(1 — q2) (3.24)

that has to be absorbed into the flavor masses as described in section 3.2. The heavy quarks

obtained from this setup are bosonic, which is different from the fermionic approach in
section 3.1. However, the Wilson loop expectation values obtained in both method should
be the same since the Wilson loop doesn’t care about the spins of the source particles.
The partition function of pure SU(2) theory can be computed using the refined topolog-
ical vertex method [34] from the brane web diagram as shown in figure 2, which is the graph
dual of the toric diagram of local P! x P'. The volume of two P!’s are described by the Kéhler
parameters Qr = e 2% and Qp = qe 2% respectively. Here ¢ is the Coulomb parameter
of the gauge group SU(2), g = e~™0 is the instanton counting parameter. Following the

notation in [68], the partition function takes the expression®

Zﬂl(t7Q)ZM2(t7Q)Z t( t)Z t(Qvt)

75U0(2) _ Z Q|u1|+lu2\t|m1||2 [| 2] 2 ’ (3.25)
Hpz Rygu (QFf> php (QF\[>
where
Zu(t,q) = H (1 _ tﬂéﬂﬂrlqm—j)_l ’ (3.26)
(.3)€n
Ryups(Qit,0) = T (1— Qb2 wagima7ms). (3.27)
ij=1

It was proved in [34, 36] that the partition function (3.25) can be alternatively written as

Nekrasov’s partition function from instanton counting

ZSU (QB QF7 t Q) pert (QFa t Q) Slgt(Q) (QBa QFa t Q) (328)
2280 Qrita) = ] (1-Qet ') (1-Qefid™) ', (3.29)
=1
x|
7z t 1 : ! 3.30
1nst (QB7 QF» Q) H§2 (q t) 1—[127j:1 Nmuj (Qij; t, C_Z) ( )

2In this subsection, we use the standard notation ¢ = q1 = e“*,t = L = e~ 2 in the refined topological

a2
vertex calculations. Note that T = (qig2)”"2(1 — q1)(1 — ¢2) = —(qt)~ 1/2(1 —q)(1 —t) in t, ¢ variables and

the appearance of the minus sign.
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(a) (b)

Figure 3. Toric diagrams of local P! x P! blowup at one point. (a) is a star triangulation of the
polygon commonly used in the mirror symmetry. (b) is a flop transition of (a).

Vol(C) — oo

(a) (b)

Figure 4. Brane diagrams in the 2%° directions. (a) The brane diagram for SU(2) gauge theory
with one flavor. C is the curve class related to the edge in the diagram. (b) The brane diagram with
an infinitely long curve C.

where Q11 = Q22 = 1,Q12 = Q51 = e72%, and
Nm,uz (Qa t, Q) = H (1 — Qt_ﬂé,ﬁ-i—lq—ul,ﬁ-j) . H (1 _ Qtﬂtl,j—iq#zi—j—&-l) . (3‘31)

Wilson loop in the fundamental representation. Now we want to add a fundamental
flavor by blowing up the geometry P! x P! once at a point. In the standard calculation of
mirror symmetry, e.g. in [47, 64], we usually chose a Calabi-Yau phase that the polygon has
a star triangulation as in figure 3(a). However, to make the degree of the additional curve
always positive, one needs to do a flop transition such that we get a different Calabi-Yau
phase described from the triangulation as in figure 3(b). In this phase, the resulting
geometry has an additional curve class C as described in the dual graph figure 4(a). Denote
Q1 = e®™™ the Kahler parameter related to the curve C, where m is the mass of the
fundamental flavor, then from the refined topological vertex method [34], the partition
function of SU(2) theory with one fundamental matter is [68]

U=l _ ZSU?) (q\/ﬁ) | [+ 2 . Rutp(Q1)R g (Q1QF) (3.32)
P t H?,j:l N,U«'L,U«j (Qljvta Q)

1,142
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by summing all the partitions p1, u2. Noticing that?

- i—ipt 51
Rouo(Qit,q) = Row(Qiq,t) = [ (1- Qb2 *g/72)
ij=1
- Qt7 00 7,—1 Z_f :
=PE |- Zq +Zq 2(tH — 1)
r 1 (3.33)
Q(tq)> 1
B TR Y b
L (i,5)€pt
M 1
tq)2 1 1
= PE —(1_Qt()() —Q Y tri™ 2],
L (4.5)€n
by comparing with pure SU(2) case, we have that the extra factors appear in (3.32) can be
written as
(1 =Lyt 51 j—Ll_t o1
Rutp(Q1)Ro(@Q1Qr) = 11 (1 — @tz Mg 2) (1 — QQpt' 2 2ig! 2)
ij=1
i) (3.34)
e ™ (tq
=PE|-————Ch t
[ (1 —t)(l — Q) u1u2(QFa 7Q)‘| s

where Chy,, 1, (QF,t,q) is the equivariant Chern character defined in [69, 70] which have
the expression

1-1)(1 .
Chum(QFmQ):@“reaJr()(( Y o tiigipee Y t%lqﬂé).

(4,5) €1 (i,5)Epz
(3.35)

In the massive limit m — oo, only the leading term of e~ is dominated. The (1,1)-
string lived on the (1, 1) five-brane then provides the Wilson line. Together with the center

% gives the Wilson loop Zyy,

of mass term, the coefficient of effective mass M =
in the fundamental representation.
Our result here indicates that the partition function of SU(2) with one heavy funda-

mental flavor has the following expansion

Z3VON= = Z590) 4 Zyy, M+ O(M), (3.36)
where
|11 |+ 2]
SU(2 q Ch (QF7 t) Q)
Ty, = 23002 <q \/; > I - o (3.37)
H1,142 i,5=1 NV pip; \&igs U, 4

3Here we use the notation PE[+f(z)] = exp [i > L. f(x“’)] .
w=1
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d &N (i, jr) d &N, (i, jr)

Ju.Jr
(1,1) (0,0) (1,3) (0,1)
(1,5) 0,2) (1,7) (0,3)
(1,9) (0,4) (2,5) (0,2)

(0,2) @ 2(0,3) ® 3(0,4) @
(1/2,7/2) @ 2(1/2,9/2) & (1,5)
(0,2) @ 2(0,3) ® 3(0,4) &
(1/2,7/2) @ 2(1/2,9/2) & (1, 5)

(2,7) (0,2) ®2(0,3)® (1/2,7/2) (2,9)

(3,7) 0,3) (3,9)

Table 1. BPS Spectrum of SU(2) Wilson loop expectation value in the representation 2 for the
curve class dymg + da¢ with d; = 1,2,3, and dy < 9. The d; = 0 part can be read from (3.40).

On the other hand, the partition function Z5U(2):Nr=1 hag the BPS expansion

ZSU(z)vazl — eXp i Z lN(dydm) X]L (we_)XjR (w€+) e—w(d1m0+d2¢)e—dmm

Tlaa T (e 2) (g g el?) )

(3.38)
where my = —logq. By comparing with the expansion (3.36), we immediately have the
conclusion that the Wilson loop expectation value (Ws) has a BPS expansion

Zw. Nbdm=1 —
(Wa) = 5oty = Z > Y N (e e ) ) (330)

=0d2=—-1jL.Jr

while the expansion coefficients IV; d, dr; ! count the BPS states with degree m+ (dymo +da29)
in the blown up geometry of IP’1 x P! with the phase in figure 3(b). Here the degree of
Coulomb parameter ¢ start with negative charge —1 which comes from negative charge
carried by the primitive curve. At perturbative and one-instanton level, we have

(W) = e + e, (3.40)
Qe (e¢ + e*‘f’)
(1 — q1g2€%?) (1 — q1qee=29)
e ? (1 + 6*2‘15)

(1 — qigee=2%) (1 — (1) e‘2¢) 7

w3 = -

(3.41)

which agrees with the result in section 3.1 and result in [32] from the blowup equations.
The instanton contributions come with the positive coefficients for the Fourier expansion
in e~?. The two-instanton result is listed in appendix A. We list few BPS invariants of
the instanton part of (W2) in table 1. The perturbative part only contributes spin (0, 0)
particle states, which can be read from equation (3.40) directly.
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C1 C2 Cl

Cy

(a) (b)

Figure 5. Brane diagrams for SU(2) gauge theory with two flavors, by inserting curves C; 5 in
different positions.

Wilson loop in the representation 2 ® 2. For the tensor product of two fundamental
representations 2 ® 2, we can introduce two fundamental flavor matters to generate it. In
the brane diagram as illustrated in figure 5, we have two independent ways to add two
fundamental flavor matters.

The partition function of diagrams (a) and (b) in figure 5 are computed in [68] as

|+l 1
73BN _ 780e) <q Q> .
t z ,j=1 NMIM (QZ]7 )

1,042
X Ryt g(Q)R o (Q1QF) Ry, (Q2) Ry, (Q2Qr)
= 75V 4 Zy, (My + My) + Z, ) MiMa + -, (3.42)
2®2
SU(2),N;=2 SU(2) q ]+ p2l 1
Z(b) = Zpert Z q E . P N -
1,42 4,J=1 Y ifts (QZ]; tu Q)

X Rutp(QU)Rup(@Q1Qr) Ryt p(Q2)R e 0(Q2Qr) Ryp (QlQQQB m>

— ZSU( ) + ZW2(M1 + M2) + 7 (b) M1M2 4 .. -, (343)

2®2

where we have

7 Y - ZSU(Z) <q\/§> | |+ p2] . Ch“1#2(QF,t q)Ch t t(QF,q, ) (344)
Was2 pert e 13 zj 1NuLuJ(Qwat q)
and
[ |+ p2]
U() q 1
Z 1 (b) Z ert (q > ’
Wag2 P MZ,;Q ¢ zg 1Nmug(Q2Ja q)
X (Chyypy (Qrst, @) + (1= g)(1 = 1/t)a) (3.45)

17 -



Even though the expression of (3.44) and (3.45) are quite different, we observe that they
are identical

iz, = i, (3.46)
by comparing them order by order.
At perturbative and one-instanton level, we have
0 N2
(Wid) = (e?+e7%)", (3.47)
64 o0)
R U1 G, (1~ ) (1~ ) (1+ 100
2 (1 - q192¢*°) (1 — quqee™%) (1 — qugae®®) (1 — qrgze=2?)
2 1 _1
2(1+e72) T ((0e)? + (@) 2) e
- (1 — qrgee=2?) (1 —(q1g2) ™" 6’%) (1= qigee™?) (1 = (q1q2)~'e7>?)’
(3.48)

which agrees with the result in section 3.1 and result in [32] from the blowup equations.
The two-instanton result is listed in appendix A. The expectation value (Wag2) has an
BPS expansion according to (3.20)

(Wawz2) = Fips (¢} + I - Fops (c2}: (3.49)

where the BPS sector Fgpg (¢} = (W3) is generated by a single primitive curve and FBPs,(c2)
is generated by two primitive curves. At one-instanton, the BPS expansion (3.49) becomes

1)\ _ 50 (1) (1)
(Wag2) = 2Fgps oy Fmps.(cy T L Feps (c2p (3.50)

where we used the notation .7:](3]28 (y to denote the k-instanton part of the BPS sector

FBps,{} and we find

) ((Chc_lz)% + (Q1Q2)7%> e 2%
FBps,(c2) = - T o\ (3.51)
ACHT (1 — qugee %) (1 — (quq2) e 29)

By comparing the Fourier expansion of the single instanton contribution (3.51) in =%,
the sign (—1)%2+2Jr for the internal half-spins lead the non-negative integers in the BPS
invariants NjCL ’:{jzl’cz} according to (3.21). We list few BPS invariants of the BPS sector
FBpg,{c2} in table 3 and the pseudo-BPS invariants of the instanton part of (Wagz2) in table 2.
Wilson loops in the representations 2 ® 2 ® 2 and 2®4. Wilson loops with more
higher representations can be obtained by adding more flavors. For example, the brane
diagrams with three and four fundamental flavors are illustrated in figure 6, where we have
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d @Naczl,ar(]l’jT> d @ijr(ﬂ’%)

(1,0) 2(0,0) (1,2) (0,0) @ (0,1) @ (1/2,1/2)
(1,4) (0,1) & (0,2) & (1/2,3/2) (1,6) (0,2) @ (0,3) @ (1/2,5/2)
(1,8) (0,3) @ (0,4) @ (1/2,7/2) (2,2) (0,0)

(0,0) @ 3(0,2) @ 2(0,3) &
(2,4) (0,1) @ (0,2) @ (1/2,3/2) (2,6) (1/2,3/2) ®2(1/2,5/2) &

(1/2,7/2) @ (1, 3)

(0,1)®2(0,2)®5(0,3) B4(0,4) @
(1/2,3/2) @ 2(1/2,5/2) &

CY | Siprmerisame | 30| 022038 0/2502)
(1,3)@2(1,4) @ (1,5)®(3/2,9/2)
(3.8) (0,1) ®2(0,2) ®5(0,3) ®4(0,4) ® (1/2,3/2) ®2(1/2,5/2) ®

5(1/2,7/2) ©2(1/2,9/2) ® (1,3) ®2(1,4) & (1,5) & (3/2,9/2)

Table 2. Pseudo-BPS Spectrum of SU(2) Wilson loop expectation value in the representation
2 ® 2 for the curve class dymg + do¢ with dy = 1,2, 3, and dy < 8. The d; = 0 part can be read
from (3.47).

d @NJZ,J{T }(]la]r) d @N]l ;{T }(]b]r)
(1.2) 0.1/2) 0.4 (0.3/2)
(1,6) (0,5/2) (1,8) (0,7/2)
(2,4) (0,3/2) (2,6) | (0,3/2) ®3(0,5/2) @ (1/2,3)
(0,3/2) 3(0,5/2) & 5(0,7/2) &
@81 G2 es0/2 90,92 | &0 0,5/2)
(3.8) (0.3/2) 3(0,5/2) & 5(0,7/2) & (1/2,3) & 3(1/2,4) & (1,9/2)

Table 3. BPS Spectrum of the BPS sector Fppg (c2y for the curve class dymg + da¢ with dy <3
and do < 8.

C3 C1 C3 Cl

C2 C4 C2

(a) (b)

Figure 6. Brane diagrams for SU(2) gauge theory with (a) three flavors and (b) four flavors. In
the extremely massive limit, the Wilson loops for SU(2) theory are introduced by inserting curves
Cii=1,---4.
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the partition functions

|1 [+ p2]
e P UO R e
t 1,j=1 Nuiuj (Qij§ t,q)

1,42
X Rutp(QU)Rup(@1Qr) Ryt g(Q3)R e 0(Q3Qr)

X R, (Q2) Ry, (Q2QF)Rap (Q1Q3QB \/(J»/t)

— ZSU(Q) —+ ZW2®2®2M1M2M3 —+ .. , (352)
ZSU(2),N;=4 _ SU(2) > q ||+ |2 . 1
v Wi 2 N 3
Hpz Hi7j:1 M g (Qz], ; C])

X Ryutg(QU) Rt (Q1QF)R 1t 9(Q3)R g (Q3Qr ) Ryp (Q1Q3QB\/q7t>
X Ry (Q2) Ry, (Q2Q F) R, (Qa) Ry, (RaQF)Rop (Q2Q4QB \/U>q>

— 75U 2, ys My My M3 My + - - - (3.53)

Then we find the Wilson loop partition functions are

|1+ p2]
SU(2) q 1
Dironsa = 2 X (/1)
e . 1,402 t ZZ,j:l NNZ’M (Qijit,9)
X Chyg (Qr,01) (Chynye (@it 02 + (1= )1 = 1/8)a),  (3.54)
1|+ pz]
SU(2) q 1
ZW =7 t Z (CI ) 2
e t [1ij=1 Nywi; (Qiji . q)

x [Chug,ﬁl (Qr,0,1)” (Chyupy (Qr,t,9)* + (1= ) (1= 1/8)q)
+ (1 - t) (1 - l/q) th,ul,LQ (QF7 t7 Q)Q
n (t1/2 _ t*1/2>2 <q1/2 _ q71/2)2 q2]7 (3.55)

from which we get the perturbative and one-instanton Wilson loop expectation values

N3
<W2(2§2®2>=(6¢’+6 ¢) : (3.56)

3Q1QQ (6¢ + €_¢>3
(1 — q1q2€%?) (1 — q1q2e72%)
(1-q)(1=q2) (1 —q1)(1—q2) =31+ qq2)) (e¢ + e‘¢>

_ 3.57
(1 — q1g2€??) (1 — q1q2e™2?) (3:57)

1
<W2(@?2®2> ==
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and

4
<W2(g§)4> — (6(15 + e—¢) , (3.58)
4
4q1q2 (€® + e
(Wath) = — ( )

(1 = q1q2¢??) (1 — q1goe™2?)
2
2 (1 o ql) (1 - q2) (3 (1 + CJ1CI2) -2 (1 - (J1) (1 - QQ)) <€¢ + e*(j))
(1 = q1g2¢?) (1 — q1g2e~2%)

P+ qg)
(1 — qigee29)’

(1—q)’(1— g
q1q2 (1 — q1q2€2?)

(3.59)

which agree with the results in section 3.1. Note that the one-instanton result for the
representation 2 ® 2 ® 2 agrees with the result in [32] from the blowup equations, but the
one-instanton expectation value (Wéé{l) is different from the result in [32] by a Coulomb
parameter independent term, which is not captured by the blowup equation properly. The
two-instanton result is listed in appendix A. The expectation value (Wagag2) and (Wasa)
have the BPS expansions

(Wagaez) = Fips.(cy + 3T - Fps (¢} FBps,c2} + L7 - Fps (c3}; (3.60)

and

<W2®4> - féps7{c} + 6I . FEZ’)PS,{C}FBPS,{C2} + 3I2 . F]%PS,{CZ}
+47% - Fps (o} Fpps {3} + I° - Fpps (ci} (3.61)

where the BPS sector Fppg (c3y is generated by three primitive curves and Fgpg fc1) is
generated by four primitive curves. We list few BPS invariants of the BPS sector Fppg (c3)
and Fppg (c4} in table 5 and table 7 respectively. We also list the pseudo-BPS invariants of
the instanton part of (Waga2g2) and (Wae4) in table 4 and 6 respectively.

Wilson loop in the representation 2®3. In the last, we consider a more non-trivial
example, the Wilson loop with representation 25, which can be obtained from SU(2) theory
with 5 flavors, described by the brane diagram in figure 7(a). The red points in figure 7
are 7-branes spanned over z01:234789 directions that the 5-branes are ending. When the
7-branes are moved to infinity, the 7-branes across 5-branes and generate new 5-brane
configuration in figure 7(b). To compute the partition function of brane diagram 7(b), a
simplest way is to start with the brane diagram 8(a), which is the brane diagram of SU(3)
theory with 6 fundamental flavors, and then Higgs to the SU(2) theory with 5 fundamental
flavors as described in figure 8(b). Similar Higgsing process can also be found in [71, 72].
The partition function of the brane diagram 8(a) can be compute by gluing the partition

- 21 —



d @Nﬁ Jr(jl7j7') d @Nﬁ ]r(]lvjr)
(1,—1) 3(0,0) (1,1) 5(0,0)@(0, 1) (1/2,1/2)@(1,0)
s (0,0)®3(0,1) @ (0,2) @ L) (0,1)®3(0,2) @ (0,3) @
L e amseny |5V ase a2 en
(0,0)®3(0,1) @ (0,2) @
(1) 3(0,0) @31 12120 01/2,3/2) @ 1,1)
(0,0) @ (0,1) @ 8(0,2) @ 2(0,3) &
(1/2,1/2) © 3(1/2,3/2) &
25\ s/ 0 0/27/2) 8 1,108 || &) (0,0)
2(1,2) @ (1,3) @ (3/2,5/2)
(3,5) (0,1) ®3(0,2) ® (0,3) & (1/2,3/2) ® (1/2,5/2) & (1,2)

Table 4. Pseudo-BPS Spectrum of SU(2) Wilson loop expectation value in the representation
2 ® 2 ® 2 for the curve class dymg + da¢ with d; = 1,2,3, and d < 5. The d; = 0 part can be read
from (3.56).

d N (G, j,) d eN G, j,)
(1,1) (0,0) (1,3) (0,1)
(1,5) (0,2) (1,7) (0,3)
(2,3) (0,1) (2,5) (0,1) ®4(0,2) & (1/2,5/2)
@71 /(2(?’51/)2?@;L (1?(712/)26,95(2(;7;)(619, g || &9 0,2)
(3,7) (0,1) ®4(0,2) ®8(0,3) @ (1/2,5/2) ® 4(1/2,7/2) @ (1,4)

Table 5. BPS Spectrum of the BPS sector Fppg (csy for the curve class dymg + da¢ with dy <3
and do < 7.

®

b—e

Figure 7. Brane diagrams for SU(2) gauge theory with five flavors, where the red points stand for
the 7-branes spanned over x%:1:2:34789 directions.
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d @le JJr (]l?jT‘) d @le JJr (]l?jT)
14(0,0) @ 2(0,1) & —2(1/2,1/2) &

(1772) (an) (LO) 4(1,0)
(0,0) @ 4(0,1) ® 4(0,2) & (0,3) &
(1,2) 7(0,0)®4(0,1)®(0,2)D4(1/2,1/2)® (1,4) (1/2,1/2) & 4(1/2,3/2) &

(1/2,3/2)®(1,0)®(1,1)®(3/2,1/2) (1/2.5/2)0 (1, 1)@ (1,2)(3/2,3/2)

7(0,0)@4(0, 1)@(0, 2)B4(1/2,1/2)@
(1/2,3/2)@(1,0)@(1,1)®(3/2,1/2)

(2,0) 6(0,0) (2,2)

3(0,0)@7(0,1) ®10(0,2) ©2(0,3) ®
2(1/2,1/2) £10(1/2,3/2) &

(2,4) | 2(1/2,5/2) @ (1/2,7/2) ® A(1,
2(1,2) @ (1,3) @ (3/2,1/2)

2(3/2,3/2) @ (3/2,5/2) @ (2, )

(0,0) ®4(0,1) ®4(0,2) ® (0,3) ® (1/2,1/2) ®4(1/2,3/2) ® (1/2,5/2) & (1,1) @

( ,2) ®(3/2,3/2)
Table 6. Pseudo-BPS Spectrum of SU(2) Wilson loop expectation value in the representation

2®4 for the curve class diymg + da¢ with di = 1,2,3, and ds < 4. The d; = 0 part can be read
from (3.58).

Do || (3,2 4(0,0)
®
2

(3,4)

d oN < (i, 3v) d eN Y (i i)
(1,2) (0,1/2) (1,4) (0,3/2)
(1,6) (0,5/2) (1,8) (0,7/2)
(2,2) (0,1/2) (2,4) (0,1/2) ®5(0,3/2) & (1/2,2

(0,1/2) & 5(0,3/2) & 12(0,5/2

)
(0,5/2) @
(0,1/2) ®5(0,3/2) & 12(0,5/2) & 20(0,7/2) @ (1/2,2) ® 5(1/2,3) @
(1,9/2)®

5

20 (1/2,2) ®5(1/2,3) ® (1,7/2) 2.8) 12(1/2,4) @ (1,7/2) @ 5(1,9/2
(3/2,5)

(3,4) (0,3/2) (3,6) (0,1/2) @ 5(0,3/2) ©12(0,5/2) @

(1/2,2) ®5(1/2,3) & (1,7/2)

5(0,1/2) @ 17(0,3/2) @ 37(0,5/2) @ 47(0,7/2) ® 4(0,9/2) ® (1/2,1) ®
(3,8) 6(1/2,2) & 21(1/2,3) ®37(1/2,4) & (1/2,5) & (1,5/2) & 6(1,7/2) & 17(1,9/2) &
(3/2,4) ®5(3/2,5) @ (2,11/2)

Table 7. BPS Spectrum of the BPS sector Fppg (c+} for the curve class dymg + da¢ with dy <3
and d2 S 8.
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I Higgsing I
_

e e

(a) (b)

Figure 8. Higgsing from (a) SU(3), Ny = 6 theory to (b) SU(2), Ny = 5 theory.

function of strips

ZStl“lp (le 5 Qh 5 ngv lev ng ; ta q)
3

l
H 3 lluill® Z t Q) X R@;q (Qm1)
=1

R(?)pa (le Qm, Qll) R@;u (QMQ) R 1] (Qll) ,R’,u’i@ (sz Ql1 le) R,u%@ (QlQ)

R[/J,u3 (Qma) R@ug (szQmsle) R@,us (le szQmanl Ql2)
Rt (@1 Qo[ ) Rty (QuQumsy/5) Rty (Qna @iy Q@[5
that we get

ZSVEINI=6 =5 (= Qu, )™ (= Q)™ (= Q)™ X Z5 (Quny s Qty s Qs Qo Qs 1, Q)

I
X ZStrlp(le ) Qll ) Qm27 ngv nga q, )R@(Z)(Qh le )RQ)(D(QIB le) (3'63)

The parameters here are not completely independent, they satisfy relations

Qthg = QEQQ'lm{p leng = Q;lQ;nQa ngng = ngQ%mv Q;ng,le = QmQQbQ’ (364)
To get the partition function of SU(2) theory with 5 flavors, we Higgs the theory by turning

Q;’nl = ng = \/37 (365)

in the partition function Z5V®3)-Ns=6_ Then the term

R@ME (lel;q, ) R t@(le,t q): H (1—@;711#_%(]]'_%)- H (I—lelt%_iqj_%)7

iy=1 (i,5)€ms

(3.62)

the parameters
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is non-zero only for pug = (. When pug = (), it is an irrelevant term and should be factored
out from the partition function. By further using the notation read from the brane diagram

Qr = Q1 Qmy = Q1, Qs QB = Qb Qs = Qb Qo

Ql :Qm17 QQ -

Ql, Qi=Qn.  Qi= '  Qs=QL,. (367

we have the partition function of SU(2) theory with 5 fundamental flavors as

7SU(2),N;=5

2
=) (—QQ4)M (—QpQ2)"2! Ht%\luﬁquéllm
=1

¥ 2, (t:9) Z,1 (a,t)
I

X Ropy (Q1) Ry (QrQ1) Royy (Q37) Rt (QrQ2) Ry (Q3) Ryt (QrQs)
X Ryt <Q51> Rops (QFQa) Rypp (@5) Rt (Qr@s) Rog (QBQ1Q4\/§>

X Ryo (QBQ3Q5ﬁ> Rogp (QBQFQ2Q3Q4Q5\/§) Rog (QBQ2Q5ﬁ>
< Rop (@6Q205)[1) Rep (26Qr@122s0s\ )R 1, <QFf )

X R; B (QF\/?) R;g@ <QBQ2Q3Q5§) R;;@ (QFQBQ2Q3Q53> - (3.68)

In the last, we need to do flop transitions to get the partition function in the phase with
heavy flavor masses. Notice that

R (Q) = (_Q)|V|+I/\It%(—lI/\t\|2+|\Vt||2)q%(\|/\\\2—||V||2)NAV (Q—l\/?; t, q> Rop(Q).  (3.69)
q

After flopping @ — Q~!, the function Rgy(Q) is analytically continuously transform to
Rgp(Q 1) according to the integral representation of the generalized MacMahon function,

so we have

R (Q) = (= Q)N CINIEHIP 1D G ANE-IMP) R, (01, (3.70)

After flop transitions by applying analytic continuation, we have the SU(2), Ny = 5

partition function

ZSU(?) Ny=5

lpea [+ |z
_ 75002 q _ 1
pert ;L;,u,z <q t> H?,j:l Nﬂi,ﬂj (Qlja t, Q)
X Ry (Q1) Ry (QFQ1) Ryytp (Q2) Rypg (QrQ2) Ryurg (@3) Ry (Qr@s)

X Rppy (Q4) Rop, (QrQa) Ryurg (Qs) Rup (QrQs) Rg (QBQ1Q4\/§>

X Rao (QBQSQE’\/@ R <QB Qr@2QsQaQs ﬁ) Roo <Q3Q2Q5 ﬁ)
X Ry <QBQ2Q3\/§> Rog <QBQFQ1Q2Q3Q5ﬁ)

Ry (QBQ2Q3Q53> R;,él@ (QFQBQ2Q3Q5;]> ; (3.71)
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where the coefficients of My MoMgMyMs = ( (?Ft(1q)> QR1Q2Q3Q4Q5 in (3.71) gives

the partition function for Wilson loop in the representation 2%°

|1 [+ p2] 1
ZW2 ZS};EZ) Z (q (t]) =) N .
Lo I =1 Ny (Qijit,q)
X {Chmuz (QF; t, Q) Ch Lyt (QF7 q, ) (1 - t) (1 - 1/Q) ChMIMQ (QF7 t, Q)3

—q(1 =) (1= 1/8)° Chyy s (Qr, 1, 4)Chy e (Qr, 4, 1)°
+ 3q (1 - Q) (1 - 1/t) ChM1M2(QF7t7 Q)Ch t ut (QF)Q7 )
+30° (1= )° (1= #°) /t/4Chyupa(Qr . t,0)

(1" (L= 0)" fa/# (24Chyg4 (@ 0.8) = Ol u(@r. )| (372

At perturbative and one-instanton level, we have
5
(Wy2h) = (@ +e0) (3.73)
5
—5q1q2 (ed’ + e‘¢)
(1 — q12€??) (1 — qig2e72?)

3
10(1=q1) (1= g2) (1 + quge) — (1 — 1) (1 = @2)) (e + )
(1 = q1g2¢*?) (1 — q1gze=2?)

N 1-a)*1-q)’G0+qage) —1—q)l—g) (6¢ + €_¢>
7192 (1 — q1g2¢*?) (1 — q1g2e™2?)

Wiy =

+

. (3.74)

which agrees with the result in section 3.1. The two-instanton result is listed in appendix A.
The expectation value (Waes) has an BPS expansion

(Waes) = Fips (¢} + 10T - Fiips (¢} Fips.{c2} + 1577 - Fips (¢} Fips c2)
+ 1072 - fﬁps,{C}]'—BPs,{c?*} +10Z° - Fyps (c23FBps,{c5)
+5I° - Fpps () Fops,cip T ' - Fops (oo} (375)

where the BPS sector Fppg (cs} is generated by five primitive curves. We list few BPS
invariants of the BPS sector Fppg (csy in table 9 and the pseudo-BPS invariants of the
instanton part of (Waes) in table 8.

Comments. For a higher representation r = 2" with n = 6,7 or 8, the Wilson loop
expectation value can be obtained from a similar method from the partition function of
SU(2) theory with Ny = n fundamental flavors, where the geometry is provided by local
geometry of 8-point blowups of P! x P!. For more higher representations with n > 8, the
possible embedding geometry may contain the original Calabi-Yau threefold, the additional
primitive curves, and more compact and non-compact curves. The compact curves give
additional dynamic degrees which should be Higgsed out from the theory. We hope to
clarify the procedure here in more details in the near future.
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d eNd

Ji,Jr (]l j’l”) d ®N]l i (jhj’r)
30(0,0) @ 5(0,1) @ —10(1/2,1/2) &

10(1,0)
9(0,0) & 10(0,1) & 5(0,2) @ (0, 3) B
5(1/2,1/2) ®5(1/2,3/2) @
(1/2,5/2)® (1,0)®5(1,1) @ (1,2) @
(3/2,1/2) & (3/2,3/2) & (2, 1)
35(0,0) ®9(0,1) ® (0,2) ®
(2,-1) 10(0,0) (2,1) —6(1/2,1/2) @ (1/2,3/2) @
14(1,0) @ (1,1) & (3/2,1/2) @ (2,0)

(17*3) 5(070) (1371)

35(0,0) © 9(0,1) ® (0,2) @
(1,1) —6(1/2,1/2) @ (1/2,3/2) @ (1,3)
14(1,0) & (1,1) & (3/2,1/2) & (2,0)

15(0,0) @ 34(0,1) @ 16(0,2) ®
2(0,3) @ (1/2,3/2) @ 2(1/2,5/2) &
2.3) (1/2,7/2) @ (1,0) & 22(1,1) &

’ 2(1,2) & (1,3) & 3(3/2,1/2) &
2(3/2,3/2) ® (3/2,5/2) & (2,0) ®
2(2,1) @ (2,2) ® (5/2,3/2)
9(0,0) & 10(0,1) & 5(0,2) & (0,3) & 5(1/2,1/2) @ 5(1/2,3/2) & (1/2,5/2) &
(1,0) ®5(1,1) @ (1,2) @ (3/2,1/2) @ (3/2,3/2) @ (2,1)

(3,1) 10(0,0)

(3,3)

Table 8. Pseudo-BPS Spectrum of SU(2) Wilson loop expectation value in the representation 2°
for the curve class dymg +da¢ with dy = 1,2,3, and da < 3. The d; = 0 part can be read from (3.73).

d N, j,) d N, j,)
(1, 1) (07 0) (1 3) (0, 1)
(1,5) (0,2) (1,7) (0,3)
(2,1) (0,0) (2,3) (0,0) @6(0,1) &) (1/2,3/2)
(0,0) @ 6(0,1) & 17(0,2) &
2.5) (0,0) @ 6(0,1) ® 17(0,2) & .7 | 32030 (1/2.3/2)06(1/2,5/2) &
’ (1/2,3/2) @ 6(1/2,5/2) @ (1,3) ’ 17(1/2,7/2) @ (1,3) @ 6(1,4) @
(3/2,9/2)
(0,0) @ 6(0,1) ® 17(0,2) @
(3,3) ©.1) B3| (1)2,3/2) @ 6(1/2,5/2) @ (1, 3)
5(0,0) @ 23(0,1) & 58(0,2) & 84(0,3) @ 5(0,4) @ (1/2,1/2) & 7(1/2,3/2) &
(3,7) 28(1/2,5/2) @ 58(1/2,7/2) @ (1/2,9/2) & (1,2) & 7(1,3) © 23(1,4) &
(3/2,7/2) © 6(3/2,9/2) @ (2,5)

Table 9. BPS Spectrum of the BPS sector Fppg (csy for the curve class dymg + da¢ with dy <3
and dy < 7.

_97 —



aN—1
ag al Qg anN

Figure 9. Toric diagram for YV* system. Here a;,i = 0, --- N are complex structure parameters.

3.4 Wilson loops and Seiberg-Witten curves

We are now preparing the B-model approach to the Wilson loop expectation values in
topological string theory. Our key idea is to identify the Wilson loop expectation values
with the B-model complex structure parameters, due to the correspondence of mirror curves
and Seiberg-Witten curves.

The partition function with 1d line defects that we reviewed in section 3.1 has a close
connection to the (quantum) Seiberg-Witten curve. For simplicity, we consider the insertion
of one defect D3-brane, with n = 1. Then it is known that for SU(N), theory the 5d/1d

partition function has an expansion

Z
5Zd/1d = xN2 g N2 g N2 (_I)N—lHN_le—N/Q + (_1)NX—N/2’
5d
(3.76)

such that it satisfies a difference equation [73, 74] in the Nekrasov-Shatashvili (NS) limit
€1 — 75,, €o — 0

zZ
¥ +ae2 XY U W (a3 h) = lim 220
G0 7

U (z;h), (3.77)

with X = exp(%),Y = exp(y). Here H; is nothing but the Wilson loop expectation value in
the NS limit
H; = lim (W) (3.78)
e1—h,
eg—0
in the representation r; whose highest weight is the i-th fundamental weight of the gauge
group SU(N).

Geometrically, the SU(N), gauge theory is described by M-theory compactified on
Sasaki-Einstein manifold YV* with the toric description in figure 9. In the classical limit
h — 0, the Seiberg-Witten curve (3.77) coincides with the classical mirror curve (2.16) read
from the toric diagram in figure 9, such that we have an identification of the parameters as

a; = lim (Wy,), i=1---,N—1, (3.79)

61’2—)0
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where a; can be treated as the homogeneous coordinates of the toric diagram or more
precisely the complex structure parameters dual to the compact 4-cycles of the B-model
geometry. See [75, 76] for related discussions. Equation (3.79) means that in the classical
limit €; 2 — 0, the Wilson loop expectation values are provided by homogeneous coordinates
related to the compact 4-cycles, which will be used in section 4 as an initial condition of
the refined holomorphic anomaly equation.

4 Refined holomorphic anomaly equations

In this section, we study the refined holomorphic anomaly equation for the Wilson loop
amplitudes. We first review the refined holomorphic anomaly equation for the refined
topological string amplitudes, and then generalized it to Wilson loop amplitudes.

4.1 Topological strings

Define the small string coupling expansion of the free energy

F = Z(El + 62)2n(6162>g_1f(n’g). (4.1)
n,9

The holomorphic anomaly equation derived in [39] states that the anti-holomorphic deriva-
tive of F(™9) is not zero, but has boundary contributions in the moduli space. This
anomaly suggests an anti-holomorphic completion . (™9 satisfies a holomorphic anomaly
equation [39]. The refined holomorphic anomaly equations for topological strings have been
proposed in [44, 45] as

_ 1 =, ’o ’ /
azgz(nﬂg) - 5023’“ (Djpkg(mg—l) + Z’Djy(n 9) . pFn—n'e—g )) ) (4.2)

1ot
n’g

for n + g > 1, where % (7.9-1) ig the anti-holomorphic completion of F(9~1)  Here the
prime in the summation means the omission of (n/, ¢') = (0,0) and (n, g). D; is the covariant
derivative defined in the geometry of the moduli space. When n + g = 1, the free energies
take the most general ansatz

1 )

lg~(1,0) — ﬂ 10g (A H Z?z) , (43)
1 _ .

po0 ~ L (st T4 (49

where A is the discriminant of the mirror geometry, and the constant a, a;, b; can be fixed

by some initial data of the geometry or few BPS invariants. The metric g, 5= 0y 553K is

defined from the Kéhler potential K which can be re-expressed as
O*’K 0Oty oty

gzﬁ; - 8tk8t—l, ' 0z; 825

(4.5)
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In the direct integration method of the holomorphic anomaly equation, it is useful
to introduce the propagators S7* such that C’g k= (‘_}iSjk . Then we can re-express the
anti-holomorphic derivative of .Z (9 as

kag(n 9)

5 g(ng) _
%7 i oS

(4.6)

In the holomorphic limit Im¢ — oo, Fng) — limym t— o0 ﬂ("’g), the refined holomorphic
anomaly equation (4.2) becomes the form

(’I’L,g) 1) /! /!
8‘5 S5 = % (Dipjﬂw—l) + 3 DiFa) . pyFinnte=e >) , n+g>2. (47
nl7gl

In the local geometry we are interested in, the K&hler potential is a constant in the
holomorphic limit, then the metric and the connection can be computed from the mirror maps

Griz; = (;t;:’ = (22822;lzk (4.8)

The propagator S here satisfies two identities derived from special geometry as
DS = —CinpS™S* + I, (4.9)
Il = —CiiS™ + fF, (4.10)

where fij * and fjj are rational functions with respect to complex structure parameters,
which can be chosen to make the expression of the propagator simpler. The genus one free
energies in the holomorphic limit take the expression

1
(170) — a;
F o4 log (A || 2; ) ) (4.11)

ot
0,1) _ a
F )_log<A ||z>—log o |

(4.12)

Define the effective coupling 7;; = Cj ag’i the free energy F(™9) with n + g > 0 are

weight zero quasi-modular forms [61, 77], under the modular transformation of the effective
coupling

T 7 = (AT + B)(Ct+ D)™l ~= (g g) € Sp(2g; Z). (4.13)

The complex moduli parameters z;’s are modular functions, and the propagator S% is
proportional to the weight two quasi-modular form E% (7). It has the completion to a
non-holomorphic modular form

- . N
EY(r,7) = BY(r) + ((tlm7)~")", (4.14)
such that under modular transformation

EY(7,7) = (C1 + D)',.(CT + D), E* (7, 7). (4.15)
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Then it is quite clear that to solve the free energy recursively from the refined holomorphic
anomaly equation (4.7), one first integrates over the propagator S%, then up to a holomorphic
function f(9)(z;), the free energy is completely solved. The holomorphic function f(™9)(z;)
is called holomorphic ambiguity, which can be fixed partially or completely from other
boundary conditions. A frequently used condition is called gap condition, which is derived
by integrating out the massless particles in the Schwinger loop computation

> ds exp(—st;)

= 0
s 4sinh(se;/2)4sinh(sey/2) +0lte)

f(€17627tc) :/0

_ [—1 T o(er + e2)2(erea) ™| Log(to)

12~ 24
1 2n1 4+ 2ny —3) ~ 4
+ €1€2 Z ( 12n1+2n2272 ) B2mB2n2€%m€gn2 +0 (t2> ’ (4.16)
n1,n2 ¢

where B, = (1— 21=")Bn and B,, denoting the Bernoulli numbers. Equation (4.16) indicates

that the free energy near the conifold point has a expansion

consty g

(n.9) — 0
Fno) — s + O (t), (4.17)

2n+2g—2
tenreg

such that there is no contribution between the lowest order and the zero order ¢,

which gives a gap.

4.2 Wilson loops
For the Wilson loop partition function, we can also define the free energy F, as a logarithm
of the partition function, which has a genus expansion

Fr =log Zw, = Z (e1 + 62)2"(6162)971.7:,@’9). (4.18)
n,g=0

We propose that the free energy JF, satisfies a refined holomorphic anomaly equation

R 1
a8 2

(DiDjJ—_.Ign,gl) + Z’Di]:lgn/,g/) . Dj]:-lgnn/,ggl)) . n4g>2. (419)

Il
n?y

In order to solve the refined holomorphic anomaly equation, we need information about the
low genus property of the Wilson loop free energy.

By separating the conventional refined topological string amplitude F, we define the
free energy of the Wilson loop expectation value which is called Wilson loop amplitude as

We =log(Wy) = Fr = F =3 (e1 + e2)*"(e162)? W™, (4.20)

n7g

From the 5d gauge theory point of view, e.g the BPS expansion (3.20) and (3.22), the
Wilson loop expectation value does not have pole at €; 2 = 0, this property indicates that
the Wilson loop amplitudes is zero at genus (n,g = 0),

wime=0 — o, (4.21)
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for any n > 0. So at genus zero and genus one level, the only non-vanishing Wilson

1)

loop amplitude is W(O As analyzed from the Seiberg-Witten curve and mirror curve
correspondence in section 3.4, we expect that genus one free energy for the representation
r; whose highest weight is the i-th fundamental weight of the gauge group SU(N) is written

as the logarithm of the homogeneous coordinate a;
0,1 _
WY = log(as) = C;;' log (%)), (4.22)

where the last identity in (4.22) is derived from (2.14) and Cj; is the intersection matrix.
For any representations r; and ry of a given gauge group G, one can perform tensor product
and direct sum operations for them. As a direct consequence of (3.23), one may expect
that at genus one, the tensor product of two representations can be decomposed as the sum
of two amplitudes at genus one

0,1 0,1 0,1
WO = Wi WD, (4.23)

For the direct sum of two representations, the Wilson loop partition function should be
additive, such that we conjecture

0,1 0,1
exp (Wﬁl@L) = exp (Wﬁl )) + exp ()/VIE2 )> . (4.24)
In particular, by using (4.23), (4.24) and (4. 22) we have that for the tensor product
representation of the fundamental weight r; ®j '®---® r®] t
0,1 0,1 0,1 o o
W(®]1)® ® ®.71 = jlWI(‘zl ) WI(‘” ) = (chllllé + e + jlcllli) log(Zk) (425)

From (4.21) and (4.22), the genus one free energies FOV and £ are completely
fixed, one can follow a similar method as we described in section 4.1 to solve the higher
genus Wilson loop free energies via the holomorphic anomaly equation (4.19).

Finally, an interesting conclusion can be easily made from the holomorphic anomaly
equation (4.19). It is known that the quantum Seiberg-Witten curve computes the free
energy in the NS limit e; — 0. In the NS limit, only W(9=1 components survives, it
satisfies the holomorphic anomaly equation

8)/\/5"’1) e, (n',1) n—n',0
55T = IZDDiWr - D Fn=0), (4.26)

The equation (4.26) is linear in W™D which means it is additive

0

g7 v ewY) = Z Dy (WEY o WD) Dy 0 (4.07)

n'=1

Together with (4.25) and (4.27), we conjecture that
(n,1) . (n,1) . (n,1)
Wl'i1®'“®ril — er + W 5 n 2 0, (4.28)

which suggests that in the NS limit, the Wilson loop expectation value of tensor products
is equal to the product of the Wilson loop expectation values of each representations. This
indeed agrees with the conclusion we have made in section 3.2.
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Figure 10. Toric diagram for local P* x P*.

4.3 Local P1 x P!

In this subsection, we calculate the Wilson loop amplitudes for local P! x P! from the
refined holomorphic anomaly equation. We first review the computation of the refined free
energies of local P! x P! without Wilson loop, most of the contents here can be also found
in [43, 44, 47].

The toric diagram for local P! x P! is illustrated in figure 10. There are two complex
structure parameters z; = 7712 and zg = e;#, Where u is the homogeneous coordinate
related to the interior lattice point, and mg is a mass parameter related to a boundary point.

The toric diagram gives the Picard-Fuchs operators

L1 =02 —22(0] + 03)(1+ 20 + 205),

(4.29)
Lo =03 — 22(01 + 02)(1 + 20, + 20,),

where ©; = zia%yi = 1, 2. For simplicity, we turn off the mass parameter by setting mg =0
such that z = z; = z3. The Picard-Fuchs operator for massless case is computed in [47] as

L£=2%1-162)0° + 2(3 — 642)9> + (1 — 362)0.. (4.30)

From (4.30), we can compute the mirror map

40023 635042°
—#(2) = log(2) + 4z + 1822 + 3Z +122500 + 225 4 0 (20) (4.31)
as a solution of the Picard-Fuchs equation
Lt(z) = 0. (4.32)

Even though the coefficients in the expansion (4.31) are not always integers, by inverting

the series, we find integral series?

2Q) = Q — 4Q2 + 6Q% — 16Q* — 15Q° — 216Q° + O (Q7) . Q=et. (4.33)

4The integral Fourier expansion were also studied in [78] for some K3 surfaces and in [79] for rank-one
4d N = 2 theories.
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The genus one free energies are computed by fitting the ansatz (4.11) with few BPS
invariants, we get

ot

0z
1
FOO = g (:724), (4.35)

where A = (1 — 162) is the discriminant of the mirror geometry. To compute the higher

1 1
FOU -3 log(z"A) — Slog|=—|. (4.34)

genus free energies, we need to integrate over the propagator S*?, where the propagator can
be fixed by a proper choice holomorphic functions appear in (4.9) and (4.10). Following
the calculations in [43], we fix the special geometry relations

z(1 —12z)
D.5% = 0,5 + 21", ,5** = —(C,,,5**5** — ——, 4.36
el 9(1 — 162) (4.36)
0z 0%t 4(1 - 182)
I, = ——=5=—0;;S%* — —————. 4.
=0t 022 Caz2S 3z(1 — 162) (437)
where C,,, is the Yukawa coupling
ot\* o*F00 1
Coz=5) - =— , 4.38
(8,2) ot3 23(1 — 162) (4.38)
such that the propagator is
1 1 t 4
5% = (2@?(07” - GZ) = 23(1 — 162)0, log gz + gz2(1 —182). (4.39)
The special geometry relations also indicate a derivative rule
1
2z _ _ 2 _ 2 3., .4 _19.5
0:57 = — ¢ (95 — 24527 4 432825 + 2% — 12:7) . (4.40)

Substituting equation (4.39) in (4.40), we have that the third order derivative of ¢(z) can
be reduced to lower derivatives

9t (2) = ﬁ (6422~ 32) 2 + (362 — 1)3.] 1(2). (4.41)

Since there is only one component of the propagator, we use S to stand for S*# in short.
By using equation (4.34) and (4.33), the propagator can be written as a series expansion of
the A-model Kéhler modulus as

Q> 20Q°  148Q"  680Q° N 21985

§=% -3 . . . +0(Q7). (4.42)

The higher genus free energies are solved by integrating over the refined holomorphic

anomaly equation (4.7). However, there are holomorphic ambiguities need to be fixed. At
genus two, up to holomorphic ambiguities, we have

1
F0.2) — SRR AN (6053 — 485222 4 4805223 +1352% — 28852° + 17925z6) + h02),
1
.F(Ll) = m (652 - 48522 — 3522 + 40523 — 512524) + h(l’l),
S (—1+82)°
2,0) _ 2,0
Fo = 20882A2 L

(4.43)
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where h(™9) is the holomorphic ambiguity which is a rational function of z, which takes
the ansatz

h/(nag) (2)

(n,9) _ )
W= amrg—2

(4.44)
with »/ (n’g)(z) is a polynomial in z. As was pointed out in [43, 44], the holomorphic
ambiguities for local P! x P! model can be completely fixed by considering the behavior of
the free energies around conifold point and orbifold point. We have®

593 52 (2160023 — 216022) S
02) _ 4028 — 129602° 4
7 24726 12960A226 * 12960A256 (806 0z 96027 + 5852 )
1 9 8 7 6
+ 3960756 (1105922 — 2400028 + 188427 — 552 ) (4.45)
52 S
O = 2 (90— 720 — = (—7680z* + 6002% — 4522
7 5160477 A+ Ji0a7A ( #6002 — 15:%)
_ 7 6 _ 5 4
+ S0 ( 2150427 + 25602° — 1082° + 52 ) (4.46)
S (9602% — 240z + 15) 1
(2,0) _ 107522° — 32002 + 16423 — 52%) . (4.4
F TR + AT (1075227 — 32002* + 1642% — 522) . (4.47)

The higher genus free energies are solved in a similar way. By computing the free energies
to a higher enough genus, one can recover the BPS invariants as listed in [44, 47].

Wilson loop in representation 2®". We now use holomorphic anomaly equation to
solve the free energies of the Wilson loop partition function }"é%’,;q ) = Wég’f ) + F(m9) for
the representation r = 2%". Following equation (4.25), noticing that the entry of the 1 x 1
intersection matrix is —2, the genus one free energies are computed as

WD o, Wb = —% log(2). (4.48)
The higher genus results are computed via the refined holomorphic equation (4.19). For the
fundamental representation when n = 1, the Wilson loop free energies can be completely
solved to arbitrary genus from the gap condition and the regularity at orbifold point.
However, the regularity at orbifold point is broken down for higher representation, we
observe that they satisfy a singular behavior
Qo,1

-+ o), n>1, (4.49)

(n.9) _ Qo,9-1
Waeh' =942+ +
to
where the unknown coefficients a, 41 reduce the constraints on the holomorphic ambiguities,

that we can not solve the free energies completely. Thus we use few (pseudo-)BPS invariants
(2,0)

achieved in section 3.3, to fix the holomorphic ambiguities. We find at genus two, Wy™’ = 0,
Ly _ N 2 3
Waen' = 7% (35— 2482 — 22 4+ 205°) , (4.50)

5The constant term in F(9 is fixed by the constant map contribution at large volume limit, which is
irrelevant from the Gromov-Witten invariants. We are more interested in the Gromov-Witten invariants,
thus we set the constant term to be zero.
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Figure 11. Toric diagram for local P2.

(0.2) _ 957 +2452° — 2* 4 162°

Wy T , (4.51)
W%Qz) _ 185% 4+ 9522 — 963§ZZZA5Z4 +1162° — 576267 (4.52)
Wi, = 952 +952% — 1205;:;; ;124 + 10025 — 576267 (4.53)
Wi = 185% 4 2752% — 384512;Z A11z4 +2842° — 1728z6’ (4.54)
WO _ 5(95% 4+ 18522 — 2646:;22 4—A7z4 + 18425 — 11522°) 7 (4.55)

Similarly, by computing the Wilson loop free energies to higher enough genus, we solve the
(pseudo-)BPS invariants by fitting the ansatz

exp(Wr) = Z Z (_1)2jL+2jRN]dL,jRXjL (QL)XjR(QR)Qd7 (456)
d::le:jR

which agrees with the result in section 3.3 in the massless limit my = 0. We list the free
energies in appendix C.1 and the (pseudo-)BPS spectrum in appendix B. Notice that even
though the direct integration method looks quite indirect to get the BPS invariants, an
advantage of the results, e.g. (4.50), is that they are exact that one can expand them to
arbitrary degree of the complex structure parameters or the Kéhler parameters. It is also
convenient to get the behavior of the free energies around other points in the Calabi-Yau
moduli space, e.g. conifold point and orbifold point [61].

4.4 Local P2

The toric diagram for local P? is described in figure 11. There is only one complex
structure parameter z; = %, Where u is the homogeneous coordinate related to the interior
lattice point.

The toric diagram gives the Picard-Fuchs operator

L=0%432(30 +2)(30 +1)0, (4.57)
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where © = z%. We can then compute the mirror map

—t =log(z) — 62 + 452% — 5602° + 173§5Z4 - 7567556Z5 +0 <z6) , (4.58)
and the inverse map
2Q) = Q+6Q% +9Q° +56Q" — 300Q° + 3942Q° + 0 (Q7) . (4.59)
The genus one free energies are
FO = —% log (z7A) - %log (gi) , (4.60)
FLO — 2—14 log (Z*IA) , (4.61)

where A = 1+ 27z is the discriminant. By fixing the ambiguities in equations (4.9)
and (4.10) as

z

D,S** = 0,58%* + 2I'? 8% = —C,,,S%*58* — ————, 4.62
Tl 12(1 4+ 27z) ( )
0z 0%t 7+ 2162
I, = ———=-C,,,85— ————, 4.63
=0t 022 62(1+27z) (4.63)
where C,,, is the Yukawa coupling
ot\* PFO0 1
0z ot3 323(1 4 27z2)
we can fix the propagator
20, F 1) ot 1
5% = = 32%(1 4 272)0, log 5+ 5z2(7 +2162). (4.65)

With all the ingredients, we can solve the topological string amplitudes from the refined
holomorphic equation. For the case without Wilson loop, as pointed out in [43, 44],
from the gap condition and regularity at orbifold point, the holomorphic anomaly can be
completely fixed.

The local P? model is corresponded to non-Lagrangian theory in 5d without a gauge
group. Such that there is no notation of representations for the Wilson loop operators.
We follow the same notation as introduced in [32], to use [—1] stand for the fundamental
representation comes from the insertion of a primitive curve, such that

0,1 1
Wi = —5logz, (4.66)
and the n-th tensor product of the representation is naturally given by
0,1 n
Wik, = 5 logz. (4.67)

The higher genus Wilson loop free energies are solved from the refined holomorphic anomaly
equation. For representation [—1] and [—1] ® [—1], we observe that the gap condition and
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regularity at orbifold point still holds, such that we can solve the Wilson loop free energies
to arbitrary genus. For example, at genus n + g = 2, we have

11 25— 2% — 5423
= 4,
W 14422(1 4 272)’ (4.68)
(02) 28748522 — 2t —212°
= 4.
Wi 362411 272) (4.69)
(4.70)
for the representation [—1], and
(1,1) 285 — 2% — 5423
= " 4.71
Wiijel-1) 7222(1 4 272) (4.71)
(0.2) 25743522 +5452% — 22% — 542° 7
Wetel-y = 18211 1 972) : (4.72)

for the representation [—1] ® [—1]. By computing the Wilson loop to higher and higher
genus, we recover the refined (pseudo-)BPS invariants as listed in table 15 and table 16.

5 (Refined) mirror map from Wilson loop

The quantum mirror curves and quantum periods are studied in [74, 80]. The basic idea to
get the quantum mirror curve is by promoting the coordinates x,y to operators Z, ¢ in the
classical curve (2.17), with the canonical commutation relation

(#,9] = h. (5.1)
Then the curve (2.17) becomes an operator equation,

H (e‘%, % 2, h) V(z;h) = 0. (5.2)

Equation (5.2) can be treated as a quantum mechanics system with Hamiltonian H,
and ¥ (x;h) is the wave function which can be solved from the standard WKB method
by imposing
o0
U(w; ) = e 7 9S5@mde gy = Sy(x) + 3 Saslx) B (5.3)
i=1

Now the periods of the curve become quantum periods which are computed from the period
integral over the quantum one-form 9S(z). Denote the quantum periods

Hi(Z; h) = HZ(Z) + i Hi72j(z)h2j, (5.4)
j=1

for each j > 0, there exists an differential operator Dy; with respect to z

IT; 2j(2) = Da;ILi(2). (5.5)
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Equation (5.4) indicates that the quantum A-period or quantum mirror map t(z;h) has a
small h expansion

t(z;h) = ll + i FL27;D21“| t(2), (5.6)

i=1
which is generated by the quantum operators Ds;, while the quantum B-period

OFNS(t(z;h); h)
Ot(z; h)

tp(z;h) =C (5.7)

is generated by the same quantum operators
0 .
tp(z;h) = l1 +> hQZDQZ-] tp(z). (5.8)
i=1

Here C' is entry of the 1 x 1 intersection matrix which is equal to —2 for local P! x P! and
is equal to —3 for local P2. FNS is the NS free energy

FNS(t;h) = lim ere;F,  tp(z) = lim CO,FNS(t(2); h). (5.9)
€1 s
ea—0

See [47, 81-83] for more details about the derivation of the quantum operators Dy; from
quantum curves.

As we have discussed in section 3.4, the complex structure parameter a; at classical level
is equal to the classical Wilson loop expectation value. This correspondence leads to the
mirror dual of A-model Wilson loop expectation values in terms with Kéahler parameters to
the complex structure parameters a; in the B-model. This correspondence can be enhanced
to quantum level. One key observation is that the quantum Seiberg-Witten curve (3.77) has
the same form as the quantum mirror curve if one identifies the Wilson loop expectation
values in the NS limit, with the same complex structure parameters a;. At the level of
amplitude, we have

Wi (¢ Z W (¢(z; ) B2 (5.10)

Notice that on the left hand side of (5.10) we use the classical mirror map #(z) such that it
maps to the original complex structure parameter a;, while on the right hand side of (5.10),
the Kéhler parameter is replaced by the quantum mirror map (5.6).

Substitute (5.6) to (5.10) and expand both side of the equation (5.10) with small %, we
can solve that for the single parameter case

(1 1)

Dgt(z) 3 t
8 W(O 1)
2 2
w 2w oW ot + (Wit) oz (mit) 2w VoLt
D4t(z) (0, 1)3 t+ 0,1) 2 - (0,1) 3 )
oWl 2 (0. 2 (2™")
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Because of the additive property (4.28) in the NS limit, the quantum operators Dy; are
the same for any representation r®". For local P' x P! model, by substituting the results
from holomorphic anomaly equation and using the derivative rule (4.41) to eliminate higher
order derivatives, we observe that the quantum operators Dy; can be always written as
degree two polynomials of the differential operator © = z0,, for example,

z 1—-8z
Dy == 2 11
9 3@+ D o, (5.11)
1

Dy [(35842" — 3202% + 342%) © + (716827 — 8642° + 15427 — ) ©7],  (5.12)

~ 180A2

which agree with the results in [81]. By using our expression of the Wilson loops, one can
also analytically derive the quantum B-period, which is defined as

tp(2:h) = Oy FVS (2 1) 1) = 3 5O (t(=2: )2, (5.13)
n=0
= [1+h2 ’2+h4D§L+---} tp(2), (5.14)
where
#70) — 29, F0) (). (5.15)
Notice that from equation (4.38),
ot\* o3 F00) 2 2
C... — <8z) S = —0tp(2)02(2) + 2p(2)0:4(2), (5.16)
we solve that
2 2
pu— - . .1
(=) = 555 (02tp(2)0:t(2) ~ C-.) (5.17)

Taking derivative with respect to z on both side of equation (5.17), and take use of
equation (4.41), we have the replacement rule

1
T 22A

which can be used to eliminate the higher order derivatives of tp(z), that we again solve

Btp (2) (6422 = 32) 02 + (362 — 1) .| tn(2), (5.18)

the differential operator Dj;, which is exactly the same as Dy; as illustrated in (5.11). This
fact agrees with the quantum curve approach from [81].

For local P? model, by using the same techniques, we analytically derive the quantum
differential operators for both quantum A- and B-periods

Dy = é@% (5.19)
Dy = 640% (199822 — 102) © + (78572 — 872) 02, (5.20)

which agree with the quantum differential operators computed in [81].
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Refined A-periods. In the gauge theory side, the quantum curve has a refined version
contains both non-vanishing Omega deformed parameter €1 2. The refined version of the
curve is known as non-perturbative Dyson-Schwinger equation [22], where the Wilson loop
expectation values in the NS limit are lifted to their refined versions. Even though the
refined curve does not have a quantum mechanics understanding, we can still identify the
complex structure parameter with the Wilson loop expectation value

WD (#(2) = 3 W (Hz 61, ) (a1 + €)™ (e162) (5.21)
n,g=0

as a refined version of (5.10), by proposing the refined A-period®

(o]
tzier,e2) = |1+ D (€1 +e2)* (e162)’ Dy | t(2). (5.22)
=y
i1j>0
where D; ; are expected to be differential operators with respect to z. Obviously, in the NS
limit D; ¢ = Dy;, the other operators are solved by expanding (5.21) with small €; 2 at both

hand side,

Doat(z) = —————0.t,
[ (1(0:2))2
W) 1 (W) .t
Doot(z) = ————— 0.t + 0,
Dyat(z) = ————— 0.t + 0, z
oW oY 0. WY

By using the results of Wilson loop amplitudes, we observe that the operators D; ; are still
second order differential operators, but the coefficients depend on the propagator S. For
examples, for local P! x P! in the fundamental representation,

Do1

1= [(—35 122 3223) o+ (35 422 - 64z3) @2] , (5.23)

1
Doo = ——————
0.2 7 19960282
— 1725825 — 11059205225 + 125280527 + 8302% — 3098880.52% — 789202

+ 25436160527 + 2891616210 — 4808448021 + 306118656212)@

[( — 32405* 4+ 10805322 + 345605323 — 22955224 + 7992052

+ (324054 — 10805322 — 345605323 + 22955224 — 7992052%2° + 1725526
+ 11059205225 — 125280527 + 254528 + 309888052° — 2189442
— 2543616052° 4 7271616210 — 108942336211 + 612237312,212)@2], (5.24)

5There was another refined proposal [84], it is interesting to check the connection between our proposals.
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D1, [(4552 1720522 — 30522 — 156052° + 524 — 5760524 + 4162°

1
©27023A2
— 1200025 — 9062427)@ + ( — 4552 — 720522 + 30522 + 156082 + 24

+ 576082 + 16962" — 1977620 — 181248:7) 07, (5.25)

For local P2 in the representation [—1],

— 1 2 3 2 3 2

Dot = 5 |(-25 +2 +72:°) © + (25 + 82" + 216:") 07, (5.26)
_ 1 _ 4 3.2 3.3 2.4 2.5

Do = gopo x|~ 2405 —2408°2 — 259205%2° — 14805%2" — 1144805°2

— 482052°% — 27993605225 — 550800527 + 28252% — 222490805 2% 4 4854602°

— 30233088052Y + 3191367620 4- 9521323202 4- 1088391 1680z12)@

+ (24054 + 2405%2% + 259205323 + 1480522 + 1144805225 + 4820525

+ 27993605225 + 550800527 + 169752° + 222490805 2% + 2459376 2°

+ 3023308805 2" + 13747190420 + 34610587202 + 32651735040z12)@2], (5.27)

_ 3 2 2 3 4 5 6
D11 = g5 [ (6052 420822 — 756082° + 52" + 424827 + 2721602°) ©
+ (6052 — 20822 + 756052" + 135" + 282422 + 81648027 ) 2], (5.28)

It is interesting to find an explanation of these refined operators in the future.

6 Conclusion

In this paper, we proposed the refined topological string correspondence to the half-
BPS Wilson loop operators in 5d A/ = 1 quantum field theories in the Omega-deformed
background R, , x S L. Our proposal suggests a novel infinite class of generalization to the
refined topological string amplitudes which are called Wilson loop amplitudes. The insertion
of the Wilson loop operators can be understood in M-theory as the insertion of stationary
curves. By using the refined topological vertex in the A-model, we explicitly calculated the
expectation values of the Wilson loop operators in the representation 2¢",n =1,---5 in
the 5d pure SU(2) gauge theory.

In the B-model, we proposed the refined holomorphic anomaly equation for the Wilson
loop amplitudes. We calculated these amplitudes for local P! x P! model and local P?
models in various representations. The amplitudes solved from the refined holomorphic
anomaly equation are polynomials of the propagator S, which are exact expressions and
can be expanded at any point in the Calabi-Yau moduli space. Our results also indicate
that the Wilson loop amplitudes are weight-zero quasi-modular forms. Finally, by taking
use of the exact expressions of Wilson loop amplitudes, we derived the quantum operators
studied in the quantum geometry.
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Our work leads to many interesting problems. The first one is that why there is a
refined holomorphic anomaly equation for Wilson loop amplitudes. In this paper, we
focused on the BPS invariants of M2-branes winding on stationary curves, such that the
partition function has a BPS expansion (3.20). The BPS invariants in (3.20) are quite
likely to be the descendant invariants as described in [69, 85]. However, the existence of the
holomorphic anomaly equation for the free energies suggests that there would be a suitable
worldsheet description for the Wilson loop amplitudes, which gives a generalization of the
Gromov-Witten invariants. It is interesting to find the worldsheet description and give a
mathematical definition for the generalized invariants.

In the meantime, we should check that if the refined holomorphic anomaly equation
holds for more generic examples. In particular, the other local del Pezzo surfaces, including
E-strings and try to compare with the quantum periods from quantum curves studied
in [30, 86, 87]. It is also interesting to compute the Wilson loops/surfaces of generic 5d/6d
SQFTs from more generic non-compact Calabi-Yau threefolds.

In section 3.3, we used the refined topological vertex to compute the Wilson loop
expectation values for SU(2) theory from SU(2) theories with fundamental flavors. It
is also interesting to recover our result in the Sp(1) theory via the refined topological
vertex with ON-planes [88, 89]. Even though we used the topological vertex to compute
the partition function, the same partition function can also be computed from ADHM
construction directly. It is worthy to use the ADHM construction to compute the Wilson
loop expectation values for more generic 5d/6d SQFTs.

Finally, as we have done in section 5, the Wilson loop amplitudes calculated from holo-
morphic anomaly equations can help to derive the quantum operators that are derived from
the quantum curves. It is also interesting to explore the connection between holomorphic
anomaly equations and quantum curves more in the future.
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A Two-instanton results

In this appendix, we list the two-instanton results of the Wilson loop expectation values for
SU(2) theory. They have the structure

-1
Wity = N (1= q100e™) (1= gge™) (1= qide ™) x (6 = —9)|
with
3
N = @363 (14 g2 + 262 + G363 + 4ia3) (e¢ + €_¢)

— @33 (L4 q1g2) (2 + 29102 + qiae + 1G5 + 24505 + 243 43) (6¢ T e"z’) :
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6 4
N = g3 (e + ™)+ gia (1 + ga> + 013 — 434} + }a3 + ¢33 + alad) (¢? +e7?)
2
+dig3 (1+ qiq) (fh + g2 — 3012 — 2¢1q2 — 2q145 + 4qids — 24345
2
—2¢%¢5 — 3} d5 + q4ias + qi’qg) (e") + 6_¢)

@A —q)(1—q) M+ qe) (1+de) (1+aqd),

N® =3¢0¢5 (6¢ + e*"’)7 + 46 (1 —2q1 +q7 —2q2 — 1G2 + 24342 + G @2
+ 6 + 2015 — 156745 + 24343 + 41 g5 + q1di
+2¢705 — 4745 — 20105 + 4742 — 24745 + qi‘q§> (e¢ + e‘¢)5
+ 445 (2 +2¢1 — ¢} + 22 — 3q142 + 6¢3a2 — 5¢3 g2 — a3 + 6q143
+2¢765 — 94745 — 44163 — 5q145 — 94765 + 224745 — 94145 — 545
—4qiqy — 9474 + 24145 + 6470 — ¢¥4s — 5aigs + 641 — 34745
+ 24565 — q1d5 + 24745 + 2q‘fqg) (64’ + 6*4’)3
—q1g2 (1 —q1) (1 = q2) (1 + q1¢2) (2 +q1+ g2 + 2412 + 20105
+2¢795 — q1d5 + 64795 — ¢igs + 24145 + 24705 + 2415 + 445

+q3q5 + 2q?q§) (€¢ + e‘d’) :

NW = 6q¢7q5 (e¢ + e‘¢)8 +4lg (1 —5q1 + q; + 4 — 52 — 6q1q2 + 6¢7q2 + 2¢7 g
+4q1q2 + @ + 6q195 — 344763 + 64763 + 4163 + &5 + 20145
+6¢7q5 — 64745 — 541q5 + q1qs + 4145 — 54T gs + qi‘fl%) (64’ + e‘¢)6
+ 4145 (5 +7q1 — 5] — 4} + Tq2 — 8q1q2 + 1845 g2 — 9452 — 5aiaz + ¢l g
— 53 + 1815 + 21¢7q5 — 2743q5 — 44105 — 54745 — ¢5 — 9145
— 274743 + TAq) g5 — 274145 — 94705 — ¢Y45 — Bands — 4475
— 27¢3¢5 + 2141 + 184745 — 54705 + 0105 — 54745 — 94345
+18¢1q5 — 843a5 + 74545 — ¢35 — Batas + Taied + 5q?q§) (e¢ + e*¢)4
—q1g2 (1 —q1) (1 — q2) (1 + q1¢2) (7 +5q1 4 542 + 2q192 + 14472 — 47 g
—2g1¢2 + 140163 + 94105 + 4165 + 24143 — 24765 — 1145 + 4145
+3647¢5 + 4145 — 4195 — 20145 + 24745 + 414 + 941 + 14475

2
— 24145 — qiq5 + 14415 + 24745 + 5aSq5 + 5q3qS + 7q?q3) (e¢’ + e‘¢)
2 2 2
+(1-q) " (1—)" 1+ ae) (1+4de) (1+ad) (2 +aq1+q+qq

+aige + a5 + 6105 + a5 + dias + 2qi”q§’),
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N®) =10¢7q5 (e¢S + 674’)9 + Qi”qg(l — 901 + i + 4} +4i — 992 — 99102 — 4q7 ¢

+16¢7q2 + qig2 + 5 — 40105 — 29745 — 44765 + 415 + &5 + 16165

— 44745 — 94745 — 94145 + @ + 11 + 61 — 941 a5 + qi‘aé‘) (e¢ + e*¢)7

+4i6 (9 +10g1 + 54§ — 1547 + ¢f + 10g2 + 11192 + 247 g2 — 8¢7 o

— 34102 — 3¢7q2 + V02 + 543 + 20105 + 274745 + 524345 — 84145

— 34705 — 1565 — 8¢1¢5 + 52¢7q5 — 484745 + 524165 — 8¢7¢5

— 1575 — 39195 — T8¢iqs + 524705 + 274145 + 24745 + 54745

+ ¢ — 30105 — 3¢75 — 84345 + 241 g5 + 1147 ¢5 + 10¢5¢3

+q1q — 15¢3¢5 + 5q1qS + 104745 + 9q?q§) (e¢ + e‘¢)5

—qq2 (1 —q1) (1 —q2) (10 +17¢1 + 9¢; — 4q} — 241 + 17g2 + 30102

+ 14¢7q2 + 38¢3q2 — 13¢1q2 — 6¢7q2 + 9¢5 + 14q165 + 844745 + 3043 43

— 9915 — 24705 — 64793 — 4g5 + 3815 + 30¢7 5 + 16475 + 114471 q5

— 99705 — 134765 — 24145 — 245 — 13q145 — 94i¢> + 114¢7¢5 + 16¢1q5

+30¢7q> + 38¢7 45 — 44195 — 69195 — 24745 — 94745 + 3041 g5 + 84475

+ 144045 + 991 g5 — 64745 — 13745 + 38¢1 g5 + 14475 + 3047 q5

+17¢145 — 24745 — 4qiq5 + 99745 + 174045 + 10qu§) (e“’ + e‘¢)3

+ (14 q)* (-1+ @) (1 + q1q2) (1 +9q1 4+ 447 + ¢} + 992 + 10g12

+ 77 g2 + 1563 g2 + 441 g2 + 465 + Tq1q5 + 30¢745 + 184343 + 114165

+5¢065 + ¢ + 15q145 + 184745 + 194703 + 37q1 5 + 114745 + 44743
+4q195 + 11giq5 + 37¢7 g5 + 199105 + 18¢7¢5 + 15745 + a1 g3 + 54745
+ 11¢7g5 + 184145 + 30475 + Tq7q5 + 44145 + 44795 + 15¢145 + 74745

+10q568 + 99765 + ata] + d7q] + 9aSe] + all ) (¢? + e7°).

B Refined invariants

We list the (pseudo)-BPS invariants N ]C; jr Of the Wilson loop expectation values computed

from the refined holomorphic anomaly equation, in the expansion

(o]
(We) =expWe) = D 3 (—1)PEFHRNC - xi (e-)Xjnler)e ™, (B.1)
d=1jL.Jr
As we explained in section 3.2, the expansion (B.1) is the most convenient but is not
the proper BPS expansion for decomposable representations, so the pseudo-BPS invariant
N ch‘ jr May not be always positive integer. Negative invariants can be found in table 13

and table 14.
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2i.\2jr | O 2i.\2jr | O 2i.\2jr | 0 1 2 2i.\2jr [0 1 2 3 4

2jt\2jr |0 1 2 3 4 5 6 7

0 1 4
1 1
d=1
2jt\2jr [0 1 2 3 4 5 6 7 8 9 10
0 2 4 8
1 2 4
2 2
d=3
2it\2jr [0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 1 4 9 12 17 1
1 1 5 10 12 1
2 1 5 9
3 1 4
4 1
d=11
27t\2jr [0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0 2 4 12 20 32 36 40 6 2
1 2 6 16 28 38 38 8
2 2 6 18 28 32 4
3 2 6 16 20 2
4 2 6 12
5 2 4
6 2
d=1

Table 10. BPS spectrum of Wilson loop for local P* x P! in the representation 2 of SU(2) for the
curve class dt = 2d¢.
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- - - - 270\27 0o 1 2 27.\27 1 2 3
2jr\2jr | O 2j\2jr | O AL Jz\2jn
0 1 0 1 0 3 1 0 2
1 1 1 2
d —1 d = 0
2j1\2jr |0 1 2 3 4 5 6 7
0 1 5 4
1 1 4 1
2 1
d=3
2i.\2jr |0 1 2 3 4 5 6 7 8 9 10
0 2 4 12 10
1 2 4 12 4
2 2 4 2
3 2
d=4
QjL\QjR 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 2 12 18 33 25 1
1 1 4 11 21 35 17 1
2 1 5 11 21 10
3 1 5 10 4
4 1 4 1
5 1
d=5
2i.\2jr | 0 1 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0 2 26 52 72 94 68 10 2
1 4 16 30 62 88 114 64 10
2 6 18 38 66 86 48 4
3 2 6 20 36 56 26 2
4 2 6 18 28 14
5 2 6 14 4
6 2 4 2
7 2
d=2©6

Table 11. Pseudo-BPS spectrum of Wilson loop for local P! x P! in the representation 2 ® 2 of
SU(2) for the curve class dt = 2d¢.
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20\2jr | 0 1 2
275:t\2jr | O 25t\2jr | O 0 11 1
0 1 0 6 1 1
1
d == 2
2\2r |0 1 2 3 4
0 4 6 2
1 2 2
2 2
_ 3
d=3
27\2jr |10 1 2 3 4 5 6 7
0 1 3 14 4
1 1 5 4 1
2 1 4 1
3 1
_ 5
d=3
2.\2jz 10 1 2 3 4 5 6 7 8 9 10
0 2 2 16 30 10
1 2 6 12 18 4
2 2 4 12 4 2
3 2 4 2
4 2
_ 7
d=3
2jt\2jr | 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 3 7 27 52 73 26 1
1 5 13 24 54 60 17 1
2 1 4 11 22 36 34 10
3 1 5 11 21 11 4
4 1 5 10 4 1
5 1 4 1
6 1
P
2i\2r] 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0 10 24 68 118 172 192 84 10 2
1 14 38 74 140 206 202 74 10
2 2 16 32 66 106 170 150 50 4
3 2 6 18 38 70 98 88 2 2
4 2 6 20 36 58 38 14
5 2 6 18 28 16 4
6 2 6 14 4 2
7 2 4 2
8 2
1
Q-1

Table 12. Pseudo-BPS spectrum of Wilson loop for local P! x P! in the representation 2 ® 2 ® 2
of SU(2) for the curve class dt = 2d¢.
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2jr\2jr | O 2j:\2jr | O

0 1 0 8
2%\2r 1 0 1 2 3
2i\2jr | 0 1 2 JL\2jR
0 22 8 2
0 26 2 ) . )
; A 2 2 2 2
3 2
d = 0 PR
2i.\2jr |0 1 2 3 4 5 6 7
0 7 15 18 1
1 4 18 4 1
2 6 4 1
3 1 4 1
4 1
d=2
2i.\2jr |0 1 2 3 4 5 6 7 8 9 10
0 8 44 38 10
1 4 20 40 20 4
2 2 6 14 20 4 2
3 2 4 12 4 2
4 2 4 2
5 2
i=3
2i.\2jr |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 9 21 59 113 105 26 1
1 10 37 70 131 69 17 1
2 2 16 25 63 70 38 10
3 4 11 22 37 38 11 4
4 1 5 11 21 11 4 1
5 1 5 10 4 1
6 1 4 1
7 1
d=14

Table 13. Pseudo-BPS spectrum of Wilson loop for local P! x P! in the representation 2%4 of
SU(2) for the curve class dt = 2d¢.
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Table 14. Pseudo-BPS spectrum of Wilson loop for local P! x P! in the representation 2%° of

SU(2) for the curve class dt = 2d¢.

— 50 —

2i.\2jr | 0 1 2
27.\2jR 27:\2jr 0 0 50 5
0 1 0 10 1 -10
d - 7% d - 7% 2 10
‘=
2i.\2jr | 0 1 2 3 4
0 90 18 2
1 -12 2
2 28 2
3 2
4 2
1=
25t\2jr | O 1 2 3 4 5 6 7
0 43 54 26 4
1 10 11 4 1
2 3 32 4 1
3 5 4 1
4 1 4 1
5 1
1=
25.\2jr 0 1 2 3 4 5 6 7 8 9 10
0 18 40 134 54 10
1 18 36 26 22 4
2 2 24 68 22 4 2
3 6 14 22 4 2
4 2 4 12 4 2
5 2 4 2
6 2
1=
25:\2jr 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 25 39 189 292 130 26 1
1 34 80 104 176 81 17 1
2 8 44 93 188 68 42 10
3 13 28 67 88 42 11 4
4 3 11 22 37 42 11 4 1
5 1 5 11 21 11 4 1
6 1 5 10 4 1
7 1 4 1
8 1
=]




2j1\2jr

2j.\2jr |0 1 2 3

0 1
d=3
2jt\2jr |0 1 2 3 4 5 6 7 8
0 1 1
1 1
_ 8
d=3
2jt\2jr | O 1 2 3 4 5 6 7 8 9 10 11 12 13
0 1 1 2 1 1
1 1 2 2
2 1 1
3 1
11
d:?
2jt\2jr | O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0 1 1 2 3 4 5 4 3
1 1 2 4 5 7 5 2
2 1 2 4 5 4 2
3 1 2 4 3 1
4 1 2 2
5 1 1
6 1
d=14

Table 15. BPS spectrum of Wilson loop for local P? in the representation [—1] for the curve class dt.
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25 \2jr

0 1
1 1
d=1
2j.\2jr | 0 1 2 3 4
0 1 1
1 1
d=1
2i\2jr |0 1 2 3 4 5 6 7 8
0 1 1 1
1 1 1 1
2 1
i=1
2j0\2jr |0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 1 2 2 3 2 1
1 1 1 4 3 3
2 1 2 3 1
3 1 1 1
4 1
d=10
2.\2jr |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0 1 3 4 7 8 10 7 4
1 1 1 4 6 10 13 13 9 3
2 1 2 5 8 12 11 7 2
3 1 2 5 8 8 5 1
4 1 2 5 5 3
5 1 2 3 1
6 1 1 1
7 1
Q=

Table 16. Pseudo-BPS spectrum of Wilson loop for local P? in the representation [—1] @ [—1] for
the curve class dt.
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C Wilson loop amplitudes

C1 P!xP!

(n,g9) =(2,1).

Wi = " 5 (1355° ~21605%2 135522+ 86405° 2%+ 3240522 + 455
7776026 (1—162)

—432005%2* —165652° +2073605%2° — 520+ 48384526 +272,7 — 324864527
—603228+154828852% +1128962° — 129024z10) )

(n,9) = (1,2).

1
Wy = 3 (—324054z+40554—5616OS3Z4+702OS323—4053322
972028 (1—162)

— 3110405227 +604805225 — 29705225 + 13552 2% — 7741445210 +1969925 2°
—6912528+2285927 —1552% 464512212 +6912211 — 1904210+34z9> .

1
WikD — 5 (1206052416205 ~ 17280052 +183605% % ~ 121552
1944028 (1—162)

+86405225+4320522°+1355%24 42211845210 — 248832527 +1105925 28
— 6648527475525 847872212+ 338688211 —361762'°+121627 — 152:8) .

(1,2) 1 4 4 3.4 3.3 3.2
W. = — 648052 +81051—604805° 21 +43205%2% — 4055° 2
29292 648028 (1—162)° (

46220805227 —11232052%264+102605%2° — 1355224 +17694725 210 —
642816527 +12441652% — 7104527 +10552° - 976896212 + 3248642

—32368z10+114829—15z8).

1
Wit = 5 (—129605"2416205% ~ 691205%2* ~ 10805%2* — 405,57
972028 (1—162)
+24883205227 — 4579205225+ 3672052 2° — 67552 2% + 68567045 2 1°
—93224325 2%+ 387072528 — 21768527+ 345525 — 3059712212 4+960768 2
— 93296210 4337629 —45z8) .
1
Wit = 5 (—32408" 2+ 40551 - 43208721 - 27005% % 49331205227
194428 (1—162)

—1728005%2°413230522° — 27052 2% + 25436165210 — 83980852 +1313285 28
—7332527 4120525 —10414082"% +3179522 1 —30464210+111429—1528).
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(n,9) = (0,3).

1
W) = 5 (2430057 + 2080805 2% ~ 2754052 + 148608057 2"
77760219 (1—162)
—2570405%2° +122855% 2% +41472005% 2% — 95040052 25 +9180052 27

—2925522%4+ 5308416522 — 16865285211 +260928521°— 1903252 +4355 28

— 449368211 +225792213 — 33824212 1198411 —35210).

1
WS = 5 (2430057 41425605 2% — 17820822 - 5875205
38880210 (1—162)

—10800532° 4499553 2% — 8294405227 — 1728052 2% + 399605227 — 21155226
+31850496S5 2% — 74926085211 + 7966085210 — 43512527 + 885528+

7962624021 — 2421964824 +323251221% — 232784212 + 8704211 — 125210) .

1
WS o= . (2430055—1296054,23—810084 2 _1831680532°
25920210 (1—16%)

+1317605%2° +94553 2% +141004805% 27 — 24019205228 +16956052 27
— 45455220 4217645056522 — 46476288521 +38897285 210 — 1543925 2"
+24158 28 +4777574402° —13425868821% 4+ 15501312213 — 920384212

12790421 —335210> .

1
W% — . (2430055 1684805423 +16205% 22 — 224640055
19440210 (1—162)

+170640532° 413553 2% +489369605% 27 — 81043205228 +48060052 27 — 102155226
+562692096S 22 —11863756852'1 +954028852'° — 35167252 + 5025528
411943936002 — 33055948824 + 37032192213

— 2096624212 459584211 — 665210) .

1
WY = 5 (2430057~ 32400057 411340522 - 183168057 2"
15552210 (1—162)

+1058405%2° 4+25655° 2* +10368000052 2% — 1712448052 2% +97308052% 27
—1912552254106699161652'2 — 223976448521 +177482885 210 — 6353525 2

+871552%4+22295347202'° — 613122048214 + 67825152212 — 3761504212
1+10374421 —1115210).

Cc.2 P?
(n,9) = (2,1).

1
Wi = 5(105° — 605222 + 32405%2% + 3082* — 518452 — 525
41472025 (1 + 27z)

+ 419904525 — 37827 4+ 2157842% — 283435229).
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Wl 1
FUS 90736026 (1 + 272)°

+ 419904525 — 37827 4 2157842° — 2834352z9).

(4053 — 605222 + 32405223 + 3092* — 518452° — 526

(n,g) =(1,2).
1
Wit = 5 (1608% ~ 200522 64805727+ 605224 ~ 151208227+ 1082°
10368028 (1+272)

+116640522°+572452" — 5284279936523 +1082° — 128304210 — 314928z“) i

1
wtd (16054—1205322+86405323—6052z4—1836052z5
FHS 5184028 (14272)°

+7052%4+1166405%2% 413824527 — 1528 +454896.5 2% —12422° — 215784210
— 1889568,211) .

(nag):(oa?’)'

1
w3) — (120055 15605422 — 64805423 + 7405324 — 432053 5°
=1 155520210 (1+272)°

—2708%25 - 48605227 +1205 28 4+1749605228 +1069252° — 25210 + 87485210
— 3186211 —42282212—551124z13).

1 .
W L= 5 (120057 - 600522+ 194405 2% 4-205° 21 — 49680577
77760210 (14272)

— 6305225 -699840522° — 275405227+ 540528 — 52488052 2% + 349925 2
—94478405%27 —1152'°4+3586685 21" — 1209621 —304722z12—2913084z13).
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