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Abstract

We investigate the topological string correspondence of the five-dimensional half-BPS
Wilson loops on S'. First, we propose the refined holomorphic anomaly equations for
the BPS sectors of the Wilson loop expectation values. We then solve these equations
and obtain many non-trivial novel integral refined BPS invariants for rank-one models.
By studying the Wilson loop expectation values around the conifold point, we obtain
the quantum spectra of the quantum Hamiltonians of the associated integrable systems.
Lastly, as an application, the study of this paper leads to a generalization of the blowup
equations for arbitrary magnetic fluxes that satisfying the flux quantization condition.
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1 Introduction

Topological strings on non-compact Calabi-Yau threefolds (CY3’s) are solvable and have sig-
nificant connections to several important concepts in physics, such as supersymmetric gauge
theories [1], Chern-Simons theories [2], matrix models [3], and integrable models [4].

The amplitudes of the topological strings on the non-compact Calabi-Yau threefold X com-
pute the BPS spectra of the corresponding compactified theory via compactifying M-theory
on X. In this way, the low energy theory obtained from the geometric engineering [1,5] is a
five-dimensional (5D) supersymmetric quantum field theory, which is a supersymmetric gauge
theory or a non-Lagrangian theory with eight supercharges, on the background R* x S!. In the
low energy theory, the BPS particles are realized as the M2-branes wrapped on holomorphic
two-cycles C € Hy(X,Z). They are characterized by non-trivial spins (j;, jz) in the represen-
tation SU(2); x SU(2)g = SO(4), which is the little group of massive particles in R* x S*.

The correspondence between 5D gauge theory and topological string theory is extended
to observables. One of the most important observables comes from the insertion of a three-
dimensional half-BPS defect on R? x S!. The defect partition function then is captured by the
topological open strings, which can be obtained by inserting the Lagrangian submanifold on
X [6], counts the disk invariants [7]. They can be calculated from the refined Chern-Simons
theories and the refined topological vertex [8-10].

Another interesting observable comes from the insertion of the half-BPS Wilson loop opera-
tor, which corresponds to the topological strings on the background (X, {C;}), with an insertion
of a sequence of background non-compact primitive curves {C;} [11]. The half-BPS Wilson loop
operator in the 5D gauge theory on R* x S!, which is winding around the time circle S!, is
defined by inserting the operator

W, =Tr, T exp (lé dt(Ay(t)— go(t))) (D
st

in the path integral formalism. Here 7 is the time ordering operator, r is a representation
of the gauge group, Ay(t) = Ayp(X = 0,t) is the zero component of the gauge field and
p(t) = (X = 0,t) is a scalar field that accompanies the gauge field to preserve half of the
supersymmetries. The main object we want to study is the expectation values of such Wilson
loop operators and their correspondence in topological string theories.

Consider a 5D N = 1 supersymmetric gauge theory from M-theory compactification on
a non-compact Calabi-Yau threefold X, the BPS partition function Zgpg can be defined and
computed as a Witten index [12-17]. It counts the BPS states that are characterized by the
spins (j, jr) from the rotation group SO(4) = SU(2); x SU(2) of massive particles. The free
energy of the theory is then a generating function of the integral topological invariant N /i i
which counts the number of particles with charge 8 € Hy(X,Z), mass 8 - t and spin (j;, jr),
written as a refined BPS expansion [9,18,19]

o (ke )y (key)

— — —1)2j+2jr nr B XJL( JR + —kp-t

Jpps = 10g Zpps = Z Z( D RNJ‘L,J‘Rk /2 —1/2 /2 —1/2 € ’
BEH,(X,Z) j1,Jr (ql -4 )(qz —4q )

(2)
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where e, = %(e1 + €;), q1o = €12 and y; is the SU(2) character with highest weight j.
The same BPS partition function can also be computed from the refined topological vertex
method [9] and direct integration method [20-22] from the refined holomorphic anomaly
equation, which provides explicit checks for the correspondence.

The insertion of the half-BPS Wilson loop operators has a D-brane realization [23]. The
D-brane bound states provide field contents for the instanton calculations, that we can use
localization and topological vertex method to compute the Wilson loop expectation values for
the classical Lie groups [ 24-33] in various dimensions '. Consider a Wilson loop operator in the
simplest representation which can be generated from a heavy, stationary source particle that
carries electric charges. The source particle of the Wilson loop operator can also be understood
as the M2-branes wrapped on a non-compact background primitive curve C. By doing so, we
can deduce that the Wilson loop expectation value in the simplest representation has the BPS
expansion [11,34]

DI G Nt P RPN C L 3)

BEH,(X,Z) jL,jr

in terms of non-negative integral Wilson loop BPS invariants N /i e Higher representations
of Wilson loops are obtained by adding a set of non-compact background primitive curves
S = {Cq,---,C,} and the Wilson loop expectation values are written in terms of the BPS
sectors Fppg c,} [34],

k
(Wier,6-0x,) = Z 1_[ FBpS,S, > 4)

{Snl "";Snk}epn(s) i=1

by summing over all the partitions {S, , -+, S, } € P,(S) of the set S. Each BPS sector has a
BPS expansion and we refer the reader to Section 2 for more details.

In this paper, we will focus more on the study of the BPS sectors, the main result of this pa-
per is that in the holomorphic limit, the genus (n, g) BPS sectors satisfy the refined holomorphic
anomaly equations

d 1 - -
R DR S I WD IR e sl HEC
SyUS,_/=S;n',g’

n'=0,~~-,n

which are derived in Section 2. The refined holomorphic anomaly equations for the BPS sectors
surprisingly coincide with those for the higher point correlation functions [35]. In Section 3,
we specialize the discussion on local del Pezzo surfaces, which correspond to the 5D rank-one
theories in the Coulomb branch.

The holomorphic anomaly equation can be used to solve the topological string amplitudes
by using the direct integration method [20-22], and up to holomorphic ambiguities, the am-
plitudes can be solved entirely. The holomorphic ambiguities can be fixed by using the gap
conditions [36,37], and other possible boundary conditions. In this paper, we use the direct
integration method to solve the BPS sectors for local P! x P! and local P2, we proposed the
boundary conditions of the BPS sectors, which makes it possible to compute the BPS invariants
of Wilson loops to arbitrary genera in arbitrarily high representations. In Section 4, we discuss
the magnetic dual of the Wilson loop, which corresponds to the expansion of the B-model Wil-
son loop expectation value around the conifold point. In particular, we recover the quantized
spectrum of the corresponding quantum Hamiltonians of the integrable systems.

In 4D, they are chiral operators; in 6D, they are Wilson surface operators.
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In Section 5, we revisit the B-model of the blowup equations. The blowup equation is
another powerful tool for solving the BPS partition functions. It was first derived in the 4D
and 5D supersymmetric gauge theories [38-40] and was later generalized to topological string
theories [41]. The blowup equation of a given theory is classified by the magnetic fluxes, which
were usually thought to be bounded. As we will see in Section 5, for arbitrary magnetic fluxes
that satisfy the flux quantization condition, the blowup equations are still valid but there will
be generically dependencies of the expectation values of the Wilson loops. Our findings give
a large class of generalization to the blowup equations.

The paper is organized as follows. In Section 2, we review the Wilson loops correspondence
in topological string theory and derive the refined holomorphic anomaly equations for the
BPS sectors. In Section 3, we discuss BPS sectors for local del Pezzo surfaces. By using the
direct integration method in the B-model, we explicitly compute the BPS sectors to very high
representations. In Section 4, based on the B-model expression of the BPS sectors, we study the
Wilson loop expectation values around the conifold point from which can be used to derive
the quantum spectra of the corresponding integrable systems. In Section 5, we discuss the
application of the Wilson loop in the blowup equations. In particular, we generalize the blowup
equation for arbitrary magnetic fluxes that satisfy the flux quantization conditions. Section
6 provides the conclusions of this paper. In Appendix A, we review the E-string partition
function from the refined topological vertex method and in Appendix B we derive the Wilson
loop expectation values for Ds, Eg, E, Eg del Pezzo’s in the fundamental representation from
the E-string partition function. In Section C, we provide the Wilson loop BPS invariants.

2 Wilson loops and topological strings

This section gives a general description of the Wilson loops and topological strings correspon-
dence. Most of the content here can be found in [34], but we will also introduce new things.
We will first introduce the notations of the refined topological strings and the Wilson loops.
We then describe the BPS expansion of the Wilson loop expectation values involving the BPS
sectors. Then based on the refined holomorphic anomaly equations for the Wilson loop am-
plitudes first introduced in [34], we derive the refined holomorphic anomaly equation for the
BPS sectors. Our main results of this section are included in equation (22) and (23).

The refined topological strings The refined topological strings have been extensively stud-
ied and there are many pedagogical introductions on this topic, e.g. [42]. In this subsection,
we give a brief description of the notations for later use.

The refined A-model topological strings on the Calabi-Yau threefold X compute the refined
BPS invariants of the corresponding five-dimensional gauge theory with eight supercharges,
the whole partition function can be formally written as

Ziop(€1,€9,t) = egZBPS: (6)

or simply denoted as Z(eq, €, t), where t is the Kihler parameter, Zgpg is the BPS part defined
in (2), and £ is the singular part that can be written in terms of the classical geometrical
invariants

1 €1+ €,)?
5:—aijktitjtk"i'bgo’l)ti'i'—( 1+ e5) bgl’O)ti, (7
66162 t €1€9 L

where q;; are the triple intersection numbers and bfl’o) and bgl’o) can also be determined
from the geometric information. For a recent discussion, see [43]. We will also define the free
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energies or the amplitudes

Fler, €3,t) =log Ziyp(€1, €2, 1) = Z (e1+€2)*"(e162)8 F8)(1). (8
n,g=0

The Wilson loops The expectation values of the half-BPS Wilson loop operators in the Coulomb
branch of a 5D A/ = 1 gauge theory on ]R‘e‘l’62 x S! are generated by heavy stationary quarks,
which can be obtained by inserting the background non-compact curves {C;,---,C,} in the
Calabi-Yau geometry X, that was first introduced in [11] and further studied in [34]. We
refer to these curves as primitive curves if they individually generate Wilson loops in non-
decomposable representations rc, or in short r; of the gauge group. The multiple primitive
curves {Cq,---,C,} insertion generates the Wilson loop in the tensor product of representa-
tionr=r;®:--Qr,.

The BPS partition function Zy, (€1, €, t) with the insertion of Wilson loop operator W, can
be obtained by computing the topological string amplitudes on the background (X, {C;}). We
denote Z(€y, €5, t) without the subscript y, as the BPS partition of the 5D gauge theory, or
equivalently the topological string partition function on X, then the expectation value of the
Wilson loop operator can be expressed as

_ ZWr(ela €2, t)

(Wr> - Z(el,ez,t) s (9)

which is the main object we study in this paper.

The BPS expansion From the M-theory perspective, the M2-branes wrapped on the non-
compact primitive curves {C,, - - , C,} provide stationary heavy quarks in the 5D gauge theory.
If we first treat these quarks as dynamic particles with masses m;, their BPS spectrum can be
written as the refined Gopakumar-Vafa expansion originated from [18,19] and extensively
studied in [44]. Then we consider them as non-dynamic background particles, their masses
are defined by the effective masses M; =7~ - e™™ by absorbing the momentum factor

7 = 2sinh(€;/2) - 2sinh(ey/2), (10)

to remove the dynamic degrees of freedom. As discussed in [34], the Wilson loop expectation
value can be computed from the generating function

Zgen = €Xp Z fBPS,{Cli’l,---,Cli’n_} My, My (1D
{Cpyy.Cyp, 1EPS) l

by summing over the power set P(S) of the set of primitive curves S = {C4,---,C,}, where
the power set P(S) is all the subsets of S, including the empty set and S itself. Then the
expectation value of the Wilson loop operator in the representation r = r; ® --- ® r,, can be
derived by considering the coefficient of ]_[?:1 M; in the generating function Zgen in the heavy
mass limit m; — 0o0. We obtain the BPS expansion

k
<Wr=r1®-..®l‘n > = Z l_[ ]:BPS:Snl- N (12)
{Sny»rrsSn, JEPA(S) i=1

where we define P,(S) as the partition of the set S with elements {S,, ,---,S,, } € P,(S), each
element S, = {C; ,---,C; }is a set of n; primitive curves. Fgpgc,.....c,} is defined as the

i1’

5
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BPS sector in the representationr =r; ® --- ® r,,. It has the BPS expansion 2

— gn—1 2j;+2jg N7 P —B-t
FBps,(Cy,Cp =L Z Z(—l) RN (e ) (4 )e P, (13)
BEH(X,Z) ji,Jr
in terms of the refined Wilson loop BPS invariants ]\7}6 i which counts the number of BPS
particles of spin (j;, jr). In particular, when the number of primitive curves n equals zero, the

BPS sector captures the conventional refined topological string amplitudes (8).

The refined holomorphic anomaly equations The free energies F(¢) defined in (8) satisfy
the refined holomorphic anomaly equations which have been proposed in [22,45], as a refined
generalization of the work of BCOV [46]. In the holomorphic limit, they read

oFme)  q ’ ' l oot
5 =3 (DiDj}"("’g_l) + > D FE). pyFes )), n+g>1, (14
n/’g/

where the prime in the summation means the omission of (n’, g") = (0,0) and (n, g). Here S/
is the propagator, and D; is the covariant derivative. The (refined) holomorphic anomaly equa-
tions provide a very powerful method, which is usually called the direct integration method,
to compute the topological string amplitudes in the B-model. The direct integration method
states that by integrating over the propagators S¥/ on both sides of the holomorphic anomaly
equation (14), up to holomorphic ambiguities, we can solve the topological string amplitudes
genus by genus recursively. For more notations and descriptions, please refer to the text-
book [42], as we do not include all the details here.

In [34], it was further observed that for any representation r, by defining the Wilson loop
amplitudes

oo
W, =log(W,) = > (€1 + ;) (e1€,)¢ W), (15)
n,g=0
the combinations
gﬁn,g) = Fng) 4 Wr(n,g)’ (16)

which are the free energies of the whole Wilson loop partition function Zyy , satisfy the same
refined holomorphic anomaly equations

a n’g) 1 / i / /
% =3 D;D;G{m&~1 4 Z D,G¢).p,gnmeme) | ntg>1. (17)
n/,g/

Based on (17), many calculations have been done for various models in [34], including models
like local P? which does not have a gauge theory correspondence. However, at least at this
moment, the physical understanding of the amplitudes gﬁ”’g) are still unclear, even though
they also have the refined BPS expansions in terms of integral refined BPS invariants (but

could be negative).

21t is also possible to expand the BPS sector in the refined Gopakumar-Vafa expansion

fBPS,{Cl,--<,Cn} — 71, Z Z (_1)2gL+2gR E\’/Zbg}z (2 Sinh(e_/Z))sz (2 Sinh(e+/2))2gk e—ﬁ-t’

BEH(X,Z) 81-8R

where e, = %(el te,).
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To solve the refined holomorphic anomaly equations, we use the direct integration method,
with the holomorphic ambiguities in the following ansatz

&5 o(i) (k)

fn’g(Z)ZZZpAik 5 (18)

i=1 k=0

where § is the number of components A; of the discriminant, o(i) gives the maximal singularity
that one has at the corresponding type of divisor and pgk) is a polynomial of z;. In particular for
the conifold divisors o(i) = 2(n + g) — 2. If at the orbifold point where Zl — 0, the amplitudes

are regular, then the degrees of pgk) are generically bounded with the highest degree
o(i) x ord(A;) + o o(i), (19)

with a shift o.

For the cases of local P? and local P! x P! without insertion of Wilson loops, it was ob-
served [21,47] that the refined topological string amplitudes F(#) are regular at the orbifold
point, together with the gap condition that was derived in [37] from the Schwinger integral
representation of the Gopakumar-Vafa expansion, we can fix the holomorphic ambiguities com-
pletely thus solve the refined topological string amplitudes to any high enough genus (n, g).
For the Wilson loop amplitudes Wr("’g ), even though they are completely regular at the conifold
point, it has been noticed in [34] that they are not regular when the representations are large,
so that we can not fix the holomorphic anomaly completely even for local P? and local P! x P!
without additional inputs of boundary conditions. In the next subsection, we will see that if
we consider the holomorphic anomaly equation for the BPS sectors, all of the disadvantages
are resolved.

The refined holomorphic anomaly equations for the BPS sectors We first define the par-
tition function

Zyag = exp (Fuap) = exp( Z (61 + 62)2n(€162)g—1f(n,g)) > (20)

n+g=>1

which is the topological string partition function, by setting the genus zero contribution to
zero. It is not difficult to demonstrate that the refined holomorphic anomaly equations (14)
can be rewritten in the form of the heat kernel equation [46]

2
[ - @DIDJ} Ziap =0, 1)

oSi 2
in the holomorphic limit. Similarly, one can derive that the combination (W,)Zyg satisfies the
same equation, by combining it with (21), we can derive the holomorphic anomaly equation

0 €1€o
m(wﬁ == (DiDj(W,) + D; FiyppD; (Wy) + D FyaapDi (W) (22)
Substituting the BPS expansion (12) in the holomorphic anomaly equation (22), we can derive
the refined holomorphic anomaly equations for the BPS sectors for the primitive curves class

S:{Cl;"':Cn}

2 _(ng) 1 (n,g—1) I g'—n) (n—n’,g—g'—n’)
3507 (GG = 3 | PP ichcn F > ZDifsn/ ‘DiFs. - (23)
SyUS,_y=Sn’,g’
n’=0,--,n
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Here the first sum on the right-hand side sum over all the subsets S, and S,,_, of the primitive
curve class S, with the length of the subsets to be n” and n — n’ respectively. The prime on
the second sum means we sum over all the integers 0 < n’ < n, 0 < g’ < g+ n by excluding
n'+g’=0andn’+g’ =n+g+n. The set S,, or S,,_,, can be empty, when it is empty, we define
the corresponding amplitudes to be the conventional refined topological string amplitudes (8)

(n’g) = (n,g)
Fort) = Fino), 24)

For any negative genus, we use the notation

(n,g<0) _
]:{cl,""cn} =0. (25)

The refined holomorphic anomaly equations for the BPS sectors are valid for any genus
(n,g) with n + g >= 0. When the set of the primitive curves is empty, these equations are
reduced to the conventional holomorphic anomaly equations of refined topological string that
are valid forn+ g > 1.

From the refined holomorphic anomaly equation for the BPS sectors (23), we can use the
direct integration method to compute the BPS sectors from the lower genus to the higher
genus and from the low number of primitive curves to the higher number of primitive curves
recursively. But we need to slightly change the form of the holomorphic ambiguities due to
the asymptotic behavior at the large volume point t — oco. For models such as local P? and
local P! x P!, we can verify that the BPS sectors are regular at both conifold point and orbifold
point. The regularity condition provides enough boundary conditions to fix the holomorphic
ambiguities that make it possible to solve the BPS sectors for arbitrary genera and arbitrary
numbers of primitive curves for these two models. We will show the detailed calculations in
Section 3.3.

Additive property The refined holomorphic anomaly equations for the Wilson loop expec-
tation values (22) are completely linear. This means any linear combination of Wilson loop
expectation values of different representations, with coefficients that can be arbitrary functions
of €;, €5 or even mass parameters m;, will still satisfy the same refined holomorphic anomaly
equation in the form (22).

Initial conditions Suppose we know all the refined topological string amplitudes F("&), the
direct integration method still requires some initial conditions of the recursion equation (23),
that is we need the explicit expression of the genus zero amplitudes of the BPS sectors of a
single primitive curve. The key information has been discussed in [34], here we give a more
generic discussion to arbitrary non-compact Calabi-Yau threefolds 2.

Consider a non-compact Calabi-Yau threefold X, which is not necessarily toric. We keep
in mind that the low energy physics are described by a 5D gauge theory but the discussion
here is valid for theory without a gauge theory description. We denote by b, and b, the Betti
numbers that count the number of independent compact divisors and independent curves of
X respectively. In general, for a non-compact Calabi-Yau manifold, b, > by, so the Kihler pa-
rameters t;, which are the volume of the curves in X, can be divided into Coulomb parameters
a; and mass parameters m; in the language of gauge theory. We have

t= (al" o 3ab4)m]’” : )mbz—b4)a (26)

and a; are also called “true” Kéhler parameters in some literature [41], they are supposed to be
the coordinates that all the degrees of @; in the BPS expansion (2) are non-negative. We will

3More precisely, these are arbitrary non-compact Calabi-Yau threefolds for which there is no non-shrinkable
curve.
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refer to the curves that correspond to the Coulomb parameters as compact curves and denote
2; to be the related complex structures in the B-model, we usually have the mirror maps in the
expansion

a; = log(z;) + O(z), (27)

at the large volume limit z; — 0. We define —C;; as the intersection matrix between the
compact divisors and compact curves; when there is a gauge theory description, C;; is the
Cartan matrix of the 5D gauge group.

Finally, for the Calabi-Yau manifold X we have described above, there are b, independent
non-decomposable representations whose highest weights are the fundamental weights. In-
stead of the representations, we consider the orbits generated from these fundamental weights
and denoted the Wilson loop operators as W, , which are generated from the primitive curves
C;, fori=1,---,by. All other primitive curves are isomorphic to these curves. We call b, to
be the rank of theory, as the number of independent Coulomb parameters. For each Wilson
loop operator W, the expectation value is equal to the amplitudes of the BPS sector F , at
genus zero they have the value

b, o
FOOT]5",  i=1-.bs (28)
j=1
—1
In the large volume limit l_[?il z].c” — 0, the genus zero part of the BPS sector (28) is singular,
but we hope that the higher genus parts are regular under the large volume limit as the initial
conditions for the higher genus BPS sectors. Such a requirement is equivalent to fixing the
coefficient of leading order expansion of the BPS sector to be one. Then the higher genus
amplitudes and the amplitudes with the insertion of more primitive curves can be obtained
from the initial conditions (28) together with the refined holomorphic anomaly equation and
some other inputs of boundary conditions.

Note that the initial conditions here only solve the orbit of the fundamental weight of the
gauge group. The Wilson loop of a representation can be obtained by linear combinations of
these orbits, according to the additive property of the refined holomorphic anomaly equation.

Lastly, we emphasize that the initial conditions for the BPS sectors are completely the
choice by hand. One can choose other initial conditions but the final result of the Wilson loop
expectation values should be the same, up to an irrelevant factor, due to the additive property
of the refined holomorphic anomaly equation (22).

3 Wilson loops for del Pezzo surfaces

In this section, we specialize the descriptions and calculations of Wilson loop expectation val-
ues for the cases of local del Pezzo surfaces. We will take the massless limit, resulting in only
one modulus in both the topological string A-model and B-model. These are denoted as t and
z respectively.

3.1 Topological strings on local del Pezzo surfaces

The topological strings on a local del Pezzo surface X, which is given by the anti-canonical
bundle over the del Pezzo surface S, provides the BPS spectrum of a 5D A/ = 1 rank-one
supersymmetric quantum field theory that is obtained from the M-theory compactification
on X [48]. Del Pezzo surfaces, which are finitely classified, are smooth, projective algebraic
surfaces with ample anticanonical bundles. They can be described by P! x P! and n-point
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blowups of P? up to n = 8, which gives the local Calabi-Yau threefolds which are called local
P! x P! and dP,. When n > 1, the n-point blowups of P? are isomorphic to the (n — 1)-point
blowups of P! x P!, where the latter describes the 5D low energy theory with gauge group
SU(2) and Ny = (n— 1) hypermultiplets transforming in the fundamental representation of
SU(2). These rank-one theories have enhanced global symmetry E,, so when n = 5,6,7,8,
we also name them as E¢ = D, E-, Eg theories and we refer to the corresponding geometries
as Ds, E;, Eg del Pezzo’s.

For the 9-point blowups of P2, the corresponding Calabi-Yau threefold is called d P, or the
local half K3 surface, the corresponding lower-dimensional theory is no longer a 5D theory
but rather a 6D theory which is known as E-string theory. For E-strings, the global symmetry

becomes the affine Lie group Eél), so we will also use Eél) to denote the theory.

Wilson loops from the heavy mass limit Let’s first consider the case dP, with n < 9. We
denote h as the curve that is associated with the original P? and e; the exceptional curve
that is associated with the i-th blowup, they have the non-vanishing intersection numbers
h? = —el.2 = 1. Then the Kdhler parameters can be described by t which is proportional to the
volume of h and m; which is the volume of e; with a shift

t= %Vol(h), m; = Vol(e;) — %Vol(h), i=1,---,n. (29)

Denote ZPn(t, my,---,m,, €1, €,) as the partition function of the refined topological strings
on dP,, in the Calabi-Yau phase that all the degree of the curves e; have positive degrees. For
an integer n < 9 —n, the heavy mass limit of the partition function on dP,,,, can be regarded
as a generating function (11) of the Wilson loops according to the expansion *

n
dP, dP, dp, v,
Z H"(t:mla s Mpgns 61:62) =7 n(t’ mq,:--,My, €1, 62) (1 + <W[—1]®n> M;+--- ) P
i=1

(31)

where we use --- to denote all other contributions and M; are the effective masses

e_mn+i

M; = ,
' 2sinh(e;/2)-2sinh(e,/2)

=1,---,n. (32)

The coefficient <W[d_Pl”]®n

model dP, in the representation [—1]®" with n + n < 9 where [—1]®" n-th tensor product of
the “representation” [—1] which means

> then is supposed to be the Wilson loop expectation value of the

dp, _n
(W) =731+ 0(e). (33)
In the self-dual case with €; = —e, = g, the partition function of topological strings is reduced

to the partition function of conventional topological strings, which capture the Gromov-Witten
invariants of the Calabi-Yau threefold dP,,. Then for n+n < 9, equation (31) can be treated as

“The Wilson loop expectation value can also be obtained from a similar expansion of the partition function
with codimension-two defects that live on ]Rﬁl x S1 and fixed on the other directions ]R?Z. The codimension-two
defects are realized as refined topological branes [10,49] in the topological string theory. Let’s denote the X to
be the defect parameter, the BPS particles that are related to the defects that are only movable along half of the
Omega-deformed space, so the effective mass to expand the partition function should be

X

X= 2sinh(e;/2) (30)

10
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a mathematically rigorous way of defining the Gromov-Witten invariants of the Wilson loop.
For the same reason, in the refined case, if n +n < 9, the refined Wilson loop BPS invariants
can be connected to the refined stable pair invariants [50]. However, there is no bound for
the representation of a Wilson loop operator, it is interesting to find a direct mathematical
definition of the Gromov-Witten invariants of the Wilson loops for arbitrary representations
[_1]®n_

To have a better understanding of the expansion (31), we provide an example. In [47], the
massive refined BPS invariants for E-strings are computed. The geometry of the E-string theory
can be treated as an elliptic-fibered CY3. Denoting t and 7 as the base and fiber parameters
of the elliptic fibration, and other mass parameters are represented as the characters of Eg
group. For the curve class that the degrees of t and T are d = (d;, d,), the first few refined
BPS invariants ®[N¢ . ;(j;, jr)] are computed in [47]. If d = (1,0), we have

JisJr’

[1;(0,0)], (34)

if d =(1,1), they are

1

[248;0,0]@ [1;(5, 5L (35)

if d =(1,2), they are
11
[3875+248 +2 % 1;(0,0)] ®[248 + 1;(5, 5)] ®[1;(1,1)]. (36)

In the limit to Eg del Pezzo, we take the limit T — oo, but keep t = t + 1 finite. To make the
limit finite, we need to flip the degree d = (1,0) to d = (—1,0) in the E-string geometry, after
doing this, the leading order coefficients of the T parameter should be the refined Wilson loop
BPS invariants for Eg del Pezzo surface. So the invariants (34) and (36) are the degree —1
and degree 1 invariants for the Wilson loop of Eg model. In this way, we compute the refined
Wilson loop BPS invariants for Ds, Eg, E;, Eg models, from the known refined BPS invariants
of E-strings. We list them in Appendix C.3 in the massless case.

Note that the Wilson loops can be computed from the topological strings on the background
(X, {C;}) with a set of primitive curves. The n-point blowups of dP, provides an embedding
geometry for the background (X, {C;}). However, the embedding geometry is not unique.
For example, one can consider the genus-one fibered CY3 over a —1 curve, with fiber types
Ds,Eq,E; [51,52]. By selecting the next-to-leading order coefficients of e™*, we can also
obtain the refined Wilson loop BPS invariants for Ds, Eg, E; del Pezzo’s in the fundamental
representations.

As we have addressed, when n > 1, the (n + 1)-point blow up of P? is isomorphic to the
n-point blow up of P! x P1. But the latter description is more suitable for the corresponding 5D
SU(2) gauge theory with Ny = n fundamental flavors. Recently, a refined topological vertex
formalism for 5D SU(2) theory with eight fundamental hypermultiplets was proposed in [53],
which is reviewed in Appendix A. The theory is the Kaluza-Klein (KK) theory of E-string theory
compactified on a circle. Following the logic above, we explicitly derive the partition functions
of the Wilson loop operators in the fundamental representations for Eg, E-, Eg and D5 theories
in a close form expression, which are summarized in Appendix B. From the result in Appendix
B, we compute the Wilson loop BPS invariants in the massless limit and check the consistency
with the invariants obtained in Appendix C.3.

BPS expansions Recall that we use the primitive curves C; to generate the Wilson loops in

the representation r;. For the rank-one case, there is only a single non-decomposable represen-
tation r, so all the primitive curves C; are isomorphic to each other. We will use the notation n

11
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to denote the n primitive curves or the representation r®". In this notation, we define the BPS
sector in the representation n as

Fopsn =" Z (—1)21L+2jRﬁ£,jRXjL(6—)XjR(€+)€_ﬁ't, (37)
BEH,(X,Z)
where
7 = 2sinh(€,/2) - 2sinh(ey/2). (38)

Then we can obtain the BPS expansion (12) of the Wilson loop expectation values in the
representation n can be simplified as

n! k k
(Wn> = Z 1 k. '7:Bll>S,n1 o "FBé’S,nl' (39)
l,ni,ki>0 l_[l:]_ (nl!) ' kl!
25’:1 nikizn

3.2 The refined holomorphic anomaly equations for BPS sectors

In this subsection, we study the refined holomorphic anomaly equations for the BPS sectors
(37) in the rank one case. The discussion here is the same as the general case in Section 2, the
purpose of this subsection is to clarify the notations. Our results involve the genus expansion
of the BPS sector

oo o0
FBps,n = ZZ(EI +€3)7 (eq€)8 N FLME), (40)
g=0n=0

In particular, when n = 0, we define
Fo8) = Fng), 41)

which is the refined topological string free energy at genus (n, g).
As discussed in Section 2, the holomorphic limit of the refined holomorphic anomaly equa-
tions for the Wilson loop amplitudes proposed in [34] can be rewritten in the form

Vol €€
350 (W) = 12 2 (DiDj (Wr) + D FyaeDj(Wy) + DijAEDi<Wr>) , (42)

which can be used to derive the refined holomorphic anomaly equation for the BPS sectors.
In the rank-one case, by turning off all the mass parameters, we conclude that the BPS sector

]-',g”’g) satisfy the refined holomorphic anomaly equations

(n,g)

9F, 1 2 ~(ng-1) ol (' g'—n) (n—n’,g—g'~n’)

s E(D Flme=D) 4 Z menn $TV-DF ;43
n/ g/ * *

for any n > 0 and n, g > 0. Here the prime sum means we sum over all the integers 0 < n’ < n,
0 < g’ < g+nbyexcluding n’+g’ = 0and n’+g’ = n+g+n. Here D is the covariant derivative
defined as

DFm8) =g, Fme), p2Fme) = (g, +1)9,F ™), (44)

I is the Christoffel symbol.
In the following sections, we will use (43) to compute the BPS sectors as well as the Wilson
loop BPS invariants.

12
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CY3 | P? | P'xP! | Ds | Eg | E; | Eg
o |27 —16 |16 ]27 |64 432
3 1 41321
a | 3 3 1|1]1] 1

Table 1: Some constants of the local geometries.

3.3 Examples

This subsection gives some rank-one examples of the direct integration method for the BPS
sectors of Wilson loop expectation values. We will focus on massless cases, which means we
set all the mass parameters to zero. There is only one parameter left, denoted as t for the
Kahler parameter in the A-model or z for the complex structure parameter in the B-model.
The A- and B-model parameters are connected via local mirror symmetry [54]. Here we use
the same notation as was used in [47]. In general, the Calabi-Yau periods I1, 5 are annihilated
by the Picard-Fuchs operator

2
L=0+cz0] [@+1-ay. (45)
i=1

For the model we consider in this paper, the values (a;, a,) are given by

12 11 11

P2:(=,2), P'xP':(=,=), Ds:(=,— 6
(333)) X (2:2)’ 5 (2:2): (4)
12 13 15

E¢:(=,=), E;:(=,=-), Eg:(=,=), 47

0G5k Ei(G) Esi(nl) (47)

and the constant ¢, are listed in Table 1. The A- and B-periods I, 5 can be solved using the
Frobenius method starting with the singular term of the periods

I, =log(z) + O(2), (48)
My =115 + O(z). (49)
The A-period I, plays the role of mirror map, that maps the A-model parameter t to the

B-model parameter as —t = II,. The B-period Il is proportional to the derivative of the
prepotential

M o< 3,F©0), (50)

where F(%0) = —%tg + .-+ and « is the triple intersection number listed in Table 1. The dis-
criminant is A = 1+ cyz. We refer the reader to [47] about other important input but less
related to our later discussions.

With the notation we have introduced, the genus zero expression of the BPS sector in the
fundamental representation is

0o _ 1
Tt = o (51)
The coefficient a is related to the inverse of the self-intersection number of the curve related

to the Kihler parameter t and the values are summarized in Table 1. Higher genus results can
be solved using the direct integration method, with the holomorphic ambiguity

2(n+g—1)+n

fn(”’g)(z) =gz an ( Z % + Zyizi) , (52)
i=0

i=1

13
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n
where Xx;, y; are unknown coefficients. Here we add a factor 27¢" = (fr(](itl))) in the holomor-

phic ambiguity (52) according to the expected singular behavior at the large volume limit of
the Wilson loop expectation values. For the Eg, E-, E¢, Ds models, we solve the BPS sector in
the fundamental representation, we fix the holomorphic ambiguities from the regularity at the
conifold point and a few Wilson loop BPS invariants that are inherited from the BPS invari-
ants of E-strings. The solvability serves as a consistency check for the holomorphic anomaly
equation. We list the Wilson loop BPS invariants for those models in Section C.3.

For the local P? and local P! x P! models, the holomorphic ambiguities can be entirely fixed
by the regularities of the BPS sectors at both the conifold point and the orbifold point, we will
give a detailed description of the B-model calculation for them in the following sections.

3.3.1 local P2

(0,1)

(1,0)

(-1,-1)

Figure 1: Toric diagram for P2, described by the ray vectors (0, 1),(1,0), (—1,—1).

The toric diagram for local P? is described in Figure 1, from which we can read the Picard-
Fuchs operator

L£=0°+32(30 +2)(30 +1)0, (53)
where © = Za%- We can then compute the mirror map

1732524 B 7567562°

—t =log(z) — 62 + 4522 —560z2> + 5 c +0O(=%). 54)
The genus one free energies are
1 1 at
FO — __— "A)— =log|—]|, 55
12108 &)~ g log 5 >)
1
FLO — — —1A), 56
v og(z—A) (56)

where A =1+ 27z is the discriminant. Then one can find the Yukawa coupling can be written
in close form

at\? a3Fo 1
Cozs = (_) : 3 2.3 . (57)
0z Jt 3z3(1+ 272)

14
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The propagator and the Christoffel symbol on the moduli space are

29, FO-) ot 1
=2 = 323(14272)9,log — + —2%(7 + 2162), (58)
Cyzz dz 2
_ 0z0%t 7+ 216z

Z zz

= = - 5
2 Ot 0z2 B 62(1+27z2) (59)

Since there is only one modulus z, the propagator and connection only have one component,
so we will drop the indices in the symbol and use S and I' to denote the propagator and
connection.

There are two other singular points in the moduli space, which we will call the conifold
point at A = 0 and orbifold point at % = 0, that we can use the parameters

5. =A=1+27z, (60)

and
1
Z, = —, (61)
Z
around the conifold point and orbifold point. The Kihler parameter can then be solved from
the Picard-Fuchs operator around the region when z, or z, is small, we get the mirror maps ¢,
and t,, they give the inverse expansions

11, 145, 6733 , 120127 . 2431777 ;

~ gt taggle T t t2— t5+O(t)), 62
18' * 486" 52488 T 2361960 127545840 ¢ T OUe) (62)

L1 o 367 1p_ 105067 s

— t
216 ° 60480 ° 1763596800 °  31776487142400 °

Z. =t

2, =1t + +0(t!®).  (63)

With all the ingredients, we can solve the topological string amplitudes for higher genus
n+ g > 2 from the refined holomorphic equation, which has been done in [47]. We will treat
them as an input of the direct integration method for the BPS sector. The direct integration
method involves holomorphic ambiguities, we have the ansatz

0]

X; i

Tt Zojyiz ) (64)
l:

2(n+g—1)+n

fro@) =575 (

i=1

where
0= {%(2n+2g+n)J. (65)

By considering the asymptotic behavior of the amplitudes f,ﬁ”’g) around the conifold point,
orbifold point and large volume point, the unknown coefficients x;, y; in the ansatz (64) can
be completely solved. Our first condition is that the amplitudes are regular at the conifold
point

]:rEn,g) = const. + O(t.), (66)

then all the coefficients x; can be fixed. The second condition is that the amplitudes are regular
around the orbifold point

frgn:g) = const. + O(to)) (67)

15



Submission

SciPost Physics

then all the coefficients y; with i > 3 can be fixed. The remaining coefficient can be fixed by
considering the singular behavior around the large volume point

oo_ 1 1 2
Foo) = veimi A 0Q3), (68)
and for all other genus (n, g) the coefficients of Q‘§+& for —% +d < 0 is zero. Thus, we
can completely solve the BPS sectors to arbitrary genus (n, g) and arbitrary representation
n. Lastly, by using the refined BPS expansion with proper maximal spins, we can recover the
refined BPS invariants in (37). In particular, we observe that the maximal spins have the exact
form

jimex = max(o, =24 = 1) 2)2(d —L) jmes = max(o, 4 DEA*2) 1)2(d 2 o, 69
where d =0,1,2,3,--- is the scaled degree defined as
d=d+2 (70)
= 3

Even though there is no limit to solving the amplitudes from the direct integration method, due
to computational cost constraints, we use the direct integration method to solve the amplitudes
up to n+g+n < 20, with n < 12, where the expression of the amplitudes can be found in [55].
Then we use the maximal spins to fix the refined Wilson loop BPS invariants that appear in
the BPS expansion (37). For example, the refined Wilson loop BPS invariants for n = 12 and
d =1 are listed in Table 2, none of which are inherited from any known refined BPS invariants
of CY3’s. More refined invariants can be found in Appendix C.1.

2j,\2ja | O 1 2 3 4 5 6 7
0 2642 7176 311
1 1611 3954 79
2 79 456 1379 13
3 13 92 377 1
4 1 13 79
5 1 12
6 1

Table 2: BPS spectrum of the Wilson loop for local P? with n =12, d = 1.

3.3.2 local P! x P!

In this subsection, we solve the BPS sectors for local P! x P!, its toric diagram is described in
Figure 2. The mirror map can be solved from the Picard-Fuchs equation, as given by

00z 635042°
—t(2) =log(z) + 4z + 1822 + 400z +1225z% + 63504 + O(=°). (71)
The genus one free energies are

1 1 at
FO — __— "A)— =log|—|, 72
1zog(z ) 5 log| =~ (72)

1

FLO = v log(z2A), (73)
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(0,1)

(—1,0) (1,0)

(0,-1)

Figure 2: Toric diagram for local P! x P!, described by the ray vectors
(0,1),(1,0),(-1,0),(0,—1).

where A = (1 — 16g) is the discriminant of the mirror geometry. The propagator S** and the
Christoffel symbol I, are defined based on the special geometry relations [21]

z2(1—122)
D,§™ = 8,5% + 20757 = —C,p,§%5% — To— 0 =162 (74)
2 —
z = %E — — . 2z 4(1 182) . (75)
2 0t 0z2 3z(1—162)
where C,,, is the Yukawa coupling
at\? a3ro 1
Cozz = (_) : = P (76)
0z ats 23(1—162)
so that the propagator is
1 1 at
S = (2@?(0’1) — —) =23(1—162)3,log — + fzz(l —18z). (77)
5z 6z dz 3

Since only one component of the propagator exists, we abbreviate S** as S. Around the conifold
point where A = 0, we use the complex structure parameter z, = 1 — 16z. Similarly, around
the orbifold point where z — 00, we use the parameter z, = % By solving the Picard-Fuchs
equation around the region when z_ or z, is small, we get the mirror maps ¢t. and t,, they give
the inverse expansions

5, 61 , 443 , 14993 . 14515 ,
=t,——t‘+ —1t>— T+ > — >+ O(t), 78
Ze =t gle T 105t ~3072% T 2a5760'c  5gogaa’c T Ol (78)
1 11 31 141941
2 4 6 8 10 12
=tf——t'— to — t> — t +O(t . 79
%o =t~ 9% ~ 368640'°  21287680'° 7610145177600 0 T Ol ) (79)

The BPS sectors can be calculated using the direct integration method, up to holomorphic
ambiguities, in the ansatz form

2(n+g—1)+n . [n+g+n]
fn(n,g)(z) =92 ( Z Kll + Z yizl) . (80)
i=1 i=0
Similar to the case of P2, by using the convention that around the large volume point, the only
negative degree of Q = e~* comes from the genus zero part F,_, specifically
o0 _ 1
FZ1 = ﬁ’ (81)
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together with the regularity of the amplitudes at the conifold point and orbifold point, we
can fix the holomorphic ambiguities for all the genera (n, g) and all the representations n. In
particular, we find that the maximal spins have the exact form

e e
(R TR

where d =0,1,2,3,---, is the scaled degree defined as

~ n
d=d+—. 84

2 (84)
We use the direct integration method to solve the BPS sectors for n+ g +n < 20 and n < 10,
where the expression of the amplitudes can be found in [55]. We use the maximal spins to
determine the refined Wilson loop BPS invariants. For example, the refined BPS invariants for
n =10 and d = 1,2 are listed in Table 3 and additional invariants can be found in Appendix
C.2.

2j,\2jz | O 1 2 3 4 5
0 1115 10
1 89 402 1
2 14 90
3 1 13
4 1
d=1
2j,\2jz | O 1 2 3 4 5 6 7 8 9
0 5192 9982 462 2
1 594 2608 5792 134
2 160 754 2168 22
3 2 24 160 620 2
4 2 24 138
5 2 22
6 2
d=2

Table 3: BPS spectrum of the Wilson loop for local P! x P! with n=10and d < 2.

4 Magnetic dual and quantum spectrum

The magnetic dual of the topological string amplitudes can be obtained by expanding the
topological string amplitudes around the conifold point [56-58]. The duality is usually called
electric-magnetic duality in the gauge theory [59, 60], it maps the theory of electric particles
in the weak coupling region to its strongly coupled region, which is equal to a dual theory of
magnetic monopoles or monopole strings in 5D in the weakly coupling region. In this sense,
the expansion parameter t exchanges with the dual parameter ¢,

8 F0,0) ,
tp =C =a't,,
D at C

which is proportional to the Kdhler parameter t, around the conifold point. The dual parame-
ter t}, plays the role of the magnetic monopole string tension. Here the quantity a’ is a factor

(85)
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that arises because of the notations, we have a’ = 1 for local P! x P! and a’ = +/3 for local P?
according to the notation of t, defined in Section 3.3.

In this section, we intend to study the magnetic dual of the Wilson loop expectation values
in the NS limit e; — #, €5 — 0, which means we want to expand the Wilson loop expectation
values around the conifold point in the NS limit. These are expected to be the expectation
values of the 't Hooft operators in the magnetic dual theory. As we will see later, by imposing
a proper quantization condition, the expectation values reproduce the quantum spectrum of
the quantum Hamiltonians of the corresponding quantum integrable systems.

The Nekrasov-Shatashvili (NS) limit of the topological string theory is related to the inte-
grable system [61]. In the NS limit, if the CY3 is toric, the mirror curve in the B-model is quan-
tized as the quantum spectral curves for the cluster integrable systems [62,63]. See [64,65]
for other related discussions on the massive quantum curves for del Pezzo surfaces. The
complex structure parameter, identified with the Wilson loop expectation value in the NS
limit [25,66-69], is connected to the eigenvalue of the corresponding quantum Hamiltonian.
If one treats the quantum Hamiltonian as a quantum mechanical system, the phase space of the
quantum system is usually bounded, so we have a quantization condition states in [61,70,71]
that the quantum dual parameter tj (%) has the WKB quantization condition

%} 1
tp(h)=C— i =h(l+—- [=0,1,2,--- 6
D( ) 3t 61_)7172_)06162‘F ( + 2): s 4y &y ) (8 )

in terms of the energy level . Denote

(Wi®) (tp) (87)

as the genus (n, g) expectation values of the dual Wilson loops, expanding in terms of the dual
parameter tp. Classically, the eigenvalue of the Hamiltonians is equal to (ngo’o)) (tp), which
is directly lifted to quantum version according to

(W) (ep) =D (WS ) (ep (), (88)
n=0
The quantum dual parameter t,(#) has the expansion
&0 .
tp(M) =tp + Z tD,ZihZI: (89)
i=1

where the quantum corrections tp, o; can be solved as functions of the classical dual parameter
tp from the relation (88). For example, for the first two orders, we have

2= o

2 (D)p,(1) (D)2 1,/ (1)
w®  wiw) (W) w

- + p "p1 D,2
DA © 2 )3
Wpa (WD,l) 2 (WD,l)
(90)
where we have used the notations
n) — 5k (n,0) (n) — 147(n)
wi=ak (W) (1),  wi=w, o1)
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Then the explicit values of the quantum corrections to t,(#) can be solved from the expression
of the Wilson loop expectation value around the conifold point. After solving the quantum
corrected dual parameter tj (), one can solve the quantization condition for the classical dual
parameter t from (86), and then substitute these solutions back into (ngo’o)) (tp), we can
then solve the energy spectrum

B = (W) (tp). (92)

For example, for local P! x P!, the quantization of the dual parameter is

1 m? 20+1
=hll+=|+—— 3 .
o (+2)+32 512 +or) ©3)

By substituting (93) into (92), we get the quantized energy spectrum
1 1
E =4+ Q21+ 1+ g(212 +20+ 1) + ﬁ(zz3 +312 431+ 1A+ O(rY), (94)

which agrees with the results in [72].

Note that our method here, in principle, is no different than the method in [72]. However,
the advantage here is that we do not use any information about the explicit expression of the
quantum curve or the quantum Hamiltonian, we solve the quantum spectrum only from the
conifold point expansion of the Wilson loop expectation value.

5 Blowup equations and Wilson loops

The blowup equations, which are functional equations over the partition function of refined
topological strings, were initially derived for 4D instanton partition functions [38]. These
equations served as generalizations of the contact term equation [73]. In [39,40], these equa-
tions were generalized to the K-theoretic version for 5D N' = 1 SU(N) gauge theory, which
clarify the connection between the K-theoretic instanton partition function on C? and on C2.
> Later, these blowup equations were further generalized to refined topological string the-
ory [41], and they provide the most powerful and efficient way of computing BPS invariants
and instanton partition functions for various 5D/6D quantum field theories with eight super-
charges [43,76-84].

In this section, we generalize the blowup equation in a more general form, which involves
the Wilson loop expectation values. We will then use these blowup equations to check the
Wilson loop BPS invariants for local P? and P! x P! we calculated in 3.3.

5.1 Blowup equations
Define the whole topological string partition function on the Calabi-Yau threefold X as
Z(eq, €3,t) = e Zpps (€1, €3, 1), (95)

by following the notation in Section 2, where t; are the kidhler parameters. Recall that the
Kéhler parameters are usually written as a collection of Coulomb parameters a; and mass
parameters m; ° in the 5D supersymmetric gauge theories

t:{a]:“'3ab4;m])“':mb2—b4}’ (96)

>See [74,75] for the developments in 4D versions with surface defects.
5We treat the 5D instanton counting parameter(s) as the mass parameter(s)
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where b, and b, are the Betti numbers that count the number of independent compact divisors
and the number of independent curves of X respectively. We define —C;; as the intersection
matrix between the compact divisors and compact curves. Then there exists a sequence of
blowup equations which were first derived in [39], that connect the partition function Z and
the partition function Z on the blown-up space of R*. They can be summarized in the form

Ay, €9, t)Z (€1, €9, t; + MiB) = Z (€1, €3, t; + TiB;)
= Z (—1)|n|Z(€1,€2—€1, ti +Ri61 + ﬁiBi)

nezb4

XZ(€1_€2,€2, tl‘+Ri€2+7TiBi), (97)

and being classified by the magnetic fluxes R; = n;Cj; + B;/2. We call the function A(e, €5, t;)
the Lambda factor. Here we use the bold n = (nq,---, nb4) to distinguish from the n that
appears in the genus expansion. Note that the magnetic fluxes for the mass parameters are
constant values R; = %Bi,i > b,. The magnetic fluxes B; are always integers that satisfy the
flux quantization condition

(_1)2jL+2jR+1 — (_1)[33, (98)

for any BPS particle with spin (j;, jz) and degrees ;.

The blowup equations (97) can be regarded as functional equations of the partition func-
tion of topological strings. It was studied in [41] by using the modularity of the B-model
topological string amplitudes, the factor A(eq, €5, t;) is a modular function and is free of €1, €,
poles if one imposes the flux quantization condition (98). Such properties give a strong con-
straint on the form of A(eq, €,,t;), one possible solution is that A(e;, €,,t;) is a “constant”
that is independent of the Coulomb parameters a;, such that there would be a bound on the
possible values for the fluxes of the mass parameters, and then A(eq, €5, t;) can be completely
determined by taking the limit @; — ©0 on both side of the equation (97)

Z (ey, €9, t; + TiB;)

A(€eq, €q,t;) = lim —— = lim exp(f;(n, €1, €5)t;), 99
(€1,€2,t;) a0 Z (€1, €5, €+ 71iB;) a0 p(fi(n, €1, €5)t;) (99)

by only using the classical geometric information from £ 7, where we define f;(n, €, €,) from

fi(n, €1, €5t
= 5(61,62 — €1, ti +Ri€1 + ﬂiBi) + 8(61 —€9,€9, ti +Ri€2 + ﬂiBi)—g(el, €9, ti + ﬂlBl)
(100)

The finiteness of the limit on the right-hand side of (99) usually indicates that the fluxes of the
mass parameters are bounded even though it seems that there is no reason for the existence
of this bound from the flux quantization condition. In this paper, we want to generalize the
blowup equation to the cases when the magnetic fluxes of the mass parameters exceed that
bound, and in this case, the Lambda factor A(eq, €,, t;) does depend on the Coulomb parame-
ters.

5.2 General structure of blowup equations

The blowup equations are always solved within a bound that the Lambda factor A(eq, €, t;)
doesn’t depend on the Coulomb parameters. However, it is possible to generalize it to arbitrary
fluxes that satisfy the flux quantization condition. We have the following conjecture:

"The second equality in (99) holds if the BPS part of the partition functions is zero under the limit a; — 0.
This condition is indeed true for most theories, but there are indeed some special examples that we also need to
consider the BPS part.
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For refined topological strings on a non-compact Calabi-Yau threefold X, for any magnetic flux B
satisfying the flux quantization condition

(_1)2jL+2jR+1 — (_1)ﬁB, (101)

we have the blowup equation
A€y, €3, t)Z (€1, €2, t; + TiB;) = Z (€4, €5, t; + TiB;)
= Z (—1)|n|Z (61,62 — €1, ti +Ri61 + ﬁiBi)

nezb4

XZ(€1_€2,€2, ti+Ri€2+7TiBi), (102)

where the factor A(€4, €4, t) is a linear combination of Wilson loop expectation values as

Aleyr, ea,t) = > Aler, e5,m) (W, ). (103)
k

Here Ay(€q,€2,m) is a function that only depend on the Omega-deformed parameters €; 5 and
the mass parameter m. (W,, ) is the Wilson loop expectation value in the representation ry of the
gauge group. By considering the limit t — O for the formal expression of A

Z(ela €9, ti + TCiBi)

A(€q,€9,t;) = '
(1 2 l) Z(€1:€2Jti+7TlBi)

(104)

the expression of A(eq,€,,t) can be determined completely from the perturbative information
fi(n, €1, €,) and a few BPS invariants of the partition function and Wilson loop observables.

Several reasons support the conjecture. The first reason is that a similar form has appeared
in [40] for SU(N) case, which should be generalized to arbitrary non-compact Calabi-Yau
threefolds. In [40], they developed the blowup equation for the “time” dependent partition
function, the expansion of the “time” variables involves the Wilson loop expectation values.
The second reason is that from the formal structure of the blowup equation (102), one can
verify that the factor A(eq, €,, t) satisfies the refined holomorphic anomaly equation [85], co-
incides with the refined holomorphic anomaly equation (22) we have derived in Section 2 for
the Wilson loop expectation values. This coincidence gives strong support for the conjecture.
The third reason is that from the modular property of the topological string amplitudes, it
was shown in [41] that the Lambda factor A(eq, €5, t) is a weight zero (quasi-)modular func-
tion. In [41], the A(eq, €5, t) factor was chosen to be a “constant” that doesn’t depend on any
Coulomb parameter. However, the other possible generalization would be a rational function
of the complex structure parameter at the genus zero order, which is generalized to the linear
combination of Wilson loop expectation values at higher genus.

Example To clarify our statement, we give an example. In the pure SU(2) case, whose
geometry is corresponding to local P! x P!, when we choose the flux of the Coulomb parameter
t to be 2n, and the flux for instanton counting parameter to be B,,, then the perturbative
contribution to the blowup equations is

4
Zn(n—Bm/Z)t+n2m+(g—§n3 +n2B,,)(€1 + €5). (105)

Here B,, should be an even integer according to (101). When B,,, = —4,—2,0, 2, 4, the minimal
value of f, = 2n(n— B,,,/2) is always zero, from which we can derive that A(e, €,,t;) =1 for
B, =—2,0,2 and

1—q1q2,  ifB, =4,

. (106)
1— ql_lqz_l, if B, = —4.

A(€13627 ti) = {
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These magnetic fluxes are those discussed in [41]. When B,,, =6, at n = 1, f, = —1, which is
negative, such a negative term contributes a term e’ in A(eq, €5, t;). In the large t limit, such
a negative power cancel with the BPS invariants in the blowup equation contributes addition
terms in A(eq, €5, t;). We may get

Aleq, €9, t)lim00 = 1= Qu(q192(1 +q1)(1 +q2) + ¢2q5Q 1) — 25 Q% (107)

which can be easily deduced from the perturbative prepotential and the degree one BPS in-
variants of Q. As we have explained, the A(eq, €,, t;) function here is pole free from €; , — 0,
and itself should be a modular function, among all the physical observables, the Wilson loop
partition functions satisfy all the properties. Thus, we claim that the whole expression of A is
to replace the negative Q term with its Wilson loop expectation value. For example

1
(W3) = (Wagy) —1= 6 +1+2Q,,+0(Q), (108)

then we conclude that

Aer,€2,t) =1—Qpn (q192(1+ q1 + 42) + 25 (Ws) ) + ¢2q2Q2, (109)

is the Lambda factor for the magnetic flux B,,, = 6. By using the result of the instanton parti-
tion function, we check the blowup equation with flux B,, = 6 up to the six-instanton order.
Similarly, for B,, = 8, A(e€q, €4, t;) contains an, we check the result up to the six-instanton
level.

When the Coulomb parameter has half integer flux n + %, we also find A(eq, €,, t;) agrees
with our prediction. We have checked

A(ey,€2,t1)p,=0 =0,

A€y, €, t)p,=2 = i(ququ)‘lt,
Al€q, €2, ti)p, —4 = i(qufQS)% (W),
Aley, €3, t)p, —6 = i(Qna3aD)T (—1+Qu(=1+q; +q5 + 4192) — PR + (Waen)),
Aleq, €0, i) —g=""" . (110)

We have checked these A’s numerically to the six-instanton level by using the Wilson loop
expectation values obtained in [34].

Genus zero expression Now we study the genus expansion of the blowup equation, we will
focus on the model local P! x P! and the leading order contribution in the blowup equations.
Denote F8)(e;, e,, t,m) to be the genus (n, g) free energy of the topological strings on local
P! x P!, then the leading order expansion of the blowup equation indicates that the genus zero

part of Lambda A]gn’ga) has the expression

1
Ag?;O) — Z exp (an 33 F©0 2B ng 3,700 4 3 Bﬁq 3n% F0,0 4 £O1) _ ]_-(1,0)). 111)

nezZ+a
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If our conjecture for the Lambda factor is correct, then the genus zero part is a Laurent poly-
nomial of z. Indeed, as we have checked, if a = 0, they have the exact expressions

(0,00 _ ,(0,00 _
A Zo=ANp =1 (112)
0,00 _
APY, =1-Qy, (113)
0o _ Q 2
A —_7m+(1—Qm) , (114)
0o _ Q 4
ABm=8 __2_7271+(1_Qm) > (115)
Qn(2—3Q,+Q3) 30.(1—Q., )
AE;O’O:)w = _Q_Ign + m( 2 = m) - Qm( Qm) + (1 _Qm)6’ (116)
m P4 Z p4

which are linear combinations of the genus zero Wilson loop expectation values with different
representations. Interestingly, the components in the combination have the same charge under
the one-form symmetry Z, that maps 4/z to —/z.

5.3 General structure of blowup equations for Wilson loops

The blowup equations can be generalized to the Wilson loop observables [11]. In the general
form, we have the following conjecture:
For refined topological strings on a non-compact Calabi-Yau threefold X, define the partition func-
tion with the insertion of the Wilson loop operator as

ZW,. = <Wr> '2(619625 ti)J (117)
where

(Wr> = <Wr> (61’ €2, ti) (118)

is the Wilson loop expectation value in the representation r. Then for any magnetic flux B satisfying
the flux quantization condition

(—1)¥et2irtl = (1) B (119)
and for any representations r,, 1y, we have the blowup equation
A(ela €9, tl)Z (61’ €9, ti + 7TiBi)

= Z (_1)|n|ZWra (61, €9 — €1, t; +Ri€1 + Tlel)
nezb4

XZWrb (61—62,62, ti+Ri€2+7TiBi), (120)
where the factor A(eq, €4, t) is a linear combination of Wilson loop expectation values as

A(€1,€2, t):ZAk(el,ez,m)<er>, (121)
k

Here Ay(€q,€5,m) is a function that only depend on the Omega-deformed parameters €, , and
the mass parameter m. (er) is the Wilson loop expectation value in the representation r of the
gauge group. The way to determine the explicit expression of the Lambda factor (121) is the
same as the case in Section 5.2.

Note that for the BPS particles of Wilson loops, the flux quantization condition (119) also
depends on the representation n as we can verify from the BPS spectra listed in Appendix
C. The flux quantization condition (119) should be considered for the BPS particles of the
conventional refined topological strings without the insertion of Wilson loops.
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6 Conclusions

In this paper, we study the refined topological string correspondence of the Wilson loop op-
erators in the five-dimensional A/ = 1 supersymmetric quantum field theory on the Omega
deformed background R‘e‘l’ e ¥ S!. For the 5D theory which can be obtained from the M-theory
compactification on the non-compact Calabi-Yau threefold X, the Wilson loops are provided
by inserting the background non-compact primitive curves Cy,-- -, C,, on the Calabi-Yau back-
ground, and the expectation values of the Wilson loop operators can be obtained by considering
the topological strings on the background (X, {Cy,---,C,}).

The expectation value of the Wilson loop operator can be written in terms of the BPS sec-
tors, and each BPS sector has a refined BPS expansion or equivalently the refined Gopakumar-
Vafa expansion that is similar to the case of refined topological strings but with an additional
momentum factor. Based on the refined holomorphic anomaly equations proposed in [34],
we derive the refined holomorphic anomaly equation for the BPS sectors. In particular, we
use the direct integration method to compute the BPS sectors for many rank-one models, in-
cluding local E,, del Pezzos and local P? and local P! x P!. For the last two models, we solve
the BPS sectors in the B-model by using the direct integration method and recover the refined
BPS invariants for them to very high representations, indicating the existence of new integral
invariants.

Even though we give a general description for the Wilson loops and topological strings
correspondence, all the models we have checked are toric Calabi-Yau threefolds. In the gauge
theory, at least when the gauge groups are classical Lie groups, one can use the localization
method to compute the Wilson expectation values. It is also interesting to study the B-model
approach, particularly in non-toric cases and those cases without a gauge theory description
as discussed in [86]. Some consistency checks have been done for E-strings in [31] and for
the 5D rank-two cases in [87], by studying the quantum periods of the quantum curves for
5D Sp(2) gauge theories. It is also interesting to verify the calculations by using the B-model
method.

In Section 4, we study the Wilson loop expectation values around the conifold point in the
NS limit, and without the consideration of the quantum curve, we recover the quantum spectra
of the corresponding integrable systems. However, the spectrum we obtained is supposed to be
the perturbative spectrum, which is consistent when the Planck constant 7 is small. Recently,
the resurgence structure of the Wilson loop in the NS limit is discussed, which leads to a non-
perturbative completion of the Wilson loops valid for large f. It is interesting to see if we can
obtain the non-perturbative spectrum obtained in [88,89] from the non-perturbative Wilson
loop expectation values.

In Section 5, we present generalizations of the blowup equations. We propose that when
the magnetic fluxes B,, for the mass parameters are large, the Lambda factor A(eq, €5,t) in
the blowup equation involves Wilson loop expectations. We give an explicit check for the
case of 5D pure SU(2) theory. We then generalize the formalism to the case of Wilson loops.
Our proposal here can be directly generalize to 6D cases. In six dimensions, the Wilson loop
becomes the Wilson surface but the expectation value of the Wilson surface operator can be
effectively calculated as the expectation value of the Wilson loop operator in the 5D KK theory.
Our proposal provides a generalization of the elliptic blowup equation and it is interesting to
study the 6D cases to see whether new information on the elliptic genera can be obtained.
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A The partition function of E-string theory
In this appendix, we review the refined topological vertex formalism for the E-string theory or

equivalently, the effective 5D KK theory SU(2) + 8F that was studied in [53]. We start with
the definitions of a sequence of functions that involve the partitions u;:

Nuw@t,9) = [ (1@t lgmd). [T (1—Qetig=i*t),  (22)

((B)ST (i,))€us
Zue ) = [ (1= *gqu) 7, (123)
(i,j)ep
M@Qtg =]](-a )" (124)
i,j=1
gl eI Z, (6,9)Z, (0, 0)Z,,(t, )7, (g, 1)
Z.U«l.U«z = 2 ot > (125)
NHle(Q )Nﬂl.uz(Q a)
, MEQHIM(Q*Y) (126)
M = >
MMQHIMEGEL/D)
k=1,3,5,7
and
gl MfI> . Q |t t
Zuy g (M M) =q 2772 ui(t’q)zuf(q’t)Nuim(ﬁ\IE)Nuzui(QMj\lE)
j
l s Y [
M i
x(_%) 1 . (127)
Q M; M, M,

Here we use the notation g = e®1,t = e~ “2 for the Omega-deformed parameters. Then up to
)
E .. . .
an extra factor Z.} ., the partition function of SU(2) + 8F is

extra’

ED B _
2% Zexira =Zm Z ul‘ullHMZlZHle ZZH1H2N3(M1’Mz)ZZH1M2H4(M3’M4)
[SR) (2%} g
X ZZ.ul.uz.us(M5’M6)ZZM1M2H6(M7’M8)’ (128)
HUs Mo

where M,k = 1,---,8 are the mass parameters for the eight fundamental flavors, Q is the
Coulomb parameter. u is the instanton counting parameter for the SU(2) + 8F theory and we
call |uq] + |u,| the instanton number.

In the expression for the instanton part of the E-string partition function, we also use the
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notation 8
> Zy g (M, M)
2, (M, M) = bbb PR (129)
2o Zop, (M, My)
where
5 MOMIM(GED
Zgg, (M;, M) = . (130)
o MCE DM@ /D)

In (130), the numerator of the right-hand side doesn’t depend on the Coulomb parameter, thus

D
should belong to part of the extra factor Zexml By computing (128) on the right-hand side to
higher enough instanton numbers, the extra factor is the Coulomb-independent part and can

be summarized as

(1)
Lo = MOL MM )M(M3M4)M( )M(M5M6)M(M6 ‘ )M(MyMg)M(Mj;

4 1

g PE((l Q)(l - f)(l —u?) ; (1 ’ Mj;_1 My, ’ MZi_lMZi})
4

My My

" PE((l PGS ey ;(1 oy T MZi_l))
4 1

x PE((1 q)(l — t)(l —2) !:1[( My, + 4/ M2i—1M2i))
4

My; 4 My,
xPE((l q)(l—t)(l—uZ)DN My, +\JM2i_1))
2(1+qt)u
re( ) ey

B Wilson loop expectation values for del Pezzo surfaces

As pointed out in Section 3.1, the Wilson loops for del Pezzo surfaces can be obtained from the
partition function of E-strings. This appendix derives the Wilson loop expectation values for
Eg, E;, Eg, Ds del Pezzos in the fundamental representation. The exact expressions are listed
in equations (143), (147), (151) and (155) respectively.

By using the following identity

”(Q\J; £,q) = (—Q) "I IR IR SUMEAME Ar (2 \E; 6q),  (132)

the combination

— 23Ul +lual)
Zﬂl.uz.ui(Mj’Mk):Mkz R Z,ul,uzu( i» My)
211,612 2~ t
= ¢lmlP=3 Ikl 3llpall Z (t, Y4 t(q’t)Nl‘LlH( \ ) o QM a)
oo [ M Bl Gallaal
x (—Q)™ ﬁ] M; (133)

8The calculation of Z (M;, M,) is time-consuming. Since this function can be commonly used for other

Hipa
topological vertex calculations, we provide the results for Z, , (M;, My), with |u,| + |u,| < 10, in [55].

(a1
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always has positive degrees of M. Let’s define Q; =

E-strings becomes

(1)

u
/MM MgMg’

the partition function of

BV B lpa |+ 1o
Z extra ZMZQ ' 2ZH1H22 MleMa(Ml’MZ)Z H1H2H4(M3’M4)

W1,U2

Z 1 o s (Ms, Me) Z 1 Ui (M7, Mg),

and the extra term becomes

(1)

M(M1M2)M( )M(M3M4)/Vl(

extra

M(MsMs)M( )M(M7M8)M(

1+ ———

quM2M4M6M8
(1—q)(1 —1)(1 —QEM,M,McMg) 4
Q2 M, M, MM

1+ ——
(1- Q)(l —t)(1 — Q3 MM, MgMsg) 4

My |,

2i

:» i EM»

tQyp
(1—q)(1 —0)(1 — Q2 M,M,MeMs)
2(1 +qt)Q2 M, M, MgMs
1-¢(-t)(1- Q2M2M4M6M8))

)

E

(
(
(=
(v

:|4>

I
—_

i

PE

PE( qQp
(1—q)(1—t)(1 —Q2MyM,MgMsg)

M4 +

(134)

+ My, 1M21))
M21

o 1))

- \/z—lel))

=)

(135)

which always has positive degrees of My, M4, M, Mg. Then, by recursively picking up the coef-
ficients of Mg, Mg, M4, M, one by one, we obtain the Wilson loops for SU(2) with Ny = 7,6,5,4,

or equivalently Eg, E;, Eg, D5 del Pezzos.
In practice, note that

Noo@ =[] (-t lqg#), (136)
(()STH
and
1(u1) 1— Qti—zq—ul’i+l
Noyo(@t.q) = NM(Q,tq)]_[(1 o _Hhﬂi(l—Qt“‘“)‘lq)- (137)
We define
[(uy) 1 —0ti—2gHuitl
NM(Q;t,q)=l_[( o )(1—Qt’(“l)‘1q), (138)

o, (1 _ Qti—lq—ul,iﬂ)

so that we have

Z

HleD(Mj’ Mk)

JEq

ZMsz(Mj,Mk)
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Using the above components, we derive the partition functions and the Wilson loop expectation
values for E,, del Pezzo’s in the fundamental representation. For Eg del Pezzo surface:

E | [+
z szexmi =Zm Z Q e Z“LMZZ Ml.uzliz(Ml’Mz)Z M1M2M4(M3’M4)
2

Z HleHs(M5’M6) Nl:uZQ(M7’ 0)’ (140)

Z eXtra =Zm Z Zum Z uluzus(Ml’MZ)Z u1u2u4(M3>M4)
U1,U2

Z HlHZHS(MS’M6) uluzﬂ(M%O)

X (ﬁm(é\g; t,q)/\N/,lz(QM7\( t q)—\F - ) (141)
(1)

where Z2 and Cg are defined from the Fourier expansion of Z,

extra eXtra

(1)
7'

extra

=z

extra

(14 CgMg + O(M3)). (142)

Then the expectation value of the Wilson loop operator for Eg del Pezzo is
Eg

(W) =~ (143)

where we use the subscript F to denote the fundamental representation. Subsequently, for E,
del Pezzo surface, we have

extra =Zm Z ZH1M2 Z U1 Moz (Ml’ Mz) Z ZM1M2H4(M3’ M4)
H1,M2 Ug

HIMZQ(MS’O) MLUZ@(M7’ O)) (144)

Z extra =2y Z ZIMMZ Z HleHs(Ml’M2)Z H1H2H4(M3’M4)
Uy,

M1M20(M5’ O) Hl.uzﬂ(M% 0)

X (/\Nful(%\g; t,q)/\Nfuz(QMs\( t q)—\Ji— ) (145)

where Z.7_ and C, are defined from the Fourier expansion of Z,

extra extra

758

extra — Zextra(1 + C7M6 + O(Méz)) (146)

Then the expectation value of the Wilson loop operator for E, del Pezzo is

E;

(wetr) = 2ot 147

For E¢ del Pezzo surface:

E —
4 6Z€Xtra Zy Z ZH1H2 Z U P s (M, MZ)ZMM@(M3’ O)ZMHZ@(MS’ O)Zuluz@(M% 0),
Uy M2

(148)
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ZWF extra =Zm Z Zﬂlﬂz Z 1 U3 (Ml’ MZ)ZMleﬂ(M?” O)ZM1M2Q(M5’ O)Zlhliz@(M% 0)
Hy,M2

X( (—\17 t, N, (QMs( t q)—\li— ) (149)

where Zex6tra and Cg are defined from the Fourier expansion of Z ema
E
Zex7tra = Zextra(1 + C6M4 + O(Mf)) (150)

Then the expectation value of the Wilson loop operator for Eg del Pezzo is

Eg

(wee) =~ (151)

For D5 del Pezzo surface:

zP ZeXtra =Zm Z Zﬂlliz ZMle(b(Ml’ O)Zﬂlﬂzﬂ(M3’ O)ZHlﬂzﬂ(MS’ O)Zlhliz@(M% 0), (152)
1,2

Z ZGXtra =2Zm Z Zuluz ZHlew(Ml’ O)Zﬂlﬂzo(M3’ O)le«lll«z@(M5’ O)Z.ul.uz@(M% 0)
U2

X(/\Nful(%\li t, N, (QMl\( tq)—\]7 ) (153)

where Z25_and C; are defined from the Fourier expansion of Z,

extra extra

foGtra Zextra(1 + CSMZ + O(Mz)) (154)

Then the expectation value of the Wilson loop operator for Ds del Pezzo is

(WePs) = —=. (155)

C Refined BPS invariants

In this appendix, we present the refined Wilson loop BPS invariants, denoted N d , in the BPS
sector

oo

Fapsa=I"1- D (—1)PNE Ly (e )y (e)e7, (156)

dezi—an
where ZS’ denotes the set of non-negative integers, and the constant a is defined in Table

1. These invariants are relevant for local P2, local P! x P!, and local Ds, Eg, E, Eg del Pezzo
surfaces, as described in Appendix C.1, Appendix C.2, and Appendix C.3 respectively.

C.1 Refined BPS invariants for local P?
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—— — 2j,\2jz | O 2 3 4 5 6 7
27\ 2R [0 1 2 3 A * 5 0
0 1 0 1

1 1
d=1 d=2% ;
3 3 d=§
2,\2jr [0 1 2 4 5 6 7 8 9 10 11 12
0 1 2 4 3 1
1 1 3 4
2 1 2
3 1
_ 10
d=7

2j\2jr [0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0 1 2 4 7 9 12 9 6
1 1 3 7 11 15 12 4
2 1 3 7 11 9 3
3 1 3 7 7 1
4 1 3 4
5 1 2
6 1

d_l3

Table 4: BPS spectrum of the Wilson loop for local P? withn=2 and d < %

— 2i\2j |0 1 2 3 4 5
AV 5 1 \2jr
5 T 0 1 3
1
d=1 d=2
2;\2jr |0 1 2 3 4 5 6 7 8 10 11
0 1 3 7 7 1
1 1 4
2 1 3
3 1
d=3
2;\2j |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0 7 14 20 27 21 11
1 1 4 11 21 31 27 7
2 1 4 11 21 20 4
3 1 4 11 14 1
4 1 4 7
5 1 3
6 1
d=4

Table 5: BPS spectrum of the Wilson loop for local P2 with n =3 and d < 4.
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2j,\2js ]0 1 2 3 4 5

2j;:\2j 0 1
]L(\) JR - 0 1 4
1 1
d = 2 5
3 d= 2
2j,\2jz | 0 1 3 4 5 6 7 8 10
0 1 4 11 14 1
1 1 5 11
2 1 4
3 1
_ 8
d=3
2\2jr |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0 3 11 25 41 58 48 19
1 1 5 16 36 60 58 11
2 1 5 16 36 41 5
3 1 5 16 25 1
4 1 5 11
5 1 4
6 1
11
d=1
Table 6: BPS spectrum of the Wilson loop for local P? with n =4 and d < %
- - 2j:\2j o 1 2 3 4
2j,\2jr 2
) 1 0 1 5
1 1
d=1 4
3 d= 3
2,\2jxr ]0 1 2 3 4 5 6 7 9
0 1 5 16 25 1
1 1 6 16
2 1 5
3 1
7
d=1
2,\2jxr |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 15 41 77 118 106 31
1 1 6 22 57 108 118 16
2 1 6 22 57 77 6
3 1 6 22 41 1
4 1 6 16
5 1 5
6 1
d= 10

Table 7: BPS spectrum of the Wilson loop for local P2 with n =5 and d < 13—0.
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2j;:\2jr | O 2 3
0 1 6
1 1
d=1
2,\2jxr]0 1 2 3 4 5 6 7 8
0 6 22 41 1
1 1 7 22
2 1 6
3 1
d=2
2j;\2jx 0 1 2 3 4 5 6 9 10 11 12 13 14
0 16 62 134 226 224 48
1 7 29 85 182 226 22
2 1 7 29 85 134 7
3 1 29 63 1
4 7 22
5 1 6
6 1
d=3

Table 8: BPS spectrum of the Wilson loop for local P? with n =6 and d < 3.

2\2; [0_1_2
0 7
1 1
2
d=2
2,\2/x 10 1 2 3 4 5 6 7
0 6 29 63 1
1 1 8 29
2 1 7
3 1
5
d=3
2\2jx]0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 85 218 408 450 71
1 7 37 121 290 408 29
2 1 8 37 121 219 8
3 1 8 37 92 1
4 1 8 29
5 1 7
6 1
_ 8
d=3

Table 9: BPS spectrum of the Wilson loop for local P> with n =7 and d < %.
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2j,\2jr | 0 1
0 8
1 1
1
d=§
2,\2jr]0 1 2 3 4 5 6
0 36 92 1
1 1 9 37
2 1 8
3 1
_ 4
d=3
2j\2jg [ 0 1 2 3 4 5 6 7 8 9 10 11 12
0 92 332 697 858 101
1 45 166 441 698 37
2 1 9 46 166 340 9
3 1 9 46 129 1
4 1 9 37
5 1 8
6 1
7
d=3

Table 10: BPS spectrum of the Wilson loop for local P? with n =8 and d < %

2,\2jxr] 0 1 2 3 4 5
0 37 129 1
1 10 46
2 1 9
3 1
d=1
2,\2ja | 0 1 2 3 4 5 6 7 8 9 10 11
0 460 1130 1556 139
1 46 220 645 1139 46
2 10 56 221 506 10
3 1 10 56 175 1
4 1 10 46
5 1 9
6 1
d=2

Table 11: BPS spectrum of the Wilson loop for local P? with n =9 and d < 2.
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2,\2x ] 0 1 2 3 4
0 175 1
1 10 56
2 1 10
3 1
a=3
2j,\2jx | O 1 2 3 4 5 6 7 8 9 10
0 496 1729 2695 186
1 276 912 1784 56
2 10 67 287 727 11
3 1 11 67 231 1
4 1 11 56
5 1 10
6 1
d=3

Table 12: BPS spectrum of the Wilson loop for local P? with n =10 and d < %

2;,\2js ] 0 1 2 3
0 231 1
1 67
2 1 11
3 1
a=
2j,\2jz | O 1 2 3 4 5 6 7 8 9
0 2410 4479 243
1 287 1245 2697 67
2 78 365 1014 12
3 1 12 79 298 1
4 1 12 67
5 1 11
6 1
d=3

Table 13: BPS spectrum of the Wilson loop for local P? with n =11 and d <

Wl
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C.2 Refined BPS invariants for local P' x P!
2j,\2jg | O 1 2j\2jr | O 1 3
0 0 2
d=1 d=2
2j,\2jx 2 3 4 5 6
0 1 5
1 1
d=3
2;,\2j: |0 1 2 3 4 5 6 7 8 9
0 2 6 12
1 2 6
2 2
d=4
2;,\2j |0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 1 5 14 22 29 2
1 1 6 16 22 1
2 1 6 14
3 1 5
4 1
d=5
2;\2j |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0 6 18 36 60 74 78 14 2
1 2 8 24 50 74 76 14
2 2 8 26 50 60 6
3 2 8 24 36 2
4 2 8 18
5 2 6
6 2
d=6

Table 14: BPS spectrum of the Wilson loop for local P! x P! withn=2and d < 6.
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2j\2jr | O 2j,\2jr | 0 1
0 1
d=1 =32
27, \2jx 1 4 5
0 6
1 1
_ 5
d=3
2j,\2jz | O 3 4 5 6 8
0 8 18
1 2
2 2
7
d=3
2i,\2j 10 1 2 3 5 6 8 10 11 12
0 1 6 38 51 3
1 1 7 1
2 1 7 20
3 6
4 1
_ 9
d=3
25;\2jr | 0 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16
0 6 26 60 110 148 154 28 2
1 2 10 34 82 138 150 22
2 2 10 36 82 110 8
3 10 34 60 2
4 2 10 26
5 2 8
6 2
d — 11

Table 15: BPS spectrum of the Wilson loop for local P* x P! with n =3 and d < 1!
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CTAVTA RO 2,\2js ]0 1 2 3 4
5 0 1 7
1 1
d=1 d=2
2,\2jx ]0 1 2 3 4 5 6 7
0 2 10 26
1 2 10
2 2
d=3
2,\2jx 10 1 2 3 4 5 6 7 8 9 10 11
0 7 27 61 89 4
1 1 8 31 61 1
2 1 8 27
3 1 7
4 1
d=4
2,\2jx |0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 34 o4 192 286 304 50 2
1 2 12 46 126 242 288 32
2 2 12 48 126 192 10
3 2 12 46 94 2
4 2 12 36
5 2 10
6 2
d=5

Table 16: BPS spectrum of the Wilson loop for local P! x P! withn=4 and d <5.
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—— 2j,\2j
2j,\2j; | 0 JL(\, Jr
0 2 1
1
d=1
2j\2jr [0 1 2
0 2 12
1
2
d=3
2,\2jr |0 1 2 3 4 5
0 7 35 92
1 1 9 40
2 1
3
4
d=1
27 \2jx 0 1 2 3 4 5 6 12 13 14
0 36 138 318 528 2
1 14 60 184 400
2 2 14 62 12
3 2 2
4 48
5 12
6 2
d=1%

Table 17: BPS spectrum of the Wilson loop for local P! x P! with n=5and d < %.

12 13
2
14

2

2,\2jr |0 1 2 2j.\2jr
0
0 9 1
1 1 5
d=1
2j,\2jr | O 1 2 3 4
0 43 132
1 1 10 50
2 1
3
4
d=3
2j;\2jx 0 1 2 3 4 5 6
0 186 500 928
1 14 76 258 628
2 2 16 78
3 2 16
4
5
6
d=4

Table 18: BPS spectrum of the Wilson loop for local P! x P! with n =6 and d < 4.
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- - 2j:\2j 0 1 2 3 4
SIAVI Ji\2Jr
0 10 0 14 62
1 1 1 2 16
2 2
d = l 3
2 d=3
2,\2jr ] 0 1 2 3 4 5 6 7 8
0 44 181 374 7
1 11 61 182 1
2 1 11 54
3 1 10
4 1
d=3
2j;:\2jr 0 1 2 3 4 5 6 7 8 9 10 11 12
0 198 744 1554 2052 184 2
1 92 350 944 1558 74
2 2 18 96 350 760 16
3 2 18 94 276 2
4 2 18 78
5 2 16
6 2
d=1

Table 19: BPS spectrum of the Wilson loop for local P! x P! withn=7 and d < 2.

2,\2jx ] 0 1 2 3 4 5 6 7

2j,\2jr 10 1 2 3 0 232 556 8

0 78 1 11 73 243 1

1 2 18 2 1 12 65

2 2 3 1 11

i1 4 1
d=2

2j,\2jr | O 1 2 3 4 5 6 7 8 9 10 11

0 1014 2482 3610 258 2

1 94 460 1368 2502 92

2 20 116 462 1110 18

3 2 20 114 370 2

4 2 20 9

5 2 18

6 2

d=3

Table 20: BPS spectrum of the Wilson loop for local P! x P! withn=8 and d < 3.
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2i,\2jx ] 0 1 2 3 4 5 6

2,\2jx ] 0 1 2 0 240 799 9

0 96 1 85 316 1

1 20 2 1 13 77

2 2 3 1 12

4 1
d=1
3
d=3
27 \2jx 0 1 2 3 4 5 6 7 8 9 10
0 1088 3754 6112 350 2
1 574 1920 3870 112
2 20 138 596 1572 20
3 2 22 136 484 2
4 2 22 116
5 2 20
6 2
d=3
Table 21: BPS spectrum of the Wilson loop for local P! x P! withn=9 and d < %
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C.3 Refined BPS invariants for E, del Pezzos

27,\2; [ 0 AV 25,2, [0_1
0 1 0 10 0 16
d=—1 d=1 d=2
2,\2x]0 1 2 3 2,\2x ]0 1 2 3 4
0 1 46 0 16 160
1 1 1 16
2,\%x 1] 0 1 2 3 4 5 6
0 10 140 586
1 10 140
2 10
d=5

Table 22: BPS spectrum of the Wilson loop in the fundamental representation for D;
del Pezzo.

— — 2j;\2j o 1 2
2\%, 27\%; [ 0 Sl 10 L
0 1 0 27 1 1
d=-1 d=1 d=2
2010 1 2 3
0 27 378
1 27
d=3
2\2x10 1 2 3 4 5
0 405 2133
1 27 405
2 27
d=4
22k ] 0 1 2 3 7 5 6 7 8
0 731 4540 12716 79
1 79 888 4540 1
2 1 80 809
3 1 79
4 1
d=5

Table 23: BPS spectrum of the Wilson loop in the fundamental representation for Eg
del Pezzo.
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