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ABSTRACT: We show that, in local Calabi—Yau manifolds, the topological open string partition
function transforms as a wavefunction under modular transformations. Our derivation is based
on the topological recursion for matrix models, and it generalizes in a natural way the known
result for the closed topological string sector. As an application, we derive results for vevs of
1/2 BPS Wilson loops in ABJM theory at all genera in a strong coupling expansion, for various
representations.
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1. Introduction

Topological string theory on Calabi—Yau (CY) manifolds has been an important source of results
in string theory, gauge theory and mathematics (see for example [34, 33, 36, 43, 40] for reviews).
In the so-called local case, where the CY is non-compact, the theory can be solved exactly, by
using for example large N techniques in matrix models [15, 35, 13] or the theory of the topological
vertex [4].

Closed topological string amplitudes satisfy many interesting properties. In the local case,
and from the B-model point of view, they can be regarded as holomorphic objects associated to
an algebraic curve or Riemann surface. They depend on a choice of “symplectic frame”, i.e. on
a choice of symplectic basis for the homology of the Riemann surface, and they turn out to have
non-trivial transformation properties under a change of basis or modular transformation. Equiv-
alently, one can introduce a non-holomorphic dependence in the amplitudes which is governed
by the holomorphic anomaly equations of [10]. As shown in [1], the transformation properties of
the closed string amplitudes can be derived from the fact that the total closed string partition
function (summed over all genera) is a wavefunction [44]. Modular transformations correspond to
canonical transformations, which lift quantum-mechanically to integral transforms of the wave-
function. Therefore, a change of symplectic basis leads to an integral transform of the topological
closed string partition function.



These properties of the closed topological string amplitudes can be also derived by using the
solution of the B-model in terms of matrix integrals [15, 35, 13]. This solution is based on the
topological recursion of Eynard and Orantin [21], which encodes as well the modular properties
of the resulting amplitudes. It was shown in [20] that the modular behavior of the closed string
amplitudes, as deduced from the topological recursion, agrees indeed with the wavefunction
behavior of the partition function found in [44, 1].

The topological recursion of [21] gives as well a method to compute the modular transforma-
tion of open string amplitudes. In this paper, we show that these properties can be summarized
by saying that the total open string partition function transforms as a wavefunction. This gen-
eralizes the results of [44, 1] to the open sector, since the closed string partition function can be
regarded as a specialization of the open string partition function where all the open moduli are
set to zero.

The wavefunction behavior of the open string partition function has practical applications,
since it makes possible to relate in a precise way open string amplitudes in different frames. One
interesting situation where this can be used is the calculation of vacuum expectation values (vevs)
of 1/2 BPS Wilson loops [16] in ABJM theory [8]. These vevs can be computed by localization,
in terms of a matrix model [28, 16]. It turns out that they are given by open topological string
amplitudes in a non-compact CY, local P! x P! [38], but in the so-called orbifold frame [3]. As
an application of the main result of this paper, we obtain results for the vevs of 1/2 BPS Wilson
loops by first performing the calculation in the large radius frame, and then using the fact that
the open string partition function is a wavefunction. We find in this way all-genus results for
vevs of 1/2 BPS Wilson loops as integral transforms of topological string amplitudes at large
radius. These expressions are exact in k, the coupling of ABJM theory, but they are expanded
around the strong coupling limit. They correspond to the M-theory expansion of the amplitudes
discussed in for example [39, 30]. In particular, we rederive in this way the result for 1/2 BPS
Wilson loop vev with winding n derived in [30] in the M-theory regime, and we extend it to
other representations. Our method also makes it possible to calculate systematically worldsheet
instanton corrections, which are difficult to obtain in the Fermi gas approach of [30].

The wavefunction behavior of the open string amplitudes has been addressed before. In
[2, 6, 29], the behavior of the open string partition function has been studied as one changes the
open moduli, although as far as we know there is no general statement for this behavior. The
paper [41] studies the wavefunction behavior of the open string partition function in the compact
CY case.

This paper is organized as follows. In section 2 we review the definition and construction
of topological open string amplitudes and the topological recursion of Eynard and Orantin. In
section 3 we derive our main result, namely, we show that the total, topological open string
partition function, transforms as a wavefunction under modular transformations. In section 4
we use our main result to obtain expressions for 1/2 BPS Wilson loop vevs at all orders in the
genus expansion and expanded at strong coupling. Finally, in section 5 we end up with some
conclusions and prospects for future work.

2. Open topological string amplitudes and topological recursion

2.1 Open topological string amplitudes

In this paper we will study open topological string amplitudes in local CY geometries. There are



two types of local CYs which are particularly interesting. The first ones are of the form
w = H(z,y), H(zy)=y"— W () + f(z), (2.1)

where W (x), f(z) are polynomials of degree d + 1, d — 1 respectively. The Riemann surface
H(z,y) = 0 associated to this geometry is the hyperelliptic curve

y* = (W'(@))* - f(o), (2.2)

of genus n = d — 1. Dijkgraaf and Vafa conjectured in [15] that type B topological string theory
on these backgrounds is equivalent to a matrix model with potential W (z) and d — 1 cuts (see
[34] for a review).

A more interesting class of local geometries are toric CY manifolds, which are non-compact.
In this case, both open and closed topological string amplitudes have an enumerative meaning in
the A-model, which we now review briefly (see for example [33] for a presentation with appropriate
references). Closed string amplitudes at genus g can be expressed as a sum over instanton sectors.
These are labelled by a class § € Ha(X), where X is the CY target, and they read

Fy(t) = Z Nype Pt (2.3)

ﬂEHQ(X)

In this equation, ¢ denotes the vector of closed Kahler moduli. The rational numbers N, g are
Gromov—-Witten invariants counting holomorphic maps from a Riemann surface of genus g, X,
to the CY X, and in the class 8. It is useful to define the total closed string free energy as:

Flgs t) =) Fylt)g2>. (2.4)
g=0

Gopakumar and Vafa [24] showed that the generating functional (2.4) can be written as a gen-
eralized index that counts BPS states in M-theory compactified on X, and this leads to the
following structural result for F'(gs,t):

F(gs,t) = iz i ngﬂ% <2 sinh

g=0 B m=1

mgs ) 2072 —mf-t
e , (2.5)
2
where ng4 g, known as Gopakumar-Vafa invariants, are integer numbers.

In order to define open topological strings on a CY X, we need to specify boundary condi-
tions. This is done by choosing a brane wrapping a Lagrangian submanifold £ C X. The free
energy of the open topological string theory can be obtained by summing the contribution of
open worldsheet string instantons in different topological sectors. These sectors classify maps
from an open Riemann surface ¥, to X, in such a way that the boundaries of X, j, are mapped
to L. They are labelled by two different kinds of data: the boundary part and the bulk part. The
bulk part is labelled by relative homology classes € Ha(X, £). We will assume that b;(£) =1
(as it happens for the Lagrangian submanifolds constructed in [7]) so that H; (L) is generated by
one nontrivial one-cycle. Then, the topological sector of the boundary is classified by winding
numbers ¢; specifying how many times the boundaries of 3, ; wrap the non-trivial one-cycle of
L. We will collect these integers into a single h-tuple denoted by £ = (¢1,--- ,¢).



There are various amplitudes that we can consider, depending on the topological data that
we want to keep fixed. It is very useful to fix g and the winding numbers, and sum over all bulk
classes. This produces the following generating functional of open Gromov-Witten invariants:

Fya(t) = Z Nygee Pt (2.6)
B

In this equation, the sum is over relative homology classes 8 € Ha(X, L). The quantities N, g ¢
are open Gromov-Witten invariants. They “count” in an appropriate sense the number of holo-
morphically embedded Riemann surfaces of genus g in X with Lagrangian boundary conditions
specified by £, and in the class represented by 3, £. They are in general rational numbers.

In order to consider all topological sectors, we have to introduce a U(oco) matrix V' which
takes into account different sets of winding numbers £. The total open topological string free
energy is defined by

o o0 1
FV)=>.>>. Eggg_Hth,z(t)Tr Vi . T v, (2.7)
g=0h=1 £

Open topological string amplitudes have an integrality structure discovered in [42, 32]. It turns
out that the total free energy can be written as

oo 00 e o] 1 1 o 2g—2
F) = Y S e (26 M)

BEH(X,L) g=0h=1 £ m=1

(2.8)

h
l; 1
. H <2 sinh m2293> 7 7 Tr V. Ty g —mB
P A

In this expression, ng g ¢ are integer invariants which generalize the Gopakumar—Vafa invariants

of closed topological strings (in fact, as shown in [32], the invariants ngz¢ can be written in

terms of a more fundamental set of integer invariants, but we will not need them in this paper).
We will often write the free energy as

F(V)=> WgTrRYV, (2.9)
R

where the sum is over U(oo) representations, while the total open string partition function is
defined as

Z(V) = Zgexp(F(V)). (2.10)
Here, we used the total closed string free energy (2.4) to define the closed string partition function,
Zqg = exp (F(gs,t)). (2.11)
We will write Z(V') sometimes as
Z(V) =Y ZrTrpV. (2.12)
R

It was conjectured in [35, 13] that type B topological string theory on mirror of toric CY
manifolds can be solved in terms of the topological recursion of [21] (this conjecture has been
recently proved in [22]). Since this formalism describes as well the solution to the 1/N expansion
of matrix models, this generalizes the conjecture of [15] to backgrounds with an enumerative
meaning. We can then use the formalism of topological recursion to provide a unified description
of open and closed topological string amplitudes in local CY geometries.



2.2 Open strings and topological recursion

The formalism of topological recursion of [21] starts with an algebraic curve H(z,y) = 0 of genus
g. We will choose a canonical basis of cycles on it:

AIQEJ:(SI(L AIﬂAJZO, ﬁlmﬁjzoa I7J:1>"'7§' (213)

There are g linearly independent holomorphic forms w; on H(z,y) normalized on the A-cycles:
% wJ:51J> IvJ:L"'agv (214)
Ay
and the Riemann matrix of periods, 7, is a symmetric g X g matrix defined by
]{ Wy = T1J. (2.15)
B,

On the curve H(z,y) = 0 there exists a unique bilinear form B(p, ¢) with a unique double pole
at p = ¢ without residue, and normalized on the A cycles:

dz(p)dz(q) ~ + finite, 7{43 = 0. (2.16)

B(p,q) fad () —2(q))?

Here, 2 is any local parameter on the curve, and B is usually called the Bergmann kernel.
Following the procedure in [21, 20], we will now introduce a new set of cycles, A, B, depending
on an arbitrary complex symmetric matrix x:

B:=B—7A, A:=A— kgB. (2.17)

We then define a k—modified Bergmann kernel B, normalized on these new cycles, and satisfying

thus
. _dz(p)d=(q) nite _
B(p, q)p_}q o) — () + finite, %43 0. (2.18)

This definition implies the relation

B(p,q) = B(p,q) + 271 Y _wi(p) " w,(q). (2.19)
I,J

With these ingredients, one defines recursively an infinite set of symmetric meromorphic
differentials W}Eg) on the curve, as follows. Let a; be the branching points of the curve. If ¢ is
near a branchpoint, there is by definition a unique point g such that z(q) = z(g). The starting
point of the recursion is

W9 =0 if g<0,

w9 p) =0, (2.20)

W2(0)(p17p2) = B(p1,p2).

The recursion is then given by

W}Ez-)l(papla s 7ph)

dE,(p g - o) o B B (2.21)
= ZReSqaiwqu (Z Z Wj(+1)(q7pJ)W}(Lij+1)(Q7pH/J) + W;(Ligl)(q, q,pH)> :
7 m=0JCH



Notice that it follows that all W,Eg )’s have vanishing A-cycle integrals. In this equation, g is taken
to be near a branchpoint, and

wl0) = (0) — v@)e(a), dE,) =5 [ B (222

where the integration path lies entirely in a vicinity of a;. If J = {i1,d2,...,4;} is a set of indices,
we write pj = {pi,,Diy,---,Pi;}- In the equation above we have H = {1,2,...,h}, and the
summation over J is over all subsets of H.

Once these differentials are constructed, one can compute the closed string free energies F(9)

for g > 2 as
1

PO = 5 ;Resq:a@(q)vvf” (a). (2.23)
where ®(¢q) = [? ) is any antiderivative of the meromorphic differential
A = ydz, (2.24)
which satisfies .
OrA = (27i)2wy. (2.25)

The meromorphic differentials W,Eg ) defined by the topological recursion are functions of two
types of variables. On the one hand, we have the open string moduli, which are the variables p;
upon which they depend. On the other hand, they depend on the closed string moduli, which are
the complex moduli of the spectral curve itself. These closed string moduli can be parametrized

by the A-periods of A
1
I _

A;

In this formalism, both F¥) and the forms W,Eg) depend as well on the matrix-valued pa-
rameter £ which we have introduced in (2.17). The usual topological string or matrix model
amplitudes are obtained by setting x = 0 in the above formalism, i.e. by using the topological re-
cursion but with the standard Bergmann kernel. To recover the standard open string amplitudes
as defined for example in (2.7), we define the integrated forms A7, h > 0 by

A9 (¢, ) = / WO (1) (2.27)

except for (g,h) = (0,1) and (g, h) = (0,2). In those cases we have

AD = —/)\, (2.28)

and

AY = / <B(p1,p2) - (dpldpQQ> (2.29)

p1 — P2)

The differentials ngg ) have an expansion in inverse powers of the open string moduli p;, and the
integrated amplitudes have then an expansion of the form

Al(lg) (tv RyZ1," 7Zh) = Z Agg) (ta ’i)zfl o Z}l;ha (230)
L



where z; = pi_1 and, as above, £ = (¢1,--- , ). The coefficients of this expansion, evaluated at
k = 0, are the topological open string amplitudes for boundary conditions specified by £:

Fye(t) = AV (t, 5 = 0). (2.31)

3. The topological open string partition function as a wavefunction

3.1 Symplectic transformations

The construction of the open and closed string amplitudes through the topological recursion
depends on a choice of symplectic frame, i.e. on a choice of a distinguished set of A, B cycles
on the curve H(z,y) = 0. A natural and important question in the study of topological string
theory and matrix models is: how do F9) and W}(Lg ) change under a change of symplectic frame?
We will refer to these transformations of the amplitudes as one changes the symplectic frame
as symplectic or modular transformations. In the case of the closed string free energies F(),
a detailed answer was obtained in [1] by using the fact that, as pointed out in [44], the total
closed string partition function can be regarded as a wavefunction. This was based in turn on
the holomorphic anomaly equations of [10].

We recall that a modular or symplectic transformation for a curve H(z,y) = 0 of genus g is
implemented by a symplectic matrix

AB _
I'= <C’ D) € Sp(2g,7Z) (3.1)
where the g x g matrices A, B, C, D, with integer-valued entries, satisfy

A'™D-c'B=1,; AT'Cc=cCc"4, B"D=D"B. (3.2)

()~ (e0)(2): 5

while the period matrix 7 of the curve changes as

The cycles of the curve change as

T — (A7 + B)(CT + D)~L. (34)

The formalism of [21] reviewed in the previous section gives a direct way of deriving the
modular properties of the amplitudes, through the incorporation of the x parameter. In fact,
there are two equivalent ways of understanding these properties, as emphasized in [1]. In the
first point of view, one considers the topological string amplitudes, which are the holomorphic
objects F(9)(t,0) and W,Eg ) (t,0) for k = 0. Then, under a modular transformation implemented
by I', the amplitudes change as follows,

Wi (8,0) — W (t, x), 55
FYO(t,0) = FO(t, k),

where
k=—(r+C D). (3.6)



One important fact of these transformation properties is that the open string moduli do not
change under a modular transformation. However, open string amplitudes evaluated in different
regions of moduli space require different parametrizations of these moduli, and one needs to
redefine them by an overall factor which depends on the closed string moduli, as first found in
[5]. In general, one has

Pi — P; €Xp [Z (aztz + b[tl])are)] , (3.7)

I

where t}’are are the “bare” closed string moduli, corresponding to complex deformation parameters
of the spectral curve, and ay, by are rational numbers which can be found by a detailed analysis
of the geometry, see for example [13] for a detailed explanation. This is often called the open
string mirror map, or the choice of open flat coordinate. There is then a canonical choice of open
moduli, given by the solution of the topological recursion, and other choices can be obtained by
using (3.7).

As shown in [20], the transformation of the closed string amplitudes in (3.5) is equivalent to
the statement of [44, 1] that the closed string partition function transforms as a wavefunction.
More precisely, it was shown in [20] that the total k-dependent partition function

I (Z(t,1)) = F(t,r) = 3 g2 2P0 (1, ) (33)
g=0
can be obtained as an integral transform of the partition function with x = 0, Z(n,0) =
exp F'(n, k = 0),
Zdvﬁ)zh/dne‘“““@%J+FW”% (3.9)
where

S(t,m8) = 50— 05~ (0= 1) + (0~ /0 FO1,0) + 5 — 003, FO(1,0)(y ). (3.10)

The integral transform is evaluated in a genus expansion, by doing a saddle-point evaluation of
the integral for small g;.
In the second point of view on modular transformations, one considers the amplitudes
Wi(t, k), F9(t, k) with
k=—(r—7)"" (3.11)

In this case, the resulting amplitudes are modular invariant, as shown in [21], but they inherit a
non-holomorphic dependence through the conjugate 7 appearing in (3.11). It was shown in [20)]
that, for the choice of x in (3.11), the closed string amplitudes F(9) (¢, k) satisfy the holomorphic
anomaly equations of [10], specialized to local geometries [31].

The purpose of this paper is to generalize to the open string sector the results of [20] con-
cerning the wavefunction behavior of the closed string partition function. As we will illustrate in
a moment, the transformations (3.5) are quite complicated when written down for the individual
amplitudes. It is a non-trivial fact that, when we organize the amplitudes in terms of parti-
tion functions, these transformation properties can be elegantly summarized by a wavefunction
behavior, i.e. by an integral transform of the partition function.
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Figure 1: A graphic representation of the equation (3.13).

3.2 The wavefunction behavior

In order to show that the total open topological string partition function transforms as a wave-
function, one has to be more explicit about the transformations (3.5), i.e. one should compute
W}Eg) (t,k) and F(t, k) in terms of W}(Lg) (¢,0) and F}(Lg) (t,0). As explained in [20], the basic

(9)»

observation is that the x dependence of the W;?"’s enters only through the Bergmann kernel,

therefore each W,Eg )is a polynomial in x of degree at most 3g — 3 + 2h:

3g—3+2h mrir(9)
A
Sk (t,0). (3.12)

dk™

In order to obtain this polynomial, it is convenient to compute dW}Eg ) /dr. This was done in [21]
and the result is:

0 (9) _
27 W, (pu) 7{ 7{ W pH,r, s)
aﬁ eBy eBr h+2

(3.13)
(g—m)
+ 3 Z Z f. \L|+1 (pr, 70)7{ Whg_|L|+1(pH/La s).
m LCH SEBJ
In particular, for k£ = 0,
ori 0 Fo) = 7{ W s) + = gzl Wy d W), g2
OKkry 2 JreB, JseB, 2 = Jren, seBy -

(3.14)

The recursion relations (3.13) and (3.14) can be written in terms of diagrams [20] where the

W,Eg Vs and F9)’s are represented by Riemann surfaces with g holes and h legs sticking out. The
integrals over B cycles are represented by legs which start and end on Riemann surfaces. This is
illustrated in Fig. 1.

Notice that the equations (3.13) have the same structure that the topological recursion itself.

They can be iterated to calculate the expansion (3.12), in terms of integrals of W,Eg ) (t,0) around

B-cycles. For example, one finds, for Wl(l)(t, K),

W, k) = Wi, 0)+% ff fwf”fwm)
Br B

By By

W 1J MN
0
T (2f ] ]S

By B

(3.15)



It is illuminating to verify this transformation law in the case of an elliptic curve by using the
explicit expressions for the W}(Lg ). This we do in the Appendix.
After using the recursion relations we end up with integrals of the form

jé...?{w}gg) , (3.16)
B B
———

n

where h > n. We can rewrite them as derivatives with respect to t. We have that [21]

f fw W _ (—nrow? | h>n+1,9>0, (3.17)
f 7{W —1)m"W@ | h=n+1,¢>0, (3.18)
f---%w,ﬁm =omi (-1)" 10" \w, h=n+1,g=0, (3.19)
f ?{W —1)"O"F9) | h=n,g>0, (3.20)

’Vl

where the derivatives are w.r.t.

= (2ri) "2t (3.21)

For example, using this, (3.15) can instead be written as (derivatives are now w.r.t. t)

Wl(l)(t’ “) = Wfl)(ta 0) — (2771)%"5” (;&c«u + 31F(1)wJ>
(3.22)

N

- @?HKMﬁNpaKaMaNF(O)wP

We are interested in studying the s transformation of the the integrated open string amplitudes
(2.27), which will be of the form

39—3+2h dmA(g)
A](zg) (tv Ky 2150, Zh) = Z K" dl‘&TT}LL (t7 0,21,..., Zh)' (323)
m=0
We will denote,
AW = Flo) (3.24)

In the following we will always use (3.17)-(3.20) to express the results in terms of derivatives.
As explained above the results of the x-expansion can be represented graphically in terms of
surfaces. We will use the following prescription to represent our result graphically:

~10 -
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Figure 2: Graphs that contribute to A§0> (t, K, z) after iterating (3.13).

1. For each Agg ) (t,0) we draw a Riemann surface with g holes and h legs sticking out.

2. For each derivative 9; acting on A;Lg ) (t,0) we draw a puncture on the Riemann surface.
3. For each element x!” we draw a propagator connecting the I** puncture to the J* puncture.

By integrating (3.22) we find,

AVt k,2) = AV (2,0, 2) + &1 GalaJAgO) (£,0,2) + 0,45 (£,0)9;A7 (¢, 0, z)>
(3.25)

1
+ §/<KM,@NP6K@M0NA§°) (t,000p A (t,0, 2).

This can be represented graphically as in Fig. 2. In a similar way we obtain for the amplitude
at genus zero and three boundaries,

1
AEJ,O) (t7 K, 21, 22, 23) = Ag)) (tv 0, 21, 22, Z3) +3 Z ?KIJ&}AS)) (ta 0, Zo(1)s 20(2))8JA§0) (ta 0, 20(3))
c€Ss

1
+3 Z gl‘{IJKKLaIAg()) (tv 0, zo(l))aKAgO) (tv 0, 20(2))3L8JA§0) (tv 0, 20(3))
oES3 ’

+ kT RELMN 9 A0 (10, 20)0K A (1,0, 20) 00 A (1,0, 23)0,0,05 AV (2, 0),
(3.26)
The graphs contributing to this result, up to order x, are shown in Fig. 3. For the amplitude at

- 11 -
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Figure 3: Graphs that contribute to Aéo) (t, K, z,y, z) after iterating (3.13), up to order k.

genus one and two boundaries,

AWV, 1, 21, 22)
= AW (#,0, 21, 20) + K17 (;aIaJAgm (£,0, 21, 22) + O AV (000, A (#,0, 21, 29)
+20;A9(£,0, 21)9,41 (¢, 0, 22)) + I KL <;af,4§°> (£,0, 21, 22) 00,0k AV (£,0)
%alaKAgm (£,0,21)0,00A" (¢,0, 25) + %aIAg‘” (£,0,21)0,0 0L A (t,0, 2)
%a,Agm (£,0,20)0,0 0L AV (£,0, 21) + 010, A (1,0, 20) 0 A (1,0, 21)0, A1 (£, 0)
+0;0L A (4,0, 21)0x AV (1,0, 20)0, 40 (£,0) + 9, A (1,0, 20) 0 AV (1,0, 20)0,0, A (¢, 0))
+ k! KL MN <;81A§0) (t,0,21)0x AV (£,0, 2)0,0, 0008 AL (£, 0)+
% (0101 A (1,0, 2)00 AL (1,0, 22) + 0101 AL (1,0, 22)00 AL (1,0, 2) ) D250 AL (1, 0)

1
5 (a,aKA§°> (£,0,20)0 A (1,0, 20) + 0,0 AV (1,0, 20)0, A (2, 0, zl)) 00,08 AV (£,0)+

+r AP (4,0, 200, AL (1,0, 22) 0,00 AL (1, 0) O AL (1,0))
+ R KL MN  PQ (;8114(10) (£,0,21)0K AV (¢, 0, 2)0,0,00 AL (£, 0)0p 00N AL (¢, 0)

1
+§81A(10) (£,0,21)0x AV (1,0, 2)0p 0100 AL (£, 000,008 AV (2, o)) .
(3.27)
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S e
Figure 4: A graphic representation of a disconnected (left) and connected (right) surface.

As in [1, 20], we would like to write these transformations in terms of an integral transform. We
will first make an educated guess based on the above results, and then we will give a combinatorial
proof in the next subsection. To proceed, we introduce the open string amplitudes to all genera
and fixed number of boundaries,

Ah(Zl, ceey R 2929 2+hA Zl, ey Zh). (328)
920

The above results for the xk-dependence of the open string amplitudes can be obtained from the
following integral formulae,

]
connected

Ayt k,2) = / dn Ay (n, 0, 2)e~Stnm)gs*+F (n.0)

M
connected

AQ(t7 R, 21, Z?) = / dn (A2 (77: 07 21, 22) + Al (777 07 Zl)Al (77, O) Z?)) e*S(tm,H)gs_2+F(W70)

Ag(t,ﬁl72’172’2,2’3) :/dn(A?)(naO 21722723 +3 Z AQ 7770 Za(1)s ZG(Q))AI(TI7O Zo’(3))
UESg

+ Al (77, O) Zl)Al (777 07 ZQ)Al (7): 07 23))6*S(t777,/€)g;2+F(7770)

connected

(3.29)
In these equations, S(t,n, k) is given in (3.10), and one performs the integrals by doing a saddle-
point expansion at small gs. As in [20], the terms obtained when doing this expansion can be
written in terms of the same diagrams that we considered before. One finds both connected and
disconnected diagrams. To understand what connected means in this context, let us consider the
following example:

K RMN G0 AL (1,0, 21, 20) 00 ON A2 (t,0, 23), (3.30)
3.30
K RMN G0 AL (0, 21, 20)OnD s A2 (1,0, 23).

The diagrammatic representation of the above surfaces is given in Fig. 4. The first one consists
of two disconnected parts, while in the second one the two surfaces are linked together, i.e. they
are connected.

This suggests the following expression for the x-dependence,

An(t, K, 2m) :/dn Ap(n,0, 21 +Z Z ALy (0,0, 22,) ... AL, (0,0, 21,)
a= 2 (Ll, wLa) (3.31)

—2
X e_F(nvo)_S(tvnzn)gs

connected
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where L; C H,L; # () and Y7 | L, = H. We can reorganise (3.31) into a more elegant expression
by including as well disconnected diagrams:

1
exp Z 7 Z Ag(t, k) TeVa .. TV

R>0 T 8
(3.32)
1 _ —2
= /dn exp Z 71 Z Ae(n, O)TIVE1 S 3 74 P CUDI
h>0 )

where Ay is defined as in (2.30), but summed to all genera,

Ap(t,ky21, ..y 20) = Z Ag(t, li)zfl e zf;h. (3.33)
£
In writing these expressions, we have used the dictionary
1 h
L

TV TV e =y ]2, (3.34)

oeS, i=1

Notice that the quantity appearing in (3.32) is just the total open free energy F'(V'). Therefore,
(3.32) says that the k-dependent open free energy is obtained from the original one by the same
integral transform.

We can now use this integral transform to obtain the modular transformation of the open
plus closed string amplitudes, generalizing in this way the result of [1, 20] to the open sector.
We will now put the formula (3.32) in the form presented in [1]. This will also take care of the
transformation of F(©. Let us consider a symplectic transformation (3.1), and let us define the
bilinear functional associated to I,

~ 1, _ R YV
Sr(w,7) = —5(C DYzl e 4 (C 1)JK:L~J$K—§(AC Yyl 7. (3.35)

This is the bilinear entering the integral transform of [1] for the closed string amplitudes,

Z(%) = / do e=St@®9s” 7(g). (3.36)

Given z, let x4 be defined by
il =79, F%(xy) + D!z, (3.37)
which is the saddle-point for the integral transform (3.36). One has the following relationship,
Sr(z, %) = S(xe, 2, —(1+C'D) ) + Sr(za, 7) , (3.38)

where we have set 7 = z, t = x,. The first term in the r.h.s. in (3.38) leads to the integral kernel
appearing in (3.32). The second term leads to a constant factor

exp(g; *Sr(2a, T)) (3.39)

— 14 —



in front of the integral. This factor just gives the correct modular transformation of F(©), which
is not incorporated in (3.32). If we now define,

Ah(i’, 21y ,Zh) = Ah(a;cl, —(T + CilD)fl, 21y - ,Zh),

(3.40)

Ah((lZ, AR ,Zh) = Ah(a:, 0, 21y .- ,Zh),
where the quantities in the r.h.s. are defined in (3.28), and we modify (3.32) by using (3.35), we
obtain the following formula for the modular transformation of the open string partition function,

exp Z Z Ap(Z TrVZl Ty Ve
h>0 :
(3.41)

/dxexp Z ZAZ Trvgl-..TrVeh o—Sr ()95
h>0 '

This generalizes (3.36) to the open sector.

One can also use (3.32) to study the non-holomorphic dependence of the quantities Ay (¢, —(7—
7)~1). Since the non-holomorphic dependence in the r.h.s. of (3.32) is only due to the one ap-
pearing in S(t,n, —(7 — 7)™ !), the open string partition function satisfies the same holomorphic
anomaly equation as the closed string partition function. It is easy to show that one recovers, in
particular, the holomorphic anomaly equation for open string amplitudes derived in [20].

3.3 A proof

We now prove the relationship (3.32), i.e. we prove that the Feynman expansion of the integral in
the r.h.s. generates the terms which are obtained by iterating (3.13). Our proof is a generalization
of the one for the closed string sector in [20].

The main idea is that we have the same kind of diagrams appearing in both sides of (3.32)
and we have to check that each of them appears with the same multiplicity.

We consider first the 1.h.s. and we start by looking at a single surface Aglg )(

By iterating (3.13), the x-expansion in (3.23) can be written as

bRy 21y ey 2h)-

3g—3+2h

A;lg)(t, Ky Z1y.-- ,Zh) = Z Z RKIiIg -+« Rlop_1,Jom 5 7 2m ZAGh s (3.42)

m=0 In,...Jam

where G, is a connected, degenerate surface with h legs sticking out and m propagators connect-
ing 2m points labelled by 1,...,2m, in such a way that the point labelled by 2i — 1 is connected
by a propagator to the point labelled by 2i. Each of the surfaces Agn is of the form 1

T
i (g)
[Jom 4" 0,2, ..., 2,), (3.43)
=1
! The notation 9™ A7 (t,0,21,. .., 2n,) means that there are m; derivatives acting on A7’ (¢,0, z1,. .., 2n,)-
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where

Z m; = 2m,
> hi=h (3.44)

7

D (2gi —2) +2m =29 - 2.

(2

Many G graphs gives the same contribution, hence it would be useful to count them only once
and add a multiplicity factor.

o Let {h1,...,h,} = {L1,...,L1,Lo,...,La,...,Lq,..., Ly}, where L; appear with multi-
plicity n;. The number of such terms is given by

h!

. 3.45
(Lll)m ...(La[)na ( )
e For a fixed choice of {(L1,m1), ..., (L4, na)} we have an additional factor ./\/'ng, which counts
the inequivalent ways of relabeling the punctures in such a way that 2i — 1 is linked to 2¢
fori=1,...,m.
Hence each diagram appears with a multiplicity factor
h! N,
G (3.46)
(Lyl)m oo (Lg!)ma 2mm]
As explained in [20] we have
Noy, _ 1 3.47
2mm! s’ (347)
where 1/s is the multiplicity factor arising from Wick’s theorem applied to
/ dn exp Z ZAe(n, O)TrVe .. TVt | o= Stmmas™ (3.48)
>0 £
Hence
M ! Nay, 3.49
G "™ (L) - - (Lg!)e 2mm)” (3.49)
is the multiplicity factor arising from Wick’s theorem applied to
1 B Vg2
/ dn exp ZEZAg(n,O)TrV“ TV | e SEmR)gs T (3.50)

>0 2

It follows that Al(lg ) (t,K,21,...,2n)/h! is obtained by considering all connected diagrams fulfilling
(3.44) coming from

1 -
/dn exp Z 7 Z Ag(n, 0) TV ... TeVin | e Stmr)gs : (3.51)
h>0 "
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From the Fourier transform point of view, imposing the selection rule (3.44) is natural since it is
equivalent to pick up only the terms which are proportionals to ngJrh % in the genus expansion,
with h legs sticking out. As an example of this procedure, we show in Fig. 3 the graphs that
contribute to Ago)(
(3.49).

Let us consider the full term in the Lh.s. of (3.32). The argument of the exponential is made

of products of connected surfaces. By expanding it we obtain a sum involving terms of the form:

t,k,x,y,z) up to first order. We see that the multiplicity factor is precisely

s #() i

1
m
il;[l Gh( ) H 0" (l) t 0 N2 PN Zh;.i)) m, (352)
where each term
(%) (z)
Gh((z) H 8’" t 0,z1,..., h@) (3.53)
m i) J

denotes a connected surface appearing with multiplicity 7;. Hence the total multiplicity factor
is

S n; 1
H (MG’L@ ) = (3.54)

i=1 m()

This is precisely the symmetry factor arising from Wick’s theorem applied to r.h.s. of (3.32).
Indeed the multiplicity factor is inversely proportional to the equivalent ways of relabeling the
punctures. This has two sources:

1. The equivalent ways of relabeling the puncture inside a given connected surface.
2. The equivalent ways of relabeling the puncture between disconnected surfaces.

As explained above the first contribution is

M nti (3.55)

m (%)

while the second one is given by the overall factor

— (3.56)

4. Application: the ABJM 1/2 BPS Wilson loop

As an application of the general result of this paper, we will now present expressions for the
vevs of 1/2 BPS Wilson loops of ABJM theory, in different representations. Since the results
are obtained as an integral transform of topological vertex results, they are exact in the string
coupling constant but perturbative in the exponentiated Kéhler parameter. Therefore, they
correspond to an expansion at large N with k fixed, which is the M-theory expansion of the
Wilson loop amplitudes.
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4.1 ABJM theory and topological strings

The partition function and vevs of BPS Wilson loops in ABJM theory can be computed through
localization (see [37] for a review and a list of references). The result of this computation is
a matrix integral [28] which in turn can be related [38] to topological string theory in the CY
manifold known as local P! x P!. This manifold has two Kahler moduli. In the large radius
frame, they correspond to the sizes Tj, Tb of the two P'’s. ABJM theory is described by the
“slice”

T=T =T>. (4.1)

The appropriate frame for the matrix model calculation in ABJM theory is the so-called orbifold
frame of [3], and the strong coupling limit of ABJM theory corresponds to the large radius
regime of topological string theory. One can then compute ABJM quantities at strong coupling
by first computing the amplitudes in the large radius frame, and then performing a modular
transformation.

In the case of the partition function, one can use the integral transform formula of [1] to
obtain the partition function of ABJM theory at strong coupling [39]. Let us review this in some
detail. In the orbifold frame, the natural periods are

A= — 4.2

- (42)
which is the ’t Hooft coupling of the gauge theory, and the dual period 0y Fy, where Fj is the genus
zero free energy. In the large radius, the natural periods are T' (the diagonal K&hler modulus in

(4.1)) and the derivative OrFa'®. There is only one effective class, labelled by an integer d, such
that 8-T = dTI'. The closed string free energy in the large radius frame is given by

—I—A (9s +ZZN9de T g29=2 (4.3)
g>0d>0

where N, 4 are Gromov—Witten invariants in the local P! x P! geometry and A(gs) is the contri-
bution of constant maps. The topological string coupling constant is related to k by?

47

gs = ? (4'4)

There is a symplectic transformation relating the periods in the orbifold frame, to the periods in

the large radius frame:
5k (0 1\ [0zFp®
(% )(—12)( 7 ()

A=—N\ T==—T, & =2ni, (4.6)

where

and

07r2T> | (4.7)

In [38, 17, 39] one sets gs = 27i/k, but then the resulting topological string free energy at genus g and large
radius differs by a factor of 49~* from the standard one. The normalization used in this paper is more suited to
comparisons with standard large radius results.
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d 0 1 2 3 4 5
g=0 1 2 3 10 49 288
g=1 0 0 0 0 8 144
g=2 0 0 0 0 0 22

Table 1: The integer invariants ng g (1)

Then, according to (3.36), the total partition functions are related by the following formula:
exp [F(A) — 1M /g?] = / AT exp [~T2/g + T3/g2 + F(T)] (4.8)

Let us introduce a variable p through

Then, one finds the expression

2 k 1 4
— oAk) i N = —2
Za(N, k) = e /dluexp{gkﬂ_Q ,uN+24u+3ku+O(e k>}

— oAR) A {0*1/3(N — B)} (1 + O(e*%m)) ;

3

(4.10)

where we used the following integral representation of the Airy function,

1 t3
Ai(z) = 51 ). dt exp (3 - zt) , (4.11)

and C is a contour in the complex plane from e /300 to €™/300. In (4.10),

2 k 1
-~ B=—4+ —. 4.12
2k’ 24 * 3k (412)
The result (4.10) was first obtained in [23] by studying the holomorphic anomaly equations. The
function A(k) has been studied in detail in [25].

4.2 Wilson loops

It is possible to construct 1/2 BPS Wilson loops in ABJM theory and to evaluate their vevs
through localization [16]. These Wilson loops are labelled by Young tableaux R, and their vevs
reduce to an average in the matrix model of [28]. This has been recently tested in perturbation
theory, to two loops, and for the fundamental representation, in [11]. In [38] it was shown that
the matrix model averages are topological open string amplitudes associated to an outer brane
in local P! x P!, again in the so-called orbifold frame. We can now generalize to the open string
sector the observation of [39] for computing the closed string partition function in the orbifold
frame: we first evaluate the open string amplitudes in the large radius frame, and then perform
an integral transform to obtain the result in the orbifold frame, which gives the Wilson loop vevs.

The open string amplitude for an outer brane in local P! x P! can be computed by using for
example the topological vertex [3]. The topological vertex formalism computes directly the open
string partition function Z(V'), and explicit results for the first Zr defined in (2.12) can be easily

~19 —



d 1 2 3 4 5 d 1 2 3 4 5
g=0 1 2 8 48 336 g=0 1 2 8 36 208
g=1 0 0 0 7 148 g=1 0 0 0 7 112
g=2 0 0 0 0 20 g=2 0 0 0 0 20

Table 2: The integer invariants ng 41,1y (left) and ng g (2) (right).

obtained. Equivalently, one can list the integer invariants ng 4, appearing in (2.8). We find, for
the fundamental representation,

Zn

1 —[1+2Q +3Q*+10Q° + (33+ 8 (¢* + ¢ %)) Q*
—q

N

cl

(4.13)
+ (132456 (¢ +¢ ) +22(¢* +¢7*) Q>+ |.

The integer invariants for £ = (1) and £ = (1, 1), (2) are listed in tables 1 and 2, respectively.
When using our general result (3.41) we have to be careful with the open string mirror map.
In the computation of large radius open string amplitudes with the topological vertex, we are
implicitly using an open string modulus V. Let V be the open string modulus at the orbifold
point, appropriate for the matrix model of [3, 28]. Then, one has the relationship [13, 38, 17]

V=-Q v ="y, (4.14)

where we denoted
Q=eT. (4.15)

We will now test (3.41) for h = 1,2, 3 boundaries.

4.2.1 One boundary

We will denote simply by A, the open string amplitudes evaluated in the orbifold frame, which
corresponds to ABJM vevs, and by AL#R the amplitudes evaluated at large radius, computed for
example by the topological vertex. To study the disk invariants, we specialize (3.41) for £ = (I)
and we pick only terms of the form Tr V!, We find,

Za(\ k)Y AN T V!
>1

X (4.16)

2M k 1 _4p ~
_ LR _ !
= E /d,uAl (T') exp [3/€7r2 MN—I—,LL<24—|—3k) —|—A(k:)—|—(9<e k)] TrV*.

>1

We will now calculate the amplitudes by doing an expansion in (), which corresponds to a

worldsheet instanton expansion. From the results in table 1 we find, for [ =1
1

AR —  —  _(142Q0+3Q%+---), 4.17

1 2i sin (2%) ( Q Q ) ( )

and through the integral transform (4.16) we obtain, for the leading contribution,

Allead _ 1 (AI (C_1/3 (N B 27k4 B i 7 i))) . (418)

~ 2sin(2n/k) Ai (C-13 (N = & = 3))
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This reproduces the result derived in [30] with Fermi gas techniques (up to an extra factor of 2,
due to the fact that we are expanding in g5 = @ rather than g, = @ ). Our formalism makes
it possible to calculate subleading corrections to this result coming from worldsheet instantons.
In particular, the subleading order in @ in (4.17) leads to the following exponentially small

correction to (4.18),

sl __ 1 1 1
All = —WW(— + WW(— - WW(_2)W(1)7 (419)
where
o = RO (V= = ) a20)

AT (CT3 (N = g5 = 51))
Higher order corrections can be computed straightforwardly from the topological vertex. The
corrections in (4.19) and higher order should be interpreted, in the large N type ITA superstring
dual, as due to closed string worldsheet instantons attached to the disk instanton responsible for
the leading order behavior (4.18).

Notice that the above formulae give all genus results: since the topological vertex expressions
sum up the genus expansion, order by order in the degree, the expressions resulting from their
integral transform sum up the genus expansion in the type ITA dual of ABJM theory, and can
be therefore lifted to M-theory.

One can also use the fact that, for d = 0, the only non-zero integer invariant n4 4, occurs
for g =0 and £ = (1), to derive

ALR ;_’_ (4.21)
2nisin(2n7/k) ’
at leading order in ). This is due only to multicovering of the n = 1 amplitude. Therefore we

find
1

Alead
2nsin(2n7/k)

W(n), (4.22)

which also agrees with the result in [30] .
We can now test the above all-genus results against explicit computations done directly in
the orbifold frame. Following [17], we use the following genus expansion

Al = Zggg_lAgg). (423)
9>0

The quantities Agg) have been computed for ¢ = 0 [38] and g = 1 [17], and they are naturally
expressed in terms of the parameter x introduced in [38] through

K 111 .3 &2
A = F 1, —:—— ). 4.24
(x) SW“(Q”,@, 16) (4.24)

This can be inverted, at strong coupling x > 1, as

K — eﬂ\/ﬁ 1 —271'\/7 —471'\/7
<1+< 2+7r\ﬁ> +(’)< )) (4.25)

1
- — 4.2
A=A 51 (4.26)

where
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It has been shown in [38] that at genus zero the exact expression for the 1/2 BPS Wilson loop
vev is

AD = ik(N), (4.27)

up to a factor of 1/2 as mentioned after (4.18). This is indeed reproduced by our formalism,
since we find, from the genus expansion of (4.18) and (4.19), that

AP 1e\ﬁﬂ+1<\/ﬁﬁ ) \F”+O< 3”‘F> (4.28)

which agrees with (4.27) after using (4.25).
We now look at the genus one results. From (4.18) and (4.19) we have

3 — 4v/25r + 4in? mﬁ

1
Ag - 96i A2
) ) ) (4.29)
645V AT + AT — ?oﬂA3/2w3 + 16A27? S Lo < _?mﬁ)
192iX274

This can be compared with the expression obtained from the Wl(l)(p) computed in [17]. We find
perfect agreement.

4.2.2 Two boundaries

Let us now look at the terms proportional to (TrV)? in (3.32):

/ du (APH(T) + AFR(T) AYR(T)) (4.30)

Xexp{;kug NN+u<k+31k>+A()+O( )}(TrV).

The integrand in the second line can be computed by using the topological vertex, or equivalently
the results for the integer invariants in table 2. As before, we first look at the leading order in
the worldsheet instanton expansion, and we find, after the integral transform,

Alead()\)
1 AMCBIN-k-L -8 [M(CcPWN-£-4-3) I @3
W) | AN -f )\ AN -5-5) ) |

Similarly, the subleading term is given by

g _ (1 1 1 1
At = <2 T s 2n k) sin2(27r/k)> WO+ 5 T @m i AW WD) .
* (sin2(27r/k‘) B 2Sin4(27r/l<:)> WLHW(-1) - WWQ)W(_Q)'
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The annulus amplitude (4.31) has a genus expansion given by
=" gaf) . (4.33)
g>0

We find, at genus zero,

0
A% = -

)

2127/ — 8v/2An? 4 3233/273 A
. | V2 8v2An? 4 3242 +O<e_zﬂ¢£). (4.34)

8v/21V/ A 32)3/273

We can compute this quantity by using Akemann’s expression for the annulus correlator WQ(O) (p,q)
[9], which has an expansion

=Y wA gt (4.35)
k,JI>1

The explicit expression for W(p, ¢) is given in terms of data of the spectral curve of the ABJM
matrix model,

Wi(p,q) =

! \/(p—wl)(p—flfz)(q—m)(q—fm) s \/(p—w4)(p—$3)(q—w1)(q—l‘2)
4(p — q)? (p—24)(p — 23)(q — 21)(q — 4) (p—21)(p — 22)(q — 74)(q — 3)
(a:l — 1}3)(114 — mg) E(k) _ 1

4/op)ale) Kk)  20p—q)?*

+
(4.36)

Here, x; are the branch points of the spectral curve, which is elliptic, k is an appropriate elliptic
modulus, and E(k), K(k) are elliptic integrals. Explicit expressions for all these quantities can
be found in [17], section 8.1, or [30], section 2. The result obtained in this way matches with
(4.34).

4.2.3 Three boundaries

We finally discuss very briefly a simple check for the amplitude with three boundaries. Using the
integral transform, we find, at leading order in the worldsheet instanton expansion,

3
1
Apg === | (WEB) =3W(2)-WQ)W(1)—-W(1)*) +--. (4.37)
2s1n( T )
This has a genus expansion
A171 1= Z 929+1A§gl 1- (438)
g>0

At genus zero we find, from (4.37),

o) _ i 1 — 37y 37r\/7 W\/ﬁ
A= o \F e . (4.39)
7T

We can compare this with the explicit expression extracted from the Wéo) (p,q,r) presented in
for example [13] (and applied to the spectral curve of the ABJM matrix model). The result at
leading order matches again with (4.39).
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5. Conclusions and open problems

In this paper, motivated by the results in [30], we have generalized the results of [20] to the open
sector, and showed that the intricate combinatorics of the k-dependence in [21] can be simply
summarized by the statement that the total open string partition function is a wavefunction.
Notice that in our derivation the open moduli played no significant role, since the open mirror map
simply involves multiplying them by an overall factor, and the only source of non-holomorphic
dependence is the factor k already present in the closed sector. Cleary, it would be very interesting
to generalize this wavefunction behavior under modular transformations to the case of compact
CY manifolds. This can be probably worked out as a consequence of [41].

A nice application of our general result is the computation of vevs of 1/2 BPS Wilson loops
in ABJM theory. These are simply given by integral transforms of open string amplitudes in
the large radius frame. The expressions for these amplitudes in terms of integer invariants,
which include all genera but are perturbative in the exponentiated Kahler coupling, correspond
precisely, after the integral transform, to the M-theory expansion of Wilson loop vevs. By using
the large N dual, we obtain in this way a genus resummation in type IIA superstring theory.

One important open problem which we have not addressed here is the computation of mem-
brane instanton corrections to the Wilson loop vevs of ABJM theory. These corrections are
known to be present in the free energy on the three-sphere [18, 39] and they can be computed
within the Fermi gas formalism [39, 26, 14, 27]. It would be very interesting to know whether
they are present in the case of Wilson loops, and if so, what is their value.

In this respect there is however one interesting difference between the vevs of 1/2 BPS
Wilson loops and the free energy. For the free energy, the contribution of worldsheet instantons
is singular for all integer values of k. This singular behavior is not physical (the original matrix
integral is well-defined for all £ > 0), and as shown in [26] these singularities are cancelled by
membrane instantons. In the case of vevs of 1/2 BPS Wilson loops with winding numbers £,
there are singularities for the values of k which divide 2¢;, for all ¢ = 1,---  h (this follows
from the integrality structure (2.8)). For example, for the winding £ = (1), the vev is singular
for k = 1,2. However, as pointed out in [30], these singularities are physical, since the matrix
integral computing the vevs actually diverges for these values. Therefore, the contribution of
membrane instantons is not required to cancel out singularities, as in the case of the free energy,
and it might be zero. It would be interesting to further explore this issue.
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A. A check of modular transformation properties

As explained in section (3.1) the k-dependence in the quantities ngg) encodes the information
about how it transforms under a modular transformation. In this appendix we perform an explicit
check of this statement for a simple case of a local Calabi—Yau manifold. A particular class of
manifolds considered in this paper are those having an underlying algebraic curve which is given
in ”exponentiated” variables by

y(z) = M*(z)o(z), (A1)
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where
2s

o(z) = H (x — ;) (A.2)

i=1
and M (z) is some transcendental function. Let us consider the simple case s = 2 and M (z) = 1.
In this case we have a curve of genus one, i.e. an elliptic curve. The cuts defining the A and
B-cycles are given by

Al = (xlva)a AQ = ($3,$4), 51 = (‘Tan?)) . (AB)
We will consider an S-duality transformation defined by
A=D=0, B=-C=1 (A.4)

n (3.3). According to (3.5) the quantity Wl(l)(p) will transform as (3.15) with k = —771. We
can test this by using explicit expressions in terms of the end points of the cuts for the various
quantities appearing in (3.15).

We have [9, 19]
4
1
Wi (p1,p2, p3) = gz P e0x 2)x(” (s), (A.5)
1 o 1o 1 )
il Qovs — A
62 )+ = Z( a; sz_%)xz (), (A.6)
i=1 i=1 jF#i
where
() 1 < 1 >
+a; |,
X; ()= M) Jow) \p - o
A7
(2) M’(l’l) (1) 1 1 1 1 Q5 — @
i D)=——77—=Xx; (P)+ -3 )
W= @) P MG e b a3 M) o) § -
and the «; are given by
1 [ (.CC4 — LL’Q) E(k‘) |
a1 = 1-— )
(w1 — x2) (w4 — 1) K(K) ]
g = 1 1— (xg—.%'l) E(k))-
(xz - xl) (.%'3 — .%'2) K(k)_ ’ (A 8)
o3 = 1 1— (.%'4—%2) E(k‘)- '
(.7}3 - x4) L (.%'3 — l‘Q) K(/{)_ ’
oy = 1 1— (Jjg—aj‘l) E(/{)-
(kg —w3) | (zg—x1) K(k)|~
The S-duality transformation for Wl(l)(p) is given by exchanging the roots
T <> X3 (A.9)
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in (A.6). Doing this we find after a little work that

4
Wi () = WP (p) + 1(p)ZF(pa$i,7'), (A.10)
7\P) =1

1 K; 1 K,—K;, 1 K; 1
F(p,zi,m) = — —Z( - ~,Z+§~, zi,j>+4(2Ki+2KiRi+Ki2)7 (A.11)

(p— ;) - 48 T; — &y Ti —
with
_ 1 (1’4 — .732) im _ 1 -((E4 — :172) _ E(k) )
K1 = (z3 — 22) | (x4 — 23) 2K (k)27 |’ B = (23 — 22) | (24 —xg)(l K(k))_ ’
_ 1 (1’1 — wg) im _ 1 _(xl — .%'3) _ E(k) i
K== [ —m) 3k ™ T T [ —e) R
1 (:L'4 — 1‘2) im _ 1 _(ac4 — .%'2) _ E(k‘) )
1 e e N [ by ol R St proeyy [ ppesy Al 7R )
1 (iL'l — .1‘3) im _ 1 -(.%'1 — 563) _ E(k‘) )
K=o [ 3k ™ = ) lm—ee KR
r if i=2/4
i‘l = I3 if 7=
¢ if i=3
(A.12)
and 7 is the standard elliptic modulus
_E®)
T = W (A.13)
where
K?=1-k%. (A.14)

Using the same approach as in for example [13] we can compute the integrals around the B-
cycles of the quantities W2(0) (p1,p2), fl)(p) and W3(0) (p1,p2,p3), which are needed on the r.h.s

of (3.15), in terms of elliptic functions. Without showing the full computation let us give a few
important ingredients. For W2(0) (p1,p2) we have [12],

©) o . /(w1 — w3) (w2 — x4)
ZZ{WQ = 2miw = TR M) = . (A.15)
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For the integrals of the quantities Xgl)(p) in (A.5) we find

?{ n_ 1 T 1 To — 24
3 1 \/(171 - 563)(562 - I4) 2 K(k) (3?1 - 962)(951 - 374)’
fx(l)z 4 T 1 r3 — 1)
& ’ V(1 — x3) (w2 — x4) 2 K(k) (21 — 22)(22 — 23)
A.16
7{ ) _ _ 4 T 1 T4 — 2 (A.16)
A X8 V(w1 — z3) (w2 — x4) 2 K(k) (23 — 24) (23 — 22)
7{X<1>:_ 4 T 1 r1 — 13
5 ! V(e — x3) (w9 — x4) 2 K(K) (23 — 24) (24 — 21)
In order to compute f ( ) it is useful to observe that
B
x3 d 1 B _
x G — Gus
=Kz Yy —L—— A7
x[(a—z)? Eo )3;.%-—@ (A.17)

The quantities &; and &; in (A.17) are obtained from «; and z; by everywhere exchanging the
indices 1 and 3, as in (A.12).

After computing the relevant integrals and putting everything together we find that indeed

(0) (1) (0)
it %%W +%W % + 27r17' 7{7{7{‘/‘/3 %WQ

4
E p? i, T)

p, x;, 7) is defined in (A.11). This is what we wanted to show.

(A.18)

where F'
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