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Abstract

We demonstrate that for a broad class of local Calabi-Yau geometries
built around a string of P'’s — those whose toric diagrams are given
by triangulations of a strip — we can derive simple rules, based on the
topological vertex, for obtaining expressions for the topological string
partition function in which the sums over Young tableaux have been
performed. By allowing non-trivial tableaux on the external legs of the
corresponding web diagrams, these strips can be used as building blocks
for more general geometries. As applications of our result, we study the
behavior of topological string amplitudes under flops, as well as check
Nekrasov’s conjecture in its most general form.

1 Introduction

In the last few years, dramatic progress has been made in techniques for
calculating the partition function of the topological string on toric (hence,
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non-compact) Calabi—Yau manifolds [1-3]. The culmination of this effort
has been the formulation of the topological vertex [4] (see [5] for a recent
mathematical treatment). With it, a set of diagrammatic rules can be
formulated, which allow an expression for the topological string partition
function to be read off from the web diagram of the toric manifold. While
the expressions obtained such are algorithmically complete, they contain
unwieldy sums over Young tableaux, one sum for each internal line of the
web diagram. Starting with [6], methods were developed to perform a
portion of these sums [7-10]. In this note, we show how to perform all sums
which arise in an arbitrary smooth triangulation of a strip toric diagram,
such as

with arbitrary representations on all external legs but the first and the last.

The ultimate goal of this program is to provide a technique for efficiently
extracting the Gopakumar—Vafa invariants from the expressions the topo-
logical vertex yields for the topological string partition function. We will
outline the obstacles to this goal using the methods of this paper as we
proceed.

As other applications, we offer an analysis of the behavior of the topo-
logical amplitude under flops of the target manifold. We demonstrate that
the Gopakumar—Vafa invariants for all toric geometries decomposable into
strips are invariant under flops. We also show that our results provide
the framework to check Nekrasov’s results [11] in the most general case of
product U(N) gauge groups with any number of allowed hypermultiplets.

The organization of this paper is as follows. In Section 2, we elucidate
the geometries we are considering and present and interpret the rules for
obtaining the topological string partition function on them. In Section 3,
we derive these results. We include a brief review of the topological vertex
at the beginning of this section and end it with a comparison to the natural
4-vertex obtained from the Chern—Simons theory. We discuss the behavior
of Gopakumar—Vafa invariants under flops on geometries decomposable into
strips in Section 4.1. Section 4.2 provides the basic building blocks to study
Nekrasov’s conjecture. We end with conclusions. An appendix gives a brief
introduction to Schur functions and collects the identities for the Schur
functions used throughout the paper.
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2 Results
2.1 Geometry of the strip

Recall that a simple way of visualizing the geometries given by toric diagrams
is to think of them as T™ fibrations over n-dimensional base manifolds with
corners (see e.g., Section 4.1 of [19]). Locally, one can introduce complex
coordinates on the toric manifold. The base manifold is then locally given
by the absolute value of these coordinates, the T™ by the phases. The
boundary of the base is where some of these coordinates vanish, entailing a
degeneration of the corresponding number of fiber directions.

In three complex dimensions, the three real dimensional base has a two-
dimensional boundary with edges and corner. Web diagrams, easily obtained
from toric diagrams as sketched in figure 1, represent the projection of the
edges and corners of the base on to the plane. There is a full 7% fibered
over each point above the plane, corresponding to the interior of the base
manifold. On a generic point on the plane, representing a generic point
on the boundary, one cycle of the fiber degenerates, two degenerate on the
lines of the web diagram, which correspond to the edges of the base, and
the entire fiber degenerates at the vertices of the diagram, the corners of
the base.

Returning to figure 1, we now see the string of P'’s (in red and blue)
emerging by following the S! fibration along the internal line running
through the web diagram. It is capped off to P's by the S'’s degen-
erating at each vertex. The two non-compact directions of the geometry
locally correspond to the sum over two line bundles over each P'. The two
local geometries that arise on the strip are (O(—2) @ O) — P! (in red) and
(O(=1) ® O(=1)) — P! (in blue). We refer to the respective Pl’s as (—2,0)
and (—1,—1) curves in the following.

Figure 1: Relation between toric and web diagram.
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Rules on the strip

Each vertex has one non-trivial Young tableau associated to it, the two
outer vertices in addition have one leg carrying the trivial tableau. All other
indices of the vertices are summed over. We label the non-trivial tableaux

by (;, with 7 indexing the vertex. The internal lines carry a factor Q); = e™",
where t; is the Kahler parameter of the curve the internal line represents.

Each vertex contributes a factor of Wps, = s3,(¢”) (the notation for the
argument of the Schur function is explained in the next section).
Each pair of vertices (not just adjacent ones) contributes a factor to
the amplitude, which is a pairing of the non-trivial tableaux carried by
the pair. The interpretation of this observation is that branes wrapping
the curves consisting of touching P!’s in the web diagram contribute
to the Gopakumar—Vafa index just as those wrapping the individual
Pls.

While the pairing itself is symmetric, for the purpose of book keeping,
we will choose one of the two natural ordering of the vertices along
the string of P'’s. We will speak of the first or second slot of the
pairing with reference to this ordering. To determine the pairing factor,
note that two types of curves occur on the strip: (—2,0) curves and
(—1,—1) curves. Up to SL(2,Z) transformations, these are represented
by the toric/web diagrams depicted in figure 2. The contribution of
the pairing to the amplitude depends essentially on whether an even
or odd number of (—1,—1) curves lie between the two vertices. The
geometric interpretation of this fact is that the curves consisting of
touching P!’s in the web diagram have normal bundle O(—2) @ O or
O(—1) ® O(-1), depending on whether the string of P!’s contains an
even or odd number of smooth (—1,—1) curves. This is suggested both
by the toric diagram and by the expressions for the two pairings, as
we will see next.

61 B Ba

fa

Figure 2: The two building blocks of a web diagram on the strip.
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e We denote the two types of pairings between vertices carrying the
Young tableaux o and 3 as {3} and [af] = {aB} ™! (we use the nota-
tion {a}] when we make statements valid for both types of pairing).
The pairing {a/3} is given by the expression

{aBq =[] (1 — Q¢") P exp [Z - @ ] . (2.1)

p = n(2sin(ngs/2))?

The product over k is over a finite range of integers (possibly negative),
Ck(a, B) are numbers which depend on the two Young tableaux that
are being paired, given by

a;—1

do
N Crle e = L [T+ @-12D 0 Y o
k (a—1) i=1 j=0

dg Bi—1

14+ (-2 ¢ Y ¢ *ﬁ‘ (2.2)
=1 j=0

The factor @) is the product of all @); labeling the internal lines con-
necting the two vertices. Note that, as advertised above, if we take
the two Young tableaux to be trivial, the contribution from the pairing
{-} is exactly that of a (—1,—1) curve, and likewise, the contribution
of [] = {--}~! is that of a (—2,0) curve.

e To keep track of the contribution from two paired vertices, we can
divide the vertices into two relatives types, A and B, such that the
type of a vertex depends on that of the preceding vertex: two vertices
connected by a (—2,0) curve are of the same type and two connected
by a (—1,—1) curve of the opposite type. If the vertices ¢ and j are of
the same type (i.e., have an even number of (=1, —1) curves between
them), the pairing factor is [ﬂl'ﬂ]i], else {BZZBJ'-} = [ﬁliﬁ]i]_l.

e The upper case dot indicates that either 5 or 3 is the correct entry.
Either all pairings involving 3; are of the forms [{3;-}] and [-G/}] or
they are of the forms {3!-}] and [-3;}]. To determine which of the two
options apply to (; for each i, we anchor the relative types A and B
as follows: we will take the first vertex of the string of P's to be of
type A if, labeling the legs in clockwise order, it is given by Cy,eg,-
Otherwise, it must be given by C,q,3,, and we will classify it as type
B. With this convention,

i-th vertex of type A «— [3;-]] and Hﬂf}],
i-th vertex of type B <— Hﬁf}] and {-0;]].

As an example, consider the diagram in figure 3. Starting from the left, the
curves are of type (—2,0), (—1,—1), (=2,0). The first vertex is Cy, o3, , hence
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B
B2

s

B

Figure 3: A possible triangulation of a strip of length two.

of type A. This determines the sequence of vertices to be (A, A, B, B). By
the rules above, we now obtain the following expression for the amplitude,

861582535504 18135] 01 {3183} 0102 {3181} 010205 {3233} 02 { 284 } 0205 [35.84] @5

e sn s {ﬁlﬁs}Qle{ﬁlﬁ4}Q1QzQ3{ﬁzﬁs}gz{ﬁzﬁ4}Q2Q3
e (B} (B3} o,

where we have omitted the arguments ¢” of the Schur functions.

(2.3)

3 Derivation
3.1 Review of the vertex

Locally, any complex manifold is isomorphic to C". The topology and
complex structure of the manifold are obtained by specifying how these
C™-patches are to be glued together. The insight underlying the topologi-
cal vertex [4] is that the topological string partition function on a toric CY
can also be pieced together patchwise. The patching conditions are imple-
mented by placing non-compact Lagrangian D-branes along the three legs
of the web diagram of C3, intersecting the curves extending along these legs
(recall that the legs indicate where two of the three cycles of the 7 fibration
have degenerated) in S'’s. The topological string on each such patch counts
the holomorphic curves ending on the branes, weighted by the appropriate
Wilson lines from the boundaries of the worldsheet,

Zpatch = Z Croz@pe X Wilson loop factors. (3.1)
HONEERAE)
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The vectors k@ encode that k](-i) holes of winding number j are ending on
the i-th brane. The Wilson loop factors are given by
3
Wilson loop factors = H 0 H (Tr V)R~ (3.2)
i=1 H 'j 7 g=1
The trace here is taken in the fundamental representation. The definition
of the vertex we will use in the following arises when rewriting (3.1) in the
representation basis [4],

> Corasas HTraZV = Y Cige H )' o

o1,02,a3 D) E(2) £G3)
o0
H(Tr V)"

J=1

(4)
K (3.3)

where the a; now denote the Young tableaux. This equation is to be under-
stood in the limit when the number of D-branes on each leg is taken to
infinity, such that the sum extends over the Young tableaux with an arbi-
trary number of rows. An application of the Frobenius formula lets us solve
equation (3.3) for Cy,anas-

The non-compactness of the Lagrangian D-branes gives rise to an integer
ambiguity [12, 13], which necessitates specifying one integer per leg to full
determine the vertex. Aganagi, et al. [4] refer to this choice as the framing
of the vertex, as the integer ambiguity maps to the framing ambiguity of the
Chern—Simons theory under geometric transitions. The vertex in canonical
framing is given by [14]

C’)\/W = q”()‘)/Q qp Z S)\t/n M/ ( t+p). (34)

The notation is s(¢”*?) = s({q”iﬂ“/z}). The s,,,, are skew Schur functions,

defined by
n= Z ChySus (3.5)

where the ¢l are tensor product coefficients, and x(A\) = > Aj(\; — 2 +
1). In the following, we will use the abbreviated notation s,,/,(¢"**) =
w/n(q" ) = p/n(v) whenever convenient and imply a sum over repeated
tableaux.

A framing must be specified for each leg of the vertex. If we represent each
leg by an integer vector v, we can encode the framing by an integer vector f
that satisfies f A v = 1. The notation f A v denotes the symplectic product
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fiva — fovr. The condition f A v = 1 determines f up to integer multiples of
v. Having chosen a canonical framing, we can hence classify relative framing
by an integer n. To this end, we label the legs of the vertex in counter-
clockwise order by wi,vo,v3, s.t. v; Av;y1 = 1. The natural choice for a
framing is then (f1, fo, f3) = (vs,v1,v2). Given a framing f; = v;—1 — nv;,
the integer n (the framing relative to the fiducial choice) is determined via
n = f; Avi—1. Under shifts of framing, the vertex transforms as follows [4],

Cfi—niv1, fa—nzva, fs—nzvs = (-1 )E niov| Z ni(ka; /2) 1f1f2,f3 (3.6)

ajaas ajasas *

Gluing two vertices together along v; and v] requires the framings along
this leg to be opposite. If we are gluing along v1 and have canonical framing
f1 = vs along v for the first vertex, then the second vertex must have non-
canonical framing —v3 = v — nv]. We thus obtain the gluing rule

ZCa2a3ale—\a1lt( )|a1|0 f1,f2,f3

0110!2063

= Z Cagagoqei'allt( )'al‘C U?”fz’f%

afahay

- Z Cazagoqe_lallt( )|a1\CU3 nvl Toofs

o a2a3

_ an2a3ale—|a1|t(7 )(n+1)|a1\ —nnal/Zcf%’f/z»f/g’ (37)

Qpapag

with n = vj A (v + v3) = v5 A vs.

3.2 Performing the sums

In performing the sums, we will make use of the following two identities for
skew Schur polynomials [20],

Zsa/m ('r)sa/nz( ) - H 1- ‘lej ang/n m/n(y)? (38)

7.]

Zsat/m(x)sa/nz( ) H(1+x2yj ZS t/nt z)s n%/n(y) (39)

7.7

In the abbreviated notation introduced above, these sum rules become

@) () = gu i) B (@) R (y), (3.10)
@20 = [T0 + o) ) L) (3.11)

Z‘?j
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In the following, it will be convenient to rewrite the infinite products as
follows,

T[] = zig;) ' =[] exp [~ log(1 — ;)] (3.12)
1
=exp D> w >y

= oxp Zismwsmy")] ,

T1 + ziyy) = exp —Z(_i)HSD(x")SD(y”)]. (3.13)

Aside from the skew Schur functions, the expression for the topological
vertex contains two additional elements: powers of the exponential of the
Kéahler parameters, (iQ)'o“, and powers of the exponential of the string
coupling, ¢"(® . With recourse to the homogeneity property of the skew
Schur polynomials, the former is easy to deal with. The latter poses a
greater difficulty and is at the root of our calculations being confined to the
strip. We hope to return to this difficulty in forthcoming work. For the
two types of pairing occurring on the strip, the dependence on this factor
cancels, as we demonstrate next.

3.2.1 Type [5:5;]: (—2,0) curves

Consider figure 4. According to the rules reviewed above, the corresponding
partition function is

Z Ca2a151 Cagagﬁg (_1)|a2|Q|az\ (_1)n|a2|q—nn(a2)/2. (3.14)

a2

The n-dependence arises from the framing factors, where n is given by

n=1uvg, Ao, = (0,1) A(=1,-1) = 1. (3.15)

b o

Qg
aq a3

Figure 4: (—2,0) curve.
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Inserting the expression for the vertex, this yields

t
S [z Y 2 2 | @l e (s
it

[q“(%)/ 2B2(g”) > afg(ﬁg) % (ﬁz)] :
" 2 2

We see that the ¢"(®2) dependence of the vertex cancels against the framing
factor, so that we can apply (3.8) to perform the sum over as, once we deal
with the Q2! dependence. As alluded to above, this does not pose any
difficulty due to the homogeneity of the Schur functions, sy(cz) = cMsy(z).
As the tensor product coefficients ¢f;, vanish unless |u| = |n| + |v|, we eas-
ily deduce the homogeneity property of the skew Schur polynomials to
be s,,/,(cx) =3, chusy(cx) = c|“|_‘”|su/n(a:). We can now incorporate the
Kahler parameters into our calculation. We obtain

Z (3, (ﬂz)Q‘“'—Z%(q”%@%(q’)%)@'m' (3.17)

e (e

= exp [Z oo ((@9Q)") s ((qf’%)”)]

> %(QHMQ)%(QM&)QWI

- e [5 Lan ) ()

« Z @ p+ﬂ1)ﬂ(qp+ﬂ2)Q\771|+\772|*\“|

1
ﬂlﬁ?@z (¢"+51) n qp+ﬂz)Q\n1\+\n2\ Il

where in the last step, we have deﬁned the pairing [--]g.

3.2.2 Type {#:3;}: (—1,—1) curves:

The second type of pairing arises for (—1, —1) curves, as depicted in figure 5.
The corresponding expression is

Ca2a1510 tagﬁ ( )laleMQ‘ = |: (ﬁl) (ﬁl):| (_1)|a2\Q\a2|

[ﬁzm 5], (3.18)

Note that here the x(a2) dependence cancels between the two vertices by
k(a') = —k(a). The framing factor n vanishes. Again, this allows us to
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o

Figure 5: (—1,—1) curve.

perform the sum over g, utilizing (3.9). We obtain

> <ﬁl> (62)(-Q)" ! = exp [—Z?:SD (@) 0 ((qﬂ%)”)]

" (3.19)

x Z e ~Q)" )L (g (=)

= {5152}@2%((1”*51)”1 (g P2 (= Q) mI+Inal=Ixl

KR

The last step defines the pairing {--}g = ﬁ

3.3 Stringing the curves together

The rules we have proposed in Section 2 are easily proved by induction.
Here, we wish to give some intuition as to how they arise. This is best done
by considering an example. Let us therefore revisit figure 3. We organize
the calculation in a diagram, see figure 6. The following items should help
explain and interpret the diagram.

e The dominos in the first row correspond to the vertices of the web
diagram describing the geometry. The connecting lines in between
dominos indicate applications of the rules (3.8,3.9) for summing over
skew Schur polynomials. The dominos in the second row arise after a
depth one application of the summing rules, etc.

e In each domino in the first row, either both of the top representations of
the skew Schur functions (this terminology is to refer to the « in «/n)
are transposed or neither of them are. The former are vertices of type

Coipratp, (type A) and the latter of type Citq,, 5, (type B). In all the

following rows, whether a skew Schur function carrying the argument



328 AMER IQBAL AND AMIR-KIAN KASHANI-POOR
5 (8,) |2 (8%) % (8,)|21(85) %2 (;)|22(45) 2(6,)| 2 (8)
| @ T @ |
(o
.64 {ﬁz@ [ﬁ;@
@1 Q2 Qs
m(B)| Z(8)| Z(Bs) o |ns(Ba)

N Q @ |
Ql QZ

Q' Q' Q5"
{615} @[34}

@Q1Q2 Q203

5P| e o |ka(fBa)

1Q2 Q3

Figure 6: The gluing rules exemplified in a flow diagram.

B; has transposed top representation or not depends on what is the
case for the Schur function in the first row with argument 3;. Hence,
whether the pairing of §; with 3; is of type {--} or [] is determined
by the relative type of vertex the (’s descended from in the first row.
All {-8;} pairings descend from the Schur function %(ﬁz) in the i-th
vertex in the first row of the diagram, all {3;-}] pairings from the Schur

Qit1

function (B;) in the same vertex. Hence, whether the correct entry

K3

is 3; or B! again depends on whether the i-th vertex is of type Cowr L0t B;
(type A) or Cota,,, 5, (type B).

The calculation terminates because the first and last domino in each
row contain a trivial skew Schur function %, s.t. the sum over n
collapses.

The factors of @ can be thought of as flowing along the connecting
lines. Consider the second domino in the second line of the diagram.
After applying (3.9), we obtain the @ factor Q|2n2‘+|n3‘_|'i2l. The dia-
gram shows into which pairing these factors are incorporated. Note
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that the factors Q'{”l and ng enter into the next level of evaluation

(sums over 7y and 73), whereas Qo |K2|, as indicated by the arrows,

enters in the level after next (the sum over ks).

e Finally, a word on the factors (—1)'0“ that appear in sums that lead
to the pairing {--}, see (3.18). Omne could combine these with their
kin factors Q! such that all Q’s associated to (—1,—1) curves would
come with a minus sign. The sign of the product of all @) factors con-
tributing to a pairing would then depend on whether an odd or even
number of (—1,—1) curves lie between the two vertices being paired.
This of course is the criterion that distinguishes between the two pair-
ings {--} and [--]. Hence, this sign is taken into account correctly by
incorporating it into the definition of {--} in (3.19).

3.4 Simplifying the two pairings

The two pairings {3} and [af3] are exponentials of the argument

(o] Qn
+ |3 S (gl (g | (3.20)

n=1 "
In this section, we perform the representation dependent part of this infinite
sum. The calculation already appeared in [6, 7]. Our goal will be to write the
product of Schur functions (up to a correction term) as a sum > g .. Crg*™,
which will allow us to subsume the infinite sum over n in a logarithm. First,
let us take a closer look at the Schur polynomials. sg(x) = ), 5, and hence,

so(ght®) =Y g/, (3.21)
=1

Apart from the finite number of terms involving the Young tableau «, this
is a geometric series,

00 do
sa(g”) = x/§< doa D> (@M - q”)) (3.22)
=1 =1
1 |
R My
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Here, d, denotes the number of rows of a. We now see the desired structure
in the product so(¢"™?+®))sq(¢"?+#) emerging,

so(g”T)so(¢” ) = ZCk a, B)q" + = q) (3.23)
where
a;—1
ZCk(Oz,ﬁ)qu(q_%)Q +(g—1) Zq Zq
i

dg Bi—1

X 1+(q—1)22q*i qu - (1_qq)2. (3.24)
=1 j=0

The infinite sum in (3.20) can now be expressed in a more compelling form.
For the minus sign which corresponds to the pairing {--}, we obtain

0 n
=3 (@) s (g )
n=1

:_ZQ” ch + q" Tor (3.25)

= Crla, ) log(1 - Qd¥) in Qq
k n=1

Recalling that ¢ = €%+, the remaining infinite sum takes a familiar form,

— Q)" = Q"
Z (1—gm)? nz:l n(2sin(ngs/2))?’ (3:26)

n=1

We hence obtain the tidy expression,

o

o, Q"
{aBtq = H(l — Qq")H (P exp Lz::l n(zsin(ngs/2))2] . (3.27)

k

When considering flops further below, we will need the relation between
{aB} and {a!Bt}. The sum (3.24) satisfies the property

S Cila,B)dt = Y Culat, 8Yq 7", (3.28)
k k

By the symmetry of the correction term # under g — %, it follows that

1

@@= (1). (3.20)



THE VERTEX ON A STRIP 331

3.5 CS calculations in the light of the vertex

All genus results for the topological string on non-compact Calabi—Yau
were originally obtained using the Chern—Simons theory as the target space
description of the open topological string, combined with open/closed dual-
ity via geometric transitions [1-3]. In the context of the Chern-Simons
theory, the natural object is a 4-vertex, the normalized expectation value of
a Hopf link with gauge fields in representations o and 3 on the two unknots.
It is given by

Wag(q, A) = Walq, M) (@) P2 S5(Ea (1)), (3.30)
where
B L R . d 14 ¢t
E,(t) = (1+;1 <£[1qz._ : )t ) jl;[lHq_jt . (3.31)
and
Wa = (g\)/28,(E4(1)). (3.32)

We explain the relation of S,(E(t)) to the Schur functions s,(z) of the
previous sections in the appendix. The relevant fact for our purposes is that
for E(t) = [[(1 + xit), Sa(E(t)) = sq(x). To bring (3.31) into this form, we
note that the first factor in that expression can be expressed as (see page
27, example 5 in [20]),

[e.9] n ; o0 ;

1— Aty t 1+ X1t
1 —_— | "= | —— 3.33
ST s

n=1 \i=1 =0

8

= ﬁ(l + )x_lqit)

(1+q7 ).
=0 i=1
Hence,
Eo(t) = [+ 27"gt) (1 + ¢% 7). (3.34)
i=0 j=1

In this equation, we have set a;j = 0 for j > d. By absorbing the factor of
¢1*/2 in (3.30) into the definition of F,

Eo(t) = [J+ A7 W2e) T + g7t 0/, (3.35)
i=1 j=1

we can now express W,z in terms of ordinary Schur functions,
Wag = A2, (E4(1)Sp(Ealt)) (3.36)
= )\(|a|+\[3|)/25a()\—1q—p7 qp)sﬂo\—lq—p7 ).
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gt

« 4#
AgenamWos = AH—

Figure 7: The relation between the CS 4-vertex and the topological vertex.

Through a series of transformations, we can bring this expression into a form
in which it can readily be related to the topological vertex,

Wap = /\(|a|+|5|)/2%(qp>nt((_)\)flqp) g
— AU +18)/2% g0y (0/m)(a”)0"(—Qq?) B gty

n {ee}g s
(7//@)(qPJrat)fyt(qP)(_l)llelv\
{Ozto}Q
= /\(|Oé|+|5|)/2a(qp)5t(qp+at)M5( p+a)’Y

{selolafelor' i

(@) (=N "e?)  (3.37)

X

(")

X ’yt(qp)(_l)MQM
(ol+18)/2 CatraCeeyt (=1)11QN]
{..}Q
where QQ = A~L. In the course of these manipulations, we have used virtually

all of the identities listed in the appendix. The relation (3.37) between the
CS 4-vertex and the topological vertex is depicted in figure 7.

=A

The mismatch of the factor AI*1+18)/2 was first noticed in [1].

4 Applications
4.1 Flops

A natural question to study is the behavior of the string partition function
under flops of the target geometry. We can analyze this question for all
geometries whose toric diagrams decompose into strips.
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First, let us recall the behavior of the conifold under a flop. The instanton
piece of the partition function is given by
o0
. Qn 1
Zita—exp |3 L (4.1)
contio ;:1 n (2sin(ngs/2))?

= [I-Qa ™"
k=1

In addition, the genus 0 and 1 free energy contain further polynomial depen-
dence on t. The behavior of the polynomial contributions to Fy under
flops can be considered separately from that of the instanton contributions
[15, 16]. It turns out that the polynomial contribution to Fi, it, is nat-
urally considered together with the instanton contribution to the partition
function. By analytic continuation, we obtain the partition function of the
topological string on the flopped geometry from the partition function on
the pre-flop geometry,

i — ins 1
QUM zIst Q) — QT YAzt (Q> .

To obtain the Gopakumar—Vafa invariants of the flopped geometry, we must
now expand the RHS in the correct variable, @,

00 AN
Q MMz (@) = @/ H <1 - q> 2
k=1 Q
_ Q_1/24Q—<(—1)q—4(—2) H(qu _ 1)’f
k=1

— (_1)4(*1)621/24 ﬁ(l . quk)k'
k=1

In the last line, we have used that Z'Stanfon g invariant under ¢ — %, and

(1) = —%. We see that up to a phase, the partition function is invariant
when analytically continued from @Q to @ ! and then re-expanded in powers
of Q. It follows that the Gopakumar—Vafa invariants are in fact invariant
under this flop.

Now let us turn to flops on the strip. The normal bundles of the curves
neighboring the flopped curve are affected by the flop. On the strip, two
geometries are to be distinguished: the (—1,—1) curve to be flopped is
connected along the strip to a (=1, —1) curve on both sides (figure 8), or to
a (—1,—1) curve on one side, and a (—2,0) curve on the other (figure 9).
After the flop, the (—1,—1) curves become (—2,0) curves in the former
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ﬁ‘g Da ﬁ‘g ﬁ|4

\ [
B Bs Bi Bs

Figure 8: (-1, —1)(—1,-1)g(—~1, 1) flopped to (-2,0)(—1, —=1)g-1(-2,0).

case, and the (—1,—1) and (—2,0) curves are swapped in the latter. We
will consider the first case in detail. The second works out in exact analogy.
Before the flop, we have three (—1,—1) curves. The first vertex is Ceq,p,
hence of type B, from which we can determine the type of all vertices to be
BABA, yielding

{8185} {6181} Q10205 15263} 2 13554} s (4.3)
{81 03}010:1 0261} 205 ' '

After the flop, note the important fact that the ordering of the vertices does
not coincide with the ordering of the indices of the external Young tableaux
the vertices carry. Assembling the data required to apply our rules in short
hand: {(-2,0), (—1,—1), (—2,0) curves, first vertex of type B} — BBAA,
we obtain

{8165} 6,0, 18181} 6,0,05 185853 6,18561 1 6,0,
{BiBs}g, {3280 g, |

(4.4)

To compare these two expressions, we can express the post-flop expression in
terms of the pre-flop Kéahler parameters, and then re-expand as in the case of
the conifold considered above. The identification of the Kéhler parameters
that we propose is obtained by matching corresponding curves before and
after the flop. Considering e.g., the (—1,—1) curves before and after the

ﬂ‘1‘ﬁz b|’4
K y

B3 3

blﬁ ﬁ‘g |ﬁ4

Figure 9: (—2,0)(—1,—1)g(—1, 1) flopped to (~1,~1)(—1,~1)gp-1(—2,0).
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flop, we obtain the relations

Q1 = 1Qs,
1

o

Q3 = Q2Q3,

which are consistent with the identification we obtain by considering (—2,0)
curves,

Q1Q2 = Q1,

Q2Q5 = Q3.
This identification of Kahler parameters is to be contrasted to the naive sub-
stitution Q2 — Q5 ! for each curve whose Kihler parameter has Qo depen-

dence. Upon making these substitutions, the only factor in (4.4) which
must be re-expanded is {ﬁéﬂg}le. Using relation (3.29) and the definition

of the pairing, we obtain (dropping indices and renaming tableaux for ease
of notation),

{a'8}o-1(q)
={aB}g <1> (4.5)

“FYCk(@5) gy Q"
H ~Q7' P [Z (2sin(ngs/2))? ]

_ k) Ci(f) _\C(@B) (_ O)1/12 oy .- Q"
HQ v Q" 2 (-Qe pLz:l n(2sin ]

(ngs/2))?
— Q—Ia\—\ﬁlq—( r(a)+k(3))/2 H(qu _ 1)Ck(a,ﬂ)(7Q)1/12
k

(o] Qn
x exp Lz:l n(2 sin(ngs/2))2]
— (_Q)—\al—lﬁ\q—(ﬁ(a)%(ﬁ))/?(_Q)l/m{aﬂ}Q(q)’

where we have used [6]

ch = |a| + 8, (4.6)
S kCh(a, B) = ’W. (4.7)
k

This almost coincides with the partition function (4.3) for the pre-flop
geometry. To interpret the coefficients, let us include the two curves that
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are connected to the flopped curve via a sum over the representations (s
and (3 into our considerations. Figure 10 shows an example. The §o and
(B3 dependent factors from the upper and lower part of the diagram before
the flop are

Q|tﬂ2| (_1)nt|ﬂzlq—nm(ﬁ2)/2Qgﬁ3‘ (_1)nb|53|q—nbﬁ([33)/2

_ QLﬁ2|(_1)\ﬁ2\q*'f(ﬁ2)/2QLﬁ3|7 (4.8)

where n; = (—=1,0) A (1,—1) =1 and np = (1, 1) A (—=1,1) = 0. After the
flop, we have

Qltﬂzl (71)ﬁtlﬂzlq—ﬁm(ﬂ2)/2él}53\ (71)ﬁb|63|q_ﬁb“(53)/2
_ N|t52|Q~L53|(_1)*\ﬂ3\q/€(ﬁ3)/27 (4.9)

with 7ig = (—1,0) A (1,0) = 0 and 7y = (1, 1) A (=1
(4.9) with the coefficients from (4.5), we obtain (4.8),

(= Qo) 192110l g~ (k(B2)+r(B))/2 5 (P21 1B (1)1l (30) /2

,0) = —1. Combining

_ QL52|Q\bﬁ3\(_1)|ﬁ2|q—’€(ﬁ2)/2. (4.10)

We see that the coefficients in (4.5) are exactly those needed to maintain
invariance of the Gopakumar—Vafa invariants under flops.

This result continues to hold for the situation depicted in figure 9, as well
as the other possible completions of the lines carrying the Young tableaux
(B2 and B3 by curves of type (—2,0) or (—1,—1).

4L Qt Qt o D
y Q1 Q1 N
Q> Q>
Q G
""" — Qv Qv

Figure 10: Embedding the previous figure in a larger geometry.
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Can we conclude that Gopakumar—Vafa invariants for toric Calabi—Yau
are invariant under flops in general? The above arguments were valid

for geometries which contained only (—1,—1) and (—2,0) curves. For the
general case, the topological string partition functions

ngn
= exp ZZ F@sin(kgs/2)2% (4.11)

can be put in the product form [17, 18]

00 oo 2g—2
7=T1 (T~ T [ 0w e i)
ﬁ k=1 g=1 k=0
(4.12)

where 77 encodes the classes of the various holomorphic curves relative to
the basis specified by the ;. By the same argument as above, the only
factor that needs to be re-expanded after expressing the post-flop partition
function in pre-flop variables is the one counting contributions from just the
flopped curve. As above, this factor is invariant, up to a coefficient, under
this operation. However, it remains to argue that for the curves we identify
before and after the flop, say 7 and 7, the relation n‘i = ng holds. For
the case of geometries with only (—1,—1) and (—2,0) curves, “this equality
followed from the comparison of (4.3) and (4.4), and the interpetation of the
coefficients in (4.5).

Note that after an appropriate number of blowups and flops, any toric CY
can be decomposed into the strips we have been considering in this paper.
Hence, if Gopakumar—Vafa invariants indeed prove to be invariant under
flops in general, the vertex calculations on a strip performed in this paper
become relevant for any toric CY.

4.2 Geometric engineering

A natural physical playground for the formalism developed in this paper
is in the context of geometric engineering of A/ = 2 gauge theories by com-
pactification on local CY. The toric geometries that give rise to linear chains
of U(N) gauge groups (i.e., theories with product gauge group with U(N;)
factors and bifundamental matter between adjacent gauge groups) can be
decomposed into the strips we consider here. Thanks to Nekrasov’s con-
struction, the full string partition function (versus only its field theory limit)
can be extracted from such gauge theories. The basic building block of the
geometry which engineers such gauge theories is the triangulation of the strip
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given by % . The corresponding web diagram is shown in

figure 11. All of the curves in figure 11 are (—1, —1) curves, and the first
vertex is of type A, and hence we have an alternating succession of vertices
ABABAB - --. By the rules derived above, we obtain

a1-aN

arany _ o P1BN
Gy Kee (4.13)
== Wal Wﬂl e WQNWBN (4.14)

Qi ; C t,at.
« H [Tic;(1- quaiﬁj)Ck( B5) [To;(1— quﬁiC‘lj) k(BLat)
C ai,aﬁ t .
k Hi<j(1 — quaiaj) & ( J)(l _ quﬂiﬂj)C’“(ﬁ“ﬁJ)

The Kéhler parameters @, g are given by

Qaia; = Qij (4.15)
Qop; = QijQm,j

Qpic; = QijQr

Qpip; = QijQrnti Qg

where Q;; = Hi;i QmkQf k-

ngllg;V is the building block for the partition function Zyekrasoy of N = 2

gauge theories with product gauge groups and bi-fundamental matter. The

partition function is given by products of ICE‘I1 g}’v\’ , in the field theory limit,

an

B

B

Figure 11: The building block for gauge theories with matter.
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summed over «;, 3;, where the field theory limit of ICgllg;fV

goooy

is given by

Kgllj-.-:.ﬁz\]zv — Loy Lpy - LayLpy

I1 TTi<; (@i +mj + kR) DT (a; — my + kR) O 0%03)
X = - t
i ey (ais + k)0 (my — my + kR)Cx(55)

with
Lo = lim(g — D,
q—1

As an example, consider the CY in figure 12, which can be used to engi-
neer U(N) with Ny =2N. The partition function is obtained by gluing
two K type expressions together. Note however that in the upper strip,
the order of vertices is BABABA.... A moment’s thought teaches us that

,Cupper(a, /6) = ]Clower(at7 Bt) Hence,

z=% Qe @k, (Q) (4.16)
Qe UN
N
_ Z QLa1|+...+|aN\W21 L WC%N H H(l _ qumyi)C,ﬂ(ai,o)
A1y, N k i=1

X (1= q" Q) (00
(1= ¢*QijQum,;) ) (1 — quijQ;"jj)Ck(aﬁ)
» H (1- quijQr_n%i)Ck(az')(l — ¢"Q;jQum i) (@)
(1= g+ Q) () '

1<J

Icupper
Qv

’Clower

Figure 12: Two strips glued together to engineer U (V) with matter.
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Defining

Qij = e*ﬁ(mi*‘lj)7 (4.17)
Qm,i = e_ﬁ(ai—‘rmi)a
Qo = e ocsmin)

g=e"",

the field theory limit is given by # — 0. In this limit, (4.17) yields

Z = Z QLQ1|+--~+\04N|ZS)1)_”QN HH(al +mj+ kh)Ck(ai)

ai,..,N ki

x (a; +mjyn + kh)Cr@)] (4.18)

which is Nekrasov’s partition function [11, equation (1.8)] for Ny = 2N after
using the identities given in [7].

5 Conclusion

How to move off the strip? We saw that an obstacle to taking a turn off the
strip was performing the sums (3.8) and (3.9) with factors of type ¢*(*)/2
included in the sum over «. This obstacle does not appear insurmountable,
and efforts are underway to evaluate such sums. With them, all sums in the
expression for the topological partition function of toric manifolds whose
web diagram consists of a closed loop with external lines attached could be
performed. To go further, one would need to perform sums over the Young
tableaux which are the arguments of the Schur functions which appear in
the topological vertex.
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A Getting to know Schur functions

Since Schur functions feature prominently in this text, we wish to briefly
present them in their natural habitat of symmetric functions in this appen-
dix. Readers who wish to learn more are referred to, e.g., [20, 21].

Schur polynomials sy(x1, ..., z)) present a basis of the symmetric polyno-
mials in k variables. They arise in representation theory as the characters of
the Schur functor. Two perhaps more intuitive choices of basis for the sym-
metric polynomials are the following. The complete symmetric polynomials
h, are defined as the sum of all monomials in & variables of degree r, e.g.,
for k =2, 7 =2, hg = 2} + 23 + 2172, and the elementary symmetric poly-
nomials e, as the sum of all monomials of degree r in distinct variables, e.g.,
eo = x1x2. To a Young tableaux \ with at most k rows, one now introduces
the polynomial hy = hy, - -- hy,, where \; denotes the number of boxes in
the i-th row of A\, and likewise, to a Young tableaux p such that u! has
at most k rows, e, = ey, ---e,,. Both sets {hy}, {e,} comprise a basis for
symmetric polynomials. The Schur polynomials can be expressed in terms
of these, using the so-called determinantal formulae,

sx = [P, 45—l (A1)
= lextqjil- (A.2)

The skew Schur polynomials, which we introduced in the text via their rela-
tion to the ordinary Schur polynomials, s/, () =, cﬁys,,(a:), also satisfy
determinantal identities,’

SA/u = ’h)\i—/lj“!‘j_i‘ (A3)

= fengugﬂfﬂ- (

The generating function for the elementary symmetric functions e; is [[(1 +
z;t), i.e., the coefficient of ' in this power series is the i-th elementary
symmetric function e;. We now define the functions S)(E(t)), which we
encountered in Section 3.5, in accordance with the determinantal formula
(A.2), where e; is replaced by the coefficient of ¢ in the power series E(t).
Clearly, for E(t) = [[(1 + xit), SA(E(t)) = sa(z).

The difference of two Young tableaux (performed row-wise), as it appears in the
determinantal formulae (A.3) and (A.4), is also called a skew Young tableau, hence the
name skew Schur polynomials.
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Next, we collect the identities for the Schur functions we use in the text.

Zsa/m Vsam(¥) = [[(1 = ziy) st Ym/my),  (A5)
7.7
Zsat/m (.%')Sa/m( ) H(l +m1y] ant/nt ) n’i/n(y)a (AG)

7.7

Zsa/n(w)sn(y) - S(xay)v (A7)

sa(@”7) = (=) lsar (7"F), (A8)
sa(@”) = 25 (q). (A.9)
By invoking the cyclicity of the vertex, we further obtain
5a(0”)s5(a”*) = 55(¢")sa(a”*7), (A.10)
¢ 5a(@)s5: (@) =D san(@”)s5m(). (A1)

n

In our applications, we need to work within the ring of symmetric func-
tions with countably many independent variables. This ring can be obtained
from the rings of symmetric polynomials in finitely many variables via an
inverse limit construction [20].
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