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Abstract

We construct a fully equivariant correspondence between Gromov-
Witten and stable pairs descendent theories for toric 3-folds X. Our
method uses geometric constraints on descendents, A, surfaces, and
the topological vertex. The rationality of the stable pairs descendent
theory plays a crucial role in the definition of the correspondence. We
prove our correspondence has a non-equivariant limit.

As aresult of the construction, we prove an explicit non-equivariant
stationary descendent correspondence for X (conjectured by MNOP).
Using descendent methods, we establish the relative GW /Pairs corre-
spondence for X/D in several basic new log Calabi-Yau geometries.
Among the consequences is a rationality constraint for non-equivariant
descendent Gromov-Witten series for P3.
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0 Introduction

0.1 Descendents in Gromov-Witten theory

Let X be a nonsingular projective 3-fold. Gromov-Witten theory is defined
via integration over the moduli space of stable maps. Let M, (X, 3) denote
the moduli space of r-pointed stable maps from connected genus g curves to
X representing the class f € Ho(X,Z). Let

ev; :MW(X, gB) — X,
Li HWg,r(AX’vﬁ)

denote the evaluation maps and the cotangent line bundles associated to the
marked points. Let vq,...,7v, € H*(X,Q), and let

,lvz)i = Cl(Li) € H2(Mg7n<X7 ﬁ)a@)

The descendent fields, denoted by 74(7), correspond to the classes ¥Fev:(v)
on the moduli space of maps. Let

() 7)) = [Tvfevir)

9,8 Mg,'r(Xvﬁ)]mr =1

denote the descendent Gromov-Witten invariants. Foundational aspects of
the theory are treated, for example, in [1, 2, 13].
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Let C be a possibly disconnected curve with at worst nodal singulari-
ties. The genus of C is defined by 1 — x(O¢). Let M;J,(X, B) denote the
moduli space of maps with possibly disconnected domain curves C' of genus
g with no collapsed connected components. The latter condition requires
each connected component of C' to represent a nonzero class in Hy(X,Z). In
particular, C' must represent a nonzero class /3.

We define the descendent invariants in the disconnected case by

<Tk1(%) > ‘%(%)>l = /[ ﬁlbfie":(%)-

9.8 M, (X,B)]vi ]

The associated partition function is defined by!

'GW<X;u ‘ ljlmi(%)% =Y <ﬁ7—ki<%)>lg,ﬁ w292 (1)

geZ =1

Since the domain components must map nontrivially, an elementary argu-
ment shows the genus ¢ in the sum (1) is bounded from below. The descen-
dent insertions in (1) should match the (genus independent) virtual dimen-
sion,

dim [M,,,(X. 9" = [ e(Tx) +7. (2)

If X is a nonsingular toric 3-fold, then the descendent invariants can be
lifted to equivariant cohomology. Let

T = (C*)3

be the 3-dimensional algebraic torus acting on X. Let s1, so, 53 be the equiv-
ariant first Chern classes of the standard representations of the three factors
of T. The equivariant cohomology of the point is well-known to be

Hy(e) = Qls1, 52, 53] -

For equivariant classes v; € H5 (X, Q), the descendent invariants

r

() omn) = [ Tlefevi(i) € Hi(o)
g,r\ 1

9”8 vir e

LOur notation follows [18] and emphasizes the role of the moduli space M;,T(X ,B).
The degree 0 collapsed contributions will not appear anywhere in our paper.
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are well-defined. In the equivariant setting, the descendent insertions may
exceed the virtual dimension (2). The equivariant partition function

Z’GW<X;u

f[lTki (%))Z € Q[s1, 52, 53)((u))

is a Laurent series in u with coefficients in Hi(e).

If X is a nonsingular quasi-projective toric 3-fold, the equivariant Gromov-
Witten invariants of X are still well-defined by localization residues [3]. In
the quasi-projective case,

/GW(X;U

llek<%)>Z € Q(s1, $2,53)((u)) .

For the study of the Gromov-Witten theory of toric 3-folds, the open geome-
tries play an imporant role.

0.2 Descendents in the theory of stable pairs

Let X be a nonsingular projective 3-fold, and let 5 € Hy(X,Z) be a nonzero
class. We consider next the moduli space of stable pairs

[OX i)F] S PTL(X>6)

where F'is a pure sheaf supported on a Cohen-Macaulay subcurve of X, s is
a morphism with 0-dimensional cokernel, and

X(F)=n, [F]=p.

The space P,(X,[3) carries a virtual fundamental class obtained from the
deformation theory of complexes in the derived category [31].
Since P,(X, ) is a fine moduli space, there exists a universal sheaf

F— X x P,(X, ),

see Section 2.3 of [31]. For a stable pair [Ox — F| € P,(X, (3), the restriction
of F to the fiber
X x[0x — F] C X x P,(X,0)

is canonically isomorphic to F'. Let

mx: X X P(X,0) — X,
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Tp: XXPn(X,ﬁ)_)Pn(Xaﬁ)

be the projections onto the first and second factors. Since X is nonsingular
and F is wp-flat, F has a finite resolution by locally free sheaves. Hence, the
Chern character of the universal sheaf F on X x P, (X, ) is well-defined. By
definition, the operation

Tpe (5 (7) - choys(F) N p( ) Hu(Pu(X, B)) — Ho(Pu(X, 5))

is the action of the descendent 7;(7y), where v € H*(X,Z).
For nonzero € Hy(X,7Z) and arbitrary 7, € H*(X,Q), define the stable
pairs invariant with descendent insertions by

() ome)) = [ Tl

n,B [Pn(X,8)]Vim ;24

= \/Pn(XHB) ﬁ Tk, <%)([Pn(X, 5)]1;17«)

=1

The partition function is

ZP<X§Q

Emi(%))ﬁ = Z < rlTki(%)>nﬁq”.

n 1=

Since P, (X, 3) is empty for sufficiently negative n, the partition function
is a Laurent series in ¢. The following conjecture was made in [32].

Conjecture 1. The partition function Zp (X; q | 1Ty 7%, (%))ﬁ is the Laurent
expansion of a rational function in q.

Let X be a nonsingular quasi-projective toric 3-fold. The stable pairs
descendent invariants can be lifted to equivariant cohomology (and defined
by residues in the open case). For equivariant classes v; € Hi(X, Q), we see

ZP<X§Q

IT7.(), € Qler 2, 52)((0)

is a Laurent series in ¢ with coefficients in Hy(e). A central result of [27, 28]
is the following rationality property.

Rationality. Let X be a nonsingular quasi-projective toric 3-fold. The

partition function
T

ZP(X;Q

IT7.00)

B
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is the Laurent expansion in q of a rational function in the field Q(q, s1, S2, S3).

The above rationality result implies Conjecture 1 when X is a nonsingu-
lar projective toric 3-fold. The corresponding statement for the equivariant
Gromov-Witten descendent partition function is expected (from calculational
evidence) to be false.

0.3 Correspondence

Let X be a nonsingular quasi-projective toric 3-fold, and let pq,...,p, € X
be the distinct T-fixed points. Let p; € Hp(X, Q) be the class of the T-fixed
point p;. Let o be a partition,

a=(>ay>--->a>0),
of size? |a| and length ¢. Define the descendent insertion

Ta(Pj) = Tar-1(Pj)Tas—1(Pj) * + * Tay-1(P;) - (3)

Since the classes of the T-fixed points span a basis of localized equivariant
cohomology

H’;(‘X? Q) ® Q(Slu S92, 83)7
we can consider equivariant descendents of X in the following form

T

ZP(X;q ‘ ﬁ Ta(j)<pj))T : Z/GW(X;U ‘ ﬁ Ta<j)(Pj)>
j=1 p j=1 A

for partitions oV, ..., a(™ associated to the T-fixed points.
A central result of the paper is the construction of a universal correspon-
dence matrix K indexed by partitions o and @ of positive size with?

Ko € Qli, wi, wa, ws((u))

and K, 5 = 0 unless |a| > |a|. The coefficients K, 5 are symmetric in the

variables w;. The matrix K is used to define a correspondence rule

Talp)) = Falp) = D Koa(wl wh wl)ra(p))

|la|>[a

2The unique partition of size 0 is the empty partition of length ¢ = 0. In the empty
case, Ty(p;) = 1.
3As usual, i = —1.



where w{, w%, wé are the tangent weights of X at p;. The symmetry of K in
the variables w; is required for the correspondence rule to be well-defined. If
a = (), we formally set

Fa(py) =1=1.

To state the correspondence property of K, the basic degree

dg:/ﬁcl(X) €z

associated to the class § € Hy(X,Z) will be required.

Theorem 1. There exists a universal correspondence matriz K (symmetric
in the variables w;) satisfying

(~a) " Zp(X:q

m T o
1T Ta<j)(pj)>ﬁ = (—iu) BZ/GW(X;U
j=1

m N T
II Ta<7>(pj))
j=1 B

under the variable change —q = €™ for all nonsingular quasi-projective toric
3-folds X .

The variable change in the descendent correspondence is well-defined by
the rationality result for the stable pairs partition function. However, much
of the u dependence of K remains mysterious.* A central point of the paper
is to show the consequences which can be derived from various accessible
properties of the u dependence.

We will construct the matrix K from the study of 1-leg equivariant de-
scendent invariants. A geometric argument using capped descendent vertices
following [28] is used to prove the 2-leg and then the complete 3-leg result
of Theorem 1. The argument uses the full force of the equivariant Gromov-
Witten/Pairs correspondence for primary fields in [16, 20].

Along with the construction of K, we prove several basic properties. A
uniqueness statement for K in the context of capped vertices appears in
Theorem 8 of Section 1. The leading terms of K are determined by the
following result.

4Conjectural formulas for a partial descendent correspondence between Gromov-Witten
theory and the Donaldson-Thomas theory of ideal sheaves are proposed in [21]. The
investigation of the relationship between descendents for stable pairs and ideal sheaves is
an interesting direction for further study. Though not fully equivariant, the formulas of
[21] should partially constrain K.



Theorem 2. For partitions a of positive size, K, = (iu)" @1 and

Kpase =0 if o] <lal+|l(e)— @) .

a,a\#a

In other words, we can write the correspondence as

Ta(p) = (1)~ (p) + ...

where the dots stand for terms 7 with partitions & of positive size satisfying
] > |af + [£(a) — (a)] -

Theorem 2, proven in Section 2, plays an important role in the applica-
tions. We prove the u coefficients of K, ; are symmetric polynomials in the
variables w; in Section 4.

Theorem 3. The u coefficients of K, 5 € Q[i, w1, wz, ws]((u)) are symmetric
and homogeneous in the variables w; of degree |a| + (a) — |a| — £(Q).

0.4 Consequences

We derive several implications of our descendent correspondence which re-
quire only basic properties of K.

A first consequence is the following result for the non-equivariant partition
functions with primary fields 75() and stationary descendents 74 (p).

Theorem 4. Let X be a nonsingular projective toric 3-fold. After the vari-
able change —q = €™, we have

(—q) "%/ Zp (X q

(—iu)® (iu)~ 2 74 <Xu

[T 11 Tkj<p>> =
i=1 j=1 8

where v; € H*(X,Q) are classes of positive degree.

Theorem 4 was conjectured for arbitrary nonsingular projective 3-folds in
[18] for the Donaldson-Thomas theory of ideal sheaves. Our proof, via The-
orem 1, uses only the leading terms of the u dependence of correspondence
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matrix K. The non-equivariant limit plays an important role in the simple
form of the descendent correspondence in Theorem 4. If fully T-equivariant
partition functions are considered, then complete knowledge of the matrix K
is required.

By Theorem 4 and the rationality result for stable pairs descendents, we
conclude

iudﬁ

e (—iu)® ()" 2R Z, <X;u

H (%) H m].<p>)

B

is a rational function of e=®. We know no other approaches to such ratio-
nality results for descendents in Gromov-Witten theory.

In a different direction, we can also prove the Gromov-Witten/Pairs cor-
respondences for primary fields in several new relative cases. The first is a
non-equivariant log Calabi-Yau geometry with the relative divisor given by
a K3 surface.

Theorem 5. Let X be a nonsingular projective Fano toric 3-fold, and let
K3 C X be a nonsingular anti-canonical K3 surface. After the variable

change —q = €™, we have
(o) 2o (XKt | )l ) =

(_iu)dﬁ‘i"e(ﬂ)*lﬂl Z/GW ()(/]:(37 U ’ TO(/'}q) e To(f}/T)

0
B

where v; € H*(X, Q) are arbitrary classes.

Relative Gromov-Witten and stable pairs theory are reviewed in Section
1.1. Our standard conventions for the boundary conditions p along the rel-
ative divisors are explained there. The rationality of the stable pairs series
of Theorem 5 has been establised earlier in Section 4 of [28]. Theorem 5 can
be used to prove a rationality constraint for the Gromov-Witten descendent
series of P3.

Let Q(—q,1)][u, %] be the ring of Laurent polynomials in u with coefficients
given by rational functions in —¢q over Q[i]. For example

1 1
q- g+ 1
2% qu_2 + Tqu4 € Q(_CL Z)[U, E] :
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Corollary 3. For the non-equivariant descendent series, we have

/ 3.
oW <P )

where v; € H*(P?,Q) are classes of positive degree.

f[fkﬂ%)) € Ql—g=e")u, -],

U
g

Let A, be the minimal toric resolution of the standard A, -singularity
obtained by a quotient of a cyclic Z,i-action on C?, see Section 4.2 for a
review. Consider the (C*)%-equivariant geometry relative geometry

Ay x PYD = A, x P/ (A) ey U (An)ey U (An)es

relative to the fibers over the distinct point xy, x5, z3 € P1. Here, (C*)? acts
only on the toric surface A,,. We prove the following result.

Theorem 6. After the variable change —q = €™, we have

(c)?
(~q) " Zp(A, x P'/D 1 ’u“%u@’,u“)) =
B
(_iu>dﬂ+zf:1£(u“)—lu< )l z’G\N(An x P'/D ;u ’”(1)’“(2)’M(3))5 ;

where the 9 are arbitrary (C*)?-equivariant relative conditions along the
fibers (Ap) s, -

Theorem 6 resolves questions left open in [14, 15]. In fact, Theorem 6
would follow from the results of [14, 15] if certain conjectured invertibilities
were established, see Section 8.3 of [15]. Our proof of the 3-point Gromov-
Witten/Pairs correspondence for A,-local curves completely bypasses such
invertibility issues.

The results stated above are the first applications of the equivariant
descendent correspondence. The main application will be to establish the
Gromov-Witten /Pairs correspondence for several basic families of compact
Calabi-Yau 3-folds. The strategy is to follow the methods of [19] which de-
termine the Gromov-Witten theory of the quintic 3-fold

X; c P?
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and to take parallel geometric steps for the stable pairs theory. A non-
equivariant Gromov-Witten descendent correspondence is necessary for the
argument.

A basic result of the present paper is a non-equivariant formulation of
the Gromov-Witten /pairs descendent correspondence. The application to
compact Calabi-Yau 3-folds will be taken up in [30].

0.5 Non-equivariant limit

Let X be a nonsingular quasi-projective toric 3-fold with T-fixed points
D1, - -, Pm and inclusions

L1 pj — X, L XT o X
The pull-back of the top Chern class of the tangent bundle,
1;(c3(Tx)) = e(Tany) € Hy(p;, Q) ,

is the Euler class of the tangent representation at p;.

Theorem 1 establishes a descendent correspondence for T-equivariant
Gromov-Witten and stable pairs theories. Does Theorem 1 define a cor-
respondence for non-equivariant theories? Certainly every non-equivariant
descendent 7 (7y) can be lifted to a combination of T-equivariant descendents
of the form 74 (p;) by localization

. o 5)
F=ny @
2 ) ™
where 7 is any T-equivariant lift of 4. Theorem 1 can then be applied.
However, the coefficients

1;(7)
e(cs(Tx))

which appear on the right of (4) are rational functions of the s; (almost
always with poles). After the application of Theorem 1, poles in s; will occur
on the Gromov-Witten side of the correspondence. Whether the resulting
combination of Gromov-Witten invariants can be rewritten in non-equvariant
terms is not immediately clear. The outcome depends upon properties of the
correspondence matrix K.

€ Q(Sla S92, 53)
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We prove a Gromov-Witten /Pairs descendent correspondence for X which
admits a non-equivariant limit. In order to state the answer, we will require
the following notation. Let & be a partition of length ¢ as in Section 0.3. Let

A be the cohomology class of the small diagonal in the product X . For a
cohomology class v of X, let

A=Y 0 ®...00]
Jisedp

be the Kiinneth decomposition of v - A in the cohomology of X . We define
the descendent insertion 74(y) by

() = D2 Ta,a(03) o 7a, 1 (0) - (5)

Jiseesdy

For example, if 7 is the class of a point, then

T2(p) = Tal_l(P) T Taé—1<P)

in accordance with convention (3). Definition (5) is valid for both the stan-
dard and the T-equivariant cohomology of X. _

We construct a second correspondence matrix K indexed by partitions «
and a of positive size with

Ra,a € Qli, c1, c2, ¢3)((u))
and Ra,a = 0 unless |«| > |a@|. Via the substitution
C; — Ci(Tx),

the elements of K act on the cohomology (both standard and T-equivariant)
of X with Q[i]-coefficients. Of course, we take the canonical lift of T to the
tangent bundle T’y in the equivariant case.

The matrix K is used to define a new correspondence rule

Tar—1(71) * Tay1(Ve) = Tay—1(71) *+* Tay—1(7e) - (6)

The formula for the right side of (6) requires a sum over all set partitions P
of {1,...,¢}. For such a set partition P, each element S € P is a subset of
{1,...,0}. Let ag be the associated subpartition of «, and let

Vs = H%’-

€S
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We define the right side of (6) by

Tar—1(N) *** Ta-1(70) = > [1 YraKess). (D)

~

P set partition of {1,....4} SEeP §

Theorem 7. There exists a universal correspondence matrix K satisfying

(—q) 25 (X1 q

o ()T (1))

= (—iu)"Zgy (X; u

O8]+ a0 )

under the variable change —q = €™ for all nonsingular quasi-projective toric
3-folds X .

We prove Theorem 7 by constructing K canonically from K. Divisibility
properties of the coefficients of K, required for the construction of K, are
proven geometrically. From our construction of K, we will see Theorem 7
specializes to Theorem 1. The main advantage of Theorem 7 over Theorem
1 is the obvious existence of a non-equivariant limit. In fact, since (7) makes
sense for the standard cohomology of any nonsingular projective 3-fold, we
conjecture the following.

Conjecture 2. For any nonsingular projective 3-fold X, we have

(—q) 25 (X1 q

T (1) Toa ()

= (i) Zgw (Xsu | 7 1) e () ),

under the variable change —q = e™.

By Conjecture 1, the stable pairs descendent series on the left is expected
to be a rational function in ¢, so the change of variables is well-defined.
Conjecture 2 is a consequence of Theorem 7 in case X is toric by taking
the non-equivariant limit. In the non-toric case, Conjecture 2 predicts the
correspondence is the same.

Formula (7) assumes all the cohomology classes 7; are even. In the pres-
ence of odd cohomology, a natural sign must be included in (7). We may
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write set partitions P of {1,...,¢} indexing the sum on the right side of (7)
as
SlU...US|p| ={1,...,0}.

The parts S; of P are unordered, but we choose an ordering for each P. We
then obtain a permutation of {1, ..., ¢} by placing the elements in the ordered
parts S; (and respecting the original order in each part). The permutation
determines a sign o(P) by the anti-commutation of the associated odd classes.
We then write:

Ta1*1<71) T Tae*l(f}/@) = Z <_1)U(P) H ZTE(RQSN&'V&) :

P set partition of {1,...,£} S;eP §

0.6 Plan of the paper

We start in Section 1 by reviewing relative Gromov-Witten and stable pairs
theories. The capped descendent vertex of [28], defined in Section 1.3, will
play a central role in the construction of the correspondence matrix K. The-
orem 1 is implied by a relative descendent correspondence stated in Theorem
8 of Section 1.3.

To construct K, we proceed leg by leg for capped descendent vertices. The
study of the 1-leg case in Section 2 uniquely determines K by the invertibility
of the associated descendent/relative matrices. We define K via the 1-leg
geometry. After the proof of the 1-leg descendent correspondence in Section
2.3, the intial terms of K are calculated in Section 2.4 to prove Theorem 2.
The symmetry between the variables s; is broken in the 1-leg geometry, so
the symmetry of K is not immediate.

We review the technique of capped localization in Section 3. The capped
descendent correspondence in the 2-leg case is established in Section 4 using
the geometry of A; surfaces (a strategy already employed in [16, 28]). Crucial
here is a new invertibility proven in Section 4.5. A consequence of the 2-leg
correspondence is the symmetry of K in the variables w; proven in Section 4.7.
The 3-leg case is obtained by a parallel argument in Section 5, completing
the proof of Theorem 8 and thus of Theorem 1.

The first applications of the descendent correspondence are taken up in
Section 6. The easiest is Theorem 6 proven in Section 6.2. After a further
study of the initial terms of K, we prove Theorem 4 in Section 6.6.

Section 7 concerns the non-equivariant formulation of the descendent cor-
respondence. After delicate divisibility properties for the coefficients of K are
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established, the formula for K in terms of K is given in Section 7.3. Theorem
7 is then a consequence of Theorem 1. The final applications of the pa-
per, in Section 8 to log Calabi-Yau geometries, require the non-equivariant
correspondence. Theorem 5 is proven in Section 8.3.
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1 Capped descendent vertex

1.1 Relative theories

Let D C X be a nonsingular divisor. Relative Gromov-Witten and relative
stable pairs theories enumerate curves with specified tangency to the divisor
D. See [18, 27] for a technical discussion of relative theories.

In Gromov-Witten theory, relative conditions are represented by a parti-
tion y of the integer [4[D], each part y; of which is marked by a cohomology
class v; € H*(D,Z). The numbers p; record the multiplicities of intersec-
tion with D while the cohomology labels ~; record where the tangency occurs.
More precisely, let M/QW(X /D, B3),, be the moduli space of stable relative maps
with tangency conditions p along D. To impose the full boundary condition,
we pull-back the product II;v; via the evaluation maps

-/
M, (X/D,B), — D
at the points of tangency. By convention, an absent cohomology label stands

for 1 € H*(D,Z). Also, the tangency points are considered to be unordered.
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In the stable pairs theory, the relative moduli space admits a natural
morphism to the Hilbert scheme of d points in D,

P.(X/D, ) — Hilb(D, /ﬁ D)) .

Cohomology classes on Hilb(D, [5[D]) may thus be pulled-back to the relative
moduli space. We will work in the Nakajima basis of H*(Hilb(D, [4,[D]), Q)
indexed by a partition p of [ B[D] labeled by cohomology classes of D. For
example, the class

n) € 1 (Hitb(D, [ D)), Q).

with all cohomology labels equal to the identity, is [] ;' times the Poincaré
dual of the closure of the subvariety formed by unions of schemes of length

M1y -y He(p)

supported at ¢(u) distinct points of D.
The conjectural relative GW /Pairs correspondence for primary fields [18]
equates the partition functions of the theories.

), -

(_Z-u)dﬁf(u)flul ZIGW <X/D; U ’ 7-0(71) .. '7'0(%)

Conjecture 3. We have

(—q) %/ ZP(X/D; q | 10(7) - 10(W)

0
B

after the change of variables e = —q.

As before, Zp (X/D; q | mo(m) - 10(7r)

nal function of q.

,u)ﬁ is conjectured to be a ratio-

1.2 Degeneration formulas
Relative theories satisfy degeneration formulas. Let
X—B

be a nonsingular 4-fold fibered over an irreducible and nonsingular base curve
B. Let X be a nonsingular fiber, and let

X1 Up Xy
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be a reducible special fiber consisting of two nonsingular 3-folds intersecting
transversally along a nonsingular surface D.
If all insertions 71, ..., 7, lie in the image of

H* (X Up X5,Z) — H*(X,Z),

the degeneration formula in Gromov-Witten theory takes the form [8, 10, 12]

Zow (X[ 7, (1) -+ 7 (7)) g =
ZZ%W <X1| ‘/051 3(1) 2240 Zrw (X2| "uv>ﬁ2 L @®)

where the summation is over all curve splittings 3 = (31 + 2, all splittings of
the insertions 7,(7;), and all relative conditions pu.

In (8), the cohomological labels of p* are Poincaré duals of the labels of
i The gluing factor 3(u) is the order of the centralizer in the symmetric
group S(|u|) of an element with cycle type pu.

The degeneration formula in the stable pairs theory takes a very similar
form,

Zp (X| 7 (m1) - Tho (1) ) g =
S Ze (Xl o ) (DM 50 g M Ze (Xl L fiY)

see [18, 27]. The sum over the relative conditions p is interpreted as the
coproduct of 1,

AL = S (=DM 5 0) [} @ [

in the tensor square of H*(Hilb(D, [4[D]),Z). Conjecture (3) is easily seen
to be compatible with degeneration.

1.3 Definition of the capped vertex

Bare capped vertices were first considered in [16] in the context of Donaldson-
Thomas theory. The capped descendent vertex was introduced in [28] to
prove the rationality of the stable pairs theory of toric 3-folds. Capped
vertices will play a basic role in the construction and proof of the descendent
correspondence. We review the definitions here.
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Let T be a 3-dimensional algebraic torus. As before, let sy, s9, s3 € Hi (o)
be the first Chern classes of the standard representations of the three factors
of T. Let T act diagonally on P! x P! x P!,

(€1,62,&3) - ([21, 1], [72, 2], [23, y3]) = ([21, &, [22, o], [23, §33]) -

Let 0,00 € P! be the points [1, 0] and [0, 1] respectively. The tangent weights®
of T at the point
p=(0,0,0) € P! x P! x P!

are si, So, and ss.
Let U C P! x P! x P! be the T-invariant 3-fold obtained by removing
the three T-invariant lines

Ly, Ly, Ly C P! x P! x P!
passing through the point (oo, 0o, 00),
U=P' xP' xP"\ U L. (9)

Let D; C U be the divisor with i coordinate co. For i # j, the divisors D;
and D; are disjoint in U.
The capped descendent vertex is a partition function of U with integrand

Ta(P) = Tay—1(P) - - - Tay—1(P)

and free relative conditions imposed at the divisors D;. While the relative
geometry U/ U; D; is not compact, the moduli spaces P,(U/ U; D;, 3) have
compact T-fixed loci. The stable pairs invariants of U/ U; D; are well-defined
by T-equivariant residues. In the localization formula for the residue theories
of U/ U; D;, nonzero degrees can occur only on the edges meeting the origin
pelU.

We denote the capped descendent vertex by

0
C<T&(p) | )‘(1)7 /\(2)7 )‘(3)> - Z(U/ U Di? H Tai—1<p) | >\(1)7 )‘(2)7 /\(3)),%1 (1O>
=1

where the partition « specifies the descendent integrand and the partitions
ADX@ U AG) denote relative conditions imposed at Dy, Dy, Ds. While a must

>Qur sign conventions here follow [29] and disagree with [27].
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be non-empty as before, the partitions A®) are permitted to be empty. How-
ever, we require the condition

DD+ (AP 4 1X®] > 0 (11)

to hold. The number of legs of the vertex is the number of non-empty par-
titions among A, A®) and A®).

The curve class § in (10) is determined by the relative conditions: [ is
the sum of the three axes passing through p € U with coefficients |A(V)],
IA®)]|, and |[A®)| respectively. The superscript T after the bracket denotes
T-equivariant integration on P,(U/U; D;, 3). The condition (11) implies (3
is nonzero.

The above definition is valid for both Gromov-Witten and stable pairs
theories. The relative conditions are interpretated as tangency in Gromov-
Witten theory and as element of the Nakajima basis in the theory of stable
pairs. We denote the vertices in the two theories by

Cr(7a(p) [ AP AP Cow(Talp) | AW AP A

We will prove Theorem 1 by a refined correspondence result for the capped
descendent vertex.

Theorem 8. There exists a unique correspondence matriz K satisfying
(—q)" 2P ICp (1a(p) | AW, A@ A®)) =
(i) 2 MO Co (7 (p) | AL, A@ B
under the variable change —q = ™.

In case no descendents are present, the basic equality of the equivariant
capped vertices

(_q)—ZiIMCP(l | AW 2@ 2By = (_Z‘u)zi|/\(i>|+f(>\(i))CGW(1 BRI

is the main result of [16]. The number of legs of the descendent vertex refers
to the number of non-empty partitions among AV | A\ and A\,

By capped localization discussed in Section 3, we will easily derive The-
orem 1 from Theorem 8. The proof of Theorem 8 will be given leg by leg
starting with the 1-leg case.

20



2 Descendent correspondence: 1-leg

2.1 Construction of K

We construct the matrix K in several steps. The first is very simple. Let
d > 0 be an integer, and let P; be the set of partitions of positive size at
most d. Let

Ca(a,\) = Cp(7a(p) | 0,0,)), a,X€Py

be a matrix with both rows and columns indexed by P;. The coefficients of
C4 are rational functions in q.

Lemma 1. For all d > 0, the matriz C& is invertible.

Similarly, we define the corresponding matrix using the 1-leg Gromov-
Witten descendent vertices,

Cow(@A) = Cow(a(p) | 0,0,0), o, A€P.
The coefficients of C¢ are Laurent series in .

Lemma 2. For all d > 0, the matriz C¢y is invertible.

By the invertibility of Lemmas 1 and 2, there exists a unique correspon-
dence matrix K¢ indexed by P; with coefficients in Q(4, sy, 52, s3)((u)) which
satisfies the condition

(—0) " MCo(ralp) | 0,0,)) = (—z’u)‘”*“”ccw( > Kea7a(p) ] @,(Z),A)

aGde
under the variable change —q = e for all a, A € Py.

Definition. The correspondence matriz K is defined by the following rule:

K ~ =KL

« o,o
if la| > |a] and K, 5 = 0 otherwise.

After proving Lemmas 1 and 2 in Section 2.2 below, we will use a geomet-
ric argument in Section 2.3 to prove the following compatibility statement.

Proposition 3. For all d > |a/, Kia = Kljla for all &.
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Lemmas 1-2 and Proposition 3 together yield a unique correspondence
matrix

Kaa € Q(i, 51,52, 53)((u))

satisfying Theorem 8 in the 1-leg case. The proof of Theorem 8 in the 2- and
3-leg cases will be presented in Sections 4 and 5. Theorem 1 will be derived
as a consequence.

By our construction, the u coefficients of K 5 are easily seen to be homo-

~

geneous rational functions in the variables s; of degree |a| +¢(a) — |a] — £(a).
The claim follows from the homogeneity of the coefficients of the matrices

C(Ii<a7 )‘)7 C(éW(Oév >\)

obtained from geometric dimensional analysis.

Theorem 3 asserts further the symmetry and polynomiality of the coef-
ficients K, 3. Unfortunately, the construction of K from the 1-leg geometry
breaks the symmetry between the variables s;. The symmetry of K will be
established in Section 4.7 as a step in the proof of Theorem 8. The restriction
of the coefficients of K to the subring

Q[i7 51, 82, 83]((u>> C Q(Z’ S1, 52, 53)((u)>

will also be proven in Section 4.7, completing the proof of Theorem 3.

2.2 Proof of Lemmas 1 and 2

On the set P;, we define two partial orderings:
caza <« |al—fa) > |al - 4a) ,
earza < (li(a)=l(a),

where ¢ («) is the number of parts of a which are strictly greater than 1.
The conditions a > @ and o > & are defined via the corresponding strict
inequalities.

Lemma 4. If a <\, then C&(a, \) =0 and Cy(a, A) = 0.

Proof. The result is a consequence of a dimension count. The 1-leg vertex
can be studied via the cap geometry,

N:OPI@OP1—>P1,
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relative to the fiber
N CN

over oo € P!, The total space N naturally carries an action of a 3-dimensional
torus T where the first two factors scale the components of the rank 2 trivial
bundle and last factor acts on P! with fixed points 0,00 € P'. Let the scal-
ing weights be s; and sy, and let the tangent weight along P! at the fixed
point py € N over 0 € P! be s3. The T-action preserves the relative divisor
Ns. The equivariant relative geometry N/N,, is equivalent to (9) in the
1-leg case.

Let Ny C N be the fiber over 0 € P! of the cap, and let Ny be the as-
sociated class in equivariant cohomology. Similarly, let p, be the equivariant
cohomology class of py. We have the relation

Po
5152

No =

in the equivariant cohomology of the cap. For the relative conditions, we can
weight each part of A by the fixed point p,, over co € P, Let A[ps] denote
the resulting weighted partition. We have the relation

Poo
5152

1=

in the equivariant cohomology of the divisor over oo € P!. Hence, we can
write

T

{(a)
CCFI)(Oé, )\) = (3132>€(a)—é()\) Zp(Cap,q H Tai—1<N0) ‘ )\[poo]) ,
=1

{(o) T
Chu(0:3) = (5152)" )~ Zey(Capta | T] 7oica (M) | Ao
i=1
The moduli spaces of relative stable pairs and relative stable maps to the
cap with boundary condition A[p,| are both compact of virtual dimension
|A| = £(\). The integrand

Al

()
IT 7a.—1(No)
=1

imposes |a| — ¢(a) condition in both theories. If the dimension of the in-
tegrand is strictly less than the virtual dimension, the equivariant integral
vanishes for compact moduli spaces. ]
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Lemma 5. If |a| — {(a) = |A| = €(N) and o < A, then
Cl(a,\) =0, Cdp(a,A\)=0.

Proof. It X\ = (A1) has a single part (which must exceed 1 by the second
hypothesis), then o must have all parts equal to 1. The first hypothesis

o] = £(e) = Al = £(A) (12)

then can not hold. Hence, the Lemma is true if the length of A is 1. We will
assume the length of X is at least 2 and proceed by induction.
Consider the equivariant geometry of P? x P! relative to the fiber

P2 =P? x {00} C P? x P! .

Let L € Hy(P? x P!, Z) be the class of the section P! contracted over P2
The first two factors of T acts on P? with fixed points &, &, & € P2, The
tangent weights can be chosen as follows:

51,82 for §, —s1,82 — 51 for &, s1— 52, =53 for & .

The last factor of T acts on P! as before with weight s3 at 0 € P1. Let X be
the cohomology weighted partition obtained from A\ with all parts weighted
by [&] € Hix(P?, Q). The integral

/ H Tazfl P2 € @
[Pn(P2XP/PZ ML) 1] 52
has integrand dimension equal to the virtual dimension and hence is inde-
pendent of equivariant lift.
Let A1 > 1 be the largest part of A. Let

= A\ {A)
which is not empty since () at least 2. Let X be the cohomology weighted
partition with the parts )\; weighted by [&] € Hi(P? Q) except A\; which
is weighted by [§] € Hi(P?, Q). By the independence of the choice of
equivariant lift,

a

I s (P)

/[Pn(wxPl/on,u L5 i
()

H Tai—l(P(Z)) . (13)

/[pn(Pi’xPl/P%o,)\lL);}”" i=1
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The left side of (13) is exactly the ¢" coeffient of

14¢"

Zp(Cap;q ‘ il;[l)Tai—l(NO) ‘ A[Poo])

T

Similarly the right side of (13) is the ¢ coefficient of

1464

-1;[1) Ta;—1(No) ’ X[poo])

[ Aut(A)] T

TAutO)] Zp(Cap;q

>

a'Ua =«

|\

Y

2o(co | 1 st 1)
[Zp<Cap,q Z:r[l Tai_1(|\|0) Al[pw])MJsl—sl,SQw—sl

where the sum is over disjoint splittings of «. For the right side, the support
of the stable pairs is disconnected. Hence, the universal sheaf F (used in the
definition of the descendents in Section 0.2) splits as a direct sum. Since
the Chern character of a sum is the sum of Chern characters, we obtain the
above descendent distribution.
The hypothesis (12) implies
|of| = £(a') + ] = £(a”) = [N = LX) + [M] = 1.
For nonvanishing terms of the sum, by Lemma 4, we must have

o] = £(a/) = [N = £(X), [a”| =£(a”) = X[ = 1.

At least one of the conditions o' < X or o’ < (A1) must hold. Since o’ < ()
is impossible, the condition o/ < A’ must hold. The induction statement is
established.

The argument for Gromov-Witten theory is literally identical. The formal
properties used above hold also for Gromov-Witten theory. O]

We define an equivalence relation ~ on P4 by the following rule: a ~ &
if @ and a differ only by parts of size 1. For example,

(4,4,3,1) ~ (4,4,3,1,1,1) .
The proof of Lemma 5 in fact yields a refined result.
Lemma 6. If |a| — {(a) = |A]| = €(N), li(a) =L(N), and a = X then
Cl(a,\) =0, Cly(a,\)=0.
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By Lemma 4, the matrices C& and C¢,, are block lower-triangular with
respect to the partial ordering >. In order to establish invertibility, we need
only study the blocks where

o] = £(e) = |A| = £(A) (14)

is fixed. By Lemma 5, the above blocks themselves are block lower-triangular
with respect to the partial ordering . So, we need only study blocks where
both (14) and
£i(a) = 0,
are fixed. By Lemma 6, we finally restrict ourselves to the square blocks
where the equivalence class under ~ is fixed.
Let v € P4 be a partition with no parts equal to 1. The evaluation

T £() 1

I
ho JAut(y)] 2 !

has been computed in [29] and does not vanish. The cardinality of the equiv-
alence class under ~ determined by 7 is d — |y|. By the divisor equation,
the block of C& corresponding to the equivalence class of 7 is, up to harmless
(5152)19=N factors, the matrix

Zp<Cap; q (15)

H Tryi—1 NO ‘ 7 poo

1 1 1 1
0! 1 2 o @R
Il [y[+1 [v]+2 d
] 1 21 o @R
[v? (|y[+1)? (y1+2)? d?
] 1l 21 @
et (Y oG (Y il a1
] 1! 21 R ¢ P

with every element multiplied by (15). Invertiblity is immediate from the
Vandermonde determinant.

The argument for the Gromov-Witten matrix C,, is identical. The re-
placement for (15) is the evaluation

, < )T —2€(7 £(7)
Cap; u ‘ T5—1(No) ‘ 7[Poc (16)
" 1= Pl Tl Hl 7!
obtained® from Lemma 7 of [22]. The proofs of Lemmas 1 and 2 are complete.
[

6Beware of the typographical error of a factor of d in Lemma 7 of [22].
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We define K 0d using the invertibility of C'a| and C|Pa | A direct conse-
quence of Lemma 4 is the following vanishing.

Lemma 7. If « < @, then Kljla = 0.

We will later require an invertibility result which is clear from our matrix
analysis here.

Lemma 8. The submatriz of Cd(a, \) determined by the conditions
= laf = A
is invertible (even after the restriction s3 = 0).

Proof. By Lemmas 4-6, the submatrix is lower-triangular with respect to the
partial ordering. Moreover the diagonal elements are nonzero with no ss3
dependence. The evaluation s3 = 0 is well-defined since the dependence of
the descendents of the cap have no poles along s3, see Lemma 1 of [27]. O

2.3 Proof of Proposition 3

The Proposition will follow once we establish the identity

(_Q)ip\lCP(TOA(p) | (2)7@7)‘) =
(i) equ( 30 KLr(e) [ 0,0,0) (17)

Oéefpm‘

for all nonempty partitions \.

Let d = |A|. If d < |al, the identity holds by the definition of Kl*l. To
prove the identity for d > |a|, we employ a geometric relation using the
relative space

P? x P' /P2
introduced in the proof of Lemma 5. Once identity (17) is proven, the Propo-
sition follows from the invertibility of K<,

Let A be the the cohomology weighted partition with the largest part
A1 weighted by [§] € Hip(P?,Q) and all the remaining parts o, ..., Ay
weighted by 1 € H4x(P?,Q). We will consider the partition functions

é(a R T
>dL’

ZP<a7 X) = ZP <P2 Pl/Pom q ’ A H TaZ,1
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) t(a)
Zow(a, ) = ZGW(P2 x PP u ’ A- H Ta;-1(N

A)T
L’
where A is the small diagonal condition obtained from P2,

To explain the small diagonal class A in the case of stable pairs, a recast-
ing of the descendents is required. Let X/D be a 3-fold relative geometry,
and let 8 € Hy(X,Z). Let

X — P,(X/D, )
be the universal space. We consider the " fiber product
mp: X" — P,(X/D, )
of X over P,(X/D, ) with projections
X =X

for 1 < i < r onto the " factor. After composing with the canonical
contraction X — X, we obtain

mix: X" — X .

The Chern character of the universal sheaf F — X on the univeral space X
is well-defined. The operation

o (T mtxto - i haon ®) 0mi( ) (15)

on H.(P,(X/D, ) is defined to be the action of the descendent []i_; 7%, (),
where v; € H*(X,Z). By the push-pull formula, definition (18) agrees with
the descendents constructed in Section 0.2.

The advantage here of definition (18) is the existence of a morphism

. T T —
mxr X" —= X", wxr = (T1x,. - Trx) -

Any class in 0 € H*(X", Q) can be included in the descendent as

e (300) [T a0 - e (B) D7)
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Of course, % (d) can be incorporated in the 7; by the Kiinneth decompos-
tion. However, in the equivariant case, the Kiinneth decompostion requires
inversion of the equivariant parameters and interferes with dimension argu-
ments.

In the case relevant to the proof of Proposition 3,

X/D =P? x P'/P% |

and A is the class on the ¢(«)-fiber product of the universal space X obtained
by pulling back the class of the small diagonal of (P2?)%®),

xﬁ(a) N (PQ % Pl)é(a) N (PQ)E(a) )

Since the moduli space of maps has marked points, the parallel construction
for Gromov-Witten theory is immediate.

Lemma 9. Ifd > |«a|, then

Ze(a,N) = Zow(e, \) = 0 .

Proof. The virtual dimension of the stable pairs and stable maps moduli
spaces with the relative condition A imposed is

d+ () —2.
The dimension of the integrand in both cases is
o] — €(a) + 2(4(a) — 1),
with the last term accounting for the small diagonal A. If
la| + () =2 < d+ 0N —2 (19)

then the Lemma is obtained from dimension constraints for the compact
geometry.

We may also express the theories of P? x P'/P% by localization in terms
of the 1-leg descendent vertex. A simple analysis using Lemma 4 shows the
vanishing of the Lemma holds if

o] — £(a) < d—(0N) . (20)
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Finally, we observe if neither condition (19) nor condition (20) are satis-
fied, then
20al —2 > 2d — 2

which violates the hypothesis d > |a]. O

The constraint on 1-leg descendent vertices obtained by localization of
the vanishing of Lemma 9 expresses

CP(Ta(p) | /\7®7®> and CGW(Ta(p) | /\7®7®)
in terms of
Co(7a(p) | N,0,0) and Cow(7a(p) | N, 0,0)

where X' C A is a strict subset. Moreover, the reduction equation respects
identity (17) since all the 7 which appear in

~ _ laf
To = Z Ka,&Ta

aEfP‘M

also satisfy d > |@|. By induction, we have established identity (17) and
completed the proof of Proposition 3. O

The result of Proposition 3 is simultaneously the construction of the ma-
trix K and the proof of Theorem 8 in the 1-leg case.

2.4 Basic properties of K
By construction, we have the vanishing

ol <la] = K,53=0.
We have already established the vanishing

ada = K,;=0 (21)
in Lemma 7. A more subtle result is the following.
Proposition 10. We have
Ta(p) = ()@~ (p) + ...

where the dots stand for terms T with o > a.
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Proof. By the vanishing (21), we need only consider & for which
|af = l(a) = |a] — L(@).
By Proposition 3, we have
T
a) =

~
lal

(~a) " Zo(Capig ’ Ta(Po)

T
a)

lo

(=) " @ Zgy (Capi | Y- Kerulpo)
”w

Using the proven invertibilities, we need only match

(—Q)"E‘ZP(Cap;q ' Ta(Po) ’ &>Ta| (22)

with the series
(—iu) @ Zg (Capyu | (1)) l7, (po) | a); . (23)
The required matching is established in the next Lemma. O

After trading po insertions on the cap for Ny via
Po = s152No

and using standard dimension arguments, we reduce the necessary matching
to the following result.

Lemma 11. Let a be a partition of positive size, and let d — 1 = |a| — ().

Then,
() T te) =2
Zp{ Cap; q ’ Tai—1(No) ’ dpse)) =0q" —i—,
( z:l_Il >d [T (a; — 1)!
(Camia | TT rs (o) [ o) =7
Zew( Cap;u ’ Ta;—1(No ' dp)) =07 —5—— .
i=1 d Hf(:1)(ai — 1!
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Proof. The Gromov-Witten calculation is well-known. The result follows
directly from Lemma 7 of [22] after translation of notation (and accounting
of a factor d typographical error in the formula in [22]).

The stable pairs evaluation can be computed by localization using the
same methods as in Lemma 4 of [29]. By dimension counting, the result has
no dependence on s; and so. Therefore, we can work mod s; 4+ s5. We obtain

the sum
(_1)d+€(o¢)—1)qd ( 1)a (d -1
d-d!- f(:al)(()éi + 1)' a+b=d—1 a

)

where
i=1
is a polynomial in a with leading term”
()
[T (—d(ew + 1)a;)a™".
i=1

The stable pairs evaluation is then

_1 d+€(a)—1qd - (o) dé(a)—2qd
(=1) o —)*7Hd = DT (—d(as + Do) = ————

O
We define yet another partial ordering > on partitions by
ala <= |o/+/l(a)>al+(a)

The conditions a >* & is defined via the corresponding strict inequalities. In
Section 6.3, we will prove the following result parallel to Proposition 10.

Proposition 12. We have

Ta(p) = (1)~ (p) + ...

where the dots stand for terms T with a>* @v.

"The lower terms do not contribute since 3, ,—g_1(~1)*(“.")aF =0 for k < d — 1.
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Propositions 10 and 12 together immediately imply Theorem 2 constrain-
ing the intial terms of K.
As a Corollary of Proposition 10, we see the simple form

T1e(p) = 11e(p)

holds for o = (1%) since no partition satisfies (1°) > a.
Let (1) + a be the partition obtained by adding a part equal to 1 to .
The part 1 corresponds to a 7o(p) factor in 7(1y4a(p). We can write

To(Po) = S1S2TO(N0)

in the cap geometry. Using the T-equivariant divisor equations® for the cap,

<7-0(N0)li[17'ki(p0) ‘ ,u>Pd = d <To(No) lleki(Po) ’ /~L>P

n, n,

<To(No)iﬁlTki(Po) ' u>:’d —d <TO<N0)if[17ki(Po) ’ “>;\;v
3 GW
+j§1 83<Tkj1(P0)i1;[kai(Po) ‘ ,u>g7d ,

we can easily understand how the matrix K treats the part 1. To state the
answer, let

B (i (p) -7, (p)) = ifmp) T 7(p)

i#]

and extend ® linearly to linear combinations of monomials in 7% (p).
Proposition 13. For partitions «,
T)+a(P) = To(p) - Ta — S15283 - D (Ta(p)) -

Proof. The divisor equations show the proposed formula for 71, ,(p) respects
the 1-leg correspondence of Theorem 8 which uniquely defines K. [

8In the Gromov-Witten case, if k; — 1 < 0, the summand is omitted in the divisor
equation.
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2.5 Example
We calculate the first coefficients of K. The terms

Ko,y =1 Ky, azqy=0.

have already been established. More interesting are the coefficients K, 5.

By Lemma 10, we have i
o1
@, = 3,
and the only other non-vanishing coefficients are possibly K 12y and K) (1.
However, Ky (12) vanishes by Proposition 12. A degree 1 calculation below

yields
81+ S9 + S3

K —
(2),(1) o :
SO wWe see 1 + +
. S1 T S2 T 83
T(P) = -7 (p) + —— ——T)(P) - (24)

Note, K(g),(1) is symmetric in the s;.
To prove (24), we need only check a single correspondence (as only the
single coefficient K(s) (1) is unknown). In [29], we have already calculated”

31+52)1—q

Zp<Cap;q ’ 7(2)(Po) ’ (1)[poo])lT = —q< AT

There is not much difficulty in calculating the corresponding Gromov-Witten
series

T

o(po) | (Dlpc]) =

1

Z'Gw(Cap; q
(s1+s2)

TS " s
—ssu? 4 i;i <53 (Slnlzf/?)) ) ' (SHI(ZZ/?))

by the Hodge integral methods of [4, 6]. The descendent is inserted via the
dilaton equation which appears as differentiation of the vertex term. The
factor furthest to the right is the rubber contribution. The series

7(1)(Po) ’ (1)[poo])1F — 2

9The tangent weight conventions of [29] differ from the conventions here by a sign.

Zew(Capig
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is simple. After including the (—q)~! and (—iu)? scalings of the 1-leg descen-
dent correspondence (17), we check

(81+82>1—q_
2 1+q

1 <(51 boyuld ( (/2)) . (/2))
iu du sin(u/2) sin(u/2)

after —qg = e™.

In the above example, the stable pairs descendent had been exactly cal-
culated and the dilaton equation at the vertex could be used to handle the
Gromov-Witten side. While the stable pairs descendents series are difficult
to calculate, at least methods exist [27, 29]. At the moment, there is no
reasonable way to calculate the Gromov-Witten descendent series except, of
course, order by order in u.

3 Capped localization

3.1 Toric geometry

Let X be a nonsingular toric 3-fold. Virtual localization with respect to
the action of the full 3-dimensional torus T reduces all stable pairs and
Gromov-Witten invariants of X to local contributions of the vertices and
edges of the associated toric polytope. We will use the regrouped localization
procedure introduced in [16] with capped vertex and edge contributions. The
capped vertex and edge terms are equivalent building blocks for global toric
calculations, but are much better behaved.

Let A denote the polytope associated to X. The vertices of A are in
bijection with T-fixed points XT. The edges e correspond to T-invariant
curves

C. C X.

The three edges incident to any vertex carry canonical T-weights — the
tangent weights of the torus action.

We will consider both compact and noncompact toric varieties X. In the
latter case, edges may be compact or noncompact. Every compact edge is
incident to two vertices.
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3.2 Capping

Capped localization expresses the T-equivariant stable pairs descendents of
X as a sum of capped descendent vertex and capped edge data.

A half-edge h = (e,v) is a compact edge e together with the choice of an
incident vertex v. A partition assignment

h— A(h)
to half-edges is balanced if the equality
[Ae,v)] = [Ale, )]
always holds for the two halfs of e. For a balanced assignment, let
le] = [A(e, v)| = [Ale, v')]

denote the edge degree.
The outermost sum in the capped localization formula runs over all bal-
anced assignments of partitions A(h) to the half-edges h of A satisfying

B=>lel-[C.] € Hy(X,Z). (25)

Such a partition assignment will be called a capped marking of A. The
weight of each capped marking in the localization sum for the stable pairs
descendent partition function equals the product of three factors:

(i) capped descendent vertex contributions,
(ii) capped edge contributions,
(iii) gluing terms.

Each vertex determines up to three half-edges specifying the partitions for
the capped vertex. Each compact edge determines two half-edges specifying
the partitions of the capped edge. The capped edge contributions (ii) and
gluing terms (iii) here are ezactly the same as for the the capped localization
formula in [16]. Precise formulas are written in Section 3.3.

The capped localization formula is easily derived from the standard lo-
calization formula (with roots in [6, 17]). Indeed, the capped objects are
obtained from the uncapped objects by rubber integral'® factors. The rubber
integrals cancel in pairs in capped localization to yield standard localization.

1ORubber integrals (X | # | 1)~ arise in the localization formulas for relative geome-
tries. See [27] for a discussion.
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3.3 Formulas

The T-equivariant cohomology of X is generated (after localization) by the
classes of the T-fixed points XT C X. Let o be a partition with parts
ai,...,qp and let

o:{1l,... 0} - XT.

Let po;y € Hy(X,Q) denote the class of the T-fixed point o(i). We con-
sider the capped localization formula for the T-equivariant stable pairs and
Gromov-Witten descendent partition functions

Zo(X:q (26)

T
B

]:[lTki(Pom)) . Zow <X; u

i:f[lTki(Po(i)))

We will indicate the slight differences bewtween the formula for stable pairs
and stable maps below.

Let V be the set of vertices of A which we identify with XT. For each
vertex v € V, let hY, by, hy be the associated half-edges!! with tangent weights
sy, 4, s5 respectively. Let I'g be the set of capped markings satisfying the
degree condition (25). Each I" € T'g associates a partition A(h) to every
half-edge h. Let

T
B

A = [A(R)]

denote the half-edge degree.
For each v € V, the assignments o and I'" determine an evaluation of the
capped vertex,

CloonT) =€ TT 7an(po) | A AR AGD)

i€o—1(v)

512511’,82:35753253

Let h{ and h§ be the half-edges associated to the edge e. The assignment I'
also determines an evaluation of the capped edge,

E(e, ') = E(A(hT), A(h3)).

The capped edge geometry is discussed for in [16]. A gluing factor is specified
by I' at each half-edge h{ € J{. For stable pairs

o [F, s\ 00
Ge(i.1) = (10 (o)

Si

1 For simplicity, we assume X is projective so each vertex is incident to 3 compact edges.
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where 3(A) is the order of the centralizer in the symmetric group of an element
with cycle type A. For Gromov-Witten theory,

v
i

3 o\ LB v
Gow (hY,T) = 3(\(h})) <J=1]> L 2OB)

The capped localization formula for stable pairs can be written exactly
in the form presented in Section 3.2,

zP(X,f[Tki<pg(i)))T— S IT II II Celv.o.T) Ep(e,T) Gp(h,T)

i=1 Iel'g veV ec& heH

where the product is over the sets of vertices V, edges €, and half-edges H
of the polytope A. Similarly,

/va(Xa lf[lTki(Pa(i))f = > 1II II II Cew(v.0.T)Egw(e,T') Gow(h,T).

B Ters veV ece hek

An immediate consequence of the above capped localization formulas for
stable pairs and Gromov-Witten theories is the implication of Theorem 1
by Theorem 8 and the symmetry of K in the variables s;. Theorem 8 is
applied to the capped descendent vertices on the right side of the formula.
The capped edge correspondences have already been proven in [16] (with the
stable pairs case discussed in Section 5 of [20]). Tracing the factors of ¢ and
u here is an easy exercise.

4 Descendent correspondence: 2-leg

4.1 Overview

Our goal here is to prove Theorem 8 in the 2-leg case. Consider the capped
2-leg descendent vertices

Co(ta(p) | 0,16, 2), Cow(ta(p) | 0, A) .

Our proof of Theorem 8 will be by induction on the complexity of the legs.
The descendent insertion 7,(p) will be fixed for the argument. If = 0, we
are in the 1-leg case where Theorem 8 has already been established in Section
2. The 1-leg case will be the base of the induction.
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Define a partial ordering on pairs of partitions (i, A) satisfying the con-
dition (u, A) # (0,0) by the following rules. We say

(1, A) > (W, \)

if we have |u| > |p/|. The proof of Theorem 8 in the 2-leg case is by induction
with respect to the partial ordering .

Along the way, we will also establish basic properties of the correspon-
dence matrix K constructed in Section 2.1. The following result, completing
the proof of Theorem 3, will be proven in Section 4.7:

The coefficients of K lie in the subring
As((u)) C Q(i, 51, 82, 53) () (27)

where A3 is the ring of symmetric polynomials in s, s, s3 over the field Q[i].

4.2 A, geometry

Let ¢ be a primitive (n + 1) root of unity, for n > 0. Let the generator of
the cyclic group Z,,; act on C? by

(Zla 22) = (C 21, C_le) :
Let A, be the minimal resolution of the quotient
.An — (CQ/ZTH_L

The diagonal (C*)%-action on C? commutes with the action of Z,. As a
result, the surfaces A,, are toric.
The surface A; is isomorphic to the total space of

9(-2) — P!
and admits a toric compactification
A CPO+0(-2) =%,

by the Hirzebruch surface.
Let C' C A; be the 0-section of O(—2), and let x, ® € C be the (C*)*fixed
points. Let
xecFy\ Ay
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be the (C*)2-fixed points lying above *, e repectively. We fix our (C*)?-action
by specifying tangent weights at the four (C*)?-points:

T.(Fs): s1— s9, 259 (28)
Te(Fa) i s9— s, 251

T#(Fa) 0 81— 89, —289

Te(Fs) 1 s9—s1, —281.

No tangent weight here is divisible by s; + ss.
Consider the nonsingular projective toric variety ¥ x P. The 3-torus

T = (C*)3

acts on F, as above via the first two factors and acts on P! via the third
factor with tangent weights s3 and —s3 at the points 0, co € P! respectively.
The two T-invariant divisors of Fy x P*

‘DQZ:TQX{O}, ‘Doo:f}dQX{OO}

will play a basic role. The 3-fold F5 x P! has eight T-fixed points which we
denote by
*07;07 .07i07*007;007 ®, 95 € ?2 X Pl
where the subscript indicates the coordinate in P!,
Let Ly C Fy x P! be the T-invariant line connecting o and *y. Similarly,

let Loo C F5 x P! be the T-invariant line connecting x., and *.. The lines
Ly and L., are P'-fibers of the Hirzebruch surfaces Dy and D.,. We have

Hy(Fy x P Z) = Z[O) @ Z[Lo) ® Z|P]

where P is the fiber of the projection to F,.

4.3 Integration

We will find relations which express C(7,(p) | 0, i, A) in terms of inductively
treated vertices for stable pairs and Gromov-Witten theory. The inductive
equations will respect the correspondence claimed in Theorem 8.

Let 4/ be a partition. The relations will be obtained from vanishing
invariants of the relative geometry F, x P1/D, in curve class

B = lul - 1CT+ (1A + 1] - [P] -
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The virtual dimensions of the associated moduli spaces are

dim*" P, (F, x P 3) = 2|\ + 2|4/,
dim"” M (Fo x P, B) = 2\ + 2|/ .

Relative conditions in Hilb(D, |A| 4 |1']) are best expressed in terms of
the Nakajima basis given by a T-equivariant cohomology weighted partition
of |A| + |¢/|. We impose the relative condition determined by the partition

)‘U,U/:>\1+~"+)‘€(>\)+“/1+"'+:u2(u’)

weighted by [*o] € H3(Doo, Q) for the parts of A and [ey] € Hi (D, Q)
for the parts of /. We denote the relative condition by r(A, p/). The same
data expresses relative conditions in Gromov-Witten theory. After imposing
r(A, '), the virtual dimension drops to

dim"™ Po(F x P /Do, t(0 )5 = Al = 6N) + 4] — €(u)
dim"" B1(F; x P /Doy v\ 1)) = 1A = €60N) + [1] =€) |

To define an equivariant integral, we specify the descendent insertion by

Ta([*o0]) = Tay—1([*o]) - "Taaa>—1([*0]) :

The descendent insertion imposes |a| 4+ ¢(«) conditions. Therefore, the inte-
grals

Ta([*o])  (29)

Ta(]

/ . *0]>7 /—/ .
[Pn(F2x P/ Doo,r(Ap/)) g] " [M g 0(a)(F2XPH/Doo,r(Ap')) ] """

viewed as T-equivariant push-forwards to a point, both have dimension
Al =€) + '] = L) = | = £(a) .
We conclude the following result.

Proposition 14. If [i/| — (') > |a| +{(«), then the T-equivariant integrals
(29) wvanish for all Euler characteristics n and genera g.
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4.4 Relations

We consider first the stable pairs case. Define the T-equivariant series

Zpla, \ ') = ”/ To([%
P< Iu)ﬁ 2n:q [ n(§2XPl/i)war(AaM'))ﬁ]”" ([ 0])

obtained from the stable pairs integrals (29). By Proposition 14, the series
Zp<a, )\,,u’> vanishes identically if |p/| —€(p') > |a|+£(a). We will calculate
B

the left side of
Ze(anp) =0 (30
B

by capped localization to obtain a relation constraining the stable pairs
capped descendent vertices.

The stable pairs theory of the relative geometry Fo x P1/D,, admits a
capped localization formula. Over 0 € P!, capped descendent vertices occur
as in the cappled localization formula of Section 3.3. Over co € P!, capped
rubber terms for T-equivariant localization in the relative geometry arise.
Capped rubber is discussed in Section 3.4 of [16]. Since all our descendent
insertions lie over 0 € P!, our capped rubber has the same definition as the
capped rubber of [16].

By the curve choice 3 and the relative constraints r(\, 11'), the only capped
rubber contributions of F» x P!/D,, which arise over co € P! in the T-

equivariant localization formula for Zp (a, A ) lie in
B

.A1XP1C3~2XP1.

The capped rubber contributions of A; x P!/D., are proven to satisfy the
GW/DT correspondence in Lemma 6 of [16] relying on the results of [14, 15].
See Section 5 of [20] for GW /Pairs correspondence for the A; capped rubber.

We now analyze the capped localization of Zp(Oé, A ) over 0 € P A
B

term in the capped localization formula is said to be principal if not all the
capped descendent vertices which arise are lower than (i, A) in the partial
ordering >. Our first task now is to identify the principal terms.

First consider the descendent insertions. The descendents

Tan—1([*0]) - 'Tae(arl([*o])
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all lie on x3. Hence, the only capped vertex with non-trivial descendents is
*o. The tangent weights at %, are

51— S2, 282, S3 (31>

where the first two lie along Dgy. For the capped vertices occuring at %o, the
weights (31) are substituted

Cr (Ta([%0]) | 0, A AP) = Co(7a(p) | 0,2, A®)
s1=51—52, 52=252, S3=53
into the standard capped vertex defined in Section 1.3. An equivariant vertex
with no descendents occurs at ¢y. By the choice of 5 and r(\, 1’), no vertices
can only occur at xg and e;.

Next consider the edge degree d of C' over 0 € P! in the capped localiza-
tion formula. If d < |u|, then the capped descendent vertex at o is lower
than (g, A) in the partial ordering >. We restrict ourselves to the principal
terms where d = |u|.

Since all of |u| - [C] occurs over 0 € P!, the rubber over co € P! is all
1-leg. The relative conditions are determined by A with weights [*.,] and g/’
with weights [e]. In the principal terms of the capped localization of (30),
precisely the following set of capped 2-leg descendent vertices occur at xq:

{ Colralloal) 10..0) | 17l = 1l }. (32)

The principal terms arise as displayed in Figure 1. In addition to the vertex
Clal\, 1, D) at %o, there is a capped edge with partitions

il = ||

along the curve C over 0 € P1. Finally, there is a capped 2-leg vertex with
no descendents at ey with outgoing partitions i’ and p/'.

The system of equations (30) as the partition u' varies has unknowns
(32) parameterized by partitions of |u|. However, the number of equations is
infinite. The induction step is established if the set of equations as p’ varies
subject to the condition

| = (') > |af + £(a)

has maximal rank (equal to the number of partitions of size |u|) with respect
to the unknowns (32).
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Figure 1: Principal terms

4.5 Maximal rank

The capped edge matrix along C' has maximal rank [16]. The main difficulty
is to prove the matrix of capped 2-leg vertices

CP(l |®7 /j/7 /J“/)

has maximal rank when i’ varies among partitions of size |u| and p’ varies
among the infinite set of partitions satisfying

W' = L(p') > ol +a) .
Proposition 15. For any postive integers d and N, the matrix
CP(l |®a 67 V)

determined as § varies among partition of d and v varies among partitions
satisfying
lv|—4(v) > N -1

is of mazimal rank.

Proof. We may prove the maximal rank condition after the topological vertex
specialization
S1+ SS9+ S3 = 0.
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The capped vertex is related to the standard uncapped vertex by invertible
capped rubbers. The uncapped vertex may be evaluated directly, see [17, 26].
Up to further invertible factors, the matrix to consider becomes

Z s5t/n(q") $um(q")

where ss¢/, and s, /, are skew Schur functions evaluated at
¢ = (g,

As § and 7 vary over all partitions'? of size at d and at most d respectively,
the matrix of skew Schur functions s/, is of maximal rank. We are thus
reduced to proving the matrix

son(@)] . - ) = N -1, gl <d, (33)

has maximal rank.
We select a square minor from (33) by the following construction. For
every partition
n=_(e1>e>...2ey)

of size at most d, define

nt=(e1+N>e>...>ey)

In case n = (), then n* = (N) has length 1. As 7 varies among partitions of
size at most d, n* varies among partitions which satisfy

T —tn") = N-1

with equality achieved for n = (). We will prove the matrix

svel@)] Wil < d, (34)

is invertible.

We define a partial ordering > on partitions 7 of size at most d by the
following rule. Let n_ be the partition obtained by removing the largest part
of 7,

- :<€22 Zeg(n)) .

1297 is permitted here to be empty.
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In case n = (), then n_ = (). Define n > 7 if

n- D1,

or equivalently,
€y > €3, €3 > €3, €4 = €4y... .

Unwinding the definitions, we immediately find the following property:
Syt /m(g”) =0, unless v >n

since the skew Schur function vanishes unless n C v*. We conclude the
matrix (34) is block triangular with respect to the ordering >.

For any matrix with a block triangular structure with respect to a partial
ordering, invertibility is equivalent to the invertibility of the blocks. In the
case at hand, a block is specified by a partition

0=t >ty > > typ)

satisfying d — |#] > t;. The block corresponding to € is indexed by the
partitions

Pp={nln-=0}.
The cardinality of Py is M + 1 where

M=d—|0]—t .
In fact, the elements of P, are simply the partitions

(ti, b toy b)), (B 1yttt (B Mottty -
The associated block is
By = {S,ﬁ/n(q’))} , uvneEPDl.
To proceed further, we recall the definition of the skew Schur functions,
$x/u = det(hy—p+j-i) » (35)
where hy, is the complete symmetric function of degree k. If y = 0,
sx/p = det(hx, 1)
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is the standard Schur function associated to A. The elements of Py are
{ti+i}ud

for 0 <i < M. Expanding definition (35), we see

S{ti+i+NYUO | {ti+j}00 = NNij

Therefore, we can write the determinant of the block as
det By = det(hyiy(¢”)) (36)

where 0 < 4,5 < M on the right. Fortunately, we recognize the determinant
(36) as the Schur function sy, n)(¢”) associated to the partition (N, ..., N)
with M +1 parts equal to N. The evaluation ¢” does not vanish on the Schur
functions.

[]

4.6 Proof of Theorem 8 in the 2-leg case

We have already seen the integration relations determine Cp(74(p) | 0, i1, \)
by induction on the complexity of the legs. We will now study the paral-
lel integration relations in Gromov-Witten theory. Our goal is to determine
Cow(Ta(p) | O, 14, A) by the same induction and compatible with the corre-
spondence of Theorem 8 for capped 2-leg descendent vertices,

We will consider integration relations from Gromov-Witten theory for

ZGW (Oé, )‘7 /1'/> =
B
29—2
u K ’\(51 — 8o 282 53) /7, TA([*o]).
; Eezﬂ’:cq - o g.6(@) (T2XPH/ Door(Api')) ] *

(37)
The first issue to confront is the broken symmetry in the definition of K in
Section 2.1. While K is symmetric in s; and s, the variable s3 is treated

differently. We orient K in (37) by setting the s3 direction lie along P! (which,
conveniently, is also s3 in the conventions of Section 4.2).
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The formal analysis of the Gromov-Witten relations is identical to the
above stable pairs analysis. For fixed «, there are only finitely many & which
occur of the right side of

Ty = Z KQ’ETE.

aEfpm‘

In order to make the integration relations compatible with Theorem 8, we
must consider the matrix of capped 2-leg vertices

CGW(l |®7 :alv :u,) (38)

when i’ varies among partitions of size |u| and p varies among the infinite
set of partitions satisfying

| = £00) > Max{ [a] + (@) | Ko £0 |

As Proposition 15 still applies?, the matrix (38) is of maximal rank.
The inductive determination of the 2-leg descendent vertex via the inte-
gration relations therefore respects the correspondence of Theorem 8. O

4.7 Proof of Theorem 3

Since the homogeneity assertion was established in Section 2.1, the inclusion
(27) is the only part of Theorem 3 which remains to be proven .

The base of the induction in the proof of Theorem 8 is the pu = ) case of
1-leg established in Section 2. The orientation of K in (37) is perfect for the
base case (as the 1-leg direction is then along P). Applying the induction,
we prove Theorem 8 for the case where yu is arbitrary and A = (). In other
words, the 1-leg correspondence holds for the same matrix K when sy and
s3 are interchanged! By the uniqueness statement for the 1-leg descendent
correspondence in Section 2.1, we conclude K is symmetric.

The u* coefficients of K are polynomials in s3 (having only poles at along
s1 and sg). The proof is obtained from two obsevations. First, we have basic
T-equivariant proper maps from the stable pairs and stable maps spaces to
the symmetric product of C2,

Pn(cap| )\)d - Symd((c2)7

13The correspondence for capped stable pair and Gromov-Witten vertices without de-
scendents is used here.
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M ,.(Cap| N — Sym*(C?).

see Lemma 1 of [27]. The T-action of the third torus factor corresponding
to s3 on Sym?(C?) is trivial. Pushing-forward the integrals in both cases
shows the u”* coefficients of the capped descendent invariants are polynomial
in s3. The matrix K is obtained in Section 2.1 from the matrices of 1-leg
capped descendents after inversion and product. The second observation is
that the determinants of the 1-leg capped descendent matrices (see the proofs
of Lemmas 1 and 2) have no s3 dependence. Hence, the u* coefficients of K
are polynomials in sj.

By the symmetry, the u* coefficients of K are polynomial in all the vari-
ables s1, so and ss. O

5 Descendent correspondence: 3-leg

5.1 Overview

We now prove Theorem 8 in the 3-leg case. Consider the capped 3-leg de-
scendent vertices

CP(Ta(p) | v, [, )‘)a CGW(Ta(p) | V’”7/\) .

Our proof of Theorem 8 will again be by induction on the complexity of the
legs. The descendent insertion 7,(p) will be fixed for the argument. If v = ()
or u = (), we are in the 2-leg case!* where Theorem 8 has been established in
Section 4. The 2-leg case will be the base of the induction.

Define a partial ordering on pairs of partitions (v, u, \) satisfying the
condition (v, p, ) # (0,0) by the following rules. We say

(v, A) > (V1 N)

if we have |v| + |u] > [V/| 4+ |¢/]. The proof of Theorem 8 in the 3-leg case is
by induction with respect to the partial ordering .

The argument for descendent correspondence for the capped 3-leg vertex
closely follows the 2-leg case. The main difference is to replace A; geometry
by Ay geometry.

4Since the symmetry of K has been proven, all the 2-leg cases are equivalent.
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5.2 A, geometry

Let A; C & be any nonsingular projective toric compactification. We will
only be interested in the two (—2)-curves of As,

C,C CAs,.

No other curves of F will play a role in the construction.

Let @, %, € Ay be the (C*)2-fixed points. The curve C connects ® to *
and C connects x to e. The other (C*)%fixed points in F\ A, will not play
an important role.

Consider the nonsingular projective toric variety & x P!. The 3-torus

T = (C*)B

acts on F via the first two factors and acts on P! via the third factor with
tangent weights s3 and —s3 at the points 0, co € P! respectively. Let

Do = F x {0}, Do = F x {o0}

be T-invariant divisors of F5 x P'. The 3-fold F x P! has six important
T-fixed points which we denote by

~ ~ 1
90, %0, ®0; ®c0; *o0; ®co S IFxP

where the subscript indicates the coordinate in P!.
Let Lo, C F x P! be the T-invariant line connecting xo, to (F\ A2)ec-
We have
Hy(F x P',Z) D Z|C) & Z|C] & Z|P)

where P is the fiber of the projection to F.

5.3 Integration

We will find relations which express C(7,(p) | v, pt, A) in terms of inductively
treated vertices for stable pairs and Gromov-Witten theory. The inductive
equations will respect the correspondence claimed in Theorem 8.

Let v/ and i be partitions. The relations will be obtained from vanishing
invariants of the relative geometry F x P!/D., in curve class

B=1w]-[CL+ Iul - C+ (AL + [/ + /1) - [P] -
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The virtual dimensions of the associated moduli spaces are

dim"" P,(F x PY,3) = 2| +2|| + 2|,
dim"" M, (F x P, 3) = 2\ + 2| + 2] .

Relative conditions in Hilb(D, |A|+ || +]¢/|) in the Nakajima basis are
given by a T-equivariant cohomology weighted partition of |A| + |u/| + |V/|.
We impose the relative condition determined by the partition

AUP UV =M+ Ay e gy v

weighted by [*oo] € Hi(Dwo, Q) for the parts of A, [8] € Hi(Doo, Q) for
the parts of y/, and [e,] € Hi(Dw,Q) for the parts of v/. We denote
the relative condition by r(A, ¢/, v'). After imposing r(A, ¢/, v'), the virtual
dimension drops to

dim"” P,(Fo x P /Do, t)g = [N —LON) + || — () + V| — £V,
G BT, (Fy x P Dty = A= €O0) + 1] — £) + V] — )

To define an equivariant integral, we specify the descendent insertion by

Ta([*0]) = Tay—1([*o]) - "Taaa>—1([*0]) :

The descendent insertion imposes |a| 4+ ¢(«) conditions. Therefore, the inte-
grals

() /[ a(lxol)  (39)

/[Pn(?xpl/ﬂooﬂr)ﬁ}“” Mg g(a) (FXP/Doo,r) g] Vi

viewed as T-equivariant push-forwards to a point, both have dimension
Al = €(A) + ('] = (') + V| = L") = || = () .
We conclude the following result.

Proposition 16. If either || — (') or [V/| — (V') exceeds |a| + (), then
the T-equivariant integrals (39) wvanish for all Euler characteristics n and
genera g.
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5.4 Proof of Theorem 8

Define the T-equivariant series

ZP(Q’AJ/”//) - qn/ Tal [*
ﬂ Zn: [P"(grxpl/i)oo7r(>\7u’7y/))ﬂ}vir ([ 0])

obtained from the stable pairs integrals (39). On the Gromov-Witten side,
we consider the integrals

ZGW (Oé, )‘7 ﬂlv Vl) =
B

YoutTr Y Ka,a/f
g

ey N 1 Y vir
ae?kz«\ [M (S:XP /‘DOOJ()‘“U' vV ))ﬁ}

Ta([xol)-

9,¢(cx)

Since we have already established the symmetry of K in the variable s;, we
no longer need to worry about the orientation of K. When both |u/| — (1)
and || — {(v) exceed

Max{ [a] + (@) ‘ Koz 20} .
Proposition 16 implies
Zp (a, A\ 1/) =0, Zgw (a, A\ 1/) =0. (40)
B B

The inductive analysis of the capped localization of stable pairs and
Gromov-Witten relations (40) exactly follows the treatment given in Sec-
tion 4.4 for the 2-leg case. The outcome is an inductive determination of
the capped descendent 3-leg vertices in terms of the capped descendent 2-leg
vertices which respects the correspondence of Theorem 8. The maximal rank
result of Proposition 15 is used twice.

6 First consequences

6.1 Descendents over 0 € P!

Since Theorems 3 and 8 together imply Theorem 1, we have proven the
matrix K determines a Gromov-Witten/Pairs descendent correspondence for
all nonsingular quasi-projective toric 3-folds X.
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Recall the surfaces A,, defined in Section 4.2. As before, let
Do C A, x P?

be the fiber over oo € P!. The relative geometry A,, x P! /D, is equivariant
with respect to the action of 3-dimensional torus

T=TxC*

where the 2-dimensional torus 7' acts on A, and C* acts on P! with fixed
points 0,00 € P!. The weights associated to T are si, sy, and the weight
associated to C* is s3. Let

pO?"wp"rLe@O

be the T-fixed points lying over 0 € P!.

Using the correspondence of Theorem 8 for capped descendent vertices
over 0 € P! and the correspondence for capped A,-rubber (Lemma 6 of
[16] together with Section 5 of [20]), we immediately conclude the following
result.

Proposition 17. For the T-equivariant relative geometry A, x P! /D, after
the variable change —q = e, we have
T
-
B

(~q) " Zp(A, x P'/Docig

I 7o (p))
j=0

n T
(_iu)dﬁ@(u)flul Zew (An X P1/Dy;u H 7o (Pj) u)ﬁ )
§=0
where o9, ... o™ are partitions, p is a T-equivariant relative condition

along Do, and 3 € Hy(A, x PLZ) is any curve class.

Since the coefficients of the matrix K have no poles in the s; by Theorem
3, we can restrict the correspondence of Proposition 17 to s3 = 0 (so long as
the relative conditions p have no denominators in s3). We will typically take
it to have no s3 dependence at all. As an application of Proposition 17, we
will prove Theorem 6.
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6.2 Proof of Theorem 6

Let L € Hy(A, x P, Z) be the class of the factor P*. For the 3-fold A,, x P!,
we can uniquely write a curve class § as

B =dL+F,

where F € Hy(A,,Z) is a fiber class and
ds = /ﬂcl(ﬂn x Pl) = 2d .
For fixed d, we define a matrix square matrix
Mpg( & a™ | p)

with columns indexed by (n + 1)-tuples of partitions
7=0

rows indexed by relative conditions jp in the Nakajima basis'® of the T-
equivariant cohomology of Hilb(A,,, d) with respect to the classes po, ..., pn,
and with matrix coefficients

> QU () Ze( A, x PY/Dcig

T
g
FEH(An,Z) dL+F

H Tl (Pj)
§=0
Lemma 18. For all d > 0, the matriz Mp 4 is invertible and remains invert-
ible after restriction Mp 4|ss—o-

Proof. We may prove invertibility after restriction to ) = 0. The issue then
separates to the invertibility of matrices of caps determined at each p;. The
capped geometry P! /oo associated to p; is the line

pi x PYC A, x P!,

The required invertibility is then obtained from Lemma 8. [

15The Nakajima basis here is given by assigning a partition to each p;.

o4



By the correspondence of Proposition 17, the Gromov-Witten matrix
Mgew 4 with the same indices and coefficients

Z QF( )2d+£ —|p ZGW (-An % Pl/Doo; u

FeH(An,Z)

n
H? () pj

is also invertible.

To prove Theorem 6, we restrict to the fiberwise T-action. Let pg-), p}, Py
be the T-fixed points of A,, corresponding to p; in the fibers over 0, 1, 00 € P*
respectively. We consider the stable pairs series for A,, x P!

> QM (—q dZP(HT o (p)) HTgm p;) H 7,0 (P}7) )

FGHQ(ATL,Z)

T

)
dL+F

where we have . . .
Z |a(j)| _ Z |5(j)| _ Z |7(j)| —d .
5=0 5=0 §=0
By the correspondence of Theorem 1, the above series equals

n n T

oo QN (—i 2dZGW(H Tt (P H s (P}) H L0 (P) >

)
FEHs(An,Z) j=0 =0 dL+F

We degenerate the descendents over 0,1,00 to three A,-caps. Using the
compatibility of the above correspondences with the degeneration formula
and the invertibility of Mp 4|s,—0, We obtain the correspondence of Theorem
6. m

6.3 Descendents on S x P1/S_

Let S be a nonsingular quasi-projective toric surface. Let S,, C S x P! be
the fiber over co € P!. The basic relative geometry S x P1/S,, is equivariant
with respect to the full 3-dimensional torus

T=TxC*

where the 2-dimensional torus 7" acts on S and C* acts on P! with fixed
points 0,00 € P!. The weights associated to T' are s;, s,, and the weight
associated to C* is ss.
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Let pi...,pm be the T-fixed points of S x P! lying over 0 € P!. As
before, let L € Ho(S x P, Z) be the curve class of the factor P!. For the
class dL, we have

ddL :/ Cl(S X Pl) =2d .
dL

Proposition 19. For the T-equivariant relative geometry S x P1/S., after
the variable change —q = e™, we have
>T
i

(—MW”WZQKSXPV&@U

(—q)™° ZP<S x P'/S.iq To (P5)

a(]) p]

)
dL’
0)..

where o9, ... o™ are partitions, p is a T-equivariant relative condition
along S, and d > 0.

Proof. The result is immediate from the 1-leg correspondence of Theorem 8.
Each fixed point p; of S is contained in a torus invariant open U = C2. The
open set

UxP'/U, CSxP'S,
is simply the cap. Since the curve class is dL, we can directly reduce Propo-
sition to the correspondence for 1-leg capped descendent vertices. [l

We will apply Proposition 19 in case S = P! x P! to study the non-
equivariant limit of the descendent correspondence in Section 7. We will
require there also the following technical divisibility result valid for all pro-
jective S.

Let S be a nonsingular projective toric surface, and let p € S x P! be a
toric fixed point lying over 0 € P!. Let

) =2_CaTalp)

be a finite sum over « of positive size and C, € Q[i, s1, S2, s3]((w)).
Proposition 20. If the divisibility

| Zow(s x P/Swiu | Fr(p) ‘“LTL

holds for all d > 0 and all relative conditions p with cohomology weights in
H(S,Q), then sk divides F.
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T

F(r(p)) ,u) has no
dL

poles in the s;, so the divisibility hypothesis in Proposition 20 is sensible.

Since S is projective, the series Zg,y (S xP/S.o;u

Proof. We can write F' in the following form®:

F=YF,, F,= Y Curlp).

m>0 |oe|+4()=m

We argue by contradiction. Let F); be the largest M for which Fj; is not
divisible by s¥. Since the higher F,,-); are divisible by s¥, the hypothesis

implies
k| 7/ 1 A T
st | ZGW<S X P'/S.;u ' > Fm'u>d|—
m=2

for all d > 0 and all relative conditions pu.

The next step is a simple dimension analysis. The codimension of the class
To(p) is |a| + ¢(a). To each partition v, we associate the relative condition
v along S,, with all cohomology weights equal to 1 € H;(S,Q). The virtual
dimension of the relative moduli space of maps to S x P'/S,, of class |y|L
satisfying the relative condition 7 is |y|4+£(y). By compactness and dimension
constraints, we obtain the vanishing

T

’GW(S x P'/S.;u | 7.(p) ’7) =0
IvIL
when |af 4+ £(a) < |y| + £(y). Hence, we see
T
st | Z’GW(S x P'/S.;u ’ Fy ‘fy) (41)
yIL

for all partitions ~ satisfying || + ¢(v) = M.
Next, we consider the matrix indexed by partitions o and v satisfying

la| +(a) =M, |y|+L(y)=M (42)

with coefficients T
Zew (S x P'/Sciu ' 7a(p) ”y) L (43)

il

6Note the minimum value of |a| + () for « of positive size is 2.
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By the dimension constraints, the coefficient (43) is independent of the equiv-
ariant parameters — we can treat the coefficient as a non-equivariant inte-
gral. Hence, we can calculate (43) by separating the points in the descendent
insertion. We replace 7,(p) by

T(ll—l(p/l) A T(lg(a)—1<p/£(a)) (44>

for distinct points pi,...,py,) € S- If ¢(a) > £(7), then the corresponding
coefficient (43) certainly vanishes as the relative condition does not have
enough parts'? to satisfy the incidences with p/, ... ,pz(a).

The matrix (43) is block triangular with blocks given by the equal length

condition
U(a) = £(y) .

The equal length condition implies |a| = |y| by (42). Using the separated
insertion (44) and further dimension counting, we conclude the coefficient
(43) vanishes in the block unless o = 7.

We have proven the matrix (43) is triangular. The diagonal elements
A, are determined by (16) and are non-zero (with no s; dependence). The
divisibility of the coefficients of Fj; by s¥ then immediately follows from
(41). O

The proof of Proposition 20 provides the first step of the proof'®
sition 12. Recall the partial ordering >* on partitions:

of Propo-

ala <= |a/+/l(a)>al+(a)

Proposition 12. We have

Ta(p) = (i)™, (p) + ...

where the dots stand for terms T with o> Q.

1"Remember the class of the curve is degree 0 when projected to S.
18Proposition 12 was stated in Section 2.3, but not used except as part of the proof of
Theorem 2. The proof of Proposition 12 here also completes the proof of Theorem 2.
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Proof. Let S be any nonsingular projective toric surface, and let p € S be a
toric fixed point. By Proposition 19,

T

(-0 2o (S x P'/Sig ’ ra(P) ’M)dL B

T
(—iu)d—%(u) Z,GW<S X Pl/SOO;u ‘ Z Ka7aTa(p) ‘,u)dl_

for all d.

Consider the set of P of partitions & with |a] > |&| which maximize
|a| + £(@) subject to the condition K, 5z # 0. Let v € P minimize £(y). We
view « as a relative condition along S, with all cohomology weights equal
to 1 € H3(S,Q). If v >* o, then

7a(P) ‘7>T =0,

[vIL

(~0) 2o (S x P'/Sciq

T
(—iu) ™ 70 (S x P/Seo;u ’ >_K.a7a(p) ‘7) = Koy - Dy
— L

where A\, is non-zero. Here, we have used the geometric vanishing arguments
of the proof of Proposition 20 for both stable pairs and stable maps. Hence,
Ka,y = 0 which is a contradiction. We conclude

asfa = Ka’a =0.
To prove the Proposition, we need now only consider & for which
la| + () = |a] + ().

Specifically, we need to exactly match
- T
(=) 2o (S x P'/Swiq | 7ap) | @) (45)

oL

with the series

SN T
(—iw) @7 (5 % P! /S0 ‘ (i) (@l () ’ a)_
|a|L
2/ / 1 ~ T
= (~ 1)@ Zg (S x P /Suciu | 7alp) oz)a“_. (46)
The exact matching is proven in Section 6.4. O]
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6.4 Matching

Let Y be a nonsingular surface, and let £ C Y be a nonsingular curve. Let
L € Hy(Y x P Z) be the curve class of the factor P!. The divisor

ExPlcYy xP!

intersects the divisor Y., C Y x P! lying over oo € P'. We will consider here
the relative geometry

Y xP' /) ExP U Y, (47)

for the curve classes dL in both stable pairs and Gromov-Witten theory.

For normal crossings boundary, the most promising approach to the rel-
ative theories is via log geometry [7]. However, our case is very simple since
we are only considering the curve classes dL. Since

L-[Ex P =0,

our curves never meet £ x P! and the delicate choices required for curves
passing through the singularities of £ x P' U Y., can be completely avoided.
The moduli spaces

P (Y xP'/JExP' UY,,d),,

M, (Y xP'/ExP' U Y,,d),

are easily defined. In both cases, the projections of the curves to Y are never
allowed to meet ¥ — bubbling occurs along E to keep the projections away.
The relative boundary conditions over co € P! are then imposed as usual.
The points of the resulting moduli spaces corresponds to stable pairs or stable
maps which meet (the degeneration of) Y., away from the intersection with
E x P!. Hence, the deformation theories, virtual classes, and degeneration
formulas are all standard. Further details concerning the moduli problem
here are given in Section 6.5.
Let a and @ be two partitions of positive size satisfying

o = al,  fol + ) = [a] + (@)

as in the proof of Proposition 12. The required matching of (45) and (46)
concerns the relative geometry S x P!/S.. By a dimension analysis, the
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series (45) and (46) have no dependence on the equivariant parameters s;.
Therefore, we can replace 7,(p) by

Ta1—1<p/1) s Tag(a)—l(plﬁ(a))

where the points p; € S are distinct. Furthermore, we can degenerate to the
normal cone of p, C S for each p,. The limit of p then lies on surface P?/F
where £ C P2 is a line. We immediately conclude

T
2o(8 % P!/Swia | malp) [ @) . =
jalL
() AT
> 10 zp<P2 x P!/ ExP'UP2;q ’ Ta,—1(P}) ’ W)>
~ il ly@|L
a=U;y

where the sum on the right is over all ways of writing @ as a union of ¢(«)
disjoint subpartitions v satifying

ai+ 1=+ (") .
Another degeneration argument implies

T
ZP(P2 x P!/ ExP'UPZ:q

! (4)
Tai—l(pz> ’ Y )|’7(i)|L

T
- ZP(P2 x P!/ P2.q

Taifl(pb ’ 7(1)> .

L
If v equals ¥ U (1™) where (¥ has no parts equal to 1, then localization
with respect to the torus action on P? yields

2 1 2 N\ T
ZP(P x P/ P.;q Tai—1(P;) ’ 7(1)) =

Y@L

T

> (0ze(Copia | macale) | 10 (1))

egter+--+e;j=m;
e0>0,e;,>0 for k>0

(19 o)L
J T
11 ZP<Cap;q ‘ 1 ’ (16’“)) )
k=1 exl

The parallel formulas hold in Gromov-Witten theory.
The matching of (45) and (46) is then a consequence of the following
calculation.
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Lemma 21. Let v = p U (1™) be a partition of positive size where p has no
parts equal to 1. Let a + 1 = |y| 4+ £(vy). Then,

. T
> ((—1)JZP(Cap;q ‘ Ta-1(p) ‘ qe (180))
eotei+--+e;j=m
e0>0,e,>0 for k>0

(I +eo)L

J T (_1>€('y)—1
I ze(Capig | 1] (1 S
I12( ),.) AT TAu(7)]
- T
> ((—1)JZGW(Cap;q Ta-1(p) ‘ U (180))
eg+er+-+ej=m (lu|+eo)L
e0>0,e,>0 for k>0
J T 1
11 Ztw ! Cap; ¢ ' 1 ’ 1 = ui
E ) ) AT AUt ()

Proof. The Gromov-Witten calculation is well-known. In fact, the result is
just a genus 0 connected Gromov-Witten invariant determined as a special
case of Theorem 2 of [23].

We require the stable pairs evaluation. We know that the expression has
no dependence on s; and s, so we can work mod s; + sy as in [29] and
Lemma 11. Localization yields the formula (true mod s; + s2)

T

raa(p) | 10 (1)) =

VA (Ca ;
i P (lpl+eo)L

(=)D (5ysy) 1T e glulteo

(a+ D!(|ul + eo)leo!s(p)

> (MG (nU (1) 30 ((e= D)™ =2 4 (e +1)"H),

ot|ul+eo Ueo
c=c(0)

where Y, is the character of the irreducible representation of the symmetric
group corresponding to ¢ and ¢([J) is the content of a square in a partition.
The crucial step in the evaluation is the application of the following char-
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acter sum identity:

S (M) (U (19) 3 X° =

o e Oeo
i+ C:CG(D)
e £(p)
(Zz‘!@ <‘“‘ " e) (X% — X—%)lﬂl+2e—2i—2> [[(x% - X%), (48)
i—0 \! L k=1

valid for g with no part of size 1. Before proving this identity, we will

complete the proof of Lemma 21. Using (48) along with the basic evaluation
Zo(C N

ap;q | 1 ' 1°¢ ) = ,

P P;q ’ ( ) oL 6!(8182)e

we see the stable pair expression we need to compute is given by replacing
X with (¢ — 1)+t — 2¢°*1 + (¢ + 1)**! in the Laurent polynomial

_ (—1)7 1
(_1)4(7) Lghl _ .
e I et @ D]+ eo)ieols(a)

ep>0,e;,>0 for k>0

e ()
(ii!<ep> (W’ + 60) (X% _ X—§)|u|+2eo—2i—2> ﬁ(X%k . X_%k)

i=0 t v k=1

Fortunately, most of the terms in this double sum cancel. If 0 < r < m, then
the coefficient of

b

()
qM(X% _ X—%)|u|+2m—2r_2 H(X%k _ x4
k=1

appearing above is

(- S

(a + 1>|(m - T)'(’/’l’| +m— 7“)‘3(/,1/) eoter+---+e;=r H.]Z,’ZO ek‘! .

e0>0,e,,>0 for k>0

The latter is equal to @ +1)(!r_n1!2|£;:>+;rlz)!3(u) if » = 0 and otherwise vanishes be-

cause terms in the sum with ey = 0 can be paired off with those with ey > 0.
Thus, we just need to compute the result of replacing X with

(C . 1)a+1 . 26a+1 + (C‘l' 1)a+1
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in the Laurent polynomial

a2

—1)¢-1 ) )
(—1)* q‘”‘(X% — X_§)|M|+2m—2 H(XTk X,
k=1

(a+ D)!m!(|p| +m)!z(w)

Since the above polynomial is divisible by (X —1)®~!, this is simply a matter
of differentiating a — 1 times with respect to X, setting X = 1, and then
multiplying by (a + 1)! . We find

0(~y)—1 4m) 0(y)—1
(—1)™ T = g (—1)™ |
m!(|p] +m)l3(p) " 5 Y| | Aut(y)]

as desired.

We now return to (48). The proof of this identity requires only a slight
modification of the arguments used in the proof of Theorem A.1 in [5], so we
will only give a sketch here.

Let n = |u| + e and define the Jucys-Murphy elements L; (1 < i < n) as
sums of transpositions

Li=(1,0)+ (2,i) + -+ (i — 1,9)

in the group algebra C[S,,| of the symmetric group S,,. The elements L; have
the following property: for any polynomial f, the element f(Li)+---+ f(L,)
acts as the scalar ey f(c(d)) on the irreducible representation V* of S,
corresponding to a partition A of n.

If we let 7 € S,, be any permutation with cycle type p U (1¢), then the
trace of the element 77(f(L1) + --- + f(Ly)) acting on C[S,] will be equal

to
> (M) (nu (19) 3 fle).

otlul+e Oeo
c=c(0)

But the trace is also equal to n! times the coefficient of 7 in the element
f(L1)+---+ f(Ly), which can be computed easily using the Lascoux-Thibon
formula to expand the power sum L] +---+ L7; see Theorem A.4 in [5]. The

substitution ¢ = e’ appearing there corresponds precisely to replacing the X¢
in (48) with ¢". O
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6.5 Moduli spaces for Y x P! / Ex P! U Y

Following Section 6.4, Let Y be a nonsingular surface, and let £ C Y be a
nonsingular curve. Let L € Hy(Y x P Z) be the curve class of the factor
P!. We consider the relative geometry

YxP'/ExP' U Yy (49)

for the curve classes dL in both stable pairs and Gromov-Witten theory.

Consider first the simple relative geometry Y x P!/ E x P!, Jun Li
has constructed the associated Artin stack of degenerations A in [11]. The
morphism defined by the universal target

T:Y—A

is not smooth. The morphism has singularities over the boundary of A along
the internal divisors (all isomorphic to £ x P!) of the degenerations. Let

Y’ CY
denote the smooth locus of 7,
7Y - A .

There is a divisor Y C Y° corresponding to Yo, C Y x P!. Since 7° is a
smooth morphism, the moduli spaces of stable pairs and stable maps to the
relative geometry Y°/Y2 relative to the morphism 7° are well-defined. The

moduli spaces
P,(Y xP' ) ExP U Y., dl),

M, (Y xP' /ExP' U Yy, dl),

are defined to the open subsets with finite stabilizers. Properness is proven
as usual by semistable reduction. The virtual class is constructed relative
over A, and the degeneration formula used in Section 6.4 are proven exactly
following [12].

The points of the modui space P,(Y x P! /| ExP! U Y, , dL) are easily
described. We start with a k-step degeneration of ¥ x P! along E x P1.
Such degenerations have finitely many additional components which are all
isomorphic to the P!-bundle P'(Ny,p ® Op) x P! over E x P'. The result
is the space

Y xP'UP' (Nyp®d0p) xP' U ... UPYNyp@®0p)x P (50)
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with £+ 1 components. The components (50) are attached along the internal
divisors £ x P'. The original space Y x P! is the 0*" step of the degeneration.
Next, we take an I-step degeneration along the fiber over co € P!. Let

Y x P! denote the [-step degeneration
YxP'UY xP'U...UY,xP.
Similarly, let ﬁ;x\li denote the [-step degeneration
P'(Ny,p00g)xP' UP! (Ny,_ /5, ®0p ) xP'U...UP'(Ny,_ 5 ®0p. ) xP!

with attachment along the internal divisors Y,,. The stable pairs we consider
lie on the target

Y xP! UPLxP! U...UPLxP! (51)

with attachment along the degenertions of the internal divisors £ x P'. The
curve class dL is distributed to each term in (51). By stability (finiteness of
automorphisms), a nonzero degree must be distributed to each term other

than Y x P1. On each term of (51), we specify a stable pair relative to
the fiber over infinity and disjoint from the internal divisors obtained from
degenerations of E x P!. By stability, we require a nontrivial stable pair in
at least one of the k-steps over each of the positive steps of the degeneration
over oo € P'. The description in the stable map case is identical.

6.6 Proof of Theorem 4

Let X be a nonsingular projective toric 3-fold with T-fixed points

plv"'7pm€X-

Let v1,...,7 € H*(X,Q) be classes of positive degree. Since H*(X,Q) is
generated by divisors, we may regard ; as a polynomial of positive degree
in the divisor classes.

Lemma 22. Every divisor class in H*(X,Q) can be lifted to H3%(X, Q) with
trivial restriction to py,.

Proof. Since the divisor classes of X are spanned by toric divisors, all divisor
classes can be lifted to T-equivariant cohomology. After further tensoring
with a 1-dimension representation of T, the restriction to H(p,,, Q) can be
set to 0. [
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After lifting each ~; to a polynomial 7; in T-equivariant divisor classes
vanishing at p,,, we can lift the 0-descendent insertions as a finite sum

ﬁTO(%) = mi: ka,z(SLSQ, s3) To(Pk;)l

k=1 1>0

where fi.; € Q(sy, s2,s3). Hence,

(—q) %% Zp (X;q

ﬁ 70(7i) ﬁ Tkj(P)> =
B

i=1 j=1
T

(_Q)fdﬁ/Q ZP( <Z kal 81782753 7'0 P ) HTk Pm >
k=1 1>0 3

We now apply Theorem 1 to the right hand side using the relation

T1e(pi) = Tie(pi)

proven in Section 2.4. After the variable change —q = e, we obtain
m—1 T
ST fualst, s0,83) To(pr)' | Tulpm) | =

(—iu)® Zg\y (X u
k=1 1>0 8
(—iu)® Zgy (

where k = (k1 + 1,... ks + 1). By Proposition 12, we have

7u(p) = (iu) ™ Ilr (p) + ...

where the dots stand for terms 75 with o >* @. Finally, using the dimension
constraint for non-equivariant integrals, we obtain

(i) (iu)~ S5 Zgy, <Xu <->f[mj<p>> ,
J=1 Jé]

which is the claimed correspondence. [l

T

HTO 72 TH pm))

B
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7 Non-equivariant limit

7.1 Overview

Our goal here is to prove the correspondence of Theorem 1 can be written
completely in non-equivariant terms. The outcome is a descendent correspon-
dence which makes sense for any (not necessarily toric) nonsingular projective
3-fold. In the toric case, the non-equivariant correspondence is a consequence
of Theorem 1. For general 3-folds, the correspondence is conjectural.

7.2 Notation
We denote the set of descendent symbols by
T=A{10,71,T2,. .. } .

Let o be a partition with positive parts oy, ..., 0,. We associate a polynomial
T, in the symbols 7 to o by

To = To1-1Tge—1" " Tgy—1

following the conventions of Section 0.3. Using the correspondence matrix,
we define
T, = Z K oo To
G

for non-empty partitions o.
For subsets S C {1,...,¢}, we let og be the subpartition consisting of
the parts o; for i € S. The following definition is crucial to our study:

D S L CIth | £ P>

P set partition of {1,...,¢} SeP

Here, 7, lies in the polynomial ring in the symbols 7 with coefficients in
Qli, s1, S2, $3)((u)). The polynomials 7, on the right carry the complexity of
the correspondence matrix K.

7.3 Divisibility
In order to obtain a non-equivariant formulation of Theorem 1, our first step
is to prove a divisibility result constraining the coefficients

K5 € Qli, s1, 52, s3] ((u))

68



of the correspondence matrix.

Proposition 23. Let o be a partition of positive length . Then,
7, =0 mod (s15955) 7", (53)

as a polynomial in the descendent symbols T with coefficients in the ring

Q[Z7 51,52, S3]((U))

Proof. We will use the relative correspondence established in Proposition 19
for the geometry

SxP'/S,=P'xP' xP'/ (P' xP), .

The surface S = P! x P! is viewed as the first two factors of the 3-fold
P! x P! x P!, We will consider T-equivariant stationary descendents at

pe = (0,0,0), p,=(00,0,0) .

Let the tangent weights at p, be sy, s9, s3 respectively along the three P!
factors. Then,

Pe — Px = Slpo*

where P, is the class of the line P,, connecting the two points.
We will prove the Proposition together with the following divisibility
claim: -
Zow (S x P'/Ss;u ‘ 75 (Po) ‘ “)dL =0 modsi? (54)

for every curve class dL and relative condition p. We prove the Proposition
and the divisibility (54) simultaneously by induction on the length ¢ of o.
For [ = 1, both statements are trivial. We assume [ > 1.

If divisibility (54) holds for partitions o of length [, then 7, must be
divisible by s{~! by Proposition 20. By the symmetry of the coefficients of K
in the variables s;, we conclude 7, is divisible by (s15253)*"t. We have proven
claim (54) for length ¢ implies claim (53) for length ¢.

Finally, we show if (53) holds for partitions of length 1,2,...,1 — 1, then
divisibility (54) holds for length [. For any set partition

Q={Q,...,Qx} of {1,...,1}
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with 1 € Q; and k > 1, consider the Gromov-Witten series for S x P'/S_,

M) (55)
dL

lying in Q[z, s1, S2, s3]((u)). By the inductive hypothesis, we pick up a factor

(TaQ 11 (TJQ (—1)l@l7, (p*))

Jj=2

of s'le = for each part in the set partition. Also, each part in the set partition
after the first contributes an additional factor of s; because

(i) the correspondence matrices K at the points p, and p, are equal after
changing the sign of s,

(ii) s; divides ps — psx -
Thus, we see (55) is divisible by si™*.
Using again the divisibility of p, — px by s; in T-equivariant cohomology;,

we see
T
M) =0 modsit.

p (Tal(p.) ]:[2nj(p

From our the descendent correspondence of Proposition 19, we immediately
conclude

l

ZIGW Toq (P.) H Taj(po - p*>
j=2

i =0 mod s, (56)

dL

where 75(ps )7 (Ps) = 75(Pe )7y (Ps)-
The desired divisibility (54) now follows from the basic identity

Q|

) Ty (Po) IT (Fog, (Pe) + (=1)%17,,, (p.))

Q set partition of {1,...,0} j=2
1le@:

= 7-01(p0) H TUj(p' o p*)' <57>

Jj=2

Since si~* divides both (55) and (56), we conclude the claim (54) holds for
length ¢ from the identity (57). The term 7,(ps) occurs on the left side of
(57) when Q; ={1,...,(}.

70



We now check identity (57) by computing the coefficient of

_

11 7os(pe) TT 7o (ps) (58)

SecA TeB

appearing when the 7 on the left side are expanded in terms of 7. Here,
AUB = (C'is a partition of a set partition C of {1,..., ¢} into two nonempty
subsets, with 1 belonging to one of the parts in A. Let

a=|J S| and b= T,

SeA TeB

so the coefficient of this term on the right side of (57) is equal to (—1)° if
|A] =1 and |B| < 1, and 0 otherwise.

The term on the left side of (57) given by a set partition @ of {1,...,¢}
will contribute to the coefficient of (58) if and only if Q@ = Q4 U Qp with A
a refinement of ()4 and B a refinement of (Jg. Such () are parametrized by
choosing one set partition of A and one of B, so we compute the coefficient
to be

> ( [T (=D (s| - 1)!>-(—1)”-< [T (=07 - 1)!) :

P4 set partition of A \ S€Py4 TePp
Pp set partition of B

Finally, we need only prove the fundamental identity
1 itk=0,1
> [LDF s =<
P set partition of {1,...,k} S€P 0 ifk> 17

which follows immediately from the observation that each term is counting
the permutations of {1,..., k} that yield a given orbit partition P, with sign
equal to the sign of the permutations of this type. [l

We define the correspondence matrix K which we will use for the non-
equivariant limit by

K - — %Coeﬁ}g(ﬁ,) . (59)

77 " (515953)1)

By the vanishing K, 5 = 0 unless |o| > |7|, we deduce the vanishing
Rg,g =0 unless |o| > |7] .
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By the divisibility of Proposition 23,

R,z € Qliy st 52, 9) (1))

In fact, since K is symmetric in the s;, we may view

K5 € Qli, c1, ¢, 3] ((u)) .
where the ¢; are elementary symmetric functions in the s;.

Proposition 24. The u coefficients of RU,E € Q[i, s1, 89, s3] ((u)) are sym-
metric and homogeneous in the variables s; of degree

o] +£(o) = |5] = £(5) = 3(¢(0) = 1).

Proof. The result follows from Theorem 3 and definitions (52) and (59). O

7.4 Proof of Theorem 7

Let X be a nonsingular quasi-projective toric 3-fold. Let a be a partition of
length ¢ and positive parts. Let

V1,5 Ve € H’;<X7Q)

be T-equivariant classes. We can express

Zp (X;q | Tay—1(m)  Ta—1(70)) (60)

in terms of Gromov-Witten theory by writing each class 7; as a combination of
the T-fixed points via (4) and then applying the descendent correspondence
of Theorem 1.

Let P5° be the set of set partitions of {1,...,¢}. For a partition P € P5*
each S € P is a subset of {1,...,¢}. Let

Vs = H vi and T, = H Tai—1 -

€S i€S
A first formula for the Gromov-Witten descendent corresponding to the

stable pairs integral (60) is given by

3 3 00 2 ey, (1)

PePet  Injective ¢:P—{1,...m} SeP LZ(S)(C?)(X)‘S‘)
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Here, the T-fixed points of X are pq,...,pn, and we follow the notation of
the localization identity (4).
We may extend the second sum in (61) to run over all functions

¢:P—{l,...,m}

(rather than just the injective ones) by rewriting the formula as

> Y Il @

PePet ¢:P—{l,..,m} SeP ¢(S
using definition (52). Finally, the cohomological identity

i L (7)

j=1 i (c3(X)) ! ’ T

allows us to rewrite (62) efficiently as

Z H |5| 1 Tas (’75) (63)

Peﬂ>bet SeP

following convention (5). Theorem 7 then follows from Theorem 1, formula
(7), and our definition of K. O

For a nonsingular quasi-projective toric 3-fold X with T-fixed points
P1, - - -, Pm, We have two descendent correspondences for the stable pairs series

H o )Z (64)

of Section 0.3. We can apply Theorem 1 or Theorem 7. In fact, the result is
the same.

Zp(X q

Lemma 25. Theorem 7 applied to (64) specializes exactly to Theorem 1.

Proof. The claim reduces to the inversion formula

Z H T m P;) = am(p])

Q set partition of {1,...,0(a(9))} SEQ
obtained from the specialization p, = 0 of (57). O

Proposition 24 implies the descendent correspondence of Theorem 7 re-
spects the dimensions of the insertions.
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7.5 Relative descendent correspondence

Let X be a nonsingular projective 3-fold, and let D C X be a nonsingular di-
visor. Let Qx[D] denote the locally free sheaf of differentials with logarithmic
poles along D. Let
Tx[-D] = Qx[D] ¥
denote the dual sheaf of tangent fields with logarithmic zeros.
For the relative geometry X /D, we let the coefficients of K act on the
cohomology of X via the substitution

ci = ¢i(Tx[=D])

instead of the substitution ¢; = T'x used in the absolute case. Then, we
would like to define

Tar—1(71) " Tap—1(7e) = Z H ZTE(RQS@'%) .

P set partition of {1,...,l} Se€P

as before. The correct definition is subtle for arbitrary classes ;. A full
discussion of the descendent correspondence for relative geometries will be
given in [30]. However, a restricted case in which the above definition is
appropriate will be relevant for Section 8.

Conjecture 4. Let vi,...,v € H(X,Q) be classes which restrict to 0 on
D, then we have

(—a) 25 (X/D:q

o1 (00) = Tt () | 1)

= (_iu)dﬁJré(#)—\mZ/GW (X/D; u

Tt )+ Tt () | 1),

under the variable change —q = e™.

In addition, the stable pairs descendent series on the left is conjectured
to be a rational function in ¢, so the change of variables is well-defined.
Conjecture 4 is open.

8 Log Calabi Yau 3-folds

8.1 Overview

Let X be a nonsingular projective toric Fano 3-fold with a nonsingular ir-
reducible anti-canonical divisor S (necessarily isomorphic to a K3 surface).
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The relative geometry X/S is log Calabi- Yau since the sheaf of differentials
of X with logarithmic poles along S has trivial determinant. In order to
prove the Gromov-Witten/Pair correspondence of Theorem 5 for X/S, we
will require results about projective bundles over S.

Let Ly and L., be two line bundles on S. The projective bundle

Ps=P(Lo® L) — S

admits sections

S; =P(L;) C Py .

Before proving Theorem 5, we will establish the relative descendent corre-
spondence of Conjecture 4 for Pg/S,, for descendent insertions supported on
So. While the result goes beyond toric varieties, the vanishings which hold
for K3 geometries make Pg/S,, accessible. The descendent correspondences
for projective bundles over surfaces will be studied in more detail in [30].

Theorem 5 and Corollary 3 will follow easily from Theorem 7, degenera-
tion, and the descendent correspondence for Pg/S...

8.2 Descendent correspondence for Pg/S,

Let ¢1,...,¢; be cohomology classes on Pg supported'® on the section Sj.
Let p be a relative condition along S,,. Our first step is to prove the non-
equivariant descendent correspondence of Conjecture 4 for the classes ¢;.

Proposition 26. We have

(~a) " Zp(Ps/Swiq

-1 (61) 7o (60| 1)

= (—qu)®HW-lulz (PS/Soo;U ’ Tar—1(¢1) =~ Ta,—1(¢0) ’ N)ﬂ (65)

after the variable change —q = e™.

The log tangent bundle of Pg/S,, restricts to the standard tangent bundle
of Pg on the section Sp. Since the classes ¢; are supported on Sp, the
descendent correspondence matrix K for Pg/S. is the same as the matrix

for Ps.

9FEach ¢, is push-forward of a class on S. Since K3 surfaces have only even cohomology,
the ¢; have even degrees.
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Proof. By the vanishings in stable pair and Gromov-Witten theory obtained
from the holomorphic symplectic structure of K3 surfaces, only invariants of
P in multiples of the fiber class

L € Hy(Ps,7Z)

contracted over S are non-zero. Moreover, for the stable pairs series, only
the initial g-coefficient is non-zero.

Let X be any nonsingular projective surface equipped with line bundles
Lo and L. Let ¢q,..., ¢, be cohomology classes on

Ps=P(Lo® Ly)— S

supported on the section Xy. Consider the Gromov-Witten series

(—iw) 07 (P /X i (66)

oA (@) Tt (90 |1)
lplL
Each u-coefficient of (66) can be expressed by an explicit study of the moduli
space of stable maps to the fiber classes of Px — X. By a standard analysis
(see Section 1.2 of [19]), each wu-coefficient is a universal polynomial over Q
in the all classical pairings

[ (e, e(Lo). (L)) UTT 60 (67)
icl
where O is a monomial in the Chern classes of the bundles

TX; LO: Loo — X

of bounded degree (determined by the descendent partition o = (v, . .., )
and the degrees of ¢;). In the product on the right side of (67),

Ic{1,...,t}

is a subset.

Let X be a nonsingular projective toric surface with toric line bundles Ly
and L.,. For fixed a and ¢;, there are only finitely many classical pairings
(67). Moreover, as we vary the toric surface X and the toric line bundle L;,
we easily see a Zariski dense set of possible classical pairings is achieved.?’

20Gince the classes ¢; we consider are of even degrees, the degrees can be matched in
toric geometry.
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Hence, the u-coefficient polynomials of the Gromov-Witten series are fully
determined by the toric examples.
If X is a nonsingular projective toric surface with toric line bundles L;,
then the relation
)
Il

_ (_@’u)W'”(“)Z/GW(Px/Xoo;U ' Tar—1(01) -+ Tay—1(0) ‘ M)

(—Q)"“'Zp(Px/Xoo;q

Ta1—1(¢1) vt Tag—l(¢é)

|nIL

is a direct consequence, by localization, of the descendent correspondence for
the cap. When we localize with respect to the 2-dimension torus 7' acting
on X and the L;, the result is cap for each T-fixed point of X. The stable
pairs series

(_Q)_MZP<PX/XOOS q

T -1(61) -+ Toy1(00)| 1) (68)

|plL

is thus also determined by the classical pairings (67) in the toric case. In fact,
using the denominator results proven in Theorem 5 of [27], the g-coefficients
of (68) are polynomials in the pairings (67).

Next, let the nonsingular projective surface X with line bundles Ly and
Lo, be arbitrary. The ¢°-coefficient of the stable pairs series (68) is special.
The associated moduli space of stable pairs is simply the Hilbert scheme of
|p| point of X. The stable pairs invariant then can be calculated by Hilbert
scheme techniques [9]. The result is also a polynomial in classical pairings
(67). Hence, we have two polynomials in the classical pairing (67):

(i) the ¢%-coefficient of the Gromov-Witten series (66) for X after the
variable change —q = e,

(ii) the polynomial obtained from the Hilbert scheme of points calculation
of the ¢-coefficient of the stable pairs series (68) for X.

The two polynomials are equal when evaluated in the toric geometry and
thus must be identical (by Zariski denseness).

The polynomials (i) and (ii) are therefore equal for the K3 geometry
Ps/Sw. To complete the proof of the correspondence (65), we must only
prove the higher g-coefficients, obtained after the variable change —q = ™
for Gromov-Witten series (66) for Pg/Sw, all vanish.
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Let X be a nonsingular quasi-projective toric surface with toric line bun-
dles Ly and L. Consider the T-equivariant Gromov-Witten series
T

(1) a2 (@) | 1) (69)

|l

where T is the 2-dimensional torus acting on X and the L;. As before, each
u-coefficient is a universal polynomial over Q in the all classical T-equivariant
pairings

(i) O Zg (P ) X

Ol c(T Ly) U i 70
& (eT).etto).e(tc)) LT o (70)
where O is a monomial in the Chern classes of the bundles

TXa LOv LOO - X7

of bounded degree (determined by the descendent partition « and the degrees
of ¢;). In T-equivariant geometry, more pairings may be non-zero. Other-
wise, the situation is exactly the same as in the non-equivariant case. The
universal polynomials in the T-equivariant geometry restrict to the universal
polynomials in the non-equivariant geomery.

We finally specialize X to the quasi-projective surfaces A,,. If we restrict
to the sub-torus C* C T which preserves the holomorphic form, then

Cl(Tx) =0.

The A,, geometries, as n varies, provide a rich supply of C*-equivariant pair-
ings (70) subject to the vanishing of ¢1(Tx), The T-equivariant correspon-
dence

T

(_Q)_MZP(PX/Xoo;q

Ta1—1(¢1) T Taz—1(¢é)' N)HL

:( )|#|+f Z (PX/Xom

Tar—1(¢1) -+ Tay—1(Pr) ‘ u)

|nIL

has already been proven for X = A,,. The higher ¢-coefficients of the stable
pairs side above vanish (since A, has a holomorphic symplectic form invariant
under C*). Hence, the higher g¢-coefficients obtained after the change of
variables —q = e™ for the Gromov-Witten series (69) for A,, all vanish. By
the universality of the polynomials and the sufficient Zariski density of the
A, geometries (subject to the vanishing of the first Chern class of the tangent
bundle), we conclude the necessary vanishing of the higher g-coefficients for
Gromov-Witten series (66) for Pg/Se. O
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8.3 Proof of Theorem 5

Let X be a nonsingular projective Fano toric 3-fold, and let S C X be a
nonsingular anti-canonical K3 surface. Let N be the normal bundle of S in
X. Let

So, S C P(OS S7) N)

be the sections determined by the summand Og and N respectively. Let
to: S—>P(Os®N)

be the inclusion of Sj.

Let B be a fixed self-dual basis of the cohomology of S. Recall a Nakajima
basis element in the Hilbert scheme Hilb(S,n) is a cohomology weighted
partition u of n,

¢
((M17¢1)7--~7(W’¢£)) ) n:ZILL“ (b@EB .
=1

Such a weighted partition determines a descendent insertion

T[o] = ]:[1%—1(%0*(@)) :

By standard K3 vanishing arguments [20], the stable pairs invariants of
the relative 3-fold geometry P(Og & N)/S, are nontrivial only for curves
classes in the fibers of

POs® N)/See — S .

Define the partition function for the relative geometry by

]| ) ()

Zo(P(05 & N)/Sid .

where ¢ and p are both partitions of d weighted by B. By further vanishing,
only the leading ¢¢ terms of (71) are possibly nonzero. The following result
is proven in Section 4.1 of [28].

Proposition 27. Let d > 0 be an integer. The square matriz indexed by
B-weighted partitions of d with coefficients

ZP<P(OS ®N)/Sei q

rlol| 1) (72)

dL

has mazimal rank.
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We can also consider the Gromov-Witten analogue of Proposition 27. By
Proposition 26, we have a descendent correspondence

(~0) 26 (P(0s & N)/Swiq |7l0]| 1) |

= (_iu)\ulH(u)szW(P(oS @ N)/Seo;u

ol |n) ()

after the variable change —q = €. In particular, the Gromov-Witten matrix
corresponding to (72) is also invertible.
Let 8 € Hy(X,Z) be a curve class, and let

dﬁz/ﬁcl(){):/ﬁ[sy

Consider the descendent correspondence of Theorem 7,

()2 Ze(X5q | 716] ) = (=i)® Zg (X

6) ., ()
B B
where ¢ is a partition of dz weighted by B. Since all the cohomology classes
of the descendent 7[¢] lie on S, we can degenerate to the normal cone. The

resulting degeneration formula?!' in stable pairs theory for Zp (X ‘T[qﬁ] ) is
B

uv) :
B

where the sum is over all elements i of the Nakajima basis of cohomology
of Hilb(S,ds). The parallel degeneration formula for Gromov-Witten theory
together with Propositions 26 and 27 imply Theorem 5 in case there are no
descendent insertions.

Consider now the correspondence of Theorem 5 with the full descendent
insertion

520 (P(Os ® N)/Suc|rlol ) (=D 5(0) g1 20 (/5]

dsl

To(71) - - T0(Vr) - (75)

Since X is a toric variety, the cohomological degree of each 7; must be even.
Degrees 0 and 2 can be removed from both stable pairs and Gromov-Witten
theory by the fundamental class and divisor equations. We need only consider
insertions ~; of degree 4 or 6. The divisor

tg: S CX

21'We follow here the notation of Section 1.2.

80



is ample since X is Fano. Hence, classes v; € H*(X,Q) of degrees 4 and 6
can be written as

for ¢, € H*(S,Q) by Hard Lefschetz. We can write the insertion (75) as

70(ts+(01)) - T0(1s(9r)) -

We now reduce correspondence of Theorem 5 with the full insertion (75)
to Theorem 5 with no insertions. Via degeneration to the normal cone of S,
we can write

Zp (X

o(is:(00)) - To(e5.(60)) )

in terms of the relative geometries as

> 2o (P(0s @ N)/Suc

To(Lsee (1)) - - To (s (61)) 'u)

(=) =20 5 () g Z (X/S‘

dsl

,UV> :
B

where the sum is as before. The parallel degeneration formula for Gromov-
Witten theory together with Proposition 26 achieves the desired reduction.
O

8.4 Proof of Corollary 3

Let S C P? be a nonsingular quartic surface (anti-canonical and K3). Let
B € Ho(P3,Z). Since ¢;(Tps) is even, dg is even. Then, by Theorem 5, we

have
1

Zow (PS5 | |n') | € Qg =c"i)lu. ] (77)
by the rationality in ¢ of the corresponding stable pairs series [28].

Since the classes v; € H*(P?,Q) are assumed to be of positive degree, we
can write

Lse(95) = ;
for classes ¢; € H*(S,Z). After replacing the descendent insertion with

Thy (LS*(¢1)) .- ~Tks(LS*(¢s))7
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we can degenerate to the normal cone of S. We find

Zew (P?

i (1. (60) - 71 15:(62) )
is equal to
3 Zow (P(Os ® N/ S| (1500 (91)) - (1500(62) 1)

3(0) W Zgy (PP ‘

dsl

i), @

The terms of (78) which are invariants of P(Og & N)/S, are Laurent poly-
nomials in v and % by K3 vanishings (the only connected contributions are
of genus 0 and 1). The terms with are invariants of P3/S are constrained by
(77). The claim of the Corollary then follows immediately. O

References

[1] K. Behrend, Gromov-Witten invariants in algebraic geometry, In-
vent. Math. 127 (1997), 601-617.

[2] K. Behrend and B. Fantechi, The intrinsic normal cone, Invent.
Math. 128 (1997), 45-88.

[3] J. Bryan and R. Pandharipande. The local Gromov- Witten theory
of curves, JAMS 21 (2008), 101-136.

[4] C. Faber and R. Pandharipande, Hodge integrals and Gromov-
Witten theory, Invent. Math. 139 (2000), 173-199.

[5] S. Fujii, H. Kanno, S. Moriyama, S. Okada, Instanton calculus and
chiral one-point functions in supersymmetric gauge theories, Adv.
Theor. Math. Phys. 12 (2008), 1401-1428.

[6] T. Graber and R. Pandharipande, Localization of virtual classes,
Invent. Math., 135, 487-518, 1999.

[7] M. Gross and B. Siebert, Logarithmic Gromov-Witten invariants,
arXiv:1102.4322.

82



8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

E. Ionel and T. Parker, Relative Gromov- Witten invariants, Ann.
of Math. 157 (2003), 45-96.

M. Lehn, Chern classes of tautological sheaves on Hilbert schemes
of points on surfaces, Invent. Math. 136 (1999), 157-207.

A-M. Li and Y. Ruan, Symplectic surgery and Gromov-Witten
invariants of Calabi- Yau 3-folds I, Invent. Math. 145 (2001), 151
218.

J. Li, Stable morphisms to singular schemes and relative stable
morphisms, JDG 57 (2001), 509-578.

J. Li, A degeneration formula of GW-invariants, JDG 60 (2002),
199-293.

J. Li and G. Tian, Virtual moduli cycles and Gromov-Witten
invariants of algebraic varieties, JAMS 11, 119-174, 1998.

D. Maulik and A. Oblomkov, The quantum cohomology of the
Hilbert scheme of points of A,-resolutions, JAMS 22 (2009),
1055-1091.

D. Maulik and A. Oblomkov, Donaldson-Thomas theory of
A, x P!, Comp. Math. 145 (2009), 1249-1276.

D. Maulik, A. Oblomkov, A. Okounkov, and R. Pandharipande,
The Gromov-Witten/Donaldson-Thomas correspondence for toric
3-folds, Invent. Math. (to appear).

D. Maulik, N. Nekrasov, A. Okounkov, and R. Pandharipande,
Gromov- Witten theory and Donaldson-Thomas theory. I, Compos.
Math. 142 (2006), 1263-1285.

D. Maulik, N. Nekrasov, A. Okounkov, and R. Pandharipande,
Gromouv- Witten theory and Donaldson-Thomas theory. I1I, Com-
pos. Math. 142 (2006), 1286-1304.

D. Maulik and R. Pandharipande, A topological view of Gromouv-
Witten theory, Topology 45 (2006), 887-918.

83



[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D. Maulik, R. Pandharipande, R. Thomas, Curves on K3 surfaces
and modular forms, With an appendix by A. Pixton. J. Topol. 3
(2010), 937-996.

A. Oblomkov, A. Okounkov, and R. Pandharipande, in prepara-
tion.

A. Okounkov and R. Pandharipande, Hodge integrals and invari-
ants of the unknot, Geom. Topol. 8 (2004), 675-699.

A. Okounkov and R. Pandharipande, Gromouv- Witten theory, Hur-
witz numbers, and completed cycles, Ann. of Math. 163 (2006),
517-560.

A. Okounkov and R. Pandharipande, The quantum cohomology
of the Hilbert scheme of points of the plane, Invent. Math. 179
(2010), 523-557.

A. Okounkov and R. Pandharipande, The local Donaldson-
Thomas theory of curves, Geom. Topol. 14 (2010), 1503-1567.

A. Okounkov, N. Reshetikhin, and C. Vafa, Quantum Calabi- Yau
and classical crystals, in The unity of mathematics, 597618, Progr.
Math., 244, Birkhuser Boston, Boston, MA, 2006.

R. Pandharipande and A. Pixton, Descendents on local curves:
rationality, Comp. Math. 149 (2012), 81-124.

R. Pandharipande and A. Pixton, Descendent theory for stable
pairs on toric 3-folds, Jour. Math. Soc. Japan (to appear).

R. Pandharipande and A. Pixton, Descendents on local curves:
stationary theory, in Geometry and arithmetic, 283-307, EMS Ser.
Congr. Rep., Eur. Math. Soc., Zrich, 2012. arXiv:1109.1258.

R. Pandharipande and A. Pixton, Gromov-Witten pairs corre-
spondence for the quintic 3-fold, arXiv:1203.0468.

R. Pandharipande and R. P. Thomas, Curve counting via stable
pairs in the derived category, Invent Math. 178 (2009), 407 — 447.

84



[32] R. Pandharipande and R. P. Thomas, The 3-fold vertex via stable
pairs, Geom. Topol. 13 (2009), 1835-1876.

[33] R. Pandharipande and R. P. Thomas, Stable pairs and BPS in-
variants, JAMS 23 (2010), 267-297.

Departement Mathematik
ETH Ziirich
rahul@math.ethz.ch

Department of Mathematics
Princeton University
apixton@math.princeton.edu

85



