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The symplectic sum formula
for Gromov-Witten invariants

By ELENY-NICOLETA IONEL and THOMAS H. PARKER*

Abstract

In the symplectic category there is a ‘connect sum’ operation that glues
symplectic manifolds by identifying neighborhoods of embedded codimension
two submanifolds. This paper establishes a formula for the Gromov-Witten in-
variants of a symplectic sum Z = X#Y in terms of the relative GW invariants
of X and Y. Several applications to enumerative geometry are given.

Gromov-Witten invariants are counts of holomorphic maps into symplectic
manifolds. To define them on a symplectic manifold (X,w) one introduces
an almost complex structure J compatible with the symplectic form w and
forms the moduli space of J-holomorphic maps from complex curves into X
and the compactified moduli space, called the space of stable maps. One then
imposes constraints on the stable maps, requiring the domain to have a certain
form and the image to pass through fixed homology cycles in X. When the
correct number of constraints is imposed there are only finitely many maps
satisfying the constraints; the (oriented) count of these is the corresponding
GW invariant. For complex algebraic manifolds these symplectic invariants can
also be defined by algebraic geometry, and in important cases the invariants
are the same as the curve counts that are the subject of classical enumerative
algebraic geometry.

In the past decade the foundations for this theory were laid and the in-
variants were used to solve several long-outstanding problems. The focus now
is on finding effective ways of computing the invariants. One useful technique
is the method of ‘splitting the domain’, in which one localizes the invariant to
the set of maps whose domain curves have two irreducible components with
the constraints distributed between them. This produces recursion relations
relating the desired GW invariant to invariants with lower degree or genus.
This paper establishes a general formula describing the behavior of GW in-
variants under the analogous operation of ‘splitting the target’. Because we
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work in the context of symplectic manifolds the natural splitting of the target
is the one associated with the symplectic cut operation and its inverse, the
symplectic sum.

The symplectic sum is defined by gluing along codimension two submani-
folds. Specifically, let X be a symplectic 2n-manifold with a symplectic (2n—2)-
submanifold V. Given a similar pair (Y, V) with a symplectic identification
between the two copies of V' and a complex anti-linear isomorphism between
the normal bundles NxV and Ny V of V in X and in Y, we can form the sym-
plectic sum Z = X#yY. Our main theorem is a ‘Symplectic Sum Formula’
which expresses the GW invariants of the sum Z in terms of the relative GW
invariants of (X, V) and (Y, V) introduced in [IP4].

The symplectic sum is perhaps more naturally seen not as a single manifold
but as a family depending on a ‘squeezing parameter’. In Section 2 we construct
a family Z — D over the disk whose fibers Z) are smooth and symplectic for
A # 0 and whose central fiber Zj is the singular manifold X Uy Y. In a
neighborhood of V, the total space Z is NxV @ Ny V and the fiber Z) is
defined by the equation xy = A\ where x and y are coordinates in the normal
bundles NxV and NyV = (NxV)*. The fibration Z — D extends away from
V' as the disjoint union of X x D and Y x D, and the entire fibration Z can be
given an almost Kéahler structure. The smooth fibers Z), depicted in Figure 1,
are symplectically isotopic to one another; each is a model of the symplectic
sum.

The overall strategy for proving the symplectic sum formula is to relate
the holomorphic maps into Zy, which are simply maps into X and Y which
match along V', with the holomorphic maps into Z) for A close to zero. This
strategy involves two parts: limits and gluing. For the limiting process we
consider sequences of stable maps into the family Z) of symplectic sums as the
‘neck size’ A — 0. In particular, these are stable maps into a compact region
of the almost Kéhler manifold Z, so that the compactness theorem for stable
maps applies, giving limit maps into the singular manifold Z; obtained by
identifying X and Y along V. Along the way several things become apparent.

First, the limit maps are holomorphic only if the almost complex struc-
tures on X and Y match along V. To ensure this we impose the “V-compat-
ibility” condition (1.10) on the almost complex structure. But there is a price
to pay for that specialization. In the symplectic theory of Gromov-Witten
invariants we are free to perturb (J,v) without changing the invariant; this
freedom can be used to ensure that intersections are transverse. After impos-
ing the V-compatibility condition, we can no longer perturb (J,v) along V at
will, and hence we cannot assume that the limit curves are transverse to V.
In fact, the images of the components of the limit maps meet V at points
with well-defined multiplicities and, worse, some components may be mapped
entirely into V.
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To count stable maps into Zy we look first on the X side and ignore the
maps which have marked points, double points, or whole components mapped
into V. The remaining “V-regular” maps form a moduli space which is the
union of components MY (X) labeled by the multiplicities s = (s1,...,s¢) of
the intersection points with V. We showed in [IP4] how these spaces MY (X)
can be compactified and used to define relative Gromov-Witten invariants
GWY.. The definitions are briefly reviewed in Section 1.

Figure 1. Limiting curves in Zy = X#,Y as A — 0.

Second, as Figure 1 illustrates, connected curves in Zy can limit to curves
whose restrictions to X and Y are not connected. For that reason the GW
invariant, which counts stable curves from a connected domain, is not the ap-
propriate invariant for expressing a sum formula. Instead one should work with
the ‘Gromov-Taubes’ invariant GT, which counts stable maps from domains
that need not be connected. Thus we seek a formula of the general form

(0.1) GTY% % GTY = GTy

where * is some operation that adds up the ways curves on the X and Y
sides match and are identified with curves in Z,. That necessarily involves
keeping track of the multiplicities s and the homology classes. It also involves
accounting for the limit maps with nontrivial components in V’; such curves
are not counted by the relative invariant and hence do not contribute to the
left side of (0.1). We postpone this issue by first analyzing limits of curves
which are d-flat in the sense of Definition 3.1.

A more precise analysis reveals a third complication: the squeezing process
is not injective. In Section 5 we again consider a sequence of stable maps f,
into Zy as A — 0, this time focusing on their behavior near V', where the f, do
not uniformly converge. We form renormalized maps fn and prove that both
the domains and the images of the renormalized maps converge. The images
converge nicely according to the leading order term of their Taylor expansions,
but the domains converge only after we fix certain roots of unity.

These roots of unity are apparent as soon as one writes down formulas.
Each stable map f : C — Zy decomposes into a pair of maps f; : C; — X
and fo : Uy — Y which agree at the nodes of C' = C; U (. For a specific
example, suppose that f is such a map that intersects V at a single point p
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with multiplicity three. Then we can choose local coordinates z on C7 and w
on Cy centered at the node, and coordinates  on X and y on Y so that f;
and f» have expansions z(z) = az® + --- and y(w) = bw> + - - -. To find maps
into Z) near f, we smooth the domain C to the curve C, given locally near
the node by zw = p and require that the image of the smoothed map lie in 7},
which is locally the locus of xy = A. In fact, the leading terms in the formulas
for f1 and f3 define a map F': C, — Z) whenever

A =zy = a2’ bw® = ab(zw)® = aby®

and conversely every family of smooth maps which limit to f satisfies this
equation in the limit (cf. Lemma 5.3). Thus A determines the domain C, up
to a cube root of unity. Consequently, this particular f is, at least a priori,
close to three smooth maps into Z, — a ‘cluster’ of order three.

Other maps f into Zp have larger associated clusters (the order of the
cluster is the product of the multiplicities with which f intersects V). The
maps within a cluster have the same leading order formula but have different
smoothings of the domain. As A — 0 the cluster coalesces, limiting to the
single map f.

This clustering phenomenon greatly complicates the analysis. To distin-
guish the curves within each cluster and make the analysis uniform in A\ as
A — 0, it is necessary to use ‘rescaled’ norms and distances which magnify
distances as the clusters form. With the right choice of norms, the distances
between the maps within a cluster are bounded away from zero as A — 0 and
become the fiber of a covering of the space of limit maps. Sections 4-6 in-
troduce the required norms, first on the space of curves, then on the space of
maps.

For maps we use a Sobolev norm weighted in the directions perpendicular
to V; the weights are chosen so the norm dominates the C° distance between
the renormalized maps f . On the space of curves we require a stronger metric
than the usual complete metrics on Mg,n. In Section 4 we define a complete
metric on My, \ N where A is the set of all nodal curves. In this metric
the distance between two sequences that approach A from different directions
(corresponding to the roots of unity mentioned above) is bounded away from
zero; thus this metric separates the domain curves of maps within a cluster.
This construction also leads to a compactification of Mg, \ N in which the
stratum N7 of f-nodal curves is replaced by a bundle over A, whose fiber is
the real torus T°.

The limit process is reversed by constructing a space of approximately
holomorphic maps and showing it is diffeomorphic to the space of stable maps
into Zy. The space of approximate maps is described in Section 6, first in-
trinsically, then as a subset Modely(Z)) of the space of maps. For each s and
A it is a covering of the space M(Zy) of the J-flat maps into Zy that meet
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V' at points with multiplicities s. The fibers of this covering are the clusters
described above; they are distinct maps into Z, which converge to the same
limit as A — 0.

From there the analysis follows a standard technique that goes back to
Taubes and Donaldson: correct the approximate maps to true holomorphic
maps by constructing a partial right inverse to the linearization D and applying
a fixed point theorem. This involves (a) showing that the operator D*D is
uniformly invertible as A — 0, and (b) proving a priori that every solution is
close to an approximate solution, close enough to be in the domain of the fixed
point theorem. Proposition 9.3 shows that (b) follows from the renormalization
analysis of Section 4. But the eigenvalue estimate (a) proves to be surprisingly
delicate and seems to succeed only with a very specific choice of norms.

The difficulty, of course, is that Z) becomes singular along V as A — 0.
However, for small A the bisectional curvature in the neck region is negative; a
Bochner formula then shows that eigenfunctions with small eigenvalue cannot
be concentrating in the neck. One can then reason that since the cokernel
of D vanishes on Zj for generic V-compatible (J,v) it should also vanish on
Zy for small \. We make that reasoning rigorous by introducing exponential
weight functions into the norms, thereby making the linearizations D) a contin-
uous family of Fredholm maps. That in turn necessitates further work on the
Bochner formula, bounding the additional term that arises from the derivative
of the weight functions. These estimates are carried out in Section 8.

The upshot of the analysis is a diffeomorphism between the approximate
moduli space and the true moduli spaces

Modely(Zy)s — M(Z))

which intertwines with the attaching map of the domains and the evaluation
map into the target (Theorem 10.1). We then pass to homology, comparing
and keeping track of the homology classes of the maps, the domains, and the
constraints. This involves several difficulties, all ultimately due to the fact
that H,.(Z)) is different from both H,(Zy) and H.(X)® H.(Y'). This is sorted
out in Section 10, where we define the convolution operation and prove a first
Symplectic Sum Theorem: a formula like (0.1) holds when all stable maps are
o-flat.

In Sections 11 and 12 we remove the J-flatness assumption by partitioning
the neck into a large number of segments and using the pigeon-hole principle
as in Wieczorek [W]. For that we construct spaces Z;\V (1, ..., uaN+1), each
symplectically isotopic to Zx. As (1, ..., uan+1) — 0 these degenerate to the
singular space obtained by connecting X to Y through a series of 2N copies
of the rational ruled manifold Py, obtained by adding an infinity section to the
normal bundle to V. An energy bound shows that for large N each map into
Zx(p1y - -+, pon+1) must be flat in most necks. Squeezing some or all of the flat
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necks decomposes the curves in Z, into curves in X joined to curves in Y by a
chain of curves in intermediate spaces Py,. The limit maps are then J-flat, so
that formula (0.1) applies to each. This process counts each stable map many
times (there are many choices of where to squeeze) and in fact gives an open
cover of the moduli space. Working through the combinatorics and inverting
a power series, we show that the total contribution of the entire neck region
between X and Y is given by a certain GT invariant of Pyy — the S-matrix of
Definition 11.3.

Figure 2. Z(p, p, p1) for |p| < [A|

The S-matrix keeps track of how the genus, homology class, and inter-
section points with V' change as the images of stable maps pass through the
middle region of Figure 2. Observing this back in the model of Figure 1, one
sees these quantities changing abruptly; as the maps pass through the neck,
they are “scattered” by the neck. The scattering occurs when some of the
stable maps contributing to the GT invariant of Z) have components that
lie entirely in V in the limit as A — 0. Those maps are not V-regular, so
are not counted in the relative invariants of X or Y. But by moving to the
spaces of Figure 2 this complication can be analyzed and related to the relative
invariants of the ruled manifold Py .

The S-matrix is the final subtlety. With it in hand, we can at last state
our main result.

SYMPLECTIC SUM THEOREM. Let Z be the symplectic sum of (X, V) and
(Y,V) and suppose that o € T*(Z) splits as (ax, ay) as in Definition 10.5.
Then the GT invariant of Z is given in terms of the relative invariants of X
andY by

(0.2) GTz(a) = GT%(ax) * Sy * GTY (ay)
where x is the convolution operation (10.6) and Sy is the S-matriz (11.3).

A detailed statement of this theorem is given in Section 12 and its exten-
sion to general constraints « is discussed in Section 13. We actually state and
prove (0.2) as a formula for the relative invariants of Z in terms of the relative
invariants of X and Y (Theorem 12.3). In that more general form the formula
can be iterated.
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Of course, (0.2) is of limited use unless we can compute the relative invari-
ants of X and Y and the associated S-matrix. That turns out to be perfectly
feasible, at least for simple spaces. In Section 14 we build a collection of two
and four dimensional spaces whose relative GT invariants we can compute.
We also prove that the S-matrix is the identity in several cases of particular
interest.

The last section presents applications. The examples of Section 14 are used
as building blocks to give short proofs of three recent results in enumerative
geometry: (a) the Caporaso-Harris formula for the number of nodal curves in
P? [CH], (b) the formula for the Hurwitz numbers counting branched covers of
P! ([GJV] [LZZ]), and (c) the “quasimodular form” expression for the rational
enumerative invariants of the rational elliptic surface ([BL]). In hindsight,
our proofs of (a) and (b) are essentially the same as those in the literature;
using the symplectic sum formula makes the proof considerably shorter and
more transparent, but the key ideas are the same. Our proof of (c), however,
is completely different from that of Bryan and Leung in [BL]. It is worth
outlining here.

The rational elliptic surface E fibers over P! with a section s and fiber f.
For each d > 0 consider the invariant GWy which counts the number of con-
nected rational stable maps in the class s + df. Bryan and Leung showed that
the generating series Fy(t) = >, GW, ¢ is

(0.3) Fy(t) = <H1_Ltd> .

d

This formula is related to the work of Yau-Zaslow [YZ] and is one of the sim-
plest instances of some general conjectures concerning counts of nodal curves
in complex surfaces — see [Go.

While the intriguing form (0.3) appears in [BL] for purely combinatorial
reasons, it arises in our proof because of a connection with elliptic curves. In
fact, our proof begins by relating Fy to a similar series H which counts elliptic
curves in E. We then regard E as the fiber sum E#(T? x S?) and apply the
symplectic sum formula. The relevant relative invariant on the 72 x S? side
is easily seen to be the generating function G(t) for the number of degree d
coverings of the torus T2 by the torus. The symplectic sum formula reduces
to a differential equation relating Fy(t) with G(¢), and integration yields the
quasimodular form (0.3). The details, given in Section 15.3, are rather formal;
the needed geometric input is mostly contained in the symplectic sum formula.

All three of the applications in Section 15 use the idea of ‘splitting the
target’” mentioned at the beginning of this introduction. Moreover, all three
follow from rather simple cases of the Symplectic Sum Theorem — cases where
the S-matrix is the identity and where at least one of the relative invariants
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in (0.2) is readily computed by elementary methods. The full strength of the
symplectic sum theorem has not yet been used.

This paper is a sequel to [IP4]; together with [IP4] it gives a complete
detailed exposition of the results announced in [IP3]. Further applications
have already appeared in [IP2] and [I]. A. M. Li and Y. Ruan also have a
sum formula [LR]. Y. Eliashberg, A. Givental, and H. Hofer are developing
a general theory for invariants of symplectic manifolds glued along contact
boundaries [EGH].
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Appendix: Expansions of relative GT invariants

1. GW and GT invariants

For stable maps and their associated invariants we will use the definitions
and notation of [IP4], which build on those of Ruan-Tian [RT1] and [RT2].
Thus we work in the context of a closed symplectic manifold (X,w) with an
almost complex structure J and Riemannian metric g which are compatible in
the sense that

(1.1) g(v,w) = w(v, Jw) Yo, w e TX.

In summary, the definitions are as follows. A bubble domain B is a finite
connected union of smooth oriented 2-manifolds B; joined at nodes together
with n marked points p;, none of which are nodes. Collapsing the unstable
components to points gives a connected domain st(B). Let U, — M,, be
the universal curve over the Deligne-Mumford space of genus g curves with n
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marked points. We can put a complex structure j on B, well-defined up to
diffeomorphism, by specifying an orientation-preserving map ¢g : st(B) — U g,n
which is a diffeomorphism onto a fiber of U, , and taking the standard complex
structure on the unstable (rational) components. We will often write C' for the
curve (B,7,p1,...,pn) and use the notation (f,C) or f : C — X instead of
(f, ). -

A (J,v)-holomorphic map from B is a map (f,¢) : B — X x U, where
¢ = ¢post and whose restriction to each irreducible component B; of B satisfies

(1.2) Jif = (f.9)v.

Here 07 f means %(df + Jydf j4) and, after an embedding Ugn C PV is fixed, v
is a section of the bundle Hom(7iTPN, 73T X) over X x PV satisfying Jv =
—v Jp~. Alternatively, we can define an almost complex structure J on X x{ an
by J(u,v) = J(u — 2v(v)) + Jpv. Equation (1.2) is the .J-holomorphic map
equation for the map (f, ¢); it holds if and only if

(1.3) F=(f¢) satisfies 0;F =0.

Furthermore, when v is small J is tamed by the symplectic form & = w @ wpw;
specifically, (1.1) implies that &((u,v), J(u,v)) > 2|(u,v)|* whenever [|v]|e <
1/4. With this tamed condition there are standard elliptic estimates on F' =
(f,¢); see [PW] and [RT1]. In particular, the energy

(14) B(f.0) = 5 [ 1P +1dof

is related to the topological quantity
(5)  BE) = 5 [P = [ o = w(fEB) +wn (9(5)
2 F(B)

by 3E(F) < E(f,¢) < %E (F). Consequently, we will assume throughout that
[Vl < 1/4

A stable map is a (J,v)-holomorphic map for which the energy E(f,¢) is
positive on each component B;; this means that each B; is either a stable curve
or the restriction of f to B; is nontrivial in homology. A stable map F' = (f, ¢)
is irreducible if F~Y(F(z)) = {x} for generic points x (this is automatically
true if all the domain components are stable). More generally, a stable map
F = (f,¢) is admissible if it is irreducible when restricted to the union of its
unstable domain components B; with 0 < Kx[f(B;)].

For generic (J,v) the moduli space Mg, (X, A)* of irreducible stable
(J,v)-holomorphic maps representing a class A € Hy(X) is a smooth orbifold
of (real) dimension

1
(1.6) —2Kx[A] + 5(dimX—6)x—|—2n
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where x = 2 — 2g is the Euler characteristic of the domain. For all (J,v) the
moduli space ﬂg,n(X , A) of all stable maps is compact, and stabilization and
evaluation at the marked points define a continuous map

Myn(X, A) 8 My, x X"
where we make the conventions that X™ is a single point when n = 0 and that
in the unstable range (i.e. when 2g — 3 +n < 0), we take

Mo’n = MQ’?, fOl“ n S 2 and MI,O = Ml,l-

Note that, with this convention, the complex dimension of ﬂg’n in the stable
range is 3g — 3 + n while in the unstable range it is g.

When all maps in the moduli space are admissible for generic (J, ) the
image of My, (X, A) specifies a homology class called the Gromov-Witten
invariant

GWx agn € H*(ngn x X™).
These invariants can be assembled into a single invariant by setting M =
Ug » Mg.n, and introducing variables A to keep track of the Euler class and ¢ 4
satisfying tatp = ta4p to keep track of A. The total GW invariant of (X,w)
is then the formal series

1
(1.7) GWx = > —GWx agn ta A29-2
Agn

whose coefficients are multilinear functions on H*(M) ® T*(X) where T*(X)
denotes the total tensor algebra T(H*(X)). This in turn defines the “Gromov-

Taubes” invariant
GTyxy = %Wx

whose coefficients count holomorphic curves whose domains need not be con-
nected (as occur in [T]).

In summary, the results of [RT1] and [RT2] show that generically the
moduli spaces of irreducible stable maps are orbifolds and the GW invariants
are defined when all maps in M, (X, A) are admissible for generic (J,v). In
practice it is convenient to assume that (X,w) is semipositive: there are no
spherical classes A € Ho(X) with w(A) > 0 and 0 < 2Kx A < dim X — 6. For
semipositive manifolds all moduli spaces are generically admissible, so that the
GW and GT invariants are defined for all n, g and A. On the other hand,
one can sometimes show that M, ,(X, A) is admissible for specific n, g and A
even though the manifold is not semipositive.

Remark 1.1 (Local stabilization). If f is a stable map, its domain might
have unstable components B;. However, we can stabilize the domains of stable
maps close to f as follows. Introduce k additional marked points on the domain
such that each B; has at least three special points, and so it is stable. Then,
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for each of the new points on each B;, choose cycles I';; whose homological
intersection d;; with f,([B;]) is nonzero, and which are transverse to f and
intersect f(B;) at distinct points. Each stable map close to f then lifts to
d =1]; ;dij maps (counted with sign) that take the new marked points onto
the corresponding cycles I';;. The lift of a (J, v)-holomorphic map is a (J, 7*v)-
holomorphic map with a stable domain, where 7 is the map MQ7n+k — Mg,n
that forgets the last k marked points.

In the analytic arguments of Sections 5-9, which are local on the space of
maps, we will always assume that the domains of the maps have been locally
stabilized by this lifting procedure. This allows us to work locally as if all
domains were stable, with one important caveat: because the lifted maps are
only (J, 7*v)-holomorphic, the moduli spaces are generically orbifolds only near
lifts of irreducible maps f. For that reason, irreducibility appears as a technical
assumption in some results in Sections 5-10.

It is likely that this irreducibility assumption could be removed by turning
on a further generic perturbation v on Hg,,wk. There are several approaches
to doing that; see for example in [LT].

The dimension (1.6) is the index of the linearization of the (.J, v)-holomorphic
equation, which is obtained as follows. A variation of a map f is specified by
af € I(f*TX), thought of as a vector field along the image, and a variation
in the curve C = (B, j,p1,...,pn) is specified by

(1.8) heTcMy, = H]Q’l (TB ® O (— ZZ%))

(tensoring with O(—p) accounts for the variation in the marked point p; the
correspondence between h and the variation of the map ¢ is described in Section
4). Let AY(f*TX) be the vector bundle of all anti-(.J, j) linear homomorphisms
from TC to f*T'X. Calculating the variation in the path

(19) (ftvct) = (epr(t‘S)v (]>p177pn)+th)
one finds that the linearization at (f, C) is the operator
(1.10) Dic:T(f*'TX)® TecMgy, — T(A"(f*TX))

given by Dyc(&,h) = Lyc(€) + 37 f.h with

(111)  Lyc(©)w) = 5[V + IVt + (IVe)(fow — Bs(w) — 20 (w)
~(Ver)(w)

where w is a vector tangent to the domain, V is the pullback connection on
[*TX, v(w) means v(p,w), and @y = 9, f — v. Writing L as the sum of its
J-linear component %(L — JLJ) and its J-antilinear component, we have

(1.12) Ly.o(€)(w) = 87 c&(w) + Tro(€, w).
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=J . - .
Here 0} ¢ is a Jj-linear first order operator; so for complex valued functions ¢

(1.13) Lyc(¢€) = 0¢-&+ ¢Lyc(§) + (¢ — 0) Ty o€, w).

The term T,¢ (&, w) is given in terms of the Nijenhuis tensor N of J on X and
the tensors T, (&, w) = J(Vy(u)J)§ — (Ver)(w) — (JV jev)(w) and VJ(E, @) =
J(VoJ)§ + (ViaJ)E by

1

(114) Ny (6 fow = 2w(w) — Bp(w)) + ST w) + {VIE By(w)),

The invariant GWx was generalized in [IP4] to an invariant of (X,w)
relative to a codimension 2 symplectic submanifold V. To define it, we fix a
pair (J,v) which is V -compatible, meaning that along V' the normal components
of v and the tensors N; and T, satisfy

(1.15)
(a) TV is J-invariant and vV = 0, and
() NN (& ¢) =0and TV (¢,w)=0forall £ € TX, ( €TV and w € TC.

(This is the same as Definition 3.2 in [IP4] after one observes that (b) is
automatic for & € T'V since N; and T, (¢, w) = J[v, J€] + [v, €] are brackets of
vector fields in V' and hence lie in V)

A stable map into X is called V-regularif f=1(V') consists of finitely many
points x1, ..., x, none of which are equal to the marked points p; or the nodes.
After the x; are numbered, the orders of contact of f with V' at the x; define
a multiplicity vector s = (s1,...,s¢) and three associated integers:

(1.16) U(s)=20, degs=> si, |s|=]]s:

By convention, when ¢ = 0 (which corresponds to f~1(V) = 0) we take
degs =0 and |s| = 1.
The space of all V-regular maps is the union of components

(1.17) M (X, A) C My ngn) (X, A)

labeled by vectors s of length ¢ = £(s) (here y is the Euler characteristic of the
domain). This has a compactification that comes with evaluation maps

(1.18) ev i My, (X, A) = My iae) X X" X HY 4.

Here vam is the space of curves with finitely many components, Euler class x
and n marked points, and H}f(’ As 18 the ‘intersection-homology’ space described
in Section 5 of [IP4]. There is a covering map ¢ : H}/(,A,s — Hy(X) x Vi
whose first component records the class A and whose component in the space
Vi =2 V) records the image of the last ¢(s) marked points. This covering is a
necessary complication to the definition of relative GW invariants.
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The complication occurs because of “rim tori”. A rim torus is an element

of
(1.19) R = ker (1 : Hy(X \ V) — Ha(X))

where ¢ is the inclusion. Each such element can be represented as 7! (v) where
7 is the projection Sy — V from the boundary of a tubular neighborhood of
V (the “rim of V) and 7 : S — V is a loop in V. The group R is the group
of deck transformations of the covering

R — H}/( = UH}/(,A,S

As

(1.20) lg
Hy(X) x || Vs.

S
When there are no rim tori (as is the case if V' is simply connected), HY , .
reduces to Vy and the evaluation map (1.18) is more easily described.

The tangent space to MY (X, A) is modeled on ker D, where Dj is

X7n78

the restriction of (1.10) to the subspace where ¢V has a zero of order s; at
the marked points x;, ¢ = 1,...,¢. For generic (J,v) as above, cokerDs = 0
at irreducible maps and therefore the irreducible part ./\/l;/,njs(X ,A)* of the
moduli space is an orbifold with
(1.21)

dim MY, (X, A) = —2Kx A + g (dim X — 6) + 2n — 2(deg s — £(s)).

With this understood, the definition of the relative GW invariant paral-
lels the above definition of GWx. A stable V-regular map is called (X, V)-
admissible if it is irreducible when restricted to the union of its unstable domain
components B; with

(1.22) 0 < Kx[f(Bi)]+V - [f(Bi)l.

In this context we say that the symplectic pair (X, V) is semipositive if there
are no spherical classes A € Hy(X) with A-V > 0, w(A) > 0, and 0 <
KxA+A-V < i(dim X —6) +min{4-V,2}.

Any map from a connected unstable domain B; satisfying (1.22) is the
composition of a covering map with an irreducible map fy with unstable ra-
tional domain which represents a class A satisfying 0 < KxA+ A-V. If fy
does not lie in V' then fy, marked only with its ¢ intersection points with V,
lies in a moduli space of dimension —2Kx A + dim X — 6 + 2/ — 2A - V with
¢ < A-V and, since the domain is unstable, £ < 2. When (X,V) is semi-
positive that dimension is negative, so such fy do not exist for generic (J,v).
If the irreducible map fy lies in V' then the dimension of its moduli space is
—2KyA+dimV —6=-2KxA—2V - A+ dim X — 8 which is also negative
when (X, V) semipositive. Thus semipositivity implies that all maps in each
V (X, A) are admissible for generic (J,v).

X7n7s

moduli space M
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When the moduli spaces are generically admissible the image moduli space
under (1.18) carries a homology class which, after summing on y,n and s, can
be thought of as a map

(1.23) GWY 4 : T*(X) — H.(M x HY; Q).
This gives the expansion
1
v v 2g—2
(124) GW - Z Z M GWX,A,Q,S tA )\ g
Ag oLy

whose coefficients are (multi)-linear maps T*(X) — H., (M X H}/(’ A 5) (divid-
ing by £(s)! eliminates the redundancy associated with renumbering the last ¢
marked points). The corresponding relative Gromov-Taubes invariant is again
given by

(1.25) GTY = GWx,

After imposing constraints one can expand GT }/( in power series. That is done
in the appendix under the assumption that there are no rim tori.

2. Symplectic sums

Assume X and Y are 2n-dimensional symplectic manifolds each containing
symplectomorphic copies of a codimension two symplectic submanifold (V, wy).
Then the normal bundles are oriented, and we assume they have opposite Euler
classes:

(2.1) e(NxV)+e(NyV)=0.

We then fix, once and for all, a symplectic bundle isomorphism ¢ : (NxV)* —
Ny V.

These data determine a family of symplectic sums Z), = X#y,,Y para-
metrized by A near 0 in C; these have been described in [Gf] and [MW]. In
fact, this family fits together to form a smooth 2n 4 2-dimensional symplectic
manifold Z that fibers over a disk. In this section we will construct Z and
describe its properties.

THEOREM 2.1. Given the above data, there exists a 2n + 2-dimensional
symplectic manifold (Z,w) and a fibration A : Z — D over a disk D C C. The
center fiber Zy is the singular symplectic manifold X Uy Y, while for A # 0,
the fibers Zy are smooth compact symplectic submanifolds — the symplectic
connect sums.

This displays the Z) as deformations, in the symplectic category, of the
singular space X Uy Y as in Figure 1. For A # 0 these are symplectically
isotopic to one another and to the sums defined in [Gf] and [MW].
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The proof of Theorem 2.1 involves the following construction. Given a
complex line bundle 7 : L — V over V, fix a hermitian metric on L, set p(z) =
%]x\Q for x € L, and choose a compatible connection on L. The connection
defines a real-valued 1-form « on L\ {zero section} with a(9/00) = 1 (identify
the principal bundle with the unit circle bundle and pull back the connection
form by the radial projection) and the curvature of « defines a 2-form F on V'
with 7*F' = da. Then the form

(2.2) w = Twy+pmF+dpAa

extends across the zero section and is S'-invariant, closed, and nondegenerate
for small p. The moment map for this S action x — ez is the function —p
because iow = i%(dp ANa) = —dp.

The dual bundle L* has a dual metric, a radial function p*(y) = %|y|2,
and connection o* with da* = —7*F. This gives a symplectic form similar to

(2.2) on L* and hence one on 7 : L & L* — V, namely

(2.3) w="mwy+(p—p )T F+dpNa+dp* Na".

Below, we will denote points in L & L* by triples (v,x,y) where v € V and
(v,z,y) is a point in the fiber of L & L* at v. This space has

(2.4) (a) acircle action (v,z,y) — (v, e?x, e~"y) with Hamiltonian

t(’l),l‘,y) = p* - P
(b)  a natural S'-invariant map L @ L* — C by \(z,z,y) = zy € C.

Proof of Theorem 2.1. Fix (w,J,g) on L = NxV as above. Using
1 and the Symplectic Neighborhood Theorem, we symplectically identify a
neighborhood of V' in X with the disk bundle of radius ¢ < 1 in L and a
neighborhood of V' in Y with the e-disk bundle in L*. We assume that € = 1;
the general case then follows by rescaling (w, J, g).

Let D denote the disk of radius 6 < 1/2 in R? with the symplectic form
wp = rdrdf. The space Z is constructed from three open pieces: two ends
Endx = (X \V) x D, and Endy = (Y \ V) x D and a “neck” modeled on the
open set

(2.5) U={(vzyelol ||z <1, |yl <1}

These are glued together by the diffeomorphisms

(26)  Yx:U\L"—=Endx by (v,z,y) — ((v,2), A(v,2,y)),
Yy :U\L —Endy by (v,2,9) = ((v,9),A(v, 7,y)).

This defines Z as a smooth manifold. The function A extends over the ends
as the coordinate on the D factor, giving a projection A\ : Z — D whose fibers
are smooth submanifolds Z for small A # 0.
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- X xD |5

4 (1-6) 1 L
Figure 3. Construction of Z)

In the overlap region of U where (1 — ) < |z| <1 and |y| < § the form
(2.3) is wx + d(p*a*) (this wx is the pull-back of the symplectic form on X to
L¥), and ¢% (wx @ wp) = wx + A*wp because of the symplectic neighborhood
identification. But 2\*(rdrdf) = d(|\|? \*df) = 4d(pp* A\*df) and, since df is
the connection on the trivial bundle L ® L*, A*df is the connection form on
L @ L*, namely a4+ «*. Thus

XN wp =d(p™n) where 7 =2p (a+ a¥).

We can then smoothly merge A\*wp into d(p*a*) by replacing n by 7 = On +
(1 — B)a* where § = ((|z]) is an appropriate cutoff function with |dF| < 2/4.
In this overlap region 2p lies between (1 —4)? and 1, da and da* are bounded,
and |a| < 2 and |a*| < 2/0. It follows that a* — n satisfies |a* —n| < C and
|d(a* —n)| < C/4, and hence

ld(p™) —d(p™n)| = |d[p*(1 = B)(a” —n)]| < C9.

Because wx + d(p*n) is nondegenerate and J is as small as desired, the above
inequality shows that on this overlap region wx + d(p*7) is closed and non-
degenerate for small §. Thus we have a specific formula extending (2.3) over
Endyx as a symplectic form whose restriction to the part of Zy C Endyx with
|z| > 1 1is the original symplectic form wx on X x {A}. Repeating the construc-
tion on the Y side yields a global symplectic form w on Z whose restriction on
the Y side is wy. Finally, along Zy N U we have a® = —a, so that w restricts
to

wy = Twy —tm'F —dt AN«

with ¢ as in (2.4). Thus after possibly making § smaller, we have a fibration
A Z — D with symplectic fibers. O
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This construction shows that the neck region U of Z has a symplectic S!
action with Hamiltonian ¢ = 3(|y[* — |z[?). This action preserves A, and so
restricts to a Hamiltonian action on each Zy. In fact, t gives a parameter along
the neck, splitting each Zy into manifolds with boundary

Zy = Zy U Zf

where Z, is Z) N Endx together with the part of Zy N U with ¢ < 0. From
this decomposition we can recover the symplectic manifolds X and Y up to
isotopy in two ways:

1. as A — 0, the interior of Z, (respectively Z)") converges to X \ V (re-
spectively Y \ V') as symplectic submanifolds of Z, or

2. X (resp. Y) is the symplectic cut of Z; (resp. Z)) at t = 0.

Thus we have collapsing maps

Xuy 7

(2.7) T\ VN
Zo

and 7y is a deformation equivalence on the set where t # 0.

The next step is to define a Riemannian metric and an almost complex
structure on (Z,w) so that the triple (w, J, g) is compatible in the sense of (1.1).
We begin by specifying such a triple on the total space of L — V. For each
small p > 0 we can extend the symplectic form w, = wy + pF’' to a compatible
triple (wp, J,,9,) on V with g, = gv + O(p). At each p = (v,z) € L with
p = %|:1:|2 # 0, there is a splitting T,L = H @ L, into a horizontal subspace
H = ker dp N ker o and a vertical subspace ker 7, identified with L,, and
by (2.2) this splitting is w-orthogonal. Using this splitting, define a metric
on T,L by go = ©*g, ® gr. Starting from this go and w, the polarization
procedure described in the appendix of [IP4] produces a pair (J, g) compatible
with w which respects the splitting and which extends across the zero section.
In fact, around each point of V' there is a local trivialization of L in which
g=gv@gc +O0(z%.

Applying the same construction on L* with the dual connection and taking
the direct sum, we have a compatible structure (w, J, g) on a neighborhood of
the zero section V' C L @ L*. That structure locally agrees with the product
structure on V x C x C to second order along V', so is V-compatible as in
(1.15), the second fundamental form h of V' is zero, and the Nijenhuis tensor
satisfies (N;(&,v),n) = 0 for all v € TV and &, 1 normal to V. In particular,
the pair (J,v) with v = 0 satisfies condition (i) of the following definition.
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Definition 2.2. Let J(Z) be the set of extensions of the symplectic struc-
ture w on Z to a compatible data (w,J,g,v) with [[V||sc < 1/4 as in (1.4)
and so that (i) along V' we have (1.15ab) and the second fundamental form of
V' C Z vanishes, and (ii) Z) is J-invariant for all \.

Now consider compatible structures (wyx, Jx,gx,vx) on X and (wy, Jy,
gy,vy) on Y which satisfy condition (i) above. If these agree along V', they
define a compatible structure on Zy and the following lemma constructs cor-
responding elements of J(Z).

LEMMA 2.3. Givene > 0 and structures on X andY as above, there exists
an element (w, J, g,v) € J(Z) which agrees with the given data on Zy \ U(e)
and along V. In particular, J(Z) is nonempty.

Proof. We have just seen that for small £ there are data (w,J,g,0) on
U(e) satisfying (i) of Definition 2.2. These data also satisfiy (ii) at points
p = (v,z,y) € U(e), as follows. Each path v; in V starting at v has a horizontal
lift (vy, z¢,y¢) in L & L* with initial point p. Along the lift, A = z -y and
N =Vix-y+x-Vyy =0, so X is constant. Thus each horizontal lift lies in Z
for A = A(p). It follows that T},Z) is the sum of the horizontal subspace at p
and the tangent space to the complex curve xy = X in the fiber (L& L*), = C2.
Both of those subspaces are J-invariant, so (ii) holds in U (e).

We can extend g on U(g/2) to a Riemannian metric gg on Z which agrees
with the given product metrics Zy \ U(e). By Lemma A.1 of [IP4], (ii) is
equivalent to the condition that the symplectic normal N, to T},Z) is equal
to the metric normal. This already holds on U(e) and on Zp \ V, and we
can choose gg so that it holds everywhere. As above, applying the polarization
procedure to go and w yields a pair (J, g) compatible with w which still respects
the decomposition T'Z) & N and which has g = gy in the regions where g was
already compatible with w. Finally, we can extend v on Zj \ B(e) arbitrarily.

O

We will work with structures in J(Z) throughout the analytical sections
of this paper.

We conclude this section with a useful lemma comparing the canonical
class of the symplectic sum with the canonical classes Kx and Ky of X and Y.

LEMMA 2.4. If A € Hy(Zy\;Z), X # 0, is homologous in Z to the union
CiUCy C XUy Y of cycles C1 in X and Cs in Y, then

Kz, [A] = Kz[A] = Kx[C1]+ Ky[Ch] +28

where (3 is the intersection number V-[C] = V -[Ca]. In particular, Kz, [R] =0
for any rim torus R (cf. (1.19)).
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Proof. For \ # 0, the normal bundle to Z) has a nowhere-vanishing section
0/0A. Thus the canonical bundle of Z) is the restriction of the canonical bundle
of Z, giving

Kz, [A] = Kz[A] = Kz[cl] + Kz[CQ].

Along X C Zj the tangent bundle to Z decomposes as
TZ = TX @ 7*Y*NyV = TX @ n*(NxV)™!

where 7 is the projection NxV — V. But the Poincaré dual of V in X,
regarded as an element of H?(X), is the Chern class ¢;(7*NxV). Since the
canonical class is minus the first Chern class of the tangent bundle we conclude
that

Kz[C] = Kx[Ci]+V -[C]

and similarly on the Y side. O

3. Degenerations of symplectic sums

The Gromov-Witten invariants of the symplectic sum Z) are defined in
terms of stable pseudo-holomorphic maps from complex curves into the Z).
The basic idea of our symplectic sum formula is to approximate the maps in
Zy by certain maps into the singular space Zy. The first step is a limiting
argument. The key point is that, by the construction in Section 2, the spaces
{Z\} are embedded in a compact almost Kéhler manifold Z — the closure
of a neighborhood of the central fiber of the family Z. Hence the “Gromov
Compactness Theorem” implies that sequences of (J, v)-holomorphic maps into
Z limit to maps into Zy (after passing to subsequences). This section gives a
description of the maps into Zy which arise as limits of d-flat stable maps into
the Z, as A — 0. The ‘6-flat’ condition, defined below, ensures that the limit
has no components mapped into V.

Fix a small 6 > 0. Given a map f into Z), we can restrict attention to
that part of the image that lies in the ‘6-neck’

(3.1) Z\(8) = {z = (v,2,y) € Zx | |la]* = |y*| < 6}

This is a narrow region symmetric about the middle of the neck in Figure 3.
The energy of f (more precisely of (f,¢)) in this region is

(32) B(f) = 5 [ VP + o

where the integral is over =1 (Z,(6)).

By Lemma 1.5 of [IP4] there is a constant ay < 1, depending only on
(Jy, vy ) such that every component of every stable (Jy, vy )-holomorphic map
into V' has energy

(3.3) E(f) > av.
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Definition 3.1 (6-flat map). A stable (J, v)-holomorphic map f into Z is
0-flat if the energy in the §-neck is at most half ay, that is

(3.4) EN(f) < ay/2.

Note that a stable J-flat map into Zp cannot have any components (not
even ghosts) lying in V' and is thus V-regular in the sense of [IP4]. For each
small A, let

M2, A)
denote the set of 6-flat maps in M, ,,(Zy, A). These are a family of subsets of
the space of stable maps into Z and we write

(3.5) lim MY5(Z, A)

for the set of limits of sequences of §-flat maps into Z as A — 0. Because (3.4)
is a closed condition this limit set is a closed subspace of M, ,,(Zo, A). The
remainder of this section is devoted to a precise description of the space (3.5).

LEMMA 3.2. Each element of (3.5) is a stable map f to Zy = X Uy Y
with no components of the domain mapped entirely into V.

Proof. By the compactness theorem for (.J,v)-holomorphic maps (cf . §1
of [IP4]) each sequence in (3.5) has a subsequence fj converging in the space
of stable maps M, ,(Z, A) to a limit f : C — Z. In particular, the images
converge pointwise, and thus lie in Zg.

Suppose that the image of some component C; of C lies in V. Then the
restriction f; of f to that component satisfies E(f;) < E°(f). Furthermore,
by Theorem 1.6 of [IP4] the sequence fi (after precomposing with diffeomor-
phisms) converges in C° and in energy, so E°(f) = lim E°(fy) < ay//2. This
contradicts (3.3). O

We can be very specific about how the images of the maps in (3.5) hit V.
By Lemma 3.2 and Lemma 3.4 of [[P4], at each point p € f~!(V) the normal

component of f has a local expansion agz? + ... . This defines a local ‘degree
of contact’ with V
(3.6) d = deg(f,p) 2 1

and implies that f~!(V) is a finite set of points. By restricting f to one
component C; of C' and removing the points f~!(V'), one obtains a map from
a connected domain to the disjoint union of X \ V and Y \ V. Thus the
components of C' are of two types: those components C’ZX whose image lies in
X, and those components CZ-Y whose image lies in Y. We can therefore split f
into two parts: the union of the components whose image lies in X defines a
map f1 : C1 — X, from a (possibly disconnected) curve C1, and the remaining
components define a similar map fo : Cy — Y.
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LEMMA 3.3. f~1(V) consists of nodes of C. For each node x = y €
1)
deg(f1,2) = deg(f2,y)-

Proof. The local degree (3.6) is a linking number. Specifically, let NxV be
a tubular neighborhood of V' in X and let px be the element of Hi(NxV \ V)
represented by the oriented boundary of a holomorphic disk normal to V. If
wy is the corresponding element on the Y side, then pux = —py in Hy of the
neck Z, (). For each point = in f; (V') and each small circle S. around x, the
local degree d satisfies

d-p=[f1(S:)]-

If  is not a node of C' then by Theorem 1.6 of [IP4] f;, converges to f1 in C! in a
disk D around x. But then for large k, d-pn = [f(S:)] = [fx(Se)] = [fx(0D)] = 0,
contradicting (3.6).

Next consider a node x = y of C which is mapped into V. Choose
holomorphic disks D; = D(z,e) and Dy = D(y,e) that contain no other
points of f~1(V) and let S; = dD;. Then S; U Sy bounds in C, so that
[f1(S1)] + [fx(S2)] = 0 in Hy of the neck Z,(d). Again, fr — f in C°, which
implies that 0 = [f(S1)] + [f(S2)] = dip1 + dapo where p; is either px or py,
depending on which side f(S;) lies. Since d; > 0 the only possibility is that
x =y is a node between a component in X and one in Y and d; = ds. O

Lemmas 3.2 and 3.3 show that each map f in the limiting set (3.5) splits
into (J,v)-holomorphic maps f; : ;1 — X and fo : Cy — Y. Ordering
the nodes in f~1(V) gives extra marked points z1,...,2, on C; and matched
Y1, ...,y on Co with s; = deg x; = deg y;. Furthermore, the Euler character-
istics x1 of C1 and xo of Cs satisfy

(3.7) X1+ x2—20=x.

@ e
""" - o‘
S

Figure 4. The map fo = (f1, f2) into Zp = X Uy Y
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We can now give a global description of how the limit maps f in (3.5) are
assembled from their components f; and fy. First, consider how the domain
curves fit together in accordance with (3.7). Given bubble domains C; and Cy,
not necessarily connected or stable, with Euler characteristics y; and n; + £
marked points, we can construct a new curve by identifying the last ¢ marked
points of C7 with the last ¢ marked points of Cs, and then forgetting the
marking of these new nodes. After possibly adding more marked points to
stabilize any unstable components, this process is the same as the standard
attaching map

(3-8) Eo s My mive X My nae — My o —20m, 40,
whose image is a subvariety of complex codimension ¢. Taking the union over
all x1, x2,n1 and ng gives a (stabilized) attaching map & : M x M — M for
each £.

Second, consider how the maps fit together along V. The evaluation map

eves : MY (X) x MY

Ev XEy Vv V €2Xeé2
X1,M1,8 Xl,TZQ,S(Y) HX X HY ‘/S X VS

records the intersection points with V' and the pair (f1, f2) lies in the space

(3.9) MY (X) x MY (V) L€ evisi(a,).

ev,
where Ay is the diagonal
A, C Vyx V.
Denote by HY x.HY = (g2 x £2) "1(A) the fiber sum of HY and Hy, along the
evaluation map €9, where A = LI A;. Then we have a well defined map
S

(3.10) g:HY X HY — Hy(Z)
15

which describes how the homology-intersection data of f; and fo determine
the homology class of f.

LEMMA 3.4. For generic (J,v) the irreducible part of the space (3.9) is a
smooth orbifold of the same dimension as M;/jz(Z,\,A), given by (1.6).

Proof. The dimensions of MY, (X, A;)* and MY, (Y, Ay)* are given by
(1.21). A small modification of the proof of Lemma 8.5 of [IP4] shows that
the evaluation map at the last ¢ = ¢(s) marked points (i.e. the intersection
points with V') is transversal to the diagonal A € V¢ x V¥, imposing £ dim V =
¢(dim X —2) conditions. Thus the irreducible part of (3.9) is a smooth orbifold
of dimension

1
—2KX [Al] — 2Ky[A2] — 4degs — §(dlm X — 6)(X1 + X2 — 26) + 2n.

The lemma follows by comparing this with (1.6) using (3.7), Lemma 2.4, and
the fact that degs = A1 -V = Ay - V. O
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Finally, note that renumbering the pairs (z;,y;) of marked points defines
an action of the symmetric group Sy on (3.9) and the limit maps in (3.5)
correspond to elements in the quotient. Moreover, after ordering the double
points along V' the limit set (3.5) is a subset of the set
(3.11) Ks | JMY(X) x MY(Y)
S

ev,
consisting of d-flat maps into Zy with fixed data (x,n, A4).

Remark 3.5. Observe that the set Ks is compact and that the multiplicity
vector s = (s1,...8y) is constant on components of K. Indeed, as in the proof
of Lemma 3.2, any sequence {f,} € K5 has a subsequence converging to a
V-regular map fj into Zy. Because the energy (3.2) is continuous in the stable
map topology the limit is J-flat, and thus lies in 5. Furthermore, after lifting
to the normalization of the domain, stable map convergence implies that the
marked points xy, ,, of [ 1(V) converge to points zj € f[;l(V) distinct from the
nodes. This in turn means that f, converges to fo in C*° in a neighborhood
of each zj. Consequently the order of contact s). of fo with V' at xy, is at least
sk. Since the total intersection Y s = A -V is preserved in the limit and
all multiplicities are positive, we conclude that s = s’. In particular, no new
intersection points with V arise in the limit.

Since the é-flat maps in MVY?(Z,) are C° close to §-flat maps into Zg for
small A there is a decomposition

MY(zZy) = | | (M;/’é(ZA))/Se(s)

as a union of components labeled by ordered sequences s = (s1,s2...). As
in the proof of Lemma 3.3, these s; are local winding numbers of the £(s)
vanishing cycles S.. In that form the labeling extends to all continuous maps
C° close to J-flat maps into Zy. Thus for small )

MO (Zy) C Map,(2))

where Map,(Z)), the “space of labeled maps”, is the set of labeled continuous
maps into Zy which are C? close to §-flat maps into Zj.

Thus with this notation, the statements of Lemmas 3.2 and 3.3 translate
into the commutative diagram

evy

(3.12) l l
(M x M) x (HX>E<HY> &9 M x Hy(2).

L] MY(X) x MV(Y) — lim <|_|M¥’5(Z,\)>
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The top arrow shows how the maps that arise as limits of §-flat maps decompose
into pairs (f1, f2) of V-regular maps into X and Y, while the bottom arrow
keeps track of the domains and homology classes (the vertical maps arise from
(1.18) in the obvious way).

One then expects the top arrow in (3.12) to be a diffeomorphism for each
s and each side to be a model for the stable maps into Z) for that s. The
analysis of the next six sections will show that this is true after passing to a
finite cover.

The necessity of passing to covers is dictated by the clustering phenomenon
mentioned in the introduction: when s > 1 each curve in Zj is close (in the
stable map topology) to a cluster of curves in Z) for small \, and these coalesce
as A — 0. To distinguish the curves within a cluster and, indeed even to
verify this statement about clustering, it is necessary to use stronger norms
and distances — strong enough that the distances between the maps within
a cluster are bounded away from zero as A — 0. The maps in a cluster can
then be thought of as the fiber of a covering of the space of limit maps. The
next three sections introduce the required norms and construct a first version
of the covering. The first step is to define an appropriate distance function on
the space of stable curves.

4. The space of curves

One can measure the distance between stable curves using a metric on the
moduli space Mg,n of curves. However, it is often more convenient to fix a dif-
feomorphism of the curves, regard the two curves as two complex structures on
a single 2-manifold, and measure the distance between the complex structures
using a Sobolev norm. In this section we take that approach to define a metric
and distance function on ngn. Our metric is designed so that a neighborhood
of the image of the attaching map (3.8) is obtained by gluing cylindrical ends
of the spaces M, ,. It is a complete metric on My, \ N where N is the set of
all nodal curves; in particular it is stronger than the Weil-Petersson metric.

To simplify the exposition we will assume in Sections 4-9 of this paper
that stable domains either have no nontrivial automorphisms or come with
Prym structures as defined in [Loo]. Prym structures define finite covers of
the Deligne-Mumford spaces Mg,n which are smooth projective varieties. In
particular, the corresponding universal curves are smooth and projective, so
can be used to define v as in (1.1).

The construction starts by fixing a Riemannian metric g;; on the universal
curve g,n R Mg,n compatible with the complex structure. In i/ g,n the ‘special
points’ (marked points and nodes) are distinct and hence, by compactness, are
separated by a minimum distance. After rescaling the metric we can assume
that the separation distance is at least 4. We also fix a smooth positive function
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p on Hgyn equal to the distance to the node in a neighborhood of each node.
Finally, we replace g;; by a conformal metric that is singular along the nodal
points locus, namely

(4.1) g = p 2qu.

To understand the geometry of this metric we focus attention on a small
ball U in the set Ny of £ nodal curves and construct a local model for a neigh-
borhood of 7~1(U) in Ug,n. The curves Cy in U have normalizations 50 with n
marked points plus ¢ pairs of marked points xx, yr with Cy obtained by iden-
tifying each xj with yi. For each k we fix local coordinates {z;} around xy
and {wy} around yy on the Co € U in which the metric (4.1) is Euclidean. We
can use the construction of Section 2 to form a family of symplectic sums of
curves; for details see [Ma]. The result is a holomorphic fibration F with maps

F o —— Uy,

)

(4.2) l l

where D' is the unit disk in C’. The fiber of F over (Cy,u) is a curve Co(u)
given by zpwy = py in disjoint balls By centered on the nodes. Outside the
union of the By we can fix a trivialization of F which respects the marked
points. The horizontal arrows in (4.2) are biholomorphic away from the curves
with nontrivial automorphisms and biholomorphic everywhere for curves with
Prym structures.

Remark 4.1. The parameters {u} are intrinsically elements of the bundle

l
(4.3) D i L)

k=1

where £, and 52; are the relative cotangent bundles to 6’0 at xp and yy respec-
tively. Thus the fibration (4.3) models a tubular neighborhood of U C A in
M.

Fix a metric on F whose restriction to each fiber is Euclidean in the
coordinates (zx,wy) on each By, scaling the metric so that each By has radius
at least 4. Inside By, the induced metric on Cp(pu) is

2
= (1 + %) (dr® +r* do?)
ZW=[ r

where 7 = |z| and the distance to the node in By is p? = |22 + |w|* =
r? + |u|?/r?. Switching to the conformal metric g = p~2g, as in (4.1), and
assuming that py # 0, we can identify Co(p) N By (2) with [T}, T}] x S*

4.4 gu. = Re (d2* + dw?
“w
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by writing 7 = +/|ux| €' with T, = |log(2/+/|px|) |- In these coordinates
0% = 2|px| cosh(2t) and

(4.5) g = p_zgu = (r_ld'r)2+d«92 = dt* + do>.

Thus with this metric on F the curves Cy(u) have necks which are isometric
to cylinders of radius one and length 273 with Ty, — oo as pup — 0.

Because the top map in (4.2) is holomorphic with bounded differential,
its restriction to each fiber is conformal and the conformal factor is bounded.
Consequently, the PDE results of the next several sections, all of which involve
only local considerations in the space Ug,n, can be done in the model space F
using the metric (4.5) and the results will apply uniformly on U, ,. We will
henceforth consistently use this metric (4.5) on the domains of holomorphic
curves and will no longer distinguish between (4.1) and (4.5). Note that the
flatness condition (3.4) continues to hold (after a uniform change of constants)
because the energy density is conformally invariant.

We next define a metric on U x D’ in terms of a Sobolev metric on the
fibers of F. In the directions tangent to U this will be the Weil-Petersson
metric || - |lyp. To describe the metric in the D! directions, we fix an f-nodal
curve Cy and consider the restriction Fy of F over {Cy} x Df. The first step
is to construct a diffeomorphism between smooth fibers of Fy. Recall that
inside Bj(2) the fibers of Fy are given by zw = py, while outside the union of
the By (1) Fo has a trivialization which identifies (z,u/z) with (z, u/z) when
1 <|z| <2 and (u/w,w) with (¢/'/w,w) when 1 < Jw| < 2; see Figure 3 above
and [Ma, p. 626].

For each smooth fiber C;, = Cy(t) we can parametrize the necks C,,NBy(2)
by writing z = /|ule/*? as above with (¢,0) € [Tk, Ty] x S for Ty =
|log(2/+/]px]) | Given a second smooth fiber C,,s we can similarly parametrize
Cyw N By (2) by [T}, T;] x S* and define a map % , : C,,N B (2) — Cyw N By (2)

by
Shuett.0) = (4 (0= 5 ) 1og | 0= nieyans (4 ), ')

where 7(t) is a cutoff function equal to 1 for t < —1 and 0 for ¢ > 1. This
diffeomorphism between the necks, one readily checks, agrees with the given
trivialization on By(2) \ By (1) and so defines a diffeomorphism C),, — C.
The corresponding infinitesimal diffeomorphism defines lifts of vectors v =
(v1,...,v0) € T,D" to Fo: v defines a path p(s) = p + sv and a vector field

o 2 (mg) e () m () )

along C,. Going the other way, given any path p(s) with py(s) nonzero for

d
vo= %%AM(S)

all k£ and s, we can lift the vectors ;1 as above and integrate the lifted vector
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fields to get diffeomorphisms s : Cy0) — The variation in the complex

p(s)-
structure is h; = % Y% jls=o. Define the metric by

(4.6) Iha? = / V22 4 [T [2 + [l d,

using the norms and volume form of the cylindrical metric (4.5). With this
norm the Sobolev inequality sup |hi| < ¢||h1]| holds with a constant uniform in
f (the cylindrical metric on C,, has an upper bound for curvature and a lower
bound on the injectivity radius independent of u).

LEMMA 4.2. On the complement of the nodal set N = {u|some py is zero}
the Riemannian metric (4.6) on {Cy} x D* is uniformly equivalent to the metric

(47) Z |duk|2.

2
L

Proof. Calculating hy = L5 = L5(0p ® dt — 0y ® df) by computing the
Lie derivatives L3009 = [0,09] = 0, Lydt = dvy, L0y = [0, 0], and LydO = dvg,
one finds that

— Ve
A = Re (&)
B = Im ().
22
Because dn has support in [—1, 1] and the integrals of |dn|, |Vdn|, and |V2dn)|
are independent of y we then have

2 Q‘UkP o 2712 2 2 \Uk\z
lhe? = \u il |V2dn|? + |Vdn|* + |dn|? dtd§ = ZIMMZ'

O

hi = 1/ (BO;+ Adp) @ dt — 0 (Ad; — Bdg) @df where

Definition 4.3. For h = (ho,h1) € T(U x DY) in the chart (4.2) set
(4.8) I(ho, ha)II* = lIholliyp + Il ]I,

After covering Mg,n by such charts (with ¢ > 0) and using a partition of unity,
we see that (4.8) gives a Riemannian metric on M, \ N, well-defined up to
uniform equivalence. We fix a metric in that equivalence class.

By Lemma 4.2 the metric (4.8) on h = (ho, 1) € T, () (U X DY) is uni-
formly equivalent to

2

. ~ Kk

(4.9) ko, iI* == Nollfvr + D i
K

Furthermore, the metric (4.7) is cylindrical in each coordinate: writing ux =
et the terms of (4.7) gives |ur| "2 Re (dug)? = |dlog ux|? = dt? + d6?. The
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corresponding distance function is also cylindrical, so the distance squared
between p = e and y/ = st is |t — ¢'|? + |0 — 0> = log |}, /pur.|*. Thus
for ¢-nodal curves C' and C’ the distance function of the metric (4.8) is given
1
(4.10) dist? (C(p),C' (1)) = dist?(C,C") + Z log (—k>
1223
k

Thus the metric (4.8) on Mgy, = M, \ N is complete; near the stratum N
of curves with ¢ nodes it is asymptotic to a cylinder Wy x (0, 00)* where W is
a bundle over A whose fiber is the real torus T* corresponding to the bundle
(4.3).

Finally, observe that this geometry leads to a nonstandard compactifica-
tion of My, : identify the end W, x (0, 00)* with W, x (0,1)* and compactify
to Wy x (0, 1]5. This “cylindrical end compactification” projects down to the
Deligne-Mumford compactification ﬂgyn so that the fiber along the nodal stra-
tum Ny is a copy of Wj.

up to uniform equivalence by
2

5. Renormalization at the nodes

In this section we will consider a sequence of d-flat (.J, v)-holomorphic
maps

(5.1) fn:Ch — Zy, with An — 0.

By the Compactness Theorem for holomorphic maps into Z these converge to
a limit map fo from a nodal curve Cy to Zy as described in Section 3; the
convergence is in L2, in CY, and in C* on compact sets in the complement
of the nodes. We will refine this by constructing renormalized maps fn around
each node that is mapped into V, and proving convergence results for the
renormalized maps. This gives detailed information about how the original
maps f, are converging in a neighborhood of the nodes.

As in Section 3, the limit domain Cj is the union of (not necessarily
connected) curves C7 and Cy which intersect at nodes, and fy decomposes into
maps f1 : C7 — X and fy : (5 — Y whose images meet along V' with contact
vector s = (s1,...5¢). Thus, after regarding C1 and C as disjoint curves, there
are points z € Cq and y, € Co, k= 1,...,¢, so that f; and fs contact V of
order sy at the point g = fi(xr) = fa(yx) in V. For short, we simply write

fn - fD = (f17f2) € KE - Ms Xev Ms-

where /Cs is the compact set introduced in (3.11). All the estimates in the next
several sections will be uniform on Cs.

For the rest of this section we will focus attention on the restrictions of the
maps (fn, ¢n) : Cn — Z X U to the neck near a fixed node z, = y, of Cy C U.
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There we have coordinates (z,w) centered on the node described before (4.4).
However, it is often more convenient to parametrize the graphs zw = u, by
the cylindrical coordinates (¢,6) used in the previous section. Thus we write

(5.2) Dn(t,0) = (z,w) = (2, in/z) where 2z = /|| e+
and, as in (1.2), regard (fn, ¢n) as a map
(5.3) (Frs@n) : [T, Tn) x ST — Zy, x Uyn

with T,, = [log(2/+v/|pn|) | — 00 as n — oo and with the cylindrical metric
(4.5) on the domain. We will use the cylindrical metric in all of our PDE
estimates. Since (4.5) is a conformal change of metric we still have f,, — fo in
C? and in energy. Our goal is to bootstrap from there.

We also choose coordinates on Z around the image point ¢ = ¢ € V of the
node as follows. Fix a J-equivariant identification of T,V with R?—2 = Cn1
and extend that to normal coordinates {v'} around ¢ in V. Then identifying
L, with C, taking the direct sum with the dual, and parallel translating along
radial lines in the v coordinates, we obtain coordinates (x,y) : L& L* — CaC.
This gives the desired coordinates

(5.4) (v,2,y)

because, as in Section 2, L @& L* is the normal bundle to V in Z. In these
coordinates the almost complex structure J on Z agrees with the standard
complex structure Jy on C* ! @ C @ C at the origin, and J has the form
Jy @ Jc ® Je along V. Notice that the v® are real-valued while z and y are
complex-valued, and in these coordinates xy = .

In these coordinates our maps have components f, = (vn, Zpn,yn) where
vy 18 @ map into V', x, = x o f, is the coordinate normal to V in X, y, is the
coordinate of f, normal to V in Y, and Z) is locally the graph of zy = A. The
expansions of fp provided by Lemma 3.4 of [IP4] and the matching condition
of Lemma 3.3 show that

(5.5) fo(z,w) = (hY, apz®™ (1 + h"), bpw® (1 + hY))

where [(hY, h*, hY)| < cp.
In the next lemma we fix F' = (f,¢) as in (5.3) and estimate the neck
energy

1 T 27
E(F,T) = = |dF|? dt d6.
2/)-rJo

LEMMA 5.1. For each (J,v) € J(Z), there are constants Ry, c1,c2 and
Eq such that if F = (f,¢) : [-T,T] x St — Z is a (J,v)-holomorphic map with
diam F(Ap) < Ry then

(5.6) E(F,t)< CE(F,T) ps(t) Vit < T
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with C = 2p*/3(T) < 2R2/3 If E(F,T) < Ey then there are pointwise bounds
of the form

2 1
(5.7) df|> < c1|dF|* < coEy pa(t) V|t < 5T

Proof. When Ry is small the image of F lies in a coordinate ball in Z x PV
and we can choose coordinates which identify that ball with the ball B(0, Ry)
in C"*! so that the complex structure J of (1.3) agrees with the standard
structure Jy at the origin. On this ball the Euclidean metric is uniformly
equivalent to the metric on Z x PV, so it suffices to prove the lemma using the
Euclidean norms on C"*!-valued maps.

Writing the (J, v)-holomorphic map equation (1.3) in terms of the stan-
dard operator 0 = 0, in those coordinates, we have OF = (J — Jy) dF j. But
|J — Jo| < ¢|F| < ¢Rp in our coordinates, giving the pointwise bound

(5.8) |OF| < cRy|dF|.

By writing F' = u + v as the sum of its real and imaginary parts, one finds
that
4]8F]2 dtdf = |dF|* dtdf —2d(u - dv).

,t] x S! and using Stokes’ theorem gives

—t
/|dF]2 = 2/\8F|2 / u - vg db.

The boundary term is an integral over two circles. On each, we can replace u
1 2” u df and apply the Holder and Poincaré inequalities on the

Integrating over A =

by @ =u —
circle

(5.9)
/ wevp df — / a-vp d8 < [allzs llogllze < Nllze volle < / R,

From the definition 20F = F; + iFy and the inequality (a — 2b)? < 2a? + 8b?
we also obtain

3| Fy)? = 2|Fy> + |F, — 20F > < 2|dF)? + 8|9F|%.

Together, the previous three displayed equations and (5.8) imply that

/ (1 —4c*R) |dF? < é/ (14 4c*Rg) |dF .
A 3 Joa

Taking Ry small enough that 402R(2) < 1/44 and adding the previous two

equations lead to
2
gE(zt) < E'(t).

Integrating this differential inequality from ¢ to T yields (5.6).
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On the cylinder [T, T] x S, each point lies in a unit disk with Euclidean
metric, and F' = (f, ¢) is J-holomorphic as in (1.3). Standard elliptic estimates
then bound |dF|? at the center point in terms of the energy of F in that unit
disk; see [PW, Th. 2.3]. Thus (5.6) implies (5.7). O

In the next several sections we repeatedly use the facts that, because
p? = 2|u| cosh(2t) is essentially exponential in ¢, the integrals of its powers in
the cylindrical metric satisfy

(5.10)
/ p* dtdd < cqpg and / p-tdtdd < capy® fora>0.
P<po pPZpo

We will also use the bump functions defined as follows. Fix a smooth function
B : R — [0,1] supported on [0, 2] with 5 =1 on [0, 1]. The function f.(z, w) =
B(p/e) has support where p? = |z|? + |w|? < 4e2. When restricted to the curve
zw = u, P = 1 on the neck region A(e) = {p < e}, and df; is supported on
two annular regions where £ < p < 2e. We can choose  so that its norm in
the cylindrical metric (4.5) satisfies

(5.11) da.| < 2.
We next consider the renormalized maps obtained from f,, = (v, Zpn, Yn)

by centering v,, and rescaling x,, and y,.

Definition 5.2. In the region p < 1 around each node define renormalized
maps f, by

7 Ca s 1 -1 E_ =k Tn  Yn
fn - (Umxmyn) - <vn_vn7"'vn_vn7 azsvbws>

where v}, is the average value of v}, on the center circle v, = {p = \/|pn|} of
the neck of C,.

Whenever )\, = z,y, is nonzero x,, has no zeros and has (local) winding
number s. Hence each %, has winding number zero, so the functions log Z,,,
and similarly log,, are well-defined. The convergence (5.5) shows that on
each set |z| > 7 we have 2, — f&/az®* =1+ O(r) in C!, and similarly for g,.
Thus there is a constant ¢ so that

(5.12) sup |logZ,| + sup |logyn| < cr Vn > N = N(r).
r<|z|<1 r<|w|<1

A
LEMMA 5.3. For each sequence fy as in (5.1) we have lim —: = ab at
n—oo i3

each node.

Proof. For G,, = log Z,, the integral

o 1 2

Gnlp) = o ), G, db
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over the circles with fixed p — or equivalently fixed t — satisfies

27 2 2T
2 ién = 0:G,, df = / (0 +1i09) Gy, dO = 2/ x;l ox,, db.
dt 0 0 0

Here xz,, is z o f,, where x is the z-coordinate on Z\ = {xy = A}. A calculation
similar to (4.4) shows that the differential dz : TZ), — C satisfies |dz|?> =
(1+|M?/|z*) = |z|>/R? where R? = |z|> + |y|?. Also note that v = O(R) by
(1.15a) and that along V, in the coordinates (5.4), J — Jy is acting on normal
vectors is O(R). Hence equation (1.2) gives [0fN[2 < |(J — Jo)dfNj + vV -
dén|? < cR?|dF,|* where F,, = (fn, ¢n). Thus
(5.13)
152 _ = _

‘xnlaxn‘ = |z dz, 0 OfN PP < a2 |dw,|? - cR?|dF, > < c|dF, .
These equations and Lemma 5.1 imply that |%@n| < ¢ p'/3. Hence for p <r
and n > N(r)

(5.14) [Gu(p)| < [Gu(r)| + 01/ pPdt < |Gu(r)] + car'/? < cyr'f?
p

where the last inequality uses (5.12). Since we are free to take r arbitrarily
small, this implies that the average of log Z,, on the center circle v, satisfies

[ | = o (D)~

as n — oo. Symmetrically, the same limit statement holds with G replaced by
log 4. For each n we can then integrate the constant

A
log () = log (=) = log (i)
abu? az® bw?

n

over -y, to see that

o 10g<al))\;S> :/ log<a2;s) :/ log %, +log@, — O.
n Y n 7,

Hn Hn

The lemma follows. O

Lemma 5.3 allows us to improve (5.12). For each r, \/u < r < 1, the
region where p = /|z|? + |w|? is at least r consists of two components, one of
the form |z| > 7’ and one of the form |w| > 7’ where 7’ is essentially r. On the
first, log Z,, is bounded as in (5.12). In the second region (5.12) gives a bound
on log 4, which we can now parlay into a bound on log &,, using Lemma 5.3,
the equations zw = pu, and z,y, = Ay, and the last four displayed equations
of the above proof. Specifically, in the second region we have

An R -
log (ab,u5> - logyn < ’Gn <\/m)‘ +er < CT’I/B,

llog z,,| =
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A similar bound holds for log ¢, in the first region. Thus there is a constant ¢
so that
(5.15) sup |logdn| + |log | < cr'/? ¥n > N = N(r).
r<p<l1
We conclude this section by translating these bounds on the renormalized
maps into bounds on weighted Sobolev norms of the original maps f,.

LEMMA 5.4. Given a sequence of do-flat (J,v)-holomorphic maps as in
(5.3) which satisfy the hypotheses of Lemma 5.1, write fp, = (v, Tn,Yn) in the
coordinates (5.4) and set f) = v, —v, and fY = (xn,yn). Then for eachp > 2
there are constants Cp, and N = N(r) so that whenever 0 < § < % andn > N
the restriction of f, to the cylinder A(r) = {p(t) < r} C [-T,T] x S! satisfies
(5.16)

(VLA + 1 VP + 1 Y P) p 722 dtdd < Cpr?lS.
)

(r

Proof. Write A(r) as the union of cylinders Ay = {k <t < k+ 1} of unit
size and let pi be the value of p at one end of A;. Using the Sobolev inequality

which bounds oscillation by the L* norm of the derivative and noting that
|df7¥‘ = |dvy,| < Cp1/3 by (5.7), we have

(5.17)  sup|fY| < Z losca, On| < CZ ldvp |44, < CZ p]1€/3 <Ccrt/?
A(r) K k k

where the last inequality comes from the Riemann sum for [ p'/3dt. Thus
IVEYVP + |fY P < ¢pP/? pointwise. Integration via (5.10) then gives the first
two terms of (5.16).

Next, the Calderon-Zygmund inequality of [IS] shows that the LP norm of
G = logz, satisfies

1dG|p a0y L CO(BrG)lp,ac2r)
<C (dB, - Gllp,a@rpaey + lon 0znlly a@m) -

We can estimate the last term by integrating using (5.13), (5.7), and (5.10),
and can estimate the df, - G term using (5.11), the bound (5.15) in the region
r < p < 2r where df, # 0, and (5.10). These imply that the LP norm of dG

is bounded by c¢r'/3. But then for each cylinder A C A(r) with unit diameter
we can use (5.14) and the Sobolev inequality as in (5.17) to obtain

sup |G| <|avgyy G| + |osca G
A

<er'? 4 C [dGlsa0) < er'/? for all n 2 N(r).

Exponentiating this bound on G shows that |&, — 1| < ¢r!/? in A(r), and that
in turn gives |dZ,| = |Z, dG| < ¢|dG|. Consequently x,, = &, - az® satisfies

(5.18) lzn| < cp®™3 and  |da,| < ¢p® (14 |dG))
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since |dz/z| is bounded in the cylindrical metric. The same bounds hold for
the y,, so integration, combined with the LP bound on dG, gives the remaining
part of (5.16). O

6. The space of approximate maps

The limit arguments of Section 3 show that as A — 0 sequences of holo-
morphic maps f,, into Z) have subsequences which converge to maps into
X UY with matching conditions along V, i.e. to maps in MY (X) X, MY (Y).
The results of Section 5 give further information about the convergence near
the matching points: they show that for small A the maps f,, are closely
approximated by maps g¢(z,w) = (7,az’ bw®) in local coordinates. Over
the next four sections we will reverse this process, showing how one can use
MY (X) Xy MY (Y) to construct a model Modely(Z)) for the space of stable
maps into Zy. The final result is stated as Theorem 10.1.

The construction has two main steps. In the first, maps f in a compact set
Ks € MY(X) Xey MY (Y) are smoothed in a canonical way to construct maps
F into Z, which are approximately holomorphic. The second step corrects
those approximate maps F' to make them truly holomorphic. This section
describes the canonical smoothing and the resulting space of approximate maps
and introduces norms on the space of maps which capture the convergence of
the renormalized maps. Those norms lead to a precise statement that the
approximate maps are nearly (J, v)-holomorphic.

The maps alone cannot be canonically smoothed — more data are needed.
This harks back to the comment at the end of Section 3 that each f will
generally be the limit of many maps into Z). Recall that an element of
MY (X) Xy MY(Y) is a map f : Cy — Zp from a bubble domain Cy whose
last ¢(s) nodes xj = yi are mapped into V' with contact of order s;. By the
construction of Section 4 each such Cp determines an ¢-dimensional family
Co(p), o = (p1,-- -, pe), which smooths those ¢ nodes (and leaves other nodes
unaffected). Lemma 5.3 indicates that fy : Cy — Zj is the limit of maps into
Z which satisfy

(6.1) arby pgt = A

to highest order. That leaves |s| = s1s9 - - - sy possibilities for p corresponding
to the different choices of root for each py.

As in (5.5), the coefficient ay, is the sg-jet of the component of f; normal
to V' at x; modulo higher order terms, and so, intrinsically,

a, € (T5;,0)™ @ (NxV)f(a,)-

Globally on the space of relative stable maps there are two complex line bundles
associated with the marked point zj: (i) the bundle evsk* NxV obtained by
pulling back NxV by the evaluation map at xj and (ii) the relative cotangent
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bundle L to the domain (over the maps with stable domains, £y, is the pullback
st* Ly, of the bundle Ly — My, that appears in (4.3)). The leading coefficients
in (5.5) are then sections

(6.2) ag € F(ﬁzk ® eVSk*NXv) and by € F((ﬁgg)sk X evsk*NyV).

Furthermore, A is a constant section of NxV ® Ny V = C via the trivialization
fixed at the beginning of Section 2. Thus (6.1) implies that at each node which
is mapped into V' the coefficients ag, by determine a section

A —s
- er((cre L))
akbk ( k ® k)
over MY (X) xey MY (Y). The s, root of this section is a multisection of
L; ® (L},)*; considering all k at once defines a multisection of the direct sum
of the £} ® (L£},)*. This gives an intrinsic model for our space Models(Zy) of

approximate maps.

Definition 6.1 (Model space). For each s and A # 0, the model space
Modelg(Z)y) is the multisection of

l
D [£r ® (£1)] — M (X) xew M (Y)

k=1
whose fiber over a map f consists of those u = (1, ..., ¢) which satisfy
A
(6.3) pt = — for each k.
aiby

This model space is an |s|-fold cover of MY (X) x¢, MY (Y), and hence
its irreducible part is an orbifold for generic V-compatible (J,v). Elements of
the model space are triples (f,Co, n) where f: Cy — Zp and p = (1, ..., )
satisfies (6.3). Each such element gives rise to an approximate holomorphic
map as follows.

From (4.2) and (5.4), we have coordinates (2, wy) centered on the k" node
1}, defined on the region By, (2) where |z |2+ |wi|? < 4, and coordinates (v, x,y)
centered on the image f(zy) whenever f(x) € V. Let 3,, be the bump func-
tion (5.11) with & = |u|"/* determined from X by (6.3). Using the notation of

(5.5), set T(z) = arzy" (1 + (1 — By, )h*) and g(wy) = bpw;* (14 (1 — By, )hY).

Definition 6.2 (Approximate maps). For each (f,Cy,u) € Models(Z)y),
A # 0, define an approzimate holomorphic map F = Fyc,, : C, — Zy by
taking C), to be the smoothing Co(), defining F' on C, N By(2) by
(=), 50 ) if |2k] = [wgl

(1= Bu)h¥ (), =5
(= Buhr ), g Blw0) if ] <

whenever f(xy) € V, and extending by F' = f outside the support of >, 5, .

N

(6.4) F(zp,wg) =
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Notice that (6.4) is a smooth map into Z which is equal to (0, axz**, byw**)
in the center region where 3, = 1. In the region where 3,, = 0 and |z;| > |wy],
C,, is identified with Ci by (2, w) — (2,0) as in Section 4 and (6.4a) is simply
(f1(2),A) in the chart (2.6a). Symmetrically, (6.4b) reduces to (fa2(w),A) in
the chart (2.6b). Hence the maps (6.4) do indeed extend as f over the rest
of C,.

Remark 6.3. In general, Cy has nodes of two types: those mapped into
V' and those not mapped into V. When all nodes are of the second type, the
gluing problem is relatively easy and has been carefully treated in the literature
(see for example [MS] or [RT1]). In fact, the estimates around the two types of
nodes are isolated from one another, as follows. Recall that f~(V) is a finite
set of nodes and, as in Section 4, distinct nodes are separated by distance at
least 4. Hence each node = with f(x) ¢ V lies in a region B = By(2) with
dist (B, f~1(V)) > 2. Lemma 6.8a below then shows that B is mapped into
the complement of a fixed tubular neighborhood of V' C Z; there the geometry
of Z is uniform in A and the local estimates involved in the Ruan-Tian gluing
apply.

Thus near each node x; € Cy which is not mapped into V' we can smooth
Co to C,,, define approximate maps on C), N By(2) as Ruan-Tian do, and use
their estimates on C), N By(2). That effectively reduces the analysis to the
case where there are no such nodes. Bearing that in mind, in the next several
sections we will simplify the analysis by assuming that all nodes of Cj lie in
f71(V), leaving the conflation of estimates to the reader.

Definition 6.4 (Gluing map). The association (f,Co, i) — (Ffcou Cu)
defines a gluing map

(6.5) Ty : Models(Zy) — Maps(B, Zy xU)

were B is the 2-manifold underlying C,. The image of I'y is the space of
approzimate maps
Approx,(Z)).

This gluing map is injective for small p as follows. If I'y(f,Co,u) =
LA(f, Cp, ') then the (stabilized) curve C, = Cj, lies in the family (4.2), Co =
C} and p = p/. But then f and f’ are (J,v)-holomorphic maps which agree
outside the balls By(2) and therefore, by the unique continuation property of
elliptic equations, agree everywhere.

In Section 9 we will show that I'y is an embedding. Here, as a preliminary,
we introduce norms which make the space of maps in (6.5) into a Banach
manifold.

We will use weighted Sobolev norms tailored for our problem. On the
domain we continue to use the cylindrical metric (4.5) and to use (4.10) to



THE SYMPLECTIC SUM FORMULA 971

measure distance between curves. In the target, in a neighborhood of V' in Z,
the tangent bundle T'Z) splits as in the proof of Lemma 2.3 as the direct sum
of the tangent space to the complex curve zy = A in the fiber (L & L*), = C2,
which is a complex subbundle Ny of T'Z, and an orthogonal subspace, which
we can identify with T'V. Thus in a neighborhood of V' each vector field £ on
Z decomposes orthogonally as

(6.6) £ = (7, Ny e T(TV @ Ny).

Fix p; > 0, let By(p1) denote the unit ball centered on the k" node in the
family F of (4.2), and let g, € V' be the image of that node (we will specify a
precise pi at the end of this section). For small p the neck C, N By(1) of C,
is an annulus whose center circle v is defined by p = \/m . Given &, define
the average value of the V' components on g

(6.7) & = S etV

2T e

and assemble these averaged vectors at the different nodes into a single vector
E=(£,...,&) € T,V! where ¢ = (q1,--.,q). We can extend &, to a vector
field (also denoted by &) in a neighborhood of gz by parallel translation along
geodesics in V' emanating from ¢ and then lifting to a vector field on T'Z)

perpendicular to Ny; that extension has the form (EZ, 0) in the decomposition
(6.6). Each £ then determines a global vector field on C),:

(6.8) C=¢6=) B

with zero average value, where (3, is the bump function (5.11) with ¢ = p;/2
centered on the £ node.
Finally, we fix 0 < § < 1/6 and define a weighted Sobolev norm by

Lo = [ (I95P+1cP) o700

using the norms, covariant derivative, and volume form associated to the cylin-

(6.9) 1S

drical metric (4.5) on the domain and the metric induced on Zy from Z. Thus
near each node in the coordinates (5.3) the metric on the domain is the flat
cylindrical metric and the weighting function p is exponential in t.

Definition 6.5. Given a tangent vector (£, h) to the space Map, (B, ZyxU)
we form the triple (¢, £, h) as in (6.8) and define the weighted Sobolev m norm

(6.10) I W)l = 1I€llm2,s + 1€ llmas + 1€l + IRl

where ||h| is given by (4.8). For 1-forms n € T'(A%(f*TZ))) we do the same
without averaging:

(6.11) Wl = llrllm,2,5 =+ 1 llm,a.s-
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By the Sobolev embedding Lllfﬁ — CQ_ the norm ||(¢,&, k)||1 dominates
the C° norm. Hence we can use it to complete the space of C> maps, making

Map, (B, Z) x U) a Banach manifold with a Finsler metric given by (6.10).

Remark 6.6. The norms defined above make sense also at A = 0, where
the average value £ is equal to the value of ¢V at the nodes. The choice of
norms is guided by the need to dominate the C° norm and the need to have
uniform estimates as A — 0. Note that as A — 0 the domain becomes, near
each node, isometric to cylinders [~T,7T] x S! with T — oo. Thus the L*
norm does not dominate the L? norm uniformly in A, and the L% norm does
not give uniform bounds on energy. The choice (6.10) with m = 1 uniformly
controls both CY norms and energy and is also strong enough to initiate the
bootstrap argument establishing the regularity of the fixed point at the end of
Proposition 9.4.

Each (fo,Co) € K5 can be stabilized as in Remark 1.1 by choosing sub-
manifolds transverse to the image. This procedure stabilizes the domains of
all maps in a neighborhood of (fy,Cp) in Ks. Because Cp is then stable, we
can choose a local chart F of the form (4.2) for a neighborhood of Cj in the
universal curve. Elements of IC5 close to (fo,Cp) can be regarded as maps
f from a fiber of F into Z. That provides a local “chart” which identifies a
neighborhood of (fy, Cy) in K5 with the set of maps from the fibers of F into
Z. In that chart ¢ = Id in all formulas, and a sequence (f,,C,) converges if
and only if the C,, converge as fibers of F and the f,, converge in C?, in energy,
and in C* on compact sets in the complement of the nodes.

Observation 6.7. In the next four sections we will work in the charts just
described, seeking estimates which are uniform for (f, C) in the set ICs of (3.11).
Of course, Ks is compact, so that any estimate which holds locally in a chart
at each (f,C) € Ks holds uniformly in Ks.

Here is one application of this observation. For every (f,C) € Ks let
A(po) = Uy, D(zk, po) denote the region within distance py > 0 of f~H(V) =
{zk}-

LEMMA 6.8. There are constants ¢;, c; > 0 such that for every (f,C) € Ks,

(a) for each € there is a pg > 0 such that dist (f(A(po)),V) < g, and for
each po > 0 there is a ¢ > 0 such that dist (f(C\ A(po)),V) > c.

(b) |df| < e1p'/3 < e on C and || f||ce < &, p* on some A(po) for each (.
(¢) The coefficients in (6.3) satisfy cs < |ag|, |bi| < cq.

(d) The components of (5.5) satisfy |h| + |dh| < c5p on some A(po).
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Proof. By Observation 6.7 it suffices to show (a) and (b) on a neighborhood
of a fixed (fo, Co) € Ks. If the first assertion of part (a) fails, then there exists
an g9 > 0 and sequences (fy,,Cy,) of maps and p,, of points such that (f,,C)
converges to (fp,Cp) in the stable map topology, p, converges to one of the
nodes xy, but the distance from f,,(py,) to V is bounded below by y. Now, since
fn converges in CY to f and f(zy) € V this gives a contradiction. Similarly,
if the second part of statement (a) fails on every neighborhood of (fy, Cy) we
can find a sequence (f,,Cy) converging to (fo,Cp) and points p, € C, \ A
converging to p € Cp with f(p) € V. Since the p,, are uniformly bounded away
from the points of £, 1(V), p must be a new intersection point, contradicting
the invariance of s described in Remark 3.5. Thus (a) holds.

Now recall from Section 4 that the special points on any C are separated
by distance at least 4. Thus for py < 1 consider the region B(pg) defined as the
disjoint union of the pg-neighborhoods of the nodes not mapped into V. We
can find a pg > 0 small enough so that all maps (f,C) in a small neighborhood
of (fo,Co) satisfy the hypotheses of Lemma 5.1 on B(pg). That Lemma then
gives the bound |df| < ¢1p'/3 on B(pg) (in cylindrical metric on the domain).

The bound ||f||ce < ¢, p® in the cylindrical metric (4.1) is equivalent to
|fllce < ¢¢ in the the metric gy on the universal curve. Using the latter
metric, suppose there is no such bound on C'\ B(pg) on every neighborhood
of (fo,Cp). Then there exists (fn,Cp) € K5 converging to (fo, Co) and points
pn converging to p € Cy with p(p,) > po and || f||ce — oo. But restricting
to £, 1(X), then to f,1(Y), the sequence p, is bounded away from the nodes,
so stable map convergence implies that f, — fo in C°°, a contradiction. The
bounds (b) follow after we note that A(pg) C C'\ B(po).

The coefficients aj and by, as sections over Ks as in (6.2), are smooth by
Lemma 7.1 below and cannot vanish because of the invariance of s (Remark
3.5). Since Kj is compact they are uniformly bounded above and below. Fi-
nally, when f is expanded as in (5.5) its  component satisfies |f* — az®| <
c!|z|**1 by the C* bound in (b). There are similar bounds on other compo-
nents which, together with the bounds of part (c) yield |h| < ¢p. Essentially
similar estimates give |dh| < ¢|dz| < ¢p in the cylindrical metric. O

We conclude this section by showing that the approximate maps are nearly
holomorphic. The specific statement is that the quantity d;,.F — vg, which
measures the failure of the approximate map to be (J, v)-holomorphic, is small
in the norm (6.11).

LEMMA 6.9. There exist constants ¢ and Ay, uniform on Kg, such that
for |A| < Xo and (f,Coy) € K5 each approzimate map F = Fyc, , satisfies
107 F = vrllo < c|A

1
2|s|




974 ELENY-NICOLETA IONEL AND THOMAS H. PARKER

Proof. Let A be the union of the annuli A; in the domain C), near the
node z =y € f~1(V) defined by p < po where py is the constant of Lemma
6.8a for e small enough to ensure that f(Ax) lies in a geodesic ball in which
we have coordinates (v, z,y) of (5.4). First consider the set C, \ A.

By Lemma 6.8a the image of C),\ A lies in the region of Z with distance at
least ¢ to V. In that region the projection gives an identification of Zy with Zj
under which F' = f for small \, while the distance in Z between F(z) € Z) and
f(z) € Zy is at most c|A|. That gives the estimate |Jp — J¢| + |vp — vy < c|A].
We can then bound the quantity ®5 = 0, F —vp by noting that a]ff—uf =0
and 0y, = 0y, + (Jr — Jy) odF o j:

(6.12) [@r| < ([ = Jf[ + [ve —vs]) [dF] < c[Alldf|
where |df| < ¢z by Lemma 6.8b. Then (5.10) immediately gives
1/p
(6.13) </ p~oP/2 |pP > < c|A.
C,\A

Now we focus on the half A} of one Ay where |wg| < |zk| (the estimates
in the other half are symmetric). Omitting the subscripts k, we have local
coordinates z,w in which, from (6.4a) and (6.3),

(6.14) F = ((1=p)R", az*(1+ (1 - B)h"), bw’(1+ (1 — B)*)™1)

and f is given by the same formula with the last entry replaced by zero.
Lemma 6.8d shows that, after possibly making pg smaller, we can assume that
|h*| < 1/2 on Ai. We then have |F' — f| < c[bw®|. Differentiating, noting
that w = +/|p| exp(t + i0) satisfies |dw| = |w| in the cylindrical metric on the
domain, and using (5.11) and Lemma 6.8cd yields |[dF — df| < ¢|b| (|dw®| +
lw*h®dB| + |w*dh®|) < clw®|. But |pw|? < 2|p|? in A4 and |p*| < ¢[)\| by (6.3)
and Lemma 6.8d. Thus

(6.15) |F = fl+[dF —df| + [Jp — J¢| < cmin{p®, [A[p™"}

on Ay. Using the bound of Lemma 6.8b we also have |dF| < |dF — df| + |df]
< cp.

Let Jy be the complex structure of the coordinate system on the target
used in (6.14); this agrees with J at the origin, so that |Jr — Jy| < c|F| < ¢p.
As above, the J-holomorphic map equation for f leads to the estimate
(6.16)

[Pp| < [0o(F = )|+ [(Jr = Jo) o (dF — df)| + |(Jr — Jf) 0 dF| + [vp — vy].

Also as above, the term |0 (F — f)| < [bw®dp(1 + (1 — B)h*)~1| is bounded by
cp|lw®|. Furthermore, the one-form v satisfies |vp — vf| < ¢|F' — f| < c|lw®| in
the the metric on the universal curve, so |vp — v¢| < eplw?®| in the cylindrical
metric (4.1). With these facts, (6.16) reduces to

(6.17) [@p| < cmin{p™**, [Ap' ™"}
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on Ay and by symmetry on all of Ay, with this constant ¢ uniform on 5. Now
integrate over A using (5.10) and note that p? = |z|> + |w|? > 2|zw| = 2|u|
on Ay. Recalling that § < 1/6, [p*| < ¢[A|, and s, < |s|, and using Lemma
6.8c we obtain

1/p )
(6.18) ( / p R Dl ) < |l || B2 < e [F
Ag,
The lemma follows by combining (6.13) and (6.18) and summing on k and on
p=24 O

We can now be precise about the choice of the radius p; of support of the
cutoff functions (B which appear in (6.8). Specifically, we take p; to be the
po of the first sentence of the proof of Lemma 6.9. That ensures that for each
(f,Cy) € Ks the image of the support of fj lies in a region where we have
the coordinates (5.4) and where the extension &, and the vector field (6.8) are
well-defined.

7. Linearizations

This section describes the linearization of the (J,v)-holomorphic map
equation as an operator on the Sobolev spaces of Definition 6.5. We describe
first the moduli space MY (X) which defines the relative invariants, then the
space My(Zy) = MY (X) xey MY (Y) of maps into the singular space Zp.
This serves as background for our main purpose: describing the linearization
operator Dy ¢ at an approximate map into Z) and its adjoint D},C' These
operators are used to be used in Section 9 to correct the approximate maps
into holomorphic maps.

To begin, consider a V-regular map (f,¢) : C — X X Uy, in the space
(1.17). For simplicity we usually omit mentioning x,n and A, and will surpress
the ¢ by considering C' to be a curve with the complex structure induced by ¢.
Thus (f,C) € MY (X) means that f : C — X is a map from a smooth complex
curve marked by the £(s) points {x}} of f~1(V) with corresponding multiplicity
vector s = (s1,...8¢). Our first aim is to describe the linearization (1.10) with
the norms (6.10) and (6.11). Thus we decompose ¢ into (¢, €) and regard ¢
as an element of the Banach space Lq.,0(f*TX) obtained by completing the
smooth sections with average value ¢ = 0 in the norm [[¢|[12.s + ||C[|1,4,s as in
(6.10). One can show, as we prove in the context of Lemma 7.3 below, that

the linearization extends to a bounded linear map
(7.1) Dy : Liso(f"TX) & TqVK ® TCﬂg,n—i—ﬁ - LS(A01(f*TX))
defined in terms of the linearization (1.10) by

(7.2) Dy o(C.&h) = Dype (¢+ 3 B )
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(the last space in (7.1) is the completion in the norm (6.11) with m = 0).
Thus Dy ¢ and Dy ¢ are essentially the same operator; the boldface indicates
that we have separated out the average value vector & and completed in the
weighted norms.

Using results from [Loc] it is routine to verify (cf. Lemma 3.4 and Lemma
7.3 below) that for generic 0 < § < 1, (7.1) is Fredholm with respect to these
norms. Furthermore, infinitesimal deformations of f : €' — X in Ker Dy ¢
preserve the multiplicity vector s = (s1,...,s¢) (because s can be expressed
as a winding number at infinity and the norm (6.9) dominates the C° norm).
Thus (7.1) locally models the space MY (X). In particular, for generic V-
compatible (J,v) the irreducible part MY (X)* of MY (X) is an orbifold of
dimension 2ind¢c Dy . We also have the following two facts.

LEMMA 7.1. (a) st x ev : MY(X)* — M0 x V¥ is a smooth map of
Banach manifolds.

(b) The leading coefficient (6.2) is a smooth section of the bundle L;* @
evsk*NxV over MY (X)*.

Proof. (a) It suffices to show that the linearization is a smooth map
everywhere. Let (£,h) be a tangent vector to MY (X) at f : C — X and
decompose ¢ = ¢ + 3 Bi&), with &, = &(xy,) € Tt(z,)V. The linearization of
the map st x ev is (&, h) — (h, &) which is obviously smooth with our norms.

(b) Choose a path (f;,C;) in MY and let (£, h) be its tangent vector at
t = 0. Assume for simplicity that £ = 1 and let f¥ = a;2° + O(|z|*T!) be the
expansion near the single point x with ¢ = f(z) € V. Writing ¢ = ¢ + 8¢
with € = () € T,V and differentiating, we see that the tangential component
¢Y(x) € T,V at x vanishes and the normal component is (¥ = a;2°+O(|z[5T1).
Consequently, |a;| < ¢|[¢N|oe < ¢|(§, h)|c-, and that is dominated by ¢[|(€, k)|l
by elliptic bootstrapping for the equation D (&, h) = 0. Thus the differential
of the section (6.2) is bounded. O

For maps into the singular space Zp the linearization is essentially
two copies of (7.1), as follows. Regarding f : Co — Zy as a pair of maps
(f1,C1; f2,Co) € MY (X) xey MY (Y), a variation & of f consists of smooth
sections & of f{TX and & of f3TY with & (z) = &2(yk) at each node zj, = yy,
which is mapped into V. Thus the domain of the linearization consists of sec-
tions ((1,&, h1; (o, &y, he) with the matching condition &; = &, at the nodes
mapped into V', and the linearization extends to a bounded linear map

(7.3) Dy, : Liso(fiTZ0) @ T,V © To, M & To, M — L(A° (fT Z)).

Again, as in Lemma 3.4, one can verify that for generic V-compatible (J, /)
in J(Z), Coker D¢ ¢, = 0 at irreducible maps (f,Cp). In fact, for f € K; this
can be done, as in Lemma 4.2 of [IP4], by a perturbation in (J,v) supported
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outside the §/2 neighborhood of V' (maps in Ks, stabilized as in Observation
6.7 have no components mapped into the § neighborhood of V'), and hence
by perturbations in the class J(Z) of Lemma 2.3. Similarly, the evaluation
map ev : MY x MY — V x V is smooth and its image is transverse to the
diagonal A for generic (J,v) in J(Z). Therefore the irreducible part of the
space MY xoy MY = ev™1(A) is generically a smooth orbifold and its tangent
space at an irreducible map (f, Cp) is identified with Ker Dy ¢, .

We next turn to the linearization Dp at an approximate map F' = Fy ¢, ..,
which is defined by (7.2) with (f,C) replaced by the approximate map F of
Definition 6.4. Our goal in the remainder of this section is to show that Dp
extends to a Fredholm operator

(7.4) Dp : Li,so(F*TZy) @ T,V @ To, My — Ls(A" (F*TZ))).

We can also consider the formal adjoint of D with respect to the weighted
L? inner products, that is, the operator D7 determined by the relation

<(C’E7 h)? >|%‘77> = <DF(€7E) h)? 77> where <C17 C2> = / pié <<17 €2>

“w

Using (7.2) and (1.11) one finds that
(7.5)  Din=(Dpn, An, —F.Jn)

Dyn = p°Li(p~°n)

where

Anp = C[p"s Zki(gﬁk)nv + Be(V I df j,nV).

Here F! is the adjoint of dF', and L% is the formal L? adjoint of the operator
Lp of (1.11). We will see that this also extends to a Fredholm operator

(7.6) Dj i Lis(AN(F*TZy)) — Lso(F*TZy) @ T,V @ To, Mg .

The proof that D is bounded requires a preliminary lemma which is based
on our assumption from Definition 2.2 that the second fundamental form of
V C Z vanishes.

LEMMA 7.2. Let ¢ = (¢¥,¢*,CY) be a vector field on Zy in a coordinate
chart (5.4). Then along the image of F, ¢V = (¢¥,0,0) satisfies |(V¢V)N| <
cpl¢V] and |LE(CY)] < cplC].

Proof. Each coordinate chart (5.4) is foliated by the submanifolds V ,
of points (v, z,y) with fixed z and y. Those submanifolds are deformations
of V= Vpo so that the assumption of Definition 2.2 implies that the second
fundamental form of V,, is O(R) where R? = |z|? 4 |y|®. In particular, the
Vi, foliate Zy = {xy = A} and the second fundamental form of V, , in 7 is
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also O(R), which means that|(V¢V)V| < cR|¢Y|. But we know that R < cp®
from Lemma 6.8, and so [(V¢Y)V| < ep[¢Y].

Expanding Ly by (1.11), we then see that the first two terms of L¥(¢V are
dominated by ¢cp|¢V|. Along V, the remaining terms of Lr can be expressed
in terms of the second fundamental form h: since v’V = 0 along V the term
(Vv V)V is h(¢Y,v), and since J preserves the normal direction to V along
V, the term (JV v J(X))N = J[(Vev (JX)N — J(Vev X)N] is JR(CY, TX) +
h(¢V, X). These terms vanish along V by our assumption hy = 0, and hence
along V;, they are bounded by cR|¢"|. We conclude that LY (¢V)| < ¢p|(|
after again noting that R < ¢p®. O

PROPOSITION 7.3. For approzimate maps F' = Fy ¢, , with (f,Co) € Ks
the operators (7.4) and (7.6) are bounded uniformly in A. The index of D is
independent of s and

1
indexc Dy = - dim MY (X) Xey MY (V).

Proof. By (7.2), (6.8), and (1.11), D¢ (¢, &, k) is Lp(€) + 3Jp dF h with
& =C+>. Pr&- In the formula (1.11) for Lp, the one-forms v and Vv on the
domain C), are bounded in the metric on the universal curve, so are bounded
by ¢p in the cylindrical metric (4.1); hence

(27)  |Lr€l < c(VE[+BE)  with B =|dF| +|®p| + cp.

To proceed, write C), as the union of C,, \ A and A exactly as in the proof
of Lemma 6.9. On C, \ A there we have the bound |dF| + |®r| < ¢ as in
(6.12). On each Ay, |dF| < cp from after (6.15), and |Pp| < ¢p by (6.17).
Thus B < ¢p globally on C,,. With that, (7.7) yields the pointwise inequality:

(7.8)  Dre(C.Gh)| < ¢ (IVCI +plCl+ ) ILr(Br€i)| + \JFthI) :
k

Next observe that |df;| < ¢p by the bound (5.11) and the fact, from the
last sentence of Section 6, that df has support where pg/2 < p < pg. Con-
sequently, |L(Bkép)| = 06, + BrLE| is less than cp|&y| + LY €| + [LNE|
which, in turn, is less than ¢(|VE,| + p|€,|) after one uses Lemma 7.2 and
the estimate (7.7). Here V&, is the covariant derivative of Zy, which differs
from covariant derivative V of the Riemannian metric on A;. However, as in
the proof of Lemma 7.2, &, is tangent to the submanifold Vz,y whose second
fundamental form is O(R), so that |(V — V)&,| < cR|E;| < ¢p®|€,|. Further-
more, because &, is a constant vector field in the coordinates (5.4) we know
that |VE,| < Tk|€,| where Ty is a bound for the Christoffel symbols; in fact
Tk (v, z,y)| < ¢|(v,z,y)| by the construction of those coordinates (normal co-
ordinates along V extended off V' by the exponential map). In particular, at
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an image point F'(z), Iy is bounded by c|F| < c¢p because |F' — f| < cp by
(6.15) and |f]| < ¢p by (5.5) and Lemma 6.8d. Thus

(7.9) ILr(Brér)| < cplél.

The quantity JpdF'h in (7.8) expands to (Jp — J¢)dFh+ J¢(dF — df )h +
Jedfh. By writing f = (h",Z,0) in the notation of Definition 6.4 and applying
6.8d, one sees that |Jrdfh| < cp|h|. Using (6.15) we then have

|JpdFh| < cplhl|.

With these bounds, the right-hand side of (7.8) simplifies to |V (| + p|C| +
pl&| + plh]. After integrating as in (6.9), comparing with (6.10), and using
(5.10) we obtain

(710)  IDFCENo < e (s + €1+ 10 72Rl 2 + 10 ~/2R 1)

Finally, to bound the h terms, consider vectors h = (hg, h1) at a curve C
in a fixed chart U x D! as in Definition 4.3. After lifting to the normalization of
C at the nodes of f~!(V), the components hy € TN satisfy elliptic equations
which are uniform for C in U. Standard elliptic theory then implies that
sup |ho| < cllho|lwp with a constant ¢ uniform on the chart. Adding the
similar bound on sup |h;| after (4.6) and comparing with (4.8), we see that
sup |h| < c||h||. Thus the last two terms of (7.10) are bounded by

(7.11) /A P 5=P/2 < ¢ sup [BJ? /A P92 < |,

with ¢ uniform on f € s by Observation 6.7.

The right-hand side of (7.10) is now the norm ||(¢,&,h)||1 of (6.10). We
conclude that D is bounded uniformly in A # 0 and in f € K. The proof for
D7 is similar, and the index is given by Lemma 3.4. O

8. The eigenvalue estimate

We now come to the key analysis step: obtaining estimates on the lin-
earization D of the holomorphic map equation along the space of approx-
imate maps. We establish a lower bound for the eigenvalues of DrD7. and
construct a right inverse Pr for Dr. In the next section Pr will be used to
correct approximate maps to true holomorphic maps.

To get uniform estimates we fix (J, ) generic in the sense of Lemma 3.4.
We continue to work with é-flat maps, which we call dg-flat in this section to
avoid confusion with the exponential weight ¢ of the norm (6.9), which will also
appear. As in (3.11) this dg defines a compact set s, € MY (X) xop MY (Y)
of (3.11) and corresponding subsets

(8.1)  Model®(Zy) € Modely(Zy) and Approx®(Zy) C Approx,(Zy)
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of the model space and the space of approximate maps. Thus Model% (Zy)
is the inverse image of K5, under the covering map of Definition 6.1 and
Approx® (Zy) is the image of Model? (Z,) under the gluing map (6.5). For the
maps (f1, f2) in K5, Lemma 6.8c implies that |\|, defined by (6.3), is uniformly
equivalent to |uy|** for each k.

In Sections 8 and 9 we also use the notation

(8.2)
Model® (Zy)* € Model® (Zy) and  Approx®(Z,)* C Approx%(Zy)

for the subsets constructed from the maps in MY (X) xoy MY (Y) which
are irreducible as defined after equation (1.4). Recall from Lemma 3.4 that
coker Dy = 0 at irreducible maps and hence the spaces (8.2) are orbifolds.
That understood, the aim of this section is to prove the following analytic
result.

PROPOSITION 8.1. For each generic (J,v) € J(Z), there is a constant
E > 0 independent of A such that the linearization Dg at an approximate map
(F,C,) = Ft e, € Approx2 (Z,)* has a right inverse

Pr: LS(A01(F*TZ>\)) - LI;S(F*TZ/\) S TC“ﬂg,n
such that

(8.3) E  lnllo < IPenlls < Elinllo

Proof. Lemma 8.5 below shows that D D7 is uniformly invertible. There-
fore Pp = D"‘F(DFD}’;})_1 is a right inverse for Dp. Since Dr and D}, are
bounded by Proposition 7.3 we have ||n]lo = [|DrPrnllo < E||Prn||1 and

I Penlly < ell(DrDE)~"llz < Ellnllo- O

For small A the domain of an approximate map F' = Fy ¢, , : C, — Z)
has a neck N, = Bj(1)NC,, around each node of Cy. These necks are isometric
to cylinders using the metric and coordinates of (4.5). The following lemma
and its corollary give a priori estimates for the formal L? adjoint L% of Ly on
the necks Ny(e) = By(e) N C,.

PROPOSITION 8.2. For § > 0 small there are constants g and ¢ such that

for all A sufficiently small, all approximate maps F € Applrox‘g0 (Z))* and each
neck N = Ni(¢) with ¢ < go, each n € QY (F*TZ)) satisfies

(8.4) / P (V02 + 1) < e / P Ll + e / P (Vn? + o).
N N ON
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Proof. Write p° as the derivative of ¥ (t) = Ot P’ (1) dr and integrate by

parts:
[ ol = [ b deas < [ iz n - [ ol
N N N ON

Because p? = 2|u| cosh(2t) satisfies p? < 2|ule? < 2p?, we have 4| < ¢p? /8, so
that [¢] - 2(n, V) is bounded by $p° [n|*> + cs6=2p° |Vn|?. Rearranging gives

(8.5) / Al < G / PV + e / o [nf2.
N N ON

Now on the cylinder N every (0,1)-form 7 can be written n = n; dt —
(Jn1) df where 11 is a section of F*TZ,. Taking the formal L? adjoint of
(1.11) and using the bounds |dF| < ¢p, |v| + |(Vv)*| < ¢p from the proof of
Proposition 7.3 and the obvious bound |(V.J)*| < ¢, one sees that

Lyn = =V + JVen + O(pln)).
Therefore
c(lpnl® + p 0l V) + [Lin? = [Vem|* + [TVem|* — 2(Veny, JVen)
1
:§\V77’2 — 2(Vymr, JVgnu).

Differentiating the 1-form w = (51, JVyn) dt + (n1, JVen1 ) df and moving J
past V we also have
dw=(2(Vym, JVom) + (n, Ve(JVom) — Vo(JVim)))
> 2(Vim, JVem) + (m, JR(9, 99)m) — c|VJ||dF|[n] |V
>2(Vym, JVem) + (m, JR(9, dp)m) — cpnl [Vn]
where R is the curvature of V. Combining the last two displayed equations,

multiplying by p?, integrating by parts, and using the bound 2p|n||Vn| <
p|Vn|? + pln|? we obtain

1 *
5 [ AnP< [ 6 [ + (R@x, a0y, )]
N N

(o) A+ / Pt e /N ALV + nf?).
ON

(8.6)

Because the domain metric is flat, R is the (pulled back) curvature of Z.
Setting U = F,0; and V = F,.0y and applying the Gauss equations we obtain

(8.7) (R(U, V), Jm) = (RZ(U,V)ym, Jm)
—(h(n1, V), h(Jn1, U)) + (h(Jn1, V), h(m, U))

where RZ is the curvature of Z and h is the second fundamental form of
Z\x C Z. Since R? is bounded, the term containing it is dominated by
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c|dF|?|n|? < cp?|n|?. Likewise, the necks around any nodes not mapped into
V' are uniformly bounded away from V by Lemma 6.8a. For those nodes, h is
bounded along the image F'(N). Consequently, the entire right-hand side of
(8.7) is bounded by c|n|? |dF| < cp|n|?.

For nodes mapped into V, F'(Nj) lies in one of the sets Ay used in the
proof of Lemma 6.9. In the coordinates (v,z,y) on Ay defined by (5.4) Z)
is the set xy = A and its second fundamental form is A(X,Y) = (VxY,v).
We can compare h with the second fundamental form hg of the complex curve
ry = X in C2. To calculate hg, note that at each point (z,y) with xy = A
the tangent space T' and the normal space N are, respectively, the complex
span of the unit tangent vector 7 = (x/R, —y/R) and the unit normal vector
v = (§/R,T/R) where R? = 22 + y2. Then hg is the symmetric complex
bilinear map T ®c T — N given by ho(7,7) = (7 - 7,v) v = 2AR 3 v.

Because the Christoffel symbols of the coordinate system (v,z,y) are
bounded, the 2-tensor h — hg on Z) N Aj is bounded uniformly in A. Ex-
amining the proof Lemma 6.9, we see that the normal component FV of F
— see (6.14) — satisfies |FN| + |dFN| < ¢p® < c¢R on Aj. Because vV
vanishes along V' by condition (1.15a) we have [vV| < ¢p|FY| as in the sen-
tence preceding (6.17); that gives [vV| < ¢pR and together with (6.17) shows
that U — JV = (dF + JdFj)(0g) = 2(v + ®r) satisfies |(U — JV)V| < cpR.
It follows that |(h — ho)(Fyv,-)| < eplv| for any v and that |ho(Fyv,-)| <
clzy|R3|dEN||v] < c|v|. We can therefore replace h by hg in (8.7), and then
replace V by JU, each time making an error of at most cp|n|?. The result is

(R, V), Jm) < —(ho(m, JU), ho(Jm, U))
+(ho(Jny, JU), ho(my, U)) + epln|.

But hg is complex linear and J preserves the normal direction, so this reduces
to

(8.8) (R(0,09)m, Im) < —2[ho(n1, U)|* + cpln|* < cplnl*;

that is, the sign of the curvature is compatible with our inequalities.

It remains to bound the w term in (8.6). As in (4.5) we can introduce
cylindrical coordinates (v?,7,©) on the necks of Z by choosing normal coor-
dinates {v'} on V centered at f(zx}), extending by parallel translation into a
neighborhood of V', and writing = /|| exp(7 + i#). Then the metric on Z)
is gy = R%(dr? + dO?) + ¢¥ where R? = |z|? + |y|?> = 2|\| cosh(27) and ¢V is
the metric of V. Direct computations with the formula (6.4) for F' show that
in these coordinates (i) Fidp = sp0e + O(p) and (ii) the Christoffel symbols
are all bounded and those in the © direction are

Mo =T9 =0, TS, =-T5g = tanh(27).
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Thus Vg = 9p + tanh(27)J + O(p). Recalling that p? = 2|u| cosh(2t) we also
have

(8.9)
—d(pP°) Aw = —8p° (n1, JVem) dt AdO = 6p° tanh(2t)(Jny, Veni) dt A db.

Because F*g, is independent of 6 in these coordinates, the method of (5.9)
and the inequality |tanh(27)| < 1 gives the bound

—tanh(27')/ (Jn1, Opm1) dO < / |80771‘2 dg.
St St

Replacing dy by Vg — tanh(27).J + O(p) on the right-hand side once gives

0< /51<Vom789m> +cp/51 IVnl? + |nf?

and again gives

tanh(QT)/ (Jn1,Vem)df < / |Ven12+cp/ !Vﬁ|2+|77|2-
St st St

But tanh(27) = tanh(2sxt) + O(p) and 0 < tanh(2t)/tanh(2sit) < 1 so that
this last inequality and (8.9) yield

- / TIVER / PV + ¢ / PV + ).
N N N

Insert this and (8.8) into (8.6) and multiply by the constant Cs of (8.5). Adding
(8.5) and noting that |w| < |n|? + |Vn|? then gives (8.4) for small § and e. [

Write Vo1 = p° V(p~%n) where V is as usual the covariant derivative of
the cylindrical metric on the domain and the metric induced on Z) from Z.
Note that when ¢ > 0 is small, the L'? weighted norm (6.9) defined using V°
is equivalent, uniformly in A, to the one using V. Then Proposition 8.2 implies
the following:

COROLLARY 8.3. For § > 0 small there are constants g and ¢ such that

for all X sufficiently small and all approzimate maps F € Approx®(Z\)* and
each neck N = Ni(¢) with € < gg, each n € QUL (F*TZ)) satisfies

(8.10) I

that 1is,
Lo (0o +P ) < e [ oo 1P re [ o0 (90 +1al? ).
N N ON

Proof. Replace 1 by p~%n in (8.4) and use (7.5) to replace L} with D%. O

12,8 < c||DEnllozn + cllnll12,0n;
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From now on we will fix the weight § > 0 in our norms (6.9) small and
generic. We will extend the above estimates on the necks to global estimates,
first for the weighted L? norms, then for the weighted L? N L* norms of Defi-
nition 6.5.

LEMMA 8.4. For each generic (J,v) € J(Z), there is an E > 0 such that
for all X sufficiently small and all F € Approx (Zy)*, the first eigenvalue of
D D7 is bounded below by E.

Proof. Suppose the claim is false. Then there are sequences A, — 0, maps
F, : C, = C,, — Z, in Approx%(Z,) and (0,1) forms 5, along F,, with
D, D;n, = a,n, and o, — 0. Taking the inner product with 7, and taking
the adjoint (7.5) using our norms (6.9) we obtain

(8.11) anllnalld2s > 10315 2,5

on each Cj,. We may normalize the n, so that ||7,]/12,s = 1. By the Bubble
Tree Convergence Theorem there is a subsequence of the F), that converges to
a stable map fy from Cy = C1UCS5 into Zj, and this convergence is in C'*° away
from the nodes of Cly. On each compact set K in the complement of the nodes,
the L norm (6.9) in the cylindrical metric is uniformly equivalent to the
usual L2 norm. Standard elliptic theory implies that there is a subsequence
of the 7, that converges in C* on K to an Li? section 7 with Inlli2s <1
and D{n = 0 along K (as in the sentence before Observation 6.7, convergence
is C> away from nodes). Doing this for the sequence K, = p~'([-1,00))
which exhausts the complement of the nodes and then passing to a diagonal
subsequence yields a limit 7 defined on Cp \ {nodes} with L+* norm at most
one and D§n = 0 weakly on Cj \ {nodes}.

We next show that D§n = 0 weakly on all of Cp; that is, (DoX,n) = 0
for all X = (¢,€,h) where ¢ € LY*(fiTZy), € € T,V and h € To, M x Te, M.
Given X and € > 0, we can then choose § < ¢ so that the norm of X on the
region N = p < § satisfies ||(¢,0,h)[|;, v < e. Then fix a cutoff function
as in (5.11) supported on N with |df| < 1 and write X = X + X;. Since
X1 = (1 — f)X has support on the outside region where p > §/2 we have
(DoX1,m) = (X1,Dfn) = 0. On the other hand, 83X is (8¢,€, Bh) because
(6.7) is unaffected by the cutoff function. Integrating (7.9) over p < § using
(5.10) gives [|Dg(0,€,0)[l02.s < cdlé] < cel| X[, and it is easy to see from

(6.10) and (5.11) that ||(5¢,0,8R) |1 < 2||(¢,0,R)||1,n < 2e. With those facts,
Holder’s inequality, the bound ||n]|o2,s < 1, and Proposition 7.3 give

[(Do(BX),m| < [Do(5¢,0,8h) +Do(0,8,0)llozs - Inllozs < cellX]ls-

We conclude that [(DoX,n)| = 0, so that D{n = 0 weakly. Pairing against
D{§n, which lies in the image of the bounded map (7.6), then shows that
(D¢n, Dgn) = 0, and therefore Din = 0.
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Now for generic (J, v), as observed after equation (7.3), we have Coker Dy
= 0 . Thus our solution of Dgn = 0 must be n = 0. Consequently, for each
small fixed ¢y we have 7, — 0 in C*° on the complement of N = |J,, N (do) and
in particular on ON. Then |1,][12c,\~ — 0 and (8.10) bounds |7,/[12x —
cllnnlli2,0n, so that (8.11) and the normalization ||n,[/12,c, = 1 imply the
inequalities

1 1 .
3 <|nnll1,2,8 — 1 < C|Dynnllo2,n
<C|Dpmllozc, < Canllnmlloze, < Con

for large n. That contradicts the assumption that «,, — 0, completing the
proof. O

LEMMA 8.5. There is a constant C' such that for all X sufficiently small
and all F € Approx®(Z,)*, each n € Q'Y (F*TZ)) satisfies

llnllz < CIDEDElo

in the norms of Definition 6.5.

Proof. Cover the domain C, of F' by disks of radius 1 in the cylindrical
metric so that each point lies in at most 10 disks. Since p varies by a bounded
factor across each unit interval in the neck, we can apply the basic elliptic

—6/2

estimate on each disk, multiply by p and sum to get

17ll2ps < ¢ (IDFDENllop,s + lI7l0,2,5)
for a constant ¢ = ¢(p) independent of A\. Combining the p = 4 and p = 2

inequalities we get

llnllz < ¢ (IDEDEnllo + lInllo.2.s) -

Using Lemma 8.4 and applying Holder’s inequality for the weighted L? norm,
we obtain

clgas < IDFNIG2s = (n, DrDEN)o02,s
<lnllo2,s IDrDENll02.s < lI7ll2 DFrDEM(lo

which combined with the previous inequality give the lemma. O

9. The gluing diffeomorphism

Recall that the norm (6.10) induces a topology on the space Maps,(B, Z
x U). Specifically, for CY close maps with the same label s in a chart as in
Observation 6.7 we can write (f', C") = exp(s,¢) (€, h) and set

(9-1) dist ((f,C), (f,C") = (& Rl
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This defines a distance (the inf of the lengths over all paths piecewise of the
above type) and hence a topology on Maps(B, Z) x U). Using this distance,
we will show that the moduli space of stable maps into Z) is close to the space
of approximate maps, and that these spaces are in fact isotopic.

As in Observation 6.7 we work in a chart in which all domains have been
stabilized. In that chart we use coordinates normal to the stratum N} of
f-nodal curves in the Deligne-Mumford space as in Section 4. Thus a nearly
nodal curve C = (B, j) € My, is written as (Co, u) = Co(u) where Cy € N,
and p = (uq, ..., pe) are coordinates in the normal direction to N.

We start by describing a parametrization for a neighborhood of the space
of approximate maps Approx,(Zy) of (8.1). Consider the Banach space bundle
A% over Modely(Zy)* whose fiber at an approximate map F is the completion
of T(AY(F*TZ,)) in the weighted norm || - [|o of (6.11). We write elements
of A% as quadruples (f, Co, p,n) with (f,Co) € MY (X) Xy MY (Y), p deter-
mined from A by (6.3), and n € A°'(F*T'Zy) with F = F; ¢, ,;)- The map

(9'2) Py : AOl(e) - Mapss(B, Zy X Z/{), (I)A(f’ Co, p, 77) = €XPpc, (PFU)

(with Pp as in Proposition 8.1) is defined on an ¢ neighborhood of the zero
section of A" and agrees with the gluing map I'y along the zero section.
The following proposition shows that ®) coordinatizes a neighborhood of
Approx(Z,)*.

PRroOPOSITION 9.1. There is a constant ¢ > 0 so that, for all small X, @)
is a diffeomorphism from an e-neighborhood of the zero section in A°' onto a
neighborhood of Approx?(Zy)* in Maps, (B, Zx x U) that contains at least a ce
neighborhood of Approx®(Zy)*.

Proof By Lemma 3.4 the tangent space of A, = Approx®(Z,)* at F =
Ftcyp: Cu— Zy has the same dimension as Ker Dy = (Im Pr)*. In fact,

(9.3) TrA" = TpA, @ Im Pp

because any Prn which lies in Tp.A; satisfies, by (8.3), Lemma 5.3 and Lemma
9.2 below,

IPenll < Ellnllo = EIDrPenlle < CENYED [|Peq|ly,

so that for small A\, Ppn is zero.

Next fix a path (fi, Ct, pe) in Models(Zy) starting at (fo, Co, po) and let
(&,h) € TAs be the tangent vector at ¢ = 0 of the corresponding path of
approximate maps Fy = ®,(fi, C, i, 0). Each element 7 in the fiber of A%
over (fo,Co, po) determines a vector field Pp, 7 along the image of Fy in T'Z).
After extending 7 along F; by parallel translation we calculate

— expp, (tPp,T) = ¢+ Pp,T.

AP | (f5,Co o) (§s A T) = pr
=0
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Thus d®) is an isomorphism by (9.3). Consequently, ®) is a local diffeomor-
phism near the zero section of A%

To show injectivity, we suppose that injectivity fails on the disk bundle
A e) = {n € A°" . |Inllo < €} for every e. Then for each n there ex-
ist elements (fn, Cons tin, ) 7 (frry Co s iy m),) in A%(1/n) which have the
same image under ®). After passing to subsequences, we can assume that
the {(fn, Con,pn)} and {(f},, Cf,» t1y,)} converge in the stable map topology
to limits f : Cy — Zp and f' : Cy — Zy in Ks € MY x MY. Furthermore,

ev

convergence in the metric (4.10) implies convergence Cp,, — C and Cg,, — C"
to elements on the boundary of the cylindrical end compactification of Mg,
defined at the end of Section 4. These limits C' and C” consist of the nodal
curves Cj and C) together with, for each, an element of the real torus T

Now fix a compact region R in B which contains no nodes. Then for small
A we have F,, — f and F!, — f"in C! on R. Since our || - || norm dominates
the CY norm on maps, the triangle inequality gives

Tim dist ( Co.n(pn) Con(i2h) ) +sup dist (f(x), f'(x))

<c lim ([|Penll + 1 Pr;nll) < ¢ lim (linnflo + lInkllo) = 0

o0

by Proposition 8.1. The convergence to zero of the first term implies conver-
gence in the topology of the cylindrical end compactification. Thus (i) C = C’,
and (ii) f and f” agree on R and therefore, as in the argument after (6.5), agree
everywhere. Consequently, for large n (fy, Con, pn, n) and (fy,, Cp ;s t, 0,)
lie in the region where ®) is a local diffeomorphism and are therefore equal.
That establishes injectivity. Surjectivity onto a ce-neighborhood follows from
the first inequality in (8.3). O

LEMMA 9.2. There are constants C and Ao such that for 0 < |A\| < Ao,
the tangent vectors (&, h) to Approxg(Z)\) at an approzimate map F' = Fy o, ,,
satisfy

(9.4) IDEE R)lo < CINYEED € R

Proof. Choose a path Fy = F(y, ¢y, ) € Approx?(Z,) starting at F with
initial tangent vector (£, h). Thus F; are approximate maps constructed from
the path (f;, Cot) € MY xoy MY starting at (f, Co) with initial vector (&, ho).
We can regard vector fields on C), as living on Cj using the map C,, — Cjy
defined by (z,w) — z for |w| < |z| and (z,w) — w for |z| < |w| near each
node and extended over C), as in Section 4. In the notation of Definition 4.3
the variation in the complex structure of C,, decomposes as h = (hg, h1) while
the variation of Cy is hg = (ho,0). In particular, h — hg is the variation hq
of Lemma 4.2, which is supported on B = |J, By, where By, is the region of
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Cy near the k™ node where p < 2|uk|/%. With that understood, we will
separately estimate the left-hand side of (9.4) on Cy \ B and on each Bj.

On Cy \ B we can regard vector fields on Z) as living on Zy by the map
(v, 2,y) — (v, ) for ly| < |z|, and (v, z,y) — (v,y) for |z| < |y|, extended over
Zy as in (2.6). With these identifications, D acts on sections of f*TZ; along
Cop. Since Df(&, ho) =0 and Dp(&,h) = Lp(§) + %JFth by (1.10), we have

(9.5)  Dp(& h)=[Lr(§) — Lf(%0)]
+ [(Jr = Jf)dFh + J¢(dF — df )h + J¢df (h — ho)]

with hg = h as above. Under our identifications we also have F; = f; in
Definition 6.2, so taking the ¢-derivative shows that £ = &y. Using (6.15), we
have

[Dr(& W) <[(Lr = Lyl + (IJr = J¢l + [dF = df]) |l

<I(Lr = Lg)(€)l + clAlp' = |hl.

But on Cp \ B the bounds in the proof of Lemma 6.9 (on both C,, \ A and A)
show that the C'! distance from Fy to f; is bounded by c|A|*/%. Tt follows that
(Lr —Lg)(€) is dominated by c|A[Y/4(]VE| +]€]). After expanding ¢ as in (6.8)
and noting that |V (3x€.)| < c[€] by the estimates preceding (7.9), the above
bound simplifies to

DR R < A (VO] + IS+ [E]) + el Alp'* [l
We can then integrate over Cp\ B, bounding sup |h| as in (7.11) and integrating
the power of p over the sets where p > 2|u|'/* as in (6.18). The result is

(9.6) IDEE Mllocos < cAHIE R

Now restrict attention to one By, and again write £ as (¢, £). The estimates
of Lemma 7.3 show that

(9.7) IDp(&h)l < V¢ +cplc| + cplé] + cplhl.

To proceed, we will explicitly find ¢ in the region B4 C By where |z| > |w| by
differentiating formula (6.4a). That formula is given in the normal coordinate
system (5.4) centered on ¢; = fi(xy) If we parallel translate the trivialization

of T,,Z along the path ¢;, the corresponding coordinate systems are related
by diffeomorphisms ¢; with |¢(v,z,y) — (v + @, x,y)| < ct|(v, z,y)| where ¢
depends only on the local geometry of Z near V. Hence on the region where
p < |k’ where 8 =1 in (6.4a), we can take the t-derivative of ¢} F} at t = 0
to obtain

§ = (50? az’®, bws) (1 + O(p)) .
In particular, the average value (6.7) is & = &,, so under the decomposition

(6.8) & = (¢, &y) where
¢ = (0,a2%,bw®) (1+0(p))
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and therefore |V¢| < ep(|a| + |b]). But |a| + |b] < ¢]|(€,R)|l1 by Lemma 7.1b,
the term p|¢| in (9.7) is bounded by |ux|'4|¢| on By, and sup |h| < c||h|| <
c|l(&, Ry as in (7.11). We can then multiply (9.7) by p~° and use (5.10) to
integrate over the region over By where p < | Mk|1/ 4. That yields the bound
IDE(E Mllo,5. < el 1¢Ho + (N W)l + [€] + sup|A])
% (192 1ap,) + 11"~
< el A1 W)

s )

with 6 < 1/6 and |ug| < ¢|A\|'/!*l. The lemma follows after summing on k and
adding (9.8). O

PROPOSITION 9.3. For small 6, > 0 there is a Ao so that M;/’d(ZA) lies
in an e-neighborhood of Approxl(Zy) whenever || < Ao.

Proof. We will prove this by contradiction. Assume that, for some § > 0
there exist 9 > 0, a sequence A, — 0, and (f,,Cp) € MY?(Zy,) such that
the distance from (f,,Cy) to Approx?(Zy ) is at least go for all n. Then
(fn, Cr) has a subsequence which converges as in (5.1) to a limit fy : Co — Zo
from an ¢-nodal curve Cy. Using coordinates in the normal bundle to the
¢-nodal strata in the Deligne-Mumford space as in (4.2) , we can write each
Crn as (Con, fin,1,- - -5 pine) Where Cpy, is an f-nodal curve close to Cy. Choose
fn, = (fin 1y« fine) With Xy, = agby (fin )" for each k; there are |s| choices
for each fi, which differ by roots of unity. The data (fo,Co,fin) specifies
approximate maps Fj, : Co(fin) — Zy, in Approx?(Z,, ) as prescribed in (6.4).
We will show that for some choice of the roots of unity a subsequence satisfies

(9.8) dist (Con(ptn), Co(fin) ) + dist(fn, Fn) < o

where the left-hand side is the Finsler distance between maps defined in (9.1).
Then (9.8) contradicts our assumption and proves the proposition.

Lemma 5.3 shows that (u,/f{,)® — 1 at each node. After passing to a
subsequence and modifying our choice of fi,, we have p, /i, — 1. But then
dist(Con(pin), Co(fin)) — 0 by (4.10).

Let Ag(po) denote the k™ neck region {p < po} of Cp,. Outside the
union of the A (po) both the approximate maps F,, and the maps f,, converge
uniformly to fp in C°°, so on this region dist(f,, F,) — 0 as n — oo. Inside
each Ay(po), we can write F, — f, = (Cn,&n) in the notation of (6.7) and
(6.8) with &, — 0 because f, — fo in C°. Write {, = ¢n + (F, — fo) where
o= fo— fu. Then [[Callh < cpt/® on Ag(po) by Lemma 5.4, while |F, — fo| +
IV(E, — fo)] < cp by (6.15). Integration using (5.10) then gives the bound

| Frn — follips < c][,p(l)ﬂs/2 on the integrals (6.9) over each Ay(pp). Combining
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these facts and taking pp small enough, we conclude that dist( f,,, F},), which is
uniformly equivalent to ||, [|1 + |€| by definition, is less that /2 for large n.
Thus (9.8) holds. O

The next step is to correct each approximate map (F,C),) € Approxg(Z A"
to get a true (J,v)-holomorphic map (F’,C"). Specifically, (F’,C") will be a
solution of the equation

(9.9) dif =vy where (f,C) =exppc, (Prn),

where Pr is the operator of Proposition 8.1, and where 7 lies in the Banach
space Ls(A"Y(F*TZ))) obtained by completing A% (F*TZ)) in the norm (6.11)
with m = 0.

PROPOSITION 9.4. There are constants €, \g and C, uniform on Ks, such
that for each approzimate map F € Approx(Zy)* and 0 < |A\| < Ao equation
(9.9) has a unique solution n € Ls(A"Y(F*TZ))) in the ball ||n||o < &, and that

solution is smooth and satisfies ||nflo < C|A|2T.
Proof. If we write (F',C") = exp(p,c,(¢) where ( = (£, h) then
(9.10) 5C’F1_V(F’,C') = ECHF—I/F-FDFC-FQF(C)
where Dp is the linearization at (F,C),) and the quadratic Qr satisfies (as in
[F1)
(9.11) IQr(C1) = @r(¢)llo < € (llCally +MliG2llx) - ISy — Calla

Taking ¢ = Ppn and noting that DpPrn = 7, the equation (9.9) that we must
solve becomes, via (9.10),

(9.12) n+Qr(Prn) = —®p  where  ®p=0¢,F —vp.

Now define an operator T on the Banach space Ls(A° (F*TZ))) by
Trn = —®p — Qr(Prn).

By (9.11) and (8.3)

WTem = Trnallo <C (Nl Pemlls + I1Prn2lly) - 1P (m —n2)ll
<CE* (lImllo + llnllo) - llm = m2llo-

Hence whenever € < 1/(4CE?) and ||Tr(0)]|o < &/2, the map Tr : B(0,¢) —
B(0,¢) is a contraction. Therefore Tr has a unique fixed point in B(0,¢),
and that fixed point n satisfies (9.12) and ||nllo < 2||T#(0)|lo = 2||Prlo is
bounded by Lemma 6.9. Finally, since n € Lﬁ)c we have ( = Ppn € Lll(;i‘ with

Dr( + Qr(¢) = —PpPp € C*. Elliptic regularity then shows that ¢ and 7
are smooth. O



THE SYMPLECTIC SUM FORMULA 991
10. Convolutions and the sum formula for flat maps

We can now assemble the analysis of the previous several sections to show
that the approximate moduli space, which is built from maps into Zy, is a
good model of the moduli space of stable maps into the symplectic sum Z).
Recall that in Sections 3 and 5 we showed that as A — 0 stable maps into
Z limit to maps into Zy and that the complex structure on their domains
is asymptotically determined by A\ and the limit map up to a finite ambiguity
corresponding to the different solutions of the equations i = A/apby. That led
to the definition of the model moduli space Models(Z)) in Section 6. On the
other hand, each element of Models(Z)) defines an approximate holomorphic
map by equation (6.4); for each X that gives a gluing map

Iy : Models(Zy))* — Approx,(Zy)* C Maps(B, Z) x U).

Proposition 9.4 shows that each such approximate map can be uniquely per-
turbed to be a true (J, v)-holomorphic map.

In this section we will show that Approx,(Z)) is isotopic to the space
MY (Zy) of 5-flat (labeled) maps through an isotopy compatible with the eval-
uation maps. Thus Modelg(\) keeps track of the fundamental homology class
[MY (Z))] which defines the GW and GT invariants of Z,. Passing to homol-
ogy, we then define a “convolution” operation and establish a formula of the
form

(10.1) GTY% % GTY = GTy,

under the assumption that all curves contributing to the invariants are §-flat
along V' (this condition will be eliminated in Section 12).

We noted in (3.11) that as A — 0 the limits of the §-flat maps into Z) lie in
the compact set K5 of MY (X) xey MY (Y). We will work on the corresponding
compact sets Model}(Zy) and Approx®(Zy) defined in (8.1). We will also
assume that for generic (J,v)

(10.2) coker Dy =0 for all f e Ks.

In particular, this is true when the moduli space MY (X) X, MY (Y) consists
of only irreducible maps for generic (J, v).

THEOREM 10.1. Fiz an ordered sequence s and write |s| = [[s;. For
generic (J,v) for which (10.2) holds and for small |\|, there is an |s|-fold cover
Modell(Zy) of K5 with a diagram

| | Model’(Z)) — UMYz
(10-3) lst lst
Mx M IR M
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where the top arrow is an embedding and is isotopic to the gluing map (6.5)
to Modelg(ZA). The diagram commutes up to homotopy. Furthermore, there
is a constant ¢ = ¢(d) so that the image of CI& consists of maps which are
(8 — c|\|)-flat, and the image contains all (§ + c|\|)-flat maps in MY (Zy).

Proof. For each (f,C,p) € Modell(Zy) the gluing map associates a
smooth curve C}, and an approximate map F' = Fy ¢, : C, — Z). By Propo-
sition 9.1 any map that is L! close to F' = I'y(f, C, ) can be uniquely written
as

(10.4) O)\(f',C 1) = exp(F,’CL,)(PFn) for F'=Fp o,

for some LY section 7 of the bundle A%! with ||7]|o < e. Proposition 9.4 shows
that for small |\| there is a unique such n = n(f’,C’, ') such that (10.4) is
(J,v)-holomorphic. Then

(I>f\(f/’ Clv ,LL/, 77) = eXp(F’,C‘}’L,) (t PF??(f/7 Clv :U’,))

is a smooth 1-parameter family of maps from Model’(Zy) to Maps(B, Zx xU)
with @ =T’y and the image of ®} lying in the (§ — c|A|)-flat maps in MY (Z)).
The uniqueness of 7 in the fibers of A%, combined with Proposition 9.1 and
the uniqueness of 7 in the fibres of A%! imply that <I>}\ is injective.

It remains to show that @i is surjective. But Proposition 9.1 shows that
(10.4) is onto at least a ce neighborhood of Approx?®(Zy) and Proposition 9.3
implies that MZ’J(ZA) lies in that neighborhood when |A| is small enough.
Hence for small |A| , each element of MZ"S(Z \) can be written in the form
(10.4) with (f/,C", i) € Modengrc‘)"(Z)\) and 7 the corresponding fixed point
of Proposition 9.4 satisfying ||n|lo < e. Thus ®} is surjective. O

Diagram (10.3) leads to our first formula expressing the absolute invariants
of a symplectic sum Z = Z, in terms of the relative invariants of X and

Y. Recall that the relative invariant GW}/( is obtained by forming the space

m;n’s(X , A) of relatively stable maps and pushing forward its fundamental

homology class by the map
(105) ey : M)‘?,n,s(X7 A) - Mx,n x X" x H}/(,A,s'

We can also consider the space of stable maps from compact, not necessar-
ily connected, domains by taking the union of products of ﬂ;n’s(X ,A) and
again pushing forward in homology. The resulting class in the homology of
Myn x X™ x HY 4, is the relative GT invariant (1.25). As we observed in
the introduction (éeé Figure 1), it is the GT invariant that will appear in the
symplectic sum formula.

To proceed, we should replace the vertical arrows in Diagram (10.3) by

the above maps €y and pass to homology. We will do that in two steps, first
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incorporating the spaces H}/( and then including the X™. In each case we will
see that the operation of gluing maps defines an extension of the bottom arrow
in Diagram (10.3), which we examine in homology.

The convolution operation. We can glue a map fi into X to a map f3 into
Y provided the images meet V' at the same points with the same multiplicity.
The domains of f; and fy glue according to the attaching map & of (3.8), while
the images determine elements of the intersection-homology spaces H}/Q A5 and
HY- A Which glue according to the map g of (3.10). The convolution operation
records the effect of these gluings at the level of homology.

For each s the attaching map (3.8) defines a bilinear form

(&), : Ho(M;Q) ® H,(M; Q) — H.(M;Q)

for ¢ = £(s). Similarly, for each s the map g from (3.10) induces a bilinear form
on the homology of HY. x Hy with values in RH»(Z), the (rational) Novikov
ring of Ho(Z), namely

(,): Hi(Hx:;Q) ® Hi(Hy: Q) — RH>(2)

<h ) hl)s = Gx [h X h/‘a—l(As)] = Z g*[AA,s N (h x h/)] la
A€H»(Z)

This last equality holds because e~ (A;) is the union of components A4 ¢ =
e (Ag) Ngi(A).

Combining the two bilinear forms gives the convolution operator that
describes how homology classes of maps combine in the gluing operation.

Definition 10.2. The convolution operator
H. (M x H: QIN) @ Ho(M x Hy: Q) — Ho(M; RHy(Z)[N)

is given by

(10.6) (k®@h) * (K@K €|(Z|)' N (&), (K@K (b, W)s.

The right-hand side of (10.6) includes three numerical factors which keep
track of how maps glue when we form the symplectic sum. Recall that the
powers of A record the Euler characteristic in the generating series of the
invariants (1.7) and (1.24); the factor A?/(*) in (10.6) reflects the relation (3.7)
between the Euler characteristics when we glue along #(s) points. The factor
|s| is the degree of the covering in Theorem 10.1; this reflects the fact that
each stable map into Zyp can be smoothed in |s| = s - ... s; ways. Finally,
note that elements in the space M;/"S(Z,\) in Diagram 10.3 are labeled maps;
i.e. they have ¢(s) numbered curves on their domains as explained at the end
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of Section 3. But the GW and GT invariants of Z) are defined using the space
of unlabeled stable maps, which is the quotient of the space of labeled maps
by the action of the symmetric group. That accounts for the factor 1/¢(s)! in
(10.6).

Since HY is the disjoint union of components H}f(’ a5 With A € Hy(X) and
degs = A -V, there is an isomorphism

H.(HY) = > Y. Hd(Hxa,) ta-
A degs=AV

Below, we will identify h € H,(HY) with > 4 hata, where hy are its compo-
nents in H, (H}/(’A).

Ezample 10.3. The formula for the convolution simplifies when there are
no rim tori in X and Y, and therefore in Z (cf. (1.19)). Then (i) the relative
invariants have an expansion of the form (A.3), (ii) the map g of (3.10) is the
restriction to the diagonal Ay C V¥ x V* and (iii) the h part of the convolution
(10.6) is then given by the cup product with the Poincaré dual of the diagonal:

o [h X h’}AS] = PD(Ay) U (h x ).

We can then ‘split the diagonal’ by fixing a basis {C?} of H*(| |, V*) and
writing

PD(A,) = Y Qy,CPxC7= ) CPxC,
p,q p

where @, is the intersection form of V* for the basis {C?} and C, = > @, C1
is the dual basis (with respect to QV). If {y} is a basis of H*(V), let {C,,} be
the basis (A.4) (in the appendix) of H*(| |, V*) corresponding to {7’} and let
{C,+} be the one corresponding to the dual basis {;} (with respect to Q).
The convolution then has the more explicit form

(10.7)
(k@h)* (Kek) = ’:n”—J A (&), (5@ K) Cn () Coe (B).

m

In passing from s to m, we used the fact that each fixed sequence m corresponds

|
to is) = £(s)! ordered sequences s.
(M) m!

More generally, let X be a symplectic manifold with two disjoint sym-
plectic submanifolds U and V with real codimension two. Suppose that V
is symplectically identified with a submanifold of similar triple (Y, V, W) and
that the normal bundles of V' C X and V C Y have opposite Chern classes.
Let (Z,U, W) be the resulting symplectic sum. In this case, (3.10) is replaced
by

(10.8) g:HYY <.y — HPW
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which combines with the map &y, to give the convolution operator

(10.9) . . .
%0 Ho(M x HYY; Q) © Hu(M x HYW Q) — Ho(M x HYY; QIN)

as in (10.6). It describes how homology classes of maps combine in the gluing
operation for the symplectic sum.

Finally, we include the evaluation maps which record the images of the
n marked points. These combine with the projections from (2.7) to give the
diagram

|| Models(Zy)

(10.10) lev L (xuy)" lev

\ 0 7o / oY
L (Zo)"

n

which commutes up to homotopy. We can also include the spaces M of
curves from Diagram (10.3). Pushing forward then gives mo.(GTY% * GTY.) =
ma+(GT(Z))) as shown in the next theorem.

THEOREM 10.4. Assume that for generic (J,v)

(a) all maps in || MY (Zy) are 5-flat along V when X is small, and

(b) all maps in || MY (Zy) are (X,V) and (Y,V)-admissible as defined in
(1.22).

Then for every ag € T*(Zy)
(10.11) GTYW(r*ag) = (GTRYY * GTVY) (7).

Note that condition (b) is generically satisfied when (X,V) and (Y,V) are
semipositive.

Proof. Tt suffices to verify this for decomposable elements cp = o} @ - @
ag. Let o/‘“/, o/)“(, a’f/ denote the restriction of o/g to V, X and respectively Y.
We can then choose geometric representatives B‘k, of the Poincaré dual of a{“/
in V and Poincaré duals B§( of o/;( in X and B{“/ of a@ in Y which intersect
V' transversely such that, moreover, B’)“( nv = B{“/ nv = B‘k/. Then the
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inverse image under 7y of B’)“( U B{i gives a continuous family of geometric
BV

representatives B’j of the Poincaré dual of 71';0/8 in H*(Zy). The theorem then
follows from Theorem 10.1 by cutting down the moduli spaces on the left of
Diagram 10.10 by (Bx, By) and the ones on the right by By. Constraints in

H*(M) are handled similarly. The details of such arguments are standard (cf.
[RT1]). O

We should comment on how the assumption that all maps are d-flat enters
the above proof. Notice that in the statement of Theorem 10.1 the d-flat maps
in Model’(Zy) are paired with maps in M,(Z,) which are not exactly J-flat
— there is a slight variation in §. But when all contributing maps are §-flat,
the cut-down moduli space ev=!(B)) C M(Z)) limits as A — 0 to a compact
subset of the open set My X¢y My as in (3.11). Hence for sufficiently small §
the set of elements of the limit set which are d-flat is the same as the set of
26-flat elements, so the variation in ¢ is inconsequential.

Theorem 10.4 is a formula for the GT invariants evaluated on only certain
constraints in H*(Z)) — those of the form 7*(ag). The following definition
characterizes those constraints. It is based on the diagram induced by the
collapsing maps of (2.7)

T*(Zo)
(10.12) ™/ N\ 7o
T*(Z) T*(X) & T*(Y).

Definition 10.5. We say that a constraint o € T*(Z) separates as (ax, ay)
if there exists an oy € T*(Zp) so that 7*ap = a and 75(ap) = (ax,ay) €
T(H*(X)® H*(Y)).

Here are three observations to help clarify which classes a € H*(Z) sep-
arate. These follow by combining the Mayer-Vietoris sequences for Z) =
(X\AV)U Y \V):

HY(Sy) —2 H*(Z) - H*(X\ V)@ H* Y \ V) — H(Sy) —>—

and the similar one for Zy with the Gysin sequence for p : Sy, — V:

s

(10.13) H2(V) -2 7o (v) -2 H*(Sy) —2 HL(V).

(a) When the first map in (10.13) is injective then all classes « separate. In
dimension four, this occurs whenever the normal bundle of V in X is
topologically nontrivial.

(b) In general the separating classes are those « for which j*(a) € H*(Sy)
is in the image of the second map in (10.13).
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(¢) The decomposition (ax,ay), if it exists, is unique only up to elements
in the image of &% @ 0y : H* 1(Sy) — H*(X) ® H*(Y) (the elements
that can be “pushed to either side”).

By Definition 10.5 and for simplicity when U and W is empty, Theorem 10.4
becomes:

THEOREM 10.6. Under the assumptions of Theorem 10.4 suppose that
moreover a separates as (ax,ay). Then

(10.14) GTz(a) = (GT& * GT¥) (ax,ay).

Note that when (ax, ay) decomposes as @ = ax ® ay the right-hand side
is GT% (ax) * GTY-(ay), but in general (ax,ay) is a sum of tensors of the
form (o} +al) ® -+ ® (a% + o) and the right-hand side of (10.14) is the
corresponding sum.

To focus on the decomposable case we make another definition: we say «
is supported off the neck if the restriction j*(«a) € H*(Sy) vanishes. In that
case « separates into relative classes ax € H*(X,V) and ay € H*(Y,V),
generally in several ways. For each such decomposition Theorem 10.6 gives

(10.15) GTz(Oéx,Oéy) = GT‘)/( (Oé)() * GT)‘i(ay).
This was the formula described in [IP3].

Ezample 10.7. Take a to be the Poincaré dual of a point in Z. This
constraint is supported off the neck and has two independent decompositions
depending on whether the point is in X or Y.

Ezample 10.8. Suppose a = ax ® ay is supported off the neck and there
are no rim tori in (X, V) and (Y, V) and that all curves contributing to the
invariants are 0-flat along V. Then we can choose a basis of H*(V') and expand
the relative GT invariants as in the appendix. Combining (10.15) with (10.7)
gives the explicit formula

GTy az(ax,ay)

m m
= ), 2 )] ’GT;,AMX (ax;Cm) - GTY, Ay (Coesay) .

m!
A=A1+Ay
X1+x2—2€(m)=x

Note that from the definition of relative invariants, the only terms contributing
are those for which 4; -V = /¢(m) = Az - V. E. Getzler has pointed out that
the formula above can be neatly expressed in terms of the generating series
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(A.6) and the intersection matrix Q" of V, specifically,

GTz(ax,ay)
= exp E ar? QY 9 0 (GTV(aX)(z) . GTV(ay)(w)) .
—~ K 8zai awaj X Y
ay%,J ’ ’

z=w=0

Because the decomposition of separating constraints a is not unique, we
can often choose several different decompositions, and use Theorem 10.14 to
get several expressions for the same GT invariant. That yields relations among
relative GT invariants. In Section 15 we will use that idea to derive recursive
formulas which determine the relative invariants in some interesting cases.

11. The space Py and the S-matrix

Starting from the normal bundle NxV of V in X, we can form the P!
bundle
Py = P(NxV @ C)

over V by projectivizing the sum of the normal bundle NxV and the trivial
complex line bundle. Let 7 : Pyy — V be the projection map. In Py, the zero
section Vp and the infinity section V, are disjoint symplectic submanifolds,

both symplectomorphic to V. Moreover, note that Py, # Py = Py.
‘/(J:Voo

Under the natural identification of Vj with V., the convolution operation
(10.9) defines an algebra structure on H, (/K/lv X H]},{“’/"’%; Q[A]). This allows us
to multiply by GT invariants. Of particular interest are the invariants with
no constraints on the image, that is GTI‘P{:HVO(O&) with o = 1, which give an
operator

(1) [GTEY )]« 0 HUM x MYz Q) — Ho(M x HE 5 Q)

defined by a power series as in (1.24). This operator is key to the general
symplectic sum formula given in the next section. In this section we describe
(11.1) and its inverse and develop some examples.

Each (J,v)-holomorphic bubble map f into Py projects to a map fy =
mo f into V. Although fy may not be (J,v)-holomorphic, we can still ask
whether fy is stable, using the second definition of stability given before (1.4);
namely, f is stable if its restriction to each unstable domain component is
nontrivial in homology.

Definition 11.1. A (Vu, Vp)-stable map f : C — Py is Py -trivial if each of
its components is an unstable rational curve whose image represents a multiple

of the fiber F' of Py, .
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Thus the Py -trivial curves are rational curves representing dF with one
marked point on the zero section and one on the infinity section, both intersect-
ing with multiplicity d. Let My denote the set of Py -trivial maps in MI‘P{T’%

and consider the disjoint union
(11.2) M= = My U Mg

where My is the set of non-Py-trivial maps.

For the next lemma we fix a compatible triple (w, J, g) on Py for which the
projection 7 : Pyy — V is holomorphic and is a Riemannian submersion; such
a triple is described before the proof of Proposition 6.6 of [IP4]. Then each
J-holomorphic map (f,7) into Py projects to a J-holomorphic map (7 o f,j)
into V.

LEMMA 11.2. (a) My is both open and closed. The corresponding decom-
position of (11.1) is

(11.3) GTy=" (1) = I+ R">";
that is, the Py-trivial maps contribute the identity to the GT invariant.

(b) The non-Py-trivial maps have E(fy) > oy, where ay is the constant
of Definition 3.1.

(¢c) For each fixred A, n and x, the corresponding term in the convolution
R™ = R« --- % R vanishes for m large enough. Therefore, the inverse of GT
is well defined by:

oo
(11.4) (eTt="q) L= S (R,
m=0

Proof. (a) Clearly My is closed. To show that the complement of M is
closed, suppose that a sequence (f;) in the complement converges to a trivial
map f in the topology of the space of stable maps. Then the homology classes
converge and so, after passing to a subsequence, we can assume that each
fi represents dF'. Similarly, the stabilizations of the domains converge in the
Deligne-Mumford space, so we can assume that all domain components of each
fi are unstable. But then the f; lie in Mj. We conclude that Mj is both open
and closed. Finally, the decomposition (11.2) gives splitting (11.3) of the GT
invariant because convolution by elements of My is the identity.

(b) If E(fy) < ay then, as in the proof of Lemma 1.5b of [IP4], every com-
ponent of the domain is unstable and fy is trivial in homology and therefore
f represents a multiple of F.

(c) For each (J,v) , we shall bound the number N for which there are
maps in the moduli space defining the convolution RY. That moduli space
consists of maps f from a domain C' (whose Euler class y and number n of
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marked points is fixed) to the singular manifold Py # - - - #Py obtained from
N copies of Py by identifying the infinity section of one with the zero section
of the next. Furthermore, these f decompose as f = |J f/ where f7 is a map
from some of the components of C' into the jth copy of Py.

Fixing such an f, let Ni be the number of f/ whose domain has at least one
stable component C;. These components appear in the stabilization st(C). But
st(C) lies in the space M, , of stable curves, and hence has at most dim M, ,,
components. This gives an explicit bound for Nj in terms of x and n.

The remaining Ny = N — Ny of the f7 each have unstable domain C; with
m[f7(C})] € H2(V) nontrivial, and so satisfy E(m o f7) > ay by (b) above.
Furthermore, since C; is unstable f7 is (.J,0)-holomorphic. We therefore have

Noay < ZE(ﬂ'ij) < E(rof) < Clwy,mA)+ Oy,

where the first sum is over those j contributing to No and the last inequality is
as in the proof of Lemma 12.1 below. Since the right-hand side depends only
on A, x, and (J,v), this bounds Ny and hence N. O

Definition 11.3. The S-matriz is defined to be the inverse of the GT in-
variant of Lemma 11.2:

sv = (Gt

(Note that this depends not just on V' but on the normal bundle to V' and the
1-jet of (J,v) along V.)

The symplectic sum of (X,U,V) and (Py, Vs, V) along V = V is a
symplectic deformation of (X, U, V), and so has the same GT invariant. The
convolution then defines an operation

H, (M x HYY;QN) @ Ho (M x HEZY Q) — Ho(M x HEY; QIA)).

Thus for each choice of constraints a € T*(Py, Voo U Vp), the GT invariant of
Py relative to its zero and infinity section defines an endomorphism

(11.5) GTy=""(a) € End (H*(A?T x H%V;@[Am

which describes how families of curves on X are modified — “scattered”— as
they pass through a neck modeled on (Py, Vi, Vo) containing the constraints a.

The identity endomorphism in (11.5) is always realized as the convolution
by the element

I € H (M x Hy=";Q[N)

corresponding to that part of GT coming from Py -trivial maps.
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Example 11.4. When V = P!, Py — V is one of the rational ruled sur-
faces with its standard symplectic structure. If we wish to count all pseudo-
holomorphic maps, without constraints on the genus or the induced complex
structure, the relevant S-matrix is the relative GT invariant with (k,a) =
(1,1). This case works out neatly: Lemma 14.6 below implies that Sy = Id.

Ezample 11.5. When we put no constraints on either the domain or the
image Sy is an operator given in terms of GTI‘P{j’V” by the S-matrix expansion
(11.2). In cases where there are no rim tori in Py, we can expand the GT
invariants in the power series (A.6) of the appendix. Let GTy A(Cpm;Chy)
denote the relative invariant of F satisfying the contact constraints C,, along
Vo and Cy, along Vp. Then the S-matrix Sy has an expansion like (A.6) with

coefficients

Sx,A(Cm; Cm’):(Sm,m’ - GT]}Z:C:K)A(Cm; Cm’)

Aj4+Ag=A
Xx1+x2—2L(s1)=x

20(my) M| Ve e .
+ Z Z A ml! GT]P)V7X17A1 (Cm’ le)

Voo, Vo .
XGT= "0 | (Coss Cont) = .-

12. The general sum formula

In all of our work thus far we have assumed that the (J, v)-holomorphic
maps we are gluing are d-flat as in Definition 3.1. In this section we remove
this flatness assumption and prove the symplectic sum formula in the general
case.

The idea is to reduce the general case to the J-flat case by degenerating
along many parallel copies of V. Thus instead of viewing Z) as the symplectic
sum X #yY along V we regard it as the symplectic sum of 2V 4 2 spaces: X
and Y at the ends and 2N middle pieces each of which is a copy of the ruled
space Py associated to V' — see Figure 2 of the introduction. The pigeon-hole
principle then implies that for large N all holomorphic maps into Zy are close
to maps which are J-flat along each ‘seam’ of the 2/N-fold sum.

LEMMA 12.1. There is a constant E = E, , a(J,v) such that every (J,v)-
holomorphic map into Z representing a class A € Ha(Z) has energy at most E.

Proof. In an orthonormal frame {ej,es = je;} on the domain, the holo-
morphic map equation is fiej + J frea = 2v(eq). Taking the norm squared and
noting that (f.e1, Jfeea) = f*wler,e2) give |df|? = 2|v|? + 2f*w(e1,e2). The
energy of (f,C) is therefore the L? norm of v plus the topological quantity
(w, A) plus a term — the symplectic area of C' in the universal curve — which
depends only on y and n. The lemma follows. O
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For the remainder of this section we fix the data y,n, A which determined
the constant E of Lemma 12.1 and fix an integer N with

(12.1) Nay > E

where ay < 1 is the constant of Definition 3.1.
Fixing a small Ao, we partition the neck (2.5) of Z), (see Figure 3 of §2)
into 2N segments Z7 using the coordinate ¢ from (2.4):

7l = {2€Zy | (j—-N—-1)<Nt(z) < (j—N) }, j=1,...,2N.

Let Zy be the singular symplectic manifold obtained by symplectically cutting
Zy, at the values tj(z) = j — N — % in the middle of each of these segments.
The construction of Section 2 defines a family

(12.2) Z—-DcC?N

of smoothings of Zy as in Theorem 2.1 but with 2N necks. The fiber over
(1, ..., pon), defined for |p| < |A|, is a space Z(p1,. .., pon) with a neck of
size u; inside each Z7. The fiber Zy over u = 0 is the singular space obtained
by connecting X to Y through a series of 2N — 1 copies of the rational ruled
manifold Py associated with V. We symplectically identify Z,, with a fixed
generic fiber Z(ug) as depicted in Figure 2 of the introduction.

Fix § > 0 such that § < 155 and consider the space M = M, » a(Z (o))
of holomorphic maps into Z(ug). Let f7 denote the restriction of f € M to
f~%(Z7). We can then define an open cover of M that keeps track of the
values of j for which the energy E°(f7) on the 6 neck around the cut is small
as in equation (3.4). Specifically, to each subset {iy,...,ix} of {1,...,2N} we
associate the open subset of M

(12.3) Mivein = {f e M| ES(f9) < ay/2 for j =1, ..., i }

LEMMA 12.2. The M% cover M = My n aA(Z(1o), A) and set theo-
retically

(12.4) M = [ M — [ Mt 4 | Jmiiia

Proof. Each f € Mhas ), E(f7) < E(f) < E, and so (12.1) implies that
f € M for at least one i. If EO(f7) < ay//2 for exactly £ of the j, then f is

counted . @ N @ L @ ~ 1

times on the right-hand side of (12.4). O
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Now every f € M% i has small energy in the segment Z7 for j =
i1,...,9. Replacing p; by Ap; for those values of j (and keeping the remaining
pj fixed) defines a 1-parameter subfamily Zy of (12.2). That family degenerates
in the middle of exactly k of the segments Z7. At each of those degenerations
f is o-flat in the sense of Definition 3.1. Hence as A — 0

(12.5) Mt MY Xy (M )R o MY

Since the closure of M®% % is a compact subset of the set of §/2-flat maps,
we can apply the sum formula (10.6). For fixed x,n and A we obtain

e () fon

k=1

(12.6) CTxyy = GTY * « GTY..

This formula appears to be dependent on the number of cuts 2N. However,
there is a way to rewrite it to see that it is independent of IN. Note that
after multiplication by GT the middle sum is a binomial expansion; in fact, by
Lemma 11.2c,

2N

Z(_l)k_1<2]i\r>(GT)k_1 — 1_(1C;TGT>2N _ 1_<G_’I}?>2N _ GT_I.
k=1

Thus the middle part of (12.6) is exactly the S-matrix of Definition (11.3).
This gives the symplectic sum formula in the general case.

THEOREM 12.3 (symplectic sum formula). Let (Z,U, W) be the symplec-
tic sum of (X,U,V) and (Y,V,W) along V. Suppose that oo € T*(Z) is sup-
ported off the neck as in Example 10.8. For any fixed decomposition (ax, ay)
of a the relative GT invariant of Z is given in terms of the invariants of

(X,U,V) and (Y,V,W) and the S-matriz (11.3) by

(12.7) GTY" (@) = GTYY (ax) * Sy + GTYY (ay).

Implicit in this is the assumption that the right-hand side of (12.7) is
well-defined. As in Section 10, that will be the case if (X,V) and (Y,V)
are semipositive or more generally if the condition (b) in Theorem 10.4 is
generically satisfied. As noted in Remark 1.1 these assumptions are probably
not essential.

Theorem 12.3 holds more generally when « separates as in Definition
10.5, except that the definition of the S-matrix needs to be enlarged. Instead
of restricting GTK;’;’% to a = 1 we restrict it to the subtensor algebra Ty, of
T*(Py) generated by the kernel of the composition

H*(Py) - H*(SVo) 25 H* (Vo)
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where SV} is the circle bundle of the normal bundle to the zero section Vj in
Py, ps is the integration along its fiber and i : SVyj — Py is the inclusion. In
that case we get an S-matrix defined by
(12.8) Sy = (G| )7
T3,
In the important case when U and W are empty Theorem 12.3 expresses
the absolute invariant of Z in terms of the relative invariants of X and Y.

THEOREM 12.4. Let Z be the symplectic sum of (X,V) and (Y,V) and
suppose that o € T*(Z) separates as (ax,ay) as in Definition 10.5. Then

(12.9) GTz(a) = (GTY * Sy * GTY ) (ax, ay).
where Sy is the S-matriz (12.8).

If moreover o decomposes as o = ax ® ay then (12.9) becomes
GTz(a) = GT%(ax)* Sy(ay)* GTY(ay)

where ay € TY, is the pullback to Py of the restriction of o to V.
As a check, it is interesting to verify the symplectic sum formula in one
very simple case where the GW invariant is simply the Euler characteristic.

Ezample 12.5. Fix an elliptic curve C' with one marked point (and fixed
complex structure). Consider the (J, v)-holomorphic maps with domain C' and
representing the class 0. When v = 0 all such maps are maps to a single point,
so the moduli space is X itself. Furthermore, the fiber of the obstruction
bundle at a constant map p is H!(C, p*TX), which is naturally identified with
T,X. The (virtual) moduli space for v # 0 consists of the zeros of the generic
section 7 = fc v of this obstruction bundle TX — X. Thus this particular
GW invariant is x(X).

Similarly, when v = 0 the moduli space of V-regular curves is X \ V
and its V-stable compactification, defined in [IP4], is X. To compute the
GW invariant relative to V', we need to know how many of these point maps
become V-regular after we perturb to a generic V-compatible v # 0. Because
any V-compatible v is tangent to V' along V the corresponding section 7 has
X(X) zeros on X, and of those, x(V) lie on V. Thus the relative invariant
is GWY% = x(X) — x(V)). Moreover, the only contribution of the S-matrix in
this case comes from the relative invariant of (Py, VU V4 ) which counts maps
with fixed domain C' representing the class 0. But similarly, this invariant is
GW;P/‘; Voo — \(Py)—2x(V) = 0, and therefore the S matrix does not contribute
in this case. The symplectic sum formula then reduces to the formula

X(X) +x(Y) =2x(V) = x(X#vY).

Much more interesting examples will be given in Section 15.
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Finally, one can also include 1 and 7 classes as constraints. As in [IP4],
¢; € H? (Mg,n) is the first Chern class of £;, the relative cotangent bundle at
the i*" marked point p;. There is a similar bundle L; over the space of stable
maps whose fiber at a map f is the cotangent space to the (unstabilized)
domain curve, and whose Chern class is denoted by ;. It is also useful to
pair each 9; class with an «; € H*(Z) and consider the ‘descendent’ 74 () =
evgi* () U@ZJ?. It is a straightforward exercise, left to the reader, to incorporate
these constraints into Theorems 12.3 and 12.4.

13. Constraints passing through the neck

Not every constraint class a € H*(Z) separates as in Definition 10.5. Yet
for applications it is useful to have a version of the symplectic sum formula
for more general constraints — ones whose Poincaré dual cuts across the neck.
Since the Poincaré dual of o € H*(Z) restricts to a class in H.(X,V) such a
general symplectic sum formula will necessarily involve relative GT invariants
of classes @« € H*(X \ V). That requires generalizing the relative invariant
GTY, which was defined in [IP4] only for constraints in H*(X).

We begin by recalling the ‘symplectic compactification” of X \ V' which
was used in [IP4]. Let X be the manifold obtained from X \ V by attaching as
boundary a copy of the unit circle bundle p : SV — V of the normal bundle
of Vin X, and let p : X — X be the natural projection. Suppose that Z
is a symplectic sum obtained by gluing X to a similar manifold ¥ along SV.
We can then consider stable maps in Z constrained by classes B in Hy(Z),
i.e. the set of stable maps f with the image f(z) of a marked point lying on a
geometric representative of B. If we restrict g to the X side, such geometric
representatives define constraints associated with classes in H,(X,dX).

Specifically, given a class B € H. *(X , 0X ), we can find a pseudo-manifold
P with boundary @ and a map ¢ : P — X so that ¢(Q) C OX represents B
and use this to cut-down the moduli space. Thus for generic (J,v)

-—V
ev (M2 (X, 4)) Np(o(P))
defines an orbifold with boundary denoted by

(13.1) GTYX 4.4(9).

After we cut down by further constraints of the appropriate dimension, this
reduces to a finite set of points, giving numerical invariants constructed using
¢. This is particularly simple when B € H,(X \ V), i.e. when B can be
represented by a map into X \ d0X. The cobordism argument of Theorem 8.1
of [IP4] then shows that the relative invariants (13.1) are well-defined. Note
that these relative invariants depend on B € H,(X \ V), not on its inclusion
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i»B € H,(X). For example, rim tori and the zero class in Hy(X,dX) have the
same image under p : X — X, but might have different invariants (13.1).

In general the constrained invariant (13.1) will not be well-defined but will
depend on the choice of ¢. The space

(13.2) JY x Maps((P,Q), (X,0X))
has a subset

" there is a V-stable (J, v)-holomorphic }
v=U L99) ith To) e ol@) €7

where for some map the marked point p; lands on the projection of ¢(Q) into V.
In general, W will have real codimension one, and thus will form walls which
separate (13.2) into chambers.

LEMMA 13.1. The number (13.1) is constant within a chamber. When
B = [¢] satisfies p.[0B] = 0 then there is only one chamber, and therefore
(13.1) depends only on B.

Proof. Any two pairs (f, ¢) that lie in the same chamber can be connected
by a path (ft, ¢¢) with fi(p;) € ¢:(P\ Q). The cobordism argument of Theorem
8.1 of [IP4] then proves the first statement.

Each B in the kernel of p,0 can be represented by a map ¢ as above with
#(Q) of the form p~1(R) for some k —2 cycle R in V. After restricting the last
factor of (13.2) to such ¢, the wall W has codimension two, giving the second
statement. O

The following lemma relates the invariants associated with different cham-
bers.

LEMMA 13.2. (a) Two maps ¢1,¢2 : P — X that agree on OP define a
class a = [p1#(—¢2)] € H (X \V) with Poincaré dual o« = PD(a) € H*(X,V);
the corresponding invariants are related by

(13.3) GTX(¢1) = GTX(¢2) + GTX ().

(b) If ¢1, 2 define the same class in Hy (X, V) then there exists ¢' : R —
0X with OR = Q1 U (—Q2) such that ¢’ agrees with ¢1 on Q1 and agrees with
@2 on Qz. Then ¢y and ¢o# @’ have the same boundary. Moreover,

(13.4) GTY (¢o#¢)) = GTX (¢2) + GTY x GTLY (¢)

This actually means that in order to extend the definition of the relative
invariants from [IP4], we only need to pick one geometric representative B
(any one) such that [B] € H.(X,V), [0B] = 3 for each 8 € Ker [H,_1(SV) —
H, 1(X)].
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Altogether, the invariants can be thought of as giving a map
(13.5) GTY : T*(X \ V) — H (M x HYX)

which is noncanonical: it depends on the actual representatives for the class «
as described in Lemma 13.2.

With this extended definition of the relative invariants, the proof of The-
orem 10.4 carries through. That proof began by choosing geometric represen-
tatives of constraints o which separate. For a general constraint o € H*(Z)
we can still choose a geometric representative B of the Poincaré dual, and
consider its restrictions Bx and By to (X,9X) and (Y, 8Y) respectively. The
remainder of the proof still applies, giving a sum formula relating the invari-
ants GTz(«) of Z to the relative GT invariants (13.5) of X and Y cut down
by the constraints Bx and By.

14. Relative GW invariants in simple cases

The symplectic sum formula of Corollary 12.4 expresses the invariants of
X+#Y in terms of the relative invariants of X and Y. In the next section we will
apply that formula to spaces that can be decomposed as symplectic sums where
the spaces on one or both sides are simple enough that their relative invariants
are computable. That strategy can succeed only if one has a collection of simple
spaces with known relative invariants. This section provides four families of
such simple spaces.

In some of the examples below the set R of rim tori is nontrivial. In those
cases we will give formulas for the invariants W; defined in the appendix
although, as the examples will show, it is sometimes possible to compute the
GW}/( themselves even though there are rim tori present.

14.1. Riemann surfaces. For Riemann surfaces one can consider the GW
invariants as absolute invariants or relative to a finite set of points. These
invariants count coverings, and the homology class A is simply the degree d of
the covering.

In dimension two the symplectic sum is the same as the ordinary connect
sum — one joins two Riemann surfaces by identifying a point on one with a
point on another, and then smoothing. Of course, to apply the sum formula
one must first find Sy, which in this case is built from the relative invariants of
(PY, V) where V = {po, poo} two distinct points and where all the constraints
lie on V. In that context, we fix a nonzero degree d and two sequences s, s’ that
describe the multiplicities of points at the preimages of py and p, respectively.

LEMMA 14.1. The invariants GWZQ’S’S, with no constraints except those
on' V = {po, Poo} vanish except when g =0 and s and s’ are single points with
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multiplicity d. In that case
GWY .o =1/d
Moreover, in dimension two the S-matriz is always the identity.

Proof. This invariant is the oriented count of the 0-dimensional compo-
nents of MZ%&S,. But by (1.21)

dim¢ M,‘jl/,g,sys, =2d+2g — 2+ {(s) — degs + {(s') — deg s’
=29 — 2+ £(s) + £(s)
is zero only if ¢ = 0 and #(s) = £(s’) = 1, i.e. s and s specify single points
with multiplicity d. If we stabilize, there is only one such map, given by the

equation z — z%, so its contribution to GWZO7S7S, is 1/d. This map is P-trivial,
and hence contributes as the identity to the S-matrix. O

The same dimension count gives the invariant with one constraint:

LEMMA 14.2. When d > 2, the invariants GWZ%&S, (b) of maps with one
simple branch point over a fized point in the target P and no other constraints
except those on V. = {po, poo} vanish except when g =0 and £(s) + £(s') = 3,
in which case ngo,s,s/(b) =1

Perhaps the most interesting two-dimensional example is the g = 1 invari-
ant of the torus 7°2.

LEMMA 14.3. Fix an integer k > 0. Then the g = 1 invariants of the
torus relative to a set' V of k points form a series

GWY(T?) = > GWy,(T%)t?
d

that is equal to the generating function for the sum of the divisors o(d) =1,

Id
namely
(14.1) oW = 3o = 3
' d=1 =l -t

Proof. This is a matter of counting the (unbranched) covers of the torus.
That was done in [IP1] for k¥ = 0. In general, for each degree d cover, each
point of V' has d inverse images, each with multiplicity one. Following the
notation of [IP4] we order the inverse images and divide by d!, leaving us with
G(t) again. O
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14.2. T? x S?. Next we consider the g = 1 invariants of X = T? x S2.
Thinking of this as an elliptic fibration over S?, we fix a section S = {pt} x S?
and two disjoint fibers F' and denote the corresponding homology classes by s
and f. Focusing on the classes df and s+ df for d > 0, we can form generating
functions for the absolute GW invariants and the GW invariants relative to
one or two copies of the fiber.

First consider the classes df, where the invariants GW g 1, GWZ‘J’ and

GWfl}f have dimension 0 by (1.21). There are no rim tori in X \ ', and when
V is one or two copies of the fiber we have df -V = 0, so that £ = 0 and V¥ is a
point in (1.20). Therefore GWCZf’l has values in Ho(X) and ngjf has values
in HV = Hy(X) x R. Thus all three invariants can be written as power series
with numerical coefficients.

LEMMA 14.4. The genus one invariants GW and GWY in the classes df
are given by

Y GWyitf = 2G(ty)  and Y GWE 1t} = G(ty)
d d

with G(t) as in (14.1). The corresponding relative invariants GW5E are in-
dexed by classes df + R for rim tori R and these all vanish:

Z ng}’f tagr+r = 0.
d

Proof. The generic complex structure on a topologically trivial line bundle
over T? admits no nonzero holomorphic sections. After projectivizing, we
get a complex structure on 72 x S? for which the only holomorphic curves
representing df are multiple covers of the zero section Fy and the infinity
section Fo,. This is a generic V-compatible structure for V = Fy or Fy U Fi.
As in Lemma 14.3 these contribute G(t) to the power series for these invariants.
(Note that for the relative invariant, we compute only the contribution of curves
that have no components in V). O

The invariants for the classes s + df are more complicated. By (1.21) the
corresponding moduli spaces have real dimension 4, and so become points in
H}é after imposing two point constraints; these constraints can be either points
pe X\V,or Ci(q), a contact of order 1 to V at a fixed point ¢ € V. Again
rim tori R appear only for the invariant relative to two copies of a fiber.

LEMMA 14.5. The genus one invariants GW and GWE in the classes
s+df,d>0, are

Z GWSerf,l (pQ) t4 = QtG/(t) and Z GW§+df,1(p§ C1(q)) ¢ = tGl(t).
d d
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The corresponding relative invariants GWHE can be indezed by classes s + df
+ R for rim tori R and those with two point constraints on V vanish:

2tG'(t) if 3=p,p and R =0,
N GWEE o (B) tararer = { 1G(D) if 3= p; C1(q) and R =0,
d 0 if B=C1(q0); C1(qoo)-

Proof. We can compute using the product structure Jy on 7% x S?. Con-
sider a Jyp-holomorphic map representing s+ df, passing through generic points
p1 and p2, whose domain is a genus 1 curve C' = UC};. The projection onto the
second factor gives a degree 1 map C — S?, so C must have a rational com-
ponent Cy which represents s. The projection of the remaining components is
zero in homology, therefore they are multiple covers of the fibers. Because the
total genus is one there is only one such component.

In summary, for the product structure Jy, the only g = 1 holomorphic
curves representing s+ df have two irreducible components, one of them a sec-
tion S, and the other a multiple cover of a fiber F' ¢ V. A simple computation
shows that H'(C,TX|c) = 0 for these curves, so that Jy is generic for these
classes. The constraints require that S pass through p; and F' pass through
pa, or vice versa. For each of those two cases there are d choices of the marked
point on the domain of F, so the count is the same as in Lemma 14.4 with
G(t) replaced by tG’(t). This gives the first formula.

The count for the second formula is similar. Any V-regular genus 1 holo-
morphic map through an interior point p and a point ¢ € V has two compo-
nents: a section through ¢ and a d-fold cover of a fiber F' through p. The fiber
domain can be marked in d ways, giving the count tG'(t).

For the invariant relative two copies of the fiber F', there are rim tori, but
the discussion above implies that for Jy the only holomorphic curves in the
classes s+ df + R appear only for R = 0 (where these curves define what R = 0
means). O

14.3. Rational ruled surfaces. Here let [F,, be the rational ruled surface
whose fiber F', zero section S and infinity section E define homology classes
with §2 = —F? = n. We will compute some of the relative invariants GW"
with V' = SUFE and with no constraint on the complex structure of the domain
(k=1).

Fix a nonzero class A = aS + bF and two sequences s, s’ of multiplicities
that describe the intersection with S and E respectively. The relative GW
invariant with no constraint on the complex structure and & marked points
lies in the homology of X* x S¢ x E¥ with £ = £(s) and ¢ = ((s'). After
imposing constraints a = (a1, ..., ax) € T*(X), we have

CW5E () € Ho(S") @ H.(EY)
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where S 2 F = P!, Noting that the canonical class of F,, is K = —2S+(n—2)F
and degs’' = F-A="0and degs = S - A = b+ na, we have
dim¢ GWi’jw, (a)=(n+2)a+2b+g—1
—(degs — £(s)) — (deg s’ — £(s')) + k — deg
=2a+¢g—1+0+0 +k—dega.
But S¢ x EY has complex dimension ¢ + ¢, so the pushforward of the moduli

space represents zero in homology unless dim¢ My s o (Fp, A) < ¢+ ¢'. Thus
the invariant vanishes unless

(14.2) 2a+g < 14dega—k.

LEMMA 14.6. The invariants GWi’iS,S, with no constraints except those
on V. = S U E wvanish except when A = bF, g = 0, and s and s’ are single
points with multiplicity b > 0. In that case
1
b
Moreover, the S-matrix in F, is the identity.

S,E
GWirpse =7 (S®1+10E).

Proof. Tt suffices to show that the only contributions to GW from classes
A = aS + bF come from unstable rational domains with ¢ = 0, i.e. from
F,,-trivial maps. Taking k = a = 1, (14.2) implies that A = bF and g = 0 or 1.
Moreover, because every bF curve intersects both E and S, we have £+ ¢’ > 2,
and when g = 0, stability of the domain requires that £+ ¢ > 3. In these cases
the moduli space MXS’S/ (Fp,bF) is either empty or has dimension > 2.

Suppose that the moduli space is nonempty and the above stability con-
ditions hold. Since E and S are copies of P!, H,(S%) ® H,(E") is generated by
point or [P!] constraints. Then for each generic (J, ) there are maps f in the
moduli space whose images passes through at least two fixed points p,q € FUS
in generic position. Take (J,v) — (Jy,0) where Jy is a complex structure with
a holomorphic projection 7 : F, — P!. In the limit we obtain a connected
stable map fp through p and ¢ with components representing a;S + b; f such
that bF = ) a;S + b; f. But then each a; = 0, so that the image of m o fy is a
single point containing 7(p) and 7(q). This cannot happen for generic p, q.

Thus M_}]/,s,s/ (F,,,bF) consists of F,-trivial maps (cf. Definition 11.1) rep-

resenting A = bF'. Such maps contribute the identity to the S-matrix. O

LEMMA 14.7. Fiz a point p € F,\V with V = EUS. Then GWX,Q’S’S, (p)
vanishes except in the following cases:

(i) GW,?;,% s (p) =1 when s and s" are single points with multiplicity b > 0.

(ii) GWg’beo s o (D) = SVs x SV whenever degs = b, degs’ = b+ n.
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Proof. From (14.2) we have GWXSijF’%&y (p) = 0 unless 2a+¢g < 2. Thus
either (i) a =0, or (ii) a =1 and g = 0.

In case (i) each map contributing to the invariant represents bF', passes
through p, and hits E and S. Hence dim M;{&S, (Fp,bF) = g—1+(s) + £(s)
with £(s) + £(s") > 2. The limiting argument used in Lemma 14.6 then shows
that GW,YRM’S/ (p) vanishes unless g = 0 and ¢(s) = ¢(s') = 1. Thus s and s’
are single points of multiplicity b, and the maps pass through p. Moving to
the fibered complex structure, one sees that there is a unique such stable map

for each b > 0. This gives (i).
In case (ii) the moduli space M}, ., (F,,, S+bF) has dimension £(s)+£(s')

0,s,s’
and is empty unless b > 0. That means that the image ofMKS7S/ (Fp, S+bF) is a
multiple of SV, x SV, so that the invariant vanishes except when all contact
points on E and S are fixed. By the adjunction inequality, any irreducible
curve C representing S+ bF’ is rational and embedded, so we can compute the
invariant by intersections in P(HY(F,, O, (S + bF)) (the standard complex
structure on F,, is generic for these curves C' because h'(C; O(S + bF)|c) =
RY(PY; O(n + 2b)) = 0). But h%(F,, O(S + bF)) = n + 2 + 2b, and each of the
conditions imposed (including multiplicities) are linear conditions. Thus the
number of curves representing S + bF' passing through a point p and meeting

E and S at fixed contact points is 1. O

14.4. The rational elliptic surface. As a final example we consider the
rational elliptic surface F. Let f and s denote, respectively, the homology
classes of a fiber and a fixed section of an elliptic fibration E — P'. The
following lemma describes the invariants relative to a fixed fiber F' in the classes
A = s+ df where d is an integer. In this case there are rim tori in E \ F,
suggesting that one use the summed invariant GW defined in the appendix.
However, the lemma shows that the sum contains only one nonzero term (as
happened in the last case of Lemma 14.5).

LEMMA 14.8. The genus g relative and absolute invariants of E in the
classes s + df € Ho(E) are related by:

—F
GWitarg(0?) = GWiyg,(0?:C1(f)) = GWE 4 (0% C1(f))

where the second equality means that GWY can be indexed by classes s+df + R
for rim tori R and these vanish whenever R # 0.

Proof. The first equality holds because generically all maps contributing to
the absolute invariant are V-regular. That is true because if some component
of a stable map is taken into V = F', then that component must have genus at
least 1. But then the remaining components have genus less than g, so cannot
pass through ¢ generic points.
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The second equality follows from a projection argument like the one used
for Lemma 14.5. Consider a curve C' = UC; representing s + df which is
holomorphic for a fibered complex structure Jy on E. Since the projection
to P! gives a degree one composition, C' must have a rational component Cy
that intersects each fiber in exactly one point, while the other components are
multiple covers of fibers and so represent df € Ho(E \ F'). Moreover, Cj is an
embedded section representing s. Since s> = —1 then Cy must be the unique
holomorphic curve in the class s. Thus the only curves in the class s +df + R
appear only for R = 0. O

The invariants of Lemma 14.8 will be explicitly computed in Section 15.3.

14.5. Rational relative invariants. Counting rational curves requires only
the g = 0 relative invariants and the corresponding S-matrix. The following
two propositions show that these are particularly simple: the S-matrix is the
identity and the relative invariant is the same as the absolute invariant in the
absence of rim tori.

PROPOSITION 14.9. When g = 0, s = (1,...,1) and A € Hy(X), the
relative invariant (summed over rim tori as in (A.1)) equals the absolute in-

variant:
ﬁ Wx,o(oﬁ Cs([VD) = GWAQ(OK)

where o = (aq, ..., 0p) € (Ho(X))™.

Proof. Fix a generic V-compatible pair (J, ). Recall that (J,v) is generic
for curves that have no components in V', and also its restriction to V gives a
generic pair on V. However, for a curve entirely contained in V', even though
(J,v) is generic when the curve is considered in V, it might not be generic
when the curve is considered in X.

For any genus g and ordered sequence s, consider the natural inclusion:

MV (Xa A) — Mgm—f—f(X? A)

g,n,s

where A € Hy(X) and where the left-hand moduli space involves a union
over rim tori. When s = (1,...,1), any element in M, (X, A) that has no
components in V' lifts in (A-V)! ways to an element of M;{n,s(X, A). We will
show that for generic V-compatible (J,v), when g = 0 the contribution of the
moduli space of curves with some components in V to the absolute invariant
vanishes, and therefore the two invariants are equal.

For simplicity, start with the case when f has only one component, and
this is entirely contained in V. Then ¢(s) = A-V = ¢1(NxV) - A and the

moduli space of such curves has
dim My 4, 4= —2Ky - Ao+ (dim V —6)(1 — g)
=dim M}/(’A,g +29—2
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as in equation (6.4) of [IP4]. This means that for genus g = 0 the dimension of
the moduli space of curves entirely contained in V' is two less than the (virtual)
dimension when considered as curves in X. Therefore if the virtual dimension
in X is 0, there are no curves in V' which could contribute. The general case
of a curve with some components in V' and some off V' follows similarly. O

PROPOSITION 14.10. The g = 0 part of the S-matriz is the identity for
any V and any normal bundle N.

Proof. By (11.3) this statement is equivalent to showing that there is no
contribution to the ¢ = 0 GW-invariant coming from maps into Py which
are not Py-trivial. Consider the 0 dimensional moduli space M]},{("/’}ﬁ})’s(v)
constrained only along Vj and V., such that the corresponding GW invariant
is not zero. By Theorem 1.6 of [IP4] the same moduli space would be nonempty
for the submersive structure associated with a generic v on V' (as defined before
Lemma 11.3). Then each f € Mp would project to a map fy in My 405
that passes through the ~ constraints. But counting virtual dimensions using

equation (6.4) of [IP4], we see that
. _ : Voo7% 1 N J—
dim My a0s(y) = dim MIPV,A,O,S('Y) — 2index D, = 2g—2

is negative when g = 0, so this moduli space is empty for generic vy . O

15. Applications of the sum formula

This last section presents three applications of the sum formula: (a) the
Caporaso-Harris formula for the number of nodal curves in P2, (b) the formula
for the Hurwitz numbers counting branched covers of P!, and (c) the formula
for the number of rational curves representing a primitive homology class in
the rational elliptic surface. These formulas have all recently been established
using Gromov-Witten invariants in some guise. Here we show that all three
follow rather easily from the symplectic sum formula.

15.1. The Caporaso-Harris formula. Our first application is a derivation
of the Caporaso-Harris recursion formula for the number N%%(a, 8) of curves
in P? of degree d with § nodes, having a contact with a line L of order k at
ay fixed points, and at §; moving points, for £k = 1,2, ... and passing through
the appropriate number r of generic fixed points in the complement of L.

For this we consider the pair (P, L), which can be written as a symplectic
connect sum:

(15.1) (P% L) # (P,E, L) = (P?, L)
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where (P, E, L) is the rational ruled surface with Euler class one with its zero
section L and its infinity section £. We can then get a recursive formula for
the GT invariant of (P2, L) by moving one point constraint pt to the PP side,
and then using the symplectic sum formula.

The splitting (15.1) is along a sphere V' = E = L, so there are no rim tori.
The relative invariant therefore lies in the homology of SV and is invariant
under the action of the subgroup of the symmetric group that switches the
order of points of the same multiplicity. A basis for this homology is given by
(A.4), where {v;} with ¥} = p a point and 5 = [P!] is a basis of H,.(V).

To recover the notation of Caporaso and Harris, for each sequence (mq;),
denote o = my,1 and B, = mg2, and let o = (a1, 0,...), B = (61,02, .. ).
Then m! and |m| correspond to a! =[], a; and || = []; ¢*. With this change
of coordinates,

1
N, ) = Gy g p (P Com)

where y — 20 = —d(d — 3) is the “embedded Euler characteristic”, r = 3d +
g—1—=>"a;—> (Bj — 1), and we are imposing no constraints on the complex
structure of the curves. Similarly, let

NebX (! 85 p; o, B) = m&n,, GTfi;LLerF,p(Cm;p; C)
denote the number of curves of Euler characteristic y in P representing aL.+bF
that have contact described by (o, §’) along E, («, 3) along L and pass through
an extra point p € P (we prefer to label these numbers using x rather then the
number of nodes).
By Lemma 14.6 the S-matrix vanishes. The symplectic sum theorem then
implies:

N*™X(a,8) =" |/|- |3 N"X (o, ) - NT=42X (3 o/ pra, B)

where the sum is over all o/, #’ and all decompositions of (dL, x) into (d'L, x")
and ((d — d')L 4+ bF, x") such that x = x' + x” — 20(a/) — 2¢(3"). Combining
Lemmas 14.6 and 14.7 we see that there are exactly two types of curves that
contribute to the relative GW invariant GT?{L(Cm; p; Cpy) of P with one fixed
point p.

1. Several g = 0 unstable domain multiple covers of the fiber, one of them
say of multiplicity k£ passing through the point p, corresponding to the
situation d’ = d and

B =B3+er; o =a—¢

where ¢}, is the sequence that has a 1 in position k£ and 0 everywhere else.
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2. Several g = 0 unstable domain multiple covers of the fiber together with
one g = 0 curve in the class L 4+ aF' passing through p and having all
contact points with E and L fixed say described by «f and ap; this
corresponds to d = d — 1 and the situation

a=ay+d; F =a)+ 0 equivalently 3 > 3; a > o

In each situation above, the number of V-stable curves is 1. In the second
case, note that there are (2‘,) choices of o and (%/) of afy. Moreover, for each
P-trivial curve its invariant combines with its corresponding multiplicities in
|m/[¢(m/)! to give 1. Therefore, the remaining multiplicity in case 1 is k, while

in case 2, it is |ag| = |8’ — B|. Putting all these together, we get:

d,5 d,s' a\ (B d—1,8'
N (a,B) =Y kN (o —ep, B+ex) + Y18 — B (a,> <5>N (o, 8)
where the last sum is over all 3/ > 3, o/ > «. This is exactly the Caporaso-
Harris formula.

15.2. Hurwitz numbers. The method of Section 15.1. can also be applied
for maps into P!. In that case the symplectic sum formula yields the cut and
paste formula for Hurwitz numbers that was first proved using combinatorics
by Goulden, Jackson and Vainstein in [GJV] (recently Li-Zhao-Zheng [LZZ]
have derived a similar formula using [LR]).

The Hurwitz number Ngg(a) counts the number of genus g, degree d
covers of P! that have the branching pattern over a fixed point p € P! specified
by the unordered partition « of d, while the remaining branch points are simple
and located at fixed points in the target P'. We can get at these numbers by
regarding the pair (P!, p) as a symplectic sum:

(15.2) (B'.p) = (B, 2) # (B y.p).

We then get a recursive formula for the GW invariant of (P!, p) by moving one
simple branch point b to the (P!,y,p) side and applying the symplectic sum
formula.

In fact the Hurwitz numbers are the coeflicients, in a specific basis, of the
GW invariants of P! relative to a point V = p. More precisely, each unordered
partition o = (a1, a,...) of d defines numbers m, = #{i | a; = a}; let Cy, be
the corresponding basis (A.4) (in this case the basis {7;} of H*(V) has only
one element). Then

Nig(e) = GWE, , (073 Cr)

is the number of degree d, genus g covers that have the branching pattern over
p € P! determined by «, and r = 2d — 24 29 — 2 — > (a — 1)m, other fixed,
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distinct branch points in the target. (Note that the branching order is the
order of contact to p = V.) The corresponding generating function (A.6) is
(2a)™ u” 4 2292
mg! 7!

F = GWE = Y GWE, . (0":Cn) ]
a
Now apply the symplectic sum formula to the decomposition (15.2), putting
r — 1 branch points on the first copy of P! and one on the second copy. Since
there are no rim tori and the S-matrix vanishes by Lemma 14.1 we obtain

. || r— :
(153) GW (13Cm) = o GTh (0 Y Cor) - GTE? (Cr; 5 Ci)

where the sum is over all m’ = (m/,m},...) and all x1,x2 such that 2 —
29 = x1 + x2 — 2¢(m’) and so that the attached domain is connected. But
GT = exp GW and Lemma 14.2 implies that the only possibility for the last
factor in (15.3) is a union of trivial spheres together with a degree a sphere
constrained by C, at one end and C;; with i + j = a at the other end (plus
the branch point in the middle). Therefore there are only two possibilities for
the other factor and for the partition o’ corresponding to m’.

1. = (i,4,8) and o = (i + 4, 3) for some i, j, 3, so the covering map has
genus g and degree d.

2. a = (a,8) and o/ = (4,4,3) with a =i + j. Then y; = 2g — 4 so the
covering map is either genus g — 1 and degree d or genus g1, g2 of degrees
dy, ds.

The sum formula (15.3) can then be written as a relation for the generating
function, namely

1 . _
O F = 5 Z (zy)\Qij [aziasz + 0, F - Osz] + (1 +])zizjazi+].F) .
4,521
This is the ‘cut-join’ operator equation DF = 0 of [GJV]. It clearly determines

the Hurwitz numbers recursively. The same formula works to give the ‘Hurwitz
numbers’ counting branched covers of higher genus curves.

15.3. Curves in the rational elliptic surface. We next consider the
invariants of the rational elliptic surface E — P!. Using the notation of Section
14.4, we focus on the classes A = s + df where d is an integer. The numerical
invariants GW 4 4(p?) then count the number of connected genus g stable maps
in the class s+df through g generic points (with no constraints on the complex
structure of the domain). For each g these define power series

Fy(t) =Y GWag(p?) t't,
d>0
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where ¢ = t;. Recently, Bryan-Leung [BL] proved that

(15.4) Fy(t) = Foft) [6(1))*
with G as in (14.1) and

(15.5) Fo(t) =t (H 1—1td> :
d

As mentioned in the introduction, this formula is related to the work of Yau-
Zaslow [YZ] and to more general conjectures (such as those stated in [Gol)
about counts of nodal curves in complex surfaces.

We will use our symplectic sum theorem to give a short proof of this
formula, beginning with the g = 0 case. The proof is accomplished by relating
F(t) to the similar series of elliptic (¢ = 1) invariants

= GWai(n[f) 't
d>0

where f* € H?(E) is the Poincaré dual of the fiber class and where 71[f*] =
evg1*(f*) Uy is the corresponding ‘descendent constraint’ described at the
end of Section 12.

We will compute H in two different ways. The first is based on the stan-
dard method of ‘splitting the domain’, which yields the following general facts
for 4-manifolds.

LEMMA 15.1. Let X be a symplectic 4-manifold with canonical class K.
(a) For A= 0 and g = 1 the GW invariant with a single constraint B € H*(X)
18

1
(15.6) GWo.(B) = K- B.

(b) For any classes A, f € Ho(X) satisfying A- K = —1,
(f-4)
24
+ ) (FAg)(Ar - A)GW 4, 1GW g, 0.

Aj+Ag=A
A1#£0, Ag#£0

CWaq(n[f]) = (A2 + K- A)GW 4

Proof. (a) For v = 0, Mj1(X,0) is the space My 1 x X of ‘ghost tori’
f: (T?j) — X with f(z) = p a constant map. At such f, the fiber of
the obstruction bundle is HY(T? f*TX) = HY(T? O) ® TX. The dual of
the bundle H(T?,0) over M is the Hodge bundle. Since the first Chern
number of the Hodge bundle is 1/24, the Euler class of the obstruction bundle
is

1
XXOMia] @1+ 10 K € Hy(Myy x X).
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For v # 0, the (virtual) moduli space is the zeros of a generic section of the
obstruction bundle, which consists of (i) maps from a torus with any complex
structure to x(X) specified points of X and (ii) maps from a torus of specified
complex structure into some point on the canonical divisor. Generically, the
images of the type (i) maps will miss the constraint surface representing B.
The maps of type (ii) give the formula (15.6).

(b) The genus 1 topological recursive relation says

GW a1 (717]) = 5 GW o o(Hoo H", f)

+ D) GWa, 1(Ha)GW 4, 0(H®, f)
Ai+A=A «

where {H,} and {H®} are bases of H*(X) dual by the intersection form.
But for A # 0 GWo(H®, HP, f) vanishes by dimension count unless H®
and HP are two-dimensional, and then each A-curve hits a generic geometric
representative of H, at H* - A points counted with algebraic multiplicity. A
dimension count also shows that the moduli spaces with A1 = A and Ay, =0
are of the wrong dimension to contribute to the double sum above. Hence the
expression above becomes

o1 S (H - A)(Ho - A)(f - A) W
+ ) (Ha- A))(H™ - Ag)(f - A2)GW 4, 1GWa, 0
A tan=a
A1 70, Agr0
plus the term with A; = 0, which by (15.6) is
o (K HQ) GWoa (HY, f) = o (K - Hy) (A HP) (4 f) GW 4.
The lemma follows because Y (Hy - A1)(H* - Ay) = Aj - As. O

Taking X to be the rational elliptic surface E, we can apply Lemma 15.1
with A = s+df. Then K = —f, A- f =1 and A2 = 2d — 1. The only possible
decompositions are A1 = kf and Ay = s+ (d — k) f so that:

d
Gws+df,1(7'[f*}) = %Gws+dﬁo + Z k Gka,l GWer(dfk)f,O‘
k=1
But for the rational elliptic surface the invariant GWy1(s) is o(k) for k£ > 0
(since in P? there is a unique cubic through 9 generic points). As in Section
4 of [IP1], for each k there are o(k) distinct k-fold covers of an elliptic curve
with a marked point, all with positive sign. Because the marked point can go
to any of s- kf = k points, this means that the unconstrained invariant is

GWys1 = o(k)/k for k> 0.
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It follows that
1
(15.7) H(t) = 5 (
On the other hand, we can calculate H(t) by splitting the target and using
the symplectic sum theorem. Let P = 72 x S?, and let F' denote both a fiber
of the elliptic fibration E and a fixed torus 72 x {pt} inside P. We can apply
the sum formula by writing £ = E#pP for the class A = s 4+ df with the
constraint on the P side. Since A - F' = 1, the connected curves representing
A split into the union of connected curves in E and in P; thus the symplectic
sum formula applies for the GW (as well as the GT invariants).
If we have a genus 0 curve on the P side in the class s + di F', then by

tFé—Fo)—i—Fo'G.

projecting onto the T? factor and noting that there are no maps from S? to
T? of nonzero degree, we conclude that d; = 0. But the moduli space of genus
0 curves in P representing s and passing through F is isomorphic to F' = T2,
and moreover the relative cotangent bundle to them along F' is isomorphic to
the normal bundle to F'. Thus,

GW.o(rilf*]) = GWoo(f7 U f) = 0.

We conclude that there is no contribution from genus 0 curves on the PP side or
in the neck (which is also a copy of P). The same argument shows that there
are no rational curves in F', and so the g = 0 absolute and relative invariants
are the same.

With these observations, the only possibility is to have a genus 1 curve
on the P side, genus 0 on the F side, and no contribution from the neck. The
symplectic sum formula thus says

CWar(nlf ) = Y GWara so(B) - GWara, s (B)(malf7)).
lerdg:d
This last invariant can be computed by applying the topological recursive
relation to X =P just as in Lemma 15.1:

d—1
CGWtar, 1 (1f]) = =5~ GWoraro + > diGWy, 51 GWopd, 10

dy+do=d
d1#£0, dg#0

+ds GWerdlf,l GWdzf,O-

But the invariants of P satisfy GWgro = GWyyigqr0 = 0 for d # 0 by the
projection argument above, while for d # 0, Lemma 14.4 gives diGWy, 1 =
GWy, r1(s) = 20(d1). We therefore get

1

(15.8) H=2F- <G - ﬂ> :

Combining (15.7) with (15.8) and noting that Fyp(0) = GW,0 =1-t5 we
see that F{y satisfies the ODE

tFy=12G - Fy
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with Fy(0) =1 -ts. Hence

Folt) =t exp (12 / G(t)/t dt> .

Using the Taylor series of log(1 — ¢) and some elementary combinatorics, we

obtain
. 12
F =t —_— .

d

It remains to show (15.4) for g > 0. This case is different because for genus
g > 0 the relative invariants are no longer equal to the absolute invariants. We
start by fixing a fiber F' of E and introducing two generating functions for the
genus g relative invariant: one recording the number of curves passing through
g points in E \ F, the other recording the number of curves passing through
g — 1 points in E \ F plus a fixed point on F:

F)(f)= wa-i—df,g(pg; C1(f)te,
4

F)(p)= Z Wﬁldf,g(pgil; Ci(p)t.
d

Using Lemma 14.8, we can relate the absolute and relative ¢ = 1 invariants
of E.

LEMMA 15.2. For X = E, the absolute and relative g = 1 invariants in
the classes s + df € Ha(E(1)) are related by equations

(a) Fy=F/(p)+F/,(f)- &,
(b) Fy= F/(f),
(c) 0= F)(p)-Fo+ Fy_1-FY (p).

Proof. To prove (a), we again write £ = E# P where P = T? x S2, and
put ¢ — 1 points on E and the remaining point on P. If we start with a class
s+ df, the only possible decompositions are s+ af and s+ bf where d = a+b.
Since there are g — 1 points on the E side, the genus g1 > g — 1. There are two
possibilities:

1. Genus g in class s +df on E and genus 0 in class s + bf on P. But that
forces b = 0 so that a = d.
2. Genus g — 1 in class s + df on E and genus 1 in class s +bf on P.

Putting these together gives (a). Relation (b) is a reformulation of Lemma
14.8.

Relation (c) is seen by applying the symplectic sum formula to the sum
K3 = X 1#pX5 where X1 = X9 = E (the elliptic surface K3 = FE(2) is the
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fiber sum of £ = E(1) with itself). Because a generic complex structure on
K3 admits no holomorphic curves, then all relative and absolute invariants of
K3 vanish. In particular, the genus g invariants through g — 1 points in the
class [s+df] € Hy(K3)/R vanish, where R is the set of rim tori corresponding
to the gluing K3 = F#rFE.

Now, for any g > 1, put all the g — 1 points on X; and split as above.
A dimension count shows that the genus of the curve on X; must be at least
g — 1, so the only possible decompositions are:

1. A genus g curve in the class s + d1 F' on X7 and a genus 0 curve on Xs
in the class s +dof, d = dy + do;

2. A genus g — 1 curve in the class s + d1 F on X; and a genus 1 curve on
X5 in the class s + do f, d = di + ds.

The symplectic sum formula then gives 0 = F;/(p) - Fo + F;/_I(f) - FY (p),

which simplifies by (b). O

Formula (15.4) follows quickly from Lemma 15.2. Taking g = 1 in Lemma
15.2c and factoring out Fyy # 0 yields F) (p) = 0. Putting that in Lemma 15.2a
and again noting that Fy # 0, we see that F;/(p) =0 for all g > 0. Parts (a)
and (b) of Lemma 15.2 then reduce to

Fy=F; 1 -tG

which gives (15.4) by induction.

16. Appendix: Expansions of relative GT invariants

The Gromov-Witten invariants described in Section 1 are homology
elements — the pushforward of the compactified moduli space under (1.18).
These can be assembled into a power series (1.24) with coefficients in homology.
Often, however, it is convenient to write the GW and GT invariants as power
series whose coefficients are numbers, preferably numbers with clear geometric
interpretations. This appendix describes how this can be done for the relative
GT invariants which appear in the symplectic sum formula.

Such series expansions are easiest when we can ignore the complications
caused by the covering (1.20), replacing the space ’H}/(, A,s by the more easily

understood space V; 2 V45) This can be done by pushing the homology class
of the invariant down under the projection € of (1.20), obtaining a ‘summed’
GW series

(A.1) GWy = e (GWY) = Y CWx,ta
A€eH,(X)
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whose coefficients are homology classes in Lig V5. This is a less refined invariant,
but has the advantage that its coefficients become numbers after choosing a
basis of H*(V).

Of course (A.1) is the same as the original GW invariant when the set R
of (1.19) vanishes, that is, when there are no rim tori. This occurs whenever
H; (V) = 0 or more generally when every rim torus represents zero in Ha(X\V).
We will describe the numerical expansion under that assumption; the same
discussion applies in general to W;

When there are no rim tori, H}/(, 4 is the union of those Vi = V) with
degs = A-V. Fix a basis v; of H,(V;Q). Then a basis for the tensor algebra
on N x H*(V) is given by elements of the form

(AQ) Cs,[ — 081,'}/1'1 ® e ® CS@,’}/I'Z

where s; > 1 are integers. Let {C/;} denote the dual basis. When x € H *(M)
and a € T*(X), we can expand

1
(A3) GT}/('(H? Oé) = Z m GTK(,A,)((’@ a; CS,I) C;/,I ta AN
s, I )

The coefficients in (A.3) have a direct geometric interpretation. Choose
generic pseudomanifolds K C Mg,n, A; C X, and I'j C V representing
the Poincaré duals of k, «, and the +; in their respective spaces. Then
GTYLA’X(K, a; Cs 1) is the oriented number of genus ¢ (J, v)-holomorphic, V-
regular maps f : C — X with C € K, f(p;) € A; and having a contact of order
sj with V' along I'; at points x;. Because of that interpretation, the Cy 1 are
called “contact constraints”.

While for the analysis it is important to work with ordered sequences s,
in applications it is more convenient to forget the ordering. The symmetries
of the GW invariants allow us to replace the basis (A.2) with the one having
elements of the form

(A4) Cun = [[ (Ca)™

a,t

where m = (mg;) is a finite sequence of nonnegative integers. Generalizing
(1.16), we write

(A.5)

Ma,i — — —
Im| = Ha i oml = Hma,i!v (m) = g Mai, degm = E a-me;.
a,t a, a, a,t

Let {z;} denote the dual basis; these generate a (super-)polynomial alge-
bra with the relations z,; 25 ; = £ 25 j 24,; Where the sign is + if and only if
(degi)(deg ;) is even. Then the generating series of the relative GT invariant
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is

1% v (Za,i)™" -
(A6)  GTYX(k,a) = Y GTY 4 (k,a;Cp) J[ 25— ta XX
Ag m ai e
where the sum is over all sequences m = (mq,;) as above and where the coeffi-
cients GT}/Q A (s a; Cpy) vanish unless degm = A - V. Formally, this generat-
ing series (A.6) is given by

CTY (k) = ZGT}/(,A,g K, 0; €Xp anmzavi ta A7X
A,g a,i
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