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Abstract

We study the moduli space of J-holomorphic subvarieties in a 4-dimensional sym-
plectic manifold. For an arbitrary tamed almost complex structure, we show that the
moduli space of a sphere class is formed by a family of linear system structures as
in algebraic geometry. Among the applications, we show various uniqueness results
of J-holomorphic subvarieties, e.g. for the fiber and exceptional classes in irrational
ruled surfaces. On the other hand, non-uniqueness and other exotic phenomena of
subvarieties in complex rational surfaces are explored. In particular, connected sub-
varieties in an exceptional class with higher genus components are constructed. The
moduli space of tori is also discussed, and leads to an extension of the elliptic curve
theory.
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1 Introduction

In this paper, we study the moduli space of J-holomorphic subvarieties where the
almost complex structure J is tamed by a symplectic form. Recall J is said to be
tamed by a symplectic form w if the bilinear form w (-, J (+)) is positive definite. When
we say J is tamed, we mean it is tamed by an arbitrary symplectic form unless it is said
otherwise. J-holomorphic subvarieties are the analogues of one dimensional subvari-
eties in algebraic geometry. In our paper, the ambient space M is of dimension four,
where subvarieties are just divisors. In [31], Taubes provided systematic local analysis
of its moduli space M, of J-holomorphic subvarieties in a class e € H>(M, Z) with
the Gromov-Hausdorff topology, in particular when the almost complex structure J
is chosen generically. For precise definitions and basic properties, see Sect. 2.1.

For an almost complex structure J, and aclass e € H 2(M , 7)), we introduce the
J-genus of e,

gie)=1(-e+Ky-e)+1, (1)

where K is the canonical class of J. A K j-spherical class (sometimes called sphere
class if there is no confusion of choosing a canonical class) is a class e which could
be represented by a smoothly embedded sphere and g;(e) = 0. An exceptional curve
class E is a K j-spherical class such that E> = K - E = —1.! For a generic tamed
J, any exceptional curve class is represented by a unique embedded J-holomorphic
sphere with self-intersection —1.

For an arbitrary J, even it is tamed, the behaviour of reducible J-holomorphic
subvarieties could be very wild. There are even some unexpected phenomenon for a
K j-spherical class. For instance, there are classes of exceptional curves, such that the
moduli space are of complex dimension 1 and some representatives have an elliptic
curve component. One such example is constructed in [32], recalled in section 6.1. It

shows that an exceptional curve class in CP>#8CP? has a CP! family of subvarieties
and some of them have an elliptic curve as one of irreducible components. Such
examples, although very simple, were not generally expected by symplectic geometers.
Since the Gromov-Witten invariant is 1, people expected to have uniqueness in some
sense. This example is extended to all sphere classes in Proposition 6.3. This sort
of examples could be even wilder. The example constructed above Question 4.18 in
[32] is disconnected and has a genus 1 component. In Example 6.5, we show the
existence of a rational complex surface such that there is a connected subvariety with
a genus 3 component in an exceptional curve class. Moreover, the graph attached to
the subvariety has a loop. This does not contradict to Gromov-Witten theory. In fact,

! Since we are in dimension 4, we will identify an element in Hp (M, Z) with its Poincaré dual cohomology
class by abusing the notation. Usually, we use e to denote a general class in H 2(M, 7). The letter E is
reserved for an exceptional curve class.
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none of the subvarieties in a spherical class with higher genus irreducible components
contributes to the Gromov-Witten invariant of e, see Remark 6.7.

In [17,18], the notion of J-nefness is introduced. A class is said to be J-nef if it
pairs non-negatively with all J-holomorphic subvarieties. This condition prevents all
the exotic phenomena mentioned in the above. Under this assumption, the topological
complexity, e.g. the genus of each irreducible component and the intersection theory,
is well controlled. The result is particularly nice when g;(e) = 0. In this case, all the
irreducible components of subvarieties in class e are rational curves (comparing to
Proposition 6.3 and Example 6.5). Moreover, when e is a sphere class withe - e > 0,
we know there is always a smooth J-holomorphic curve in class e. Both results are
sensitive to the nefness condition. In particular, they no longer hold when e is an
exceptional curve class in a rational surface as we mentioned above. However, there are
no such examples in irrational ruled surfaces. Here, irrational ruled surfaces are smooth
4-manifolds diffeomorphic to blowups of sphere bundles over Riemann surfaces with
positive genus.

Theorem 1.1 Let M be an irrational ruled surface, and E an exceptional class. Then
foranytamed J and any subvariety in class E, each irreducible component is a rational
curve of negative self-intersection. Moreover, the moduli space Mg is a single point.

In particular, it confirms Question 4.18 of [32] for irrational ruled surfaces.? As
other results in this paper, our statement works for an arbitrary tamed almost complex
structure, this gives us much more freedom for geometric applications than a generic
statement.

The first statement follows from the fact that the positive fiber class of an irrational
ruled surface is J-nef for any tamed J (Proposition 3.2). Here the positive fiber class
is the unique K j-spherical class of square 0. Then the J-nefness technique in [18]
gives the desired result. The proof of Proposition 3.2 requires a new idea. This is
based on a simple observation that the adjunction number of a class e is the Seiberg—
Witten dimension of —e. When the class is not J-nef and the J-genus of the class
is positive, the wall crossing formula of Seiberg—Witten theory would produce non-
trivial subvarieties with trivial homology class. To summarize, this observation gives
us a strategy to show certain class is J-nef. We expect this observation, along with the
nefness technique in [17,18], would lead to more applications. See the discussion in
Sect. 3.

The second statement of Theorem 1.1 follows from a uniqueness result of reducible
subvarieties, Lemma 2.5. This lemma constraints the reducible subvarieties by inter-
section theory of subvarieties. This is an important ingredient for almost all the results
in this paper.

In fact, it follows directly from the second statement of Theorem 1.1 that the J-
holomorphic subvariety in class E is connected and has no cycle in its underlying
graph for any tamed J by Gromov compactness, since these properties hold for the
Gromov limit of smooth pseudoholomorphic rational curves.

2 Question 4.18 of [32] for other symplectic 4-manifolds is answered affirmatively in the Appendix of [4].
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The nefness of the positive fiber class and Lemma 2.5 also lead to the structure of
the moduli space of a sphere class in irrational surfaces for an arbitrary tamed almost
complex structure.

Theorem 1.2 Let M be an irrational ruled surface of base genus h > 1. Then for any
tamed J on M,

(1) There is a unique subvariety in the positive fiber class T passing through a given
point;

(2) The moduli space My is homeomorphic to Xp, and there are finitely many
reducible varieties;

(3) Every irreducible rational curve is an irreducible component of a subvariety in
class T.

Theorem 1.1 and Theorem 1.2(1-2) hold for generic tamed J on general ruled
surfaces regardless they are rational or not. But they hold for arbitrary tamed J only in
irrational case. It is likely the following version of Theorem 1.2(3) is true for general
rational surfaces as well: every irreducible negative rational curve is an irreducible
component of a subvariety in a sphere class of nonnegative self-intersection.

In algebraic geometry, Theorem 1.2 could be explained by the linear systems. Recall
the long exact sequence

C1

. —> H'\M,0) — H' M, 0" 5 H>*(M,7) —> - -

A divisor D gives rise to a line bundle Lp € Pic(M) = H'(M, ©*). When M is
projective, the group of divisor classes modulo linear equivalence is identified with
Pic(M). The Poincaré-Lelong theorem says that ¢ (Lp) = P D[D]. In our setting, we
fix the classe € H 2(M , Z) (indeed its Poincaré dual, but we will not distinguish them
in this paper). Any line bundle L with c{ (L) = e would give a projective space family
of effective divisors, i.e. the linear system (I'(M, L) \ {0})/C*, in the moduli space
M. The union of such projective spaces with respect to all possible line bundles with
c1(L) = e is exactly M,. Two fibers of an irrational ruled surface are not linearly
equivalent, since they are not connected through a family parametrized by rational
curves. Hence each projective space is just a point, and the family of these spaces is
parametrized by a section of the ruled surface which is diffeomorphic to ¥j. In fact,
this ¥, is embedded in its Jacobian which is a complex tori 72", Theorem 1.1 could
also be interpreted by the linear system, where Mz = CPY.

When M is simply connected, the long exact sequence implies the uniqueness of
the line bundle with given Chern class. Hence the moduli space is always a projective
space. It is very interesting to see whether it still holds for a tamed almost complex
structure. The following is for rational surfaces.

Theorem 1.3 Let J be a tamed almost complex structure on a rational surface M.
Suppose e is a primitive class and represented by a smooth J-holomorphic sphere.
Then M, is homeomorphic to CP! where | = max{0, e - e + 1}.

In particular, it partially confirms Question 5.25 in [17]. Here, M is called a rational
surface if it is diffeomorphic to $2 x §2 or CP?#kCP?. We remark that even the
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connectedness of the moduli spaces M, appearing in Theorems 1.2 and 1.3 was not
known.

For the proof of the result, we view CP as Sym' §2, the [-th symmetric product of
§2. There are two main steps in the argument. First we need to find a “dual” smooth
J-holomorphic rational curve in a class ¢’ whose pairing with e is /. This is achieved
by a delicate homological study of J-nef classes and techniques from [17]. Hence
the intersection of elements in M, with this rational curve would give elements of
Sym'S2. Then a refined version of Lemma 2.5 would give us the desired identification.

The only possible non-primitive sphere classes are Cremona equivalent to a double

line class in CP*#kCP?. Here Cremona equivalence refers to the equivalence under the
group of diffeomorphisms preserving the canonical class K ;. In this case, we can still
show the connectedness of the moduli space and its irreducible part (Proposition 4.1).
The connectedness is important in the study of symplectic isotopy problem. More
interestingly, a potential generalization of our argument for Theorem 1.3 leads us
to a larger framework which generalizes certain part of the elliptic curve theory. In
particular, a non-associative (because of the failure of Cayley-Bacharach theorem
for a non-integrable almost complex structure) addition is introduced to measure the
deviation from the integrability.

On the other hand, some arguments and techniques in this paper and that of [17,18]
could be extended to study moduli space of subvarieties in higher genus classes, in
particular, tori or classes with g;(e) = 1. In this paper, we focus our discussion on

the anti-canonical class of CP*#8CP?. We are able to show the following:

Theorem 1.4 If there is an irreducible (singular) nodal curve in M_g, then
Mmooth,—x and M _g are both path connected.

We hope to have a more general discussion of J-holomorphic tori in future work.
Section 6 contains a couple more applications. First, we show that the example
mentioned in the beginning is actually a general phenomenon for any non-negative
sphere classes. Namely, Proposition 6.3 says that some subvarieties in a sphere class
of a complex surface have an elliptic curve component. This immediately implies that

no sphere class in CP*#kCP?, k > 8 is J-nef for every complex structure J. This
should be compared with the result mentioned above that the positive fiber class of an
irrational ruled surface is J-nef for any tamed J.

The other application is on the symplectic isotopy of spheres to a holomorphic
curve. This problem is first studied for plane curves, i.e. symplectic surfaces in CP2.
In this case, the genus of a smooth symplectic surface is totally determined by its
degree d. It is now known that any symplectic surface in CP? of degree d < 17 is
symplectically isotopic to an algebraic curve. Chronologically, for d = 1, 2 (i.e. the
sphere case) this result is due to Gromov [9], for d = 3 to Sikorav [29], ford < 6
to Shevchishin [27] and finally d < 17 to Siebert and Tian [28]. In Theorem 6.9,
we give an alternative proof of the fact (see e.g. [15]) that any symplectic sphere S
with self-intersection S - S > 0 in a 4-manifold (M, w) is symplectically isotopic to
a holomorphic rational curve.

Besides the techniques of J-holomorphic subvarieties, especially the J-nefness
technique, another important ingredient in our arguments is the Seiberg—Witten theory.
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In particular, we use SW=Gr and wall-crossing formula frequently. They provide
abundant J-holomorphic subvarieties when b (M) = 1. As an amusing byproduct,
we observe in Proposition 2.7 that the corresponding statement of Hodge conjecture for
tamed almost complex structure on M with b+ (M) = 1 holds. Namely, any element
of H>(M, Z) is the cohomology class of a J-divisor.

We would like to thank Dmitri Panov for helpful discussion which leads to the
paper [19], and Fedor Bogomolov for his interest. We are grateful to the referee for
careful reading and very helpful suggestions improving the presentation. The work is
partially supported by EPSRC grant EP/N002601/1.

2 J-holomorphic subvarieties

In this section, we recall the definition and basic properties of J-holomorphic sub-
varieties. The first two subsections are essentially from [17,18,31]. Then an useful
technical lemma on the intersection of J-holomorphic subvarieties, Lemma 2.5, is
proved. Finally, after recalling the basics of Seiberg—Witten theory, we show that the
almost Kihler Hodge conjecture holds when b™ = 1.

2.1 J-holomorphic subvarieties

A closed set C C M with finite, nonzero 2-dimensional Hausdorff measure is said
to be an irreducible J-holomorphic subvariety if it has no isolated points, and if the
complement of a finite set of points in C, called the singular points, is a connected
smooth submanifold with J-invariant tangent space. Suppose C is an irreducible sub-
variety. Then it is the image of a J-holomorphic map ¢ : ¥ — M from a complex
connected curve X, where ¢ is an embedding off a finite set. X is called the model
curve and ¢ is called the tautological map. The map ¢ is uniquely determined up to
automorphisms of X.

A J-holomorphic subvariety © is a finite set of pairs {(C;, m;), 1| <i < n}, where
each C; is irreducible J-holomorphic subvariety and each m; is a positive integer. The
set of pairs is further constrained so that C; # C; if i # j. When J is understood,
we will simply call a J-holomorphic subvariety a subvariety. They are the analogues
of one dimensional subvarieties in algebraic geometry. Taubes provides a systematic
analysis of pseudo-holomorphic subvarieties in [31].

A subvariety ® = {(C;, m;)} is said to be connected if UC; is connected. We call
® > O if ® — O is another, possibly empty, subvariety.

The associated homology class ec (sometimes, we will also write it by [C]) is
defined to be the push forward of the fundamental class of ¥ via ¢. And for a subvariety
O, the associated class eg is defined to be > mjec;.

An irreducible subvariety is said to be smooth if it has no singular points. A special
feature in dimension 4 is that, by the adjunction formula, the genus of a smooth
subvariety C is given by gj(ec). For a general class e in H 2(M; Z), recall the J-
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genus of e is defined by

1
g/(e)=§(e-e+1<1-e)+1

where K is the canonical class of J. In general, g;(e) could take any integer value.
Let J¢ be the space of w-tamed almost complex structures. Notice the J-genus is
an invariant for J € J¢ since J¢ is path connected and K, is invariant under
deformation. Hence, later we will sometimes write g, (e) = g;(e) when a symplectic
structure o is fixed.

Moreover, when C is an irreducible subvariety, g;(ec) is non-negative. In fact,
by the adjunction inequality in [22], gj(ec) is bounded from below by the genus of
the model curve ¥ of C, with equality if and only if C is smooth. Especially, when
gj(ec) =0, C is a smooth rational curve.

An element ®, in the moduli space M, of subvarieties in the class e, is a subvariety
with eg = e. M, has a natural topology in the following Gromov-Hausdorff sense.
Let |®] = U(c,m)ee C denote the support of ®. Consider the symmetric, non-negative
function, o, on M, x M, that is defined by the following rule:

0(©,0) = sup dist(z, |©']) + sup dist(z’, |O]). @)

z€(0| 7€l®’|

The function p is used to measure distances on M,, where the distance function
dist(-, -) is defined by an almost Hermitian metric on (M, J).
Given a smooth 2-form v we introduce the pairing

(v, ®) = Z m/Cu.

(C,m)e®

The topology on M, is defined in terms of convergent sequences:
A sequence {®;} in M, converges to a given element ® if the following two
conditions are met:

o limy_ 00 0(0,0;) =0
e limy_, o (v, ®;) = (v, ®) for any given smooth 2-form v.

That the moduli space M, is compact is an application of Gromov compactness,
see Proposition 3.1 of [31].

Definition 2.1 A homology class e € Hx(M; Z) is said to be J-effective if M, is
nonempty.

We use M, . to denote the moduli space of irreducible subvarieties in class e. Let
Mred,e = Me \ Mirr,e'

Given a class e, its J-dimension is

Le:%(E'e—Kj'e). 3)
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The integer ¢, is the expected (complex) dimension of the moduli space M,. When
gj(e) =0,wehave(, = e- e+ 1. When e is a class represented by a smooth rational
curve (i.e. J-holomorphic sphere), we introduce

le = max{t,, 0}.

Givenak(< [,)-tuple of distinct points €2, recall that ./\/lg2 is the space of subvarieties
in M, that contains all entries of 2. Introduce similarly Mi%r . and Mf}e b We will
often drop the subscript e when there is no confusion.

2.2 J-nef classes

In general, all these moduli spaces could behave wildly. The notion of J-nefness
provides good control as shown in [17,18].

A class e is said to be J-nef if it pairs non-negatively with any J-holomorphic
subvariety. When there is a J-holomorphic subvariety in a J-nef class e, i.e. e is also
effective, we have e-e > 0. A J-nef class e is said to be big if e - ¢ > 0. The vanishing
locus Z(e) of a big J-nef class e is the union of irreducible subvarieties D; such that
e - ep; = 0. Denote the complement of the vanishing locus of e by M (e). From the
definition and the positivity of intersections of distinct irreducible subvarieties [9,25],
it is clear that there does not exist an irreducible subvariety in class e passing through
x € Z(e) when e is big and J-nef.

If the support |C| = UC; of subvariety ® = {(C;, m;)} is connected, then Theorem
1.4 of [18] says that

gi(e) = Y gylec,) “)

for a J-nef class e with gj(e) > 0. In this paper, we use the following result which
follows from the above genus bound and is read from Theorem 1.5 of [18].

Theorem 2.2 Suppose J is tamed by some symplectic structure, e is a J-nef class with
gs(e) =0and ® € M,. Then ® is connected and each irreducible component of ©
is a smooth rational curve.

Moreover, when e is J-nef and J-effective with g;(e) = 0, we have the following
strong bound for the expected dimension of curve configuration for ® € M4,
(Lemma 4.10 in [18])

Yoo la= ) milg<l—L ®)

(Ci,m;)e® (Ci,m;)e®

Along with automatic transversality, we have the following which is extracted from
Proposition 4.5 and Proposition 4.10 of [17].

Theorem 2.3 Suppose e is a J-nef spherical class with e - ¢ > 0. Then M, . is a
non-empty smooth manifold of dimension 21, and M4 . is a finite union of compact
manifolds, each with dimension at most 2(l, — 1).
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This is an unobstructedness result for the deformation of symplectic surfaces. In
[29], an unobstructed result is obtained. In our circumstance, it implies that when
Mirr.e # @,itisasmooth manifold. Hence, our main contribution is to show M, » #
) when e is J-nef. It is important for our applications, since we will deform J in J¢
and the irreducible part of moduli space need not to be nonempty a priori. Our result
for M,cq4 . is more general since [29] need each component of ® has multiplicity one
and has self-intersection no less than —1.

2.3 Intersection of subvarieties

We first analyze how an intersection point contributes to the intersection number of
two subvarieties. Since every component of a subvariety is an irreducible curve, the
intersection number will always contribute positively.

There are two typical types of intersections. The first is when two multiple compo-
nents (C, n) and (C’, m) have an intersection point p. If the two irreducible curves C
and C’ intersect at p transversally, then the point p contributes mn to the intersection
numbers. The second type is when two curves C and C’ have high contact order at p.
If they are tangent to each other at order n, which means the local Taylor expansion
coincides up to order n — 1, then p would contribute n to the intersection number.
Notice only the local behavior of the two curves matters for the intersection near p.
Hence the two types could interact simultaneously.

Example 2.4 Suppose O is a subvariety with two irreducible components (C1, m) and
(C2, my), which intersect transversally at point p, and ®’ is another subvariety with a
component (C’, m), passing through p and tangent to C; of order n at p. The point p
would contribute nmm; + mm> to the intersection of two subvarieties ® and ©'.

Later in this paper, we will see in several occasions to prescribe a subvariety passing
through given “points with weight”, which will be explained immediately. Correspond-
ing to the above two types of intersections of subvarieties, there are two types of points
with weight. The first type, denote by (x, d) withx € M and d € Z, means the subva-
riety ® passes through point x with multiplicity d. Since no direction or higher order
contact is given, the multiplicity here is the sum of weights of all irreducible compo-
nents of ® passing through x, say (Cy,my), ..., (Cx,my),i.e.d =my + - - + my.

The second type, denote by (x, C,d) with x € M, d € Z and C a (local) J-
holomorphic curve passing through x, means subvariety ® passes through point x with
multiplicity d counted with contact orders with C. Precisely, if locally there are local
components of ®, say (Cy, my), ..., (Ck, mg) passing through point x and tangent to
the curve C with order dy, ..., di respectively, then d = dym + - - - + dymy. Here
we implicitly assume C is of multiplicity one. In the most general case, we consider
(C, n), and the corresponding relation is d = n(dym| + - - - + dgmy). Sometimes, we
call C the “matching” curve at point x.

The following strengthens Lemma 4.18 in [17], considering the first type intersec-
tion.

Lemma 2.5 Let J be an almost complex structure on M*. Suppose e is J-nef with
| =max{e-e+ 1,0} and {(x1,d1), ..., (xk,dyr)} are points with weight.
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(1) Suppose two subvarieties ®,®" € M, do not share irreducible components. If
they both pass through these points with weight, thend; + - - - + di < L.

(2) Let ® = {(C;, m;)} € M, be a connected subvariety passing through these points
with weight such that there are at least m;e - ec, points (counted with multiplicities)
on C; foreachi and all x; are smooth points. Then there is no other such subvariety
in class e that shares an irreducible component with ©.

Proof The first statement simply follows from positivity of intersection of two dis-
tinct irreducible J-holomorphic curves. This is because the points (x;, d;) are in the
intersection of ® and ®' and each d; is no greater than the local intersection index
of them at x;. These local intersection indices are positive integers which add up to
e - e, although there might be intersection points of ® and ®’ other than x;. Thus, the
inequality follows.

For the second statement, suppose there is another such subvariety ®’, such that ©
and ©' share at least one common irreducible components.

We rewrite two subvarieties ®, ®" € M,, allowing m; = 0 in the notation, such
that they share the same set of irreducible components formally, i.e. ® = {(C;, m;)}
and ®' = {(C;, mg)}. Then for each C;, it m; < mg, we change the components to
(C;,0) and (C;, m; — m;). At the same time, if a point x, as one of xq, ..., xg, is on
C;, then the weight is reduced by m; as well. Similar procedure applies to the case
when m; > m]. Apply this process to all i and discard finally all components with
multiplicity 0 and denote them by ®, @6 and still use (C;, m;) and (C;, m;) to denote
their components. Notice they are homologous, formally having homology class

/ /
e Z M €Cr, — Z mljeclj_ Z Mg,€Cqp -

/ ’ [
My <my m,l_ <my; my, =g,

There are two ways to express the class, by taking ¢ = e@ or e = e@ in the above
formula. Namely, it is

Z (my, — mpec,, + others = e = eq, = Z (my; — m}j)eqj + others.

’ ’
mp. <m m; <mj.
ki ki 1 Lj

Here the term “others” means the terms m;ec; or mgeci where i is not taken from k;,
ljorgp.

Now ®¢ and © have no common components. By the process we just applied,
counted with weight, there are at least e - e, points on ©¢. These points are also
contained in ®, with right weights. Hence ©¢ and ©;, would intersect at least e - eg,
points with weight.

We notice that e - eg, > eg, - eqy- In fact, the difference e — eg, = € — eq;
has 3 types of terms, any of them pairing non-negatively with the class eg,. For
the terms with index k;, i.e. the terms with my, < m}q, we use the expression of

eo, = Zm§.<m1i (my; — m?j)eclj + others to pair with. Since the irreducible curves

involved in the expression are all different from Cy,, we have ecy, -€ey = 0. Similarly,
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for Cy;, we use the expression of egy =3, by <, (m, —my;)ec,, + others. We have
ec;; - eoy = 0. For C4,, we could use either e@()l or egy . Since eg, = eq), We have
(e — 6(-)0) ceQ) = 0.

Moreover, we have the strict inequality e - eg, > eéo. This is because we assume
the original ®, ®' are connected and have at least one common component. The first
fact implies there is at least one index in k;, [; or g,,. The second fact implies at least
one of the intersection of Cy;, Cj; or Cg, with eg, as in the last paragraph would take
positive value.

As we have shown that ©¢ and O, would intersect at least e - e@,, points with weight,

the inequality e - eg, > e(z_)o implies the sum of local intersection indices of ®g and

Oy is greater than the homology intersection number eéo of our new subvarieties ®

and ©;,. This contradicts to the local positivity of intersection and the fact that ®¢,
have no common component. The contradiction implies that ® is the unique such
subvariety as described in the statement. O

The lemma and its argument will be used later, in particular, Theorem 3.4, The-
orem 3.7 and Proposition 4.1. A similar statement for the more general second type
intersection will be proved by a similar argument and used in Theorem 4.4.

2.4 Seiberg-Witten invariants and subvarieties

Other than techniques in [17,18], another important ingredient of our method is the
Seiberg—Witten invariant. We follow the notation in [32]. However we need a more
general setting.

Let M be an oriented 4-manifold with a given Riemannian metric g and a spin®
structure £. Hence there are a pair of rank 2 complex vector bundles S* with isomor-
phisms det(ST) = det(S™) = L. The Seiberg—Witten equations are for a pair (A, ¢)
where A is a connection of £ and ¢ € I'(S™) is a section of ST. These equations are

Dpa¢p =0
Fyi =iq(@) +in

where ¢ is a canonical map ¢ : ['(ST) — Q%r(M ) and 7 is a self-dual 2-form on M.
The group C*®°(M; S') naturally acts on the space of solutions. Under this action,
the map f € C®(M; S') sends a pair (A, @) to (A +2fdf ™, fp). It acts freely at
irreducible solutions. Recall a reducible solution has ¢ = 0, and hence FZ =in.The
quotient is the moduli space, denoted by M (L, g, n). For generic pairs (g, ), the
Seiberg—Witten moduli space M (L, g, ) is a compact manifold of dimension

1
2d(L) = 2 (a (£)* — Bo (M) +2x(M)))

where o (M) is the signature and x (M) is the Euler number. Furthermore, an ori-
entation is given to M/ (L, g, ) by fixing a homology orientation for M, i.e. an
orientation of H (M) @ HJZr(M ). When b* (M) = 1, the space of g-self-dual forms
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H;f (M) is spanned by a single harmonic 2-form w, of norm 1 agreeing with the
homology orientation.

Quotient out the space of triple (p, (A, ¢)) where p € M and (A, ¢) is a solution of
Seiberg—Witten equation by based actions f € C*°(M; S') with f(p) = 1, we obtain
asmooth manifold £.Itis aprincipal S' bundle over M x M (L, g, n). The slant prod-
uct with ¢ (€) defines a natural map v from H, (M, Z) to H>*(Mpy (L, g, 1), Z).

We now assume (M, J) is an almost complex 4-manifold with canonical class
K. We denote ¢ := c'(£)+K € H*(M:7Z) /(2-torsion). For a generic choice of
(g, n), the Selberg—W1tten invariant SWy, M.g.n (e) takes value in A*H! (M 7). If
d(L) < 0, then the SW invariant is defined to be zero. Otherwise, let y; A--- Ay, €
AP(H{ (M, Z)/Torsion), we define

SWip g (€ vi A= Ayp) = f YDA AU AU (DR (6)
Mu(L,g.n)

Ifbt > 1,a generic path of (g, n) contains no reducible solutions. Hence, the
Seiberg—Witten invariant is an oriented diffeomorphism invariant in this case. Hence
we can use the notation SW*(e) for the (full) Seiberg—Witten invariant. We will also
write

dimgy (e) =2d(L) = e> — K - ¢

for the Seiberg—Witten dimension. In the case b* = 1, there might be reducible
solutions on a l-dimensional family. Recall that the curvature F4 represents the
cohomology class —2mici(L). Hence FX = in holds only if —2mwci (L)t = 7
This happens if and only if the discriminant A (g, ) := f(27'rcl(£) + nNwg = 0.
With this in mind, the set of pairs (g, ) with positive (resp. negative) discriminant is
called the positive (resp. negative) £ chamber. We use the notation SW (e) for the
Seiberg—Witten invariants in these two chambers. The part of SW*(e) (resp. SWi (e))
in A’H'(M, Z) will be denoted by SW'(e) (resp. SWL (e)). Moreover, in the this
paper, we will use SW*(e) instead of SW*(e) when b* = 1. For simplicity, the
notation SW (e) is reserved for SWO(e).

We now assume (M, w) is a symplectic 4-manifold, and J is a w-tamed almost
complex structure. Then the results in [13,30] equate Seiberg—Witten invariants with
Gromov-Taubes invariants that are defined by making a suitable counting of J-
holomorphic subvarieties. In fact, our SW*(e) used in this paper is essentially the
Gromov-Taubes invariant in the literature. In particular, our SW*(e) is the original
Seiberg—Witten invariant of the class 2e — K . The key conclusion we will take from this
equivalence is that when SW*(e) # 0, there is a J-holomorphic subvariety in class
e. Moreover, if SW(e) # 0, there is a J-holomorphic subvariety in class e passing
through dimgw (e) given points.

Hence, to produce subvarieties in a given class, we will prove nonvanishing results
for SW*(e), usually for SW (e). When b* (M) > 1, an important result of Taubes says
that SW(K) = 1. When b™ (M) = 1, the key tool is the wall-crossing formula, which
relates the Seiberg—Witten invariants of classes K — e and e when dimgw (¢) > 0. The
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general wall-crossing formula is proved in [12]. In particular, when M is rational or
ruled, we have

ISW(K ~1C]) — SW(CDI = || , (M rational
[1+[C]-T|" if (M, w) irrationally ruled,
where T is the unique positive fiber class and 4 is the genus of base surface of irra-
tionally ruled manifolds. For a general symplectic 4-manifold with 6T (M) = 1,
usually the wall-crossing number for SW(e) is hard to determine and sometimes
vanishes [12]. However, we still have a simple formula for top degree part of Seiberg—

Witten invariant (see Lemma 3.3 (1) of [14]).

Proposition 2.6 Let M be a symplectic 4-manifold with b+ = 1 and canonical class
K. Suppose dimgw (e) > by. Let y1, ..., yp, be a basis of H\(M, Z)/Torsion such
that y1 A - - A yp, is the dual orientation of that on APY/(HY (M, Z)). Then

ISWPHK —es i Ao A ) — SWEPes vyt A A )| = 1.

Here, b; stands for the first Betti number. In particular, it implies a nonvanishing
result: let e € HZ(M, 7Z) be a class with e2 >0, K - e < 0, and at least one of the
inequalities being strict, then SW*(ke) # 0 for sufficiently large k.

2.5 Almost Kdhler Hodge conjecture

Let X be a non-singular complex projective manifold. The (integral) Hodge conjecture
asks whether every class in H*(X,Q)n H*(Xx) (resp. HX(X,7Z) N H* (X)) is
a linear combination with rational (resp. integral) coefficients of the cohomology
classes of complex subvarieties of X. When dim¢ X < 3, Hodge conjecture is known
to be true and follows from Lefschetz theorem on (1, 1) classes. The integral Hodge
conjecture, which was Hodge’s original conjecture, is known to be false for some
projective 3-folds.

In this subsection, we will show an amusing result, which basically says that the
integral Hodge conjecture, or Lefschetz theorem on (1, 1) classes, is true for almost
Kihler 4-manifolds of b+ = 1.

It is well known that in general the almost Kihler Hodge conjecture statement
is not true if b* > 1, even when our manifold is Kihler. The most well known
counterexample is a generic CM complex tori. It has no subvarieties in general, but
the group of integral Hodge classes has dim H:!(M, Z) = 2. See the appendix of
[33].

In our situation, HJ+(M) NHZ(M,K) plays the role of H-!(M, K) for K = Z or
Q. Here H;F(M ) is called the J-invariant cohomology which is introduced in [7,16]
along with the J-anti-invariant H; (M). Recall that an almost complex structure acts
on the bundle of real 2-forms A2 as an involution, by «(,:) — «a(J-, J-). This
involution induces the splitting into J-invariant, respectively, J-anti-invariant 2-forms
A% = AT @ Aj. Then we define H7¥ (M) = {a € H*(M;R)|3 o € AT, do =
0 such that [«] = a}.
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A divisor (resp. Q-divisor) with respect to an almost complex structure J is a finite
formal sum ) a; C; where C; are J-holomorphic irreducible curves and a; € Z (resp.

a; € @)

Proposition 2.7 Let M be a symplectic 4-manifold with b* (M) = 1, and J a tamed
almost complex structure on it. Any element of H*(M, 7) is the cohomology class of
a divisor (with respect to J ).

Proof Whenb™ (M) = 1,by Corollary 3.4 of [7], we have h; =dim H; (M) = Oand
Hj'(M) = HZ(M, R). Letey, ..., e, be a Z-basis of HZ(M, Z),and aq, ..., op, 2-
forms representing them. Since being a J-tamed symplectic form is an open condition,
if J is tamed by a symplectic form w, we can choose w such that [w] € H*(M, Q). Then
we can find a large integer N and by + 1 J-tamed symplectic forms w; = Nw+«; with
[wi] = N[w] +e¢; € H*(M,7Z) when 1 < i < by and wy = Nw. Their cohomology
classes generate the vector space H2(M, 7).

K [wi]
> il o]

If we choose L > k := max;{0 } + b1, we have

dimgw (L{w;]) = L(L[o;]* = K - [@;]) > LUK - [i] + b1) — K - [e;]) = by.

Apply Proposition 2.6, we have Swh (Llwi]) # SWH (K — L{w;]). We claim that
when L > k, Swhi (L[wi]) # 0 for any i. By wall-crossing, we only need to show that
Swhi (K — L[w;]) = 0. We prove it by contradiction. If SW*(K — L[w;]) # 0, then
K — L[w;] will be the class of a J-holomorphic subvariety and hence an w;-symplectic
submanifold. However, when L > k, we have (K — L[w;]) - [w;] < 0, which is a
contradiction. Hence, we have SW (L[w;]) # O for L > k and there are subvarieties
in class L[w;] for any i.

Leta e H 2(M , Z) be an arbitrary class. Because of the way we choose our w;,
we have a = Z?io ai[w;] with a; € Z. Now we further write it as a = Z?io a;(L +
Dlw;] — Z?io a; L[w;], which implies a is the cohomology class of a divisor. O

Remark 2.8 There is another argument to prove SW(K — L[w;]) = 0 for large L.
This is because K — L[w;] pairs negatively with 2K for non-rational or non-ruled

manifolds, with H for (CIPZ#k(CIPZ, with a positive fiber class A for $2 x S2, and with
the positive fiber class T for irrational ruled manifolds. All of the classes mentioned
above are SW non-trivial classes with a representative of irreducible J-holomorphic
non-negative self-intersections. Hence the contradiction follows from Lemma 3.1 by
taking e = K — L{w;].

We remark that the symplectic version of Hodge conjecture holds for any compact
symplectic manifolds (M 2 ). More precisely, in [10], it shows that any element
of Hy (M n Z) is a symplectic Q-cycle in the form %[S%k] — %[S%k] where N is a
positive integer and Sl.2k are symplectic submanifolds of dimension 2k.
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3 Irrational ruled surfaces

In this section, we use the techniques of [17,18] along with Seiberg—Witten theory to
identify the moduli space of J-holomorphic subvarieties in the fiber class of irrational
ruled surfaces for any tamed almost complex structure J. When the irrational ruled
surface is minimal, it was handled by McDulff in a series of papers, in particular [23].
For non-minimal irrational ruled surfaces, the structure of reducible subvarieties was
not clear for a non-generic tamed almost complex structure. The work of [17,18]
developed a toolbox to study this kind of problems.

To apply the results and techniques from [17,18], one has to check the J-nefness of
the classes we are dealing with. For previous applications, like Nakai-Moishezon type
duality and the tamed to compatible question, we could always start with a J-nef class.
However, for most other applications like our problem in this section, we do not know
J-nefness a priori. In the following, we will develop a strategy to verify this technical
condition. Then along with the techniques in [17,18], we cook up a general scheme to
investigate the moduli space of subvarieties (and its irreducible and reducible parts)
in a given class.

The following lemma is Lemma 2.2 in [32]. Since the statement is very useful and
the proof is extremely simple, we include in the following.

Lemma 3.1 If C is an irreducible J-holomorphic curve with C*> > 0 and SW (e) # 0,
thene-[C] > 0.

Proof Since SW(e) # 0, we can represent e by a possible reducible J-holomorphic
subvariety. Since each irreducible curve C’ has [C’]-[C] > 0, we have ¢ - [C] > 0.O

Let us now fix the notation. Since the blowups of S x ¥ and nontrivial S? bundle

over Xy, are diffeomorphic, we will write M = 52 % Zh#k(CIP’2 if it is not minimal.
Let U be the class of {pr} x ¥, which has U? = 0 and T be the class of the fiber
S2 x {pt}. Then the canonical class K = —2U + (2h — 2)T + > Ei.

On the other hand, if M is a nontrivial S? bundle over 35, U represents the class of
a section with U2 = 1 and T is the class of the fiber. Then K = —2U + 2h — DT.
In this section, we assume i > 1, i.e. M is an irrational ruled surface.

We will first show that there is an embedded curve in the fiber class.

Proposition 3.2 Let J be a tamed almost complex structure on irrational ruled surface
M, then the fiber class T is J-nef. Hence there is an embedded curve in class T.

Proof The first statement is equivalent to the following: let C be an irreducible curve
with [C] = aU + bT — ), ¢; E;, then a > 0. We prove it by contradiction. Assume
there is an irreducible curve with a < 0. Then we know that 2g; ([C]) —2 = C2+K-
[C]. We take the projection f : C — X, to the base. Its mapping degreeisa = [C]-T.
Since Xj has genus at least one, by Kneser’s theorem, we have

C*+K-[C1=2g,(C]) —2=>2g(2c) =2 > |alh —2) > 0.

Here X¢ is the model curve of the irreducible subvariety C.
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Now we look at the class —[C]. By the above calculation, we have the Seiberg—
Witten dimension dimgw (—[C]) = C2 — K - (—=[C1]) = 0. Hence, we could apply the
wall-crossing formula

ISW(K +[C]) = SW(=[CD| =1+ (=[C) - T|" = (1 —a)" #0. (N

Forclasses T ande = K + [C] = (a —2)U + Qh =2+ D)T + ) ;(1 — ¢))E;
when M is not a nontrivial $2 bundle (ore = K 4+ [C] = (a —2)U + 2h — 1 +b)T
when M is a nontrivial S2 bundle), we have e - T = a — 2 < 0. We choose an almost
complex structure J’ such that there is an embedded J'-holomorphic curve in class 7.
Then apply Lemma 3.1 for this J' to conclude that SW (K + [C]) = 0. Apply (7), we
have SW(—[C]) # 0. Hence the class 0 = [C]+ (—[C]) is a class of subvariety. This
contradicts to the fact that J is tamed which implies that any positive combinations of
curve classes have positive paring with a symplectic form taming J. This finishes the
proof that T is J-nef.

Note g;(T) = 0, any irreducible curve in class T would be smooth. Hence, we
only need to show the existence of an irreducible curve in class 7. By Theorem 1.5
of [18], all components of reducible curves in class T are rational curves since T
is J-nef. Furthermore, all the subvarieties are connected since J is tamed. Then by
the dimension counting formula Equation (5) for reducible subvarieties, we know
> 1, <lIr —1 = 0. Here ¢; is the homology class of each irreducible component
and /,, = max{0, ¢; - ¢; + 1}. Hence /,; = 0 and all these irreducible components are
rational curves of negative self-intersections. It is direct to see from the adjunction
formula that there are finitely many negative J-holomorphic spheres on an irrational
ruled surface. For a complete classification of symplectic spheres on irrational ruled
surfaces, see [6] section 6.

Since SW(T) # 0 and dimgsw (T) = 2, any point of M lies on a subvariety in
class 7. Since the part covered by reducible curves is a union of finitely many rational
curves, as we have shown above, we conclude that there has to be an irreducible, thus
embedded, rational curve in class 7. O

Corollary 3.3 On irrational ruled surfaces, the only irreducible rational curves with
nonnegative square are in the fiber class T.

Proof Let [C] = aU +bT — ), c; E; be the class of an irreducible rational curve. By
Proposition 3.2, we have a > 0. Since g;([C]) = 0, as argued in Proposition 3.2 by
Kneser’s theorem, we will have contradiction if a > 0. Hence we must have a = 0.
Then C% = — Zi cl.2 > 0. Hence ¢; = O for alli and [C] = bT. Since C is a rational
curve, —2 = C> + K -[C] = —2b. Hence b = 1 and [C] = T. u]

We can now confirm Question 4.18 of [32] for irrational ruled surfaces, and further
show there is a unique subvariety in each exceptional class. We rephrase Theorem 1.1.

Theorem 3.4 Let M be an irrational ruled surface, and let E be an exceptional class.
Then for any subvariety ® = {(C;, m;)} in class E, each irreducible component C;
is a rational curve of negative self-intersection. Moreover, the moduli space Mg is a
single point.
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Notice the statement is not true for a rational surface. See [32] for a disconnected
example and Sect. 6.1 for a connected example and related discussion.

Proof As explained in Corollary 3.3, any rational curve class must be like [C] =
bT — Y ; c;E;. If it is the class of an exceptional curve, then

K [Cl==2b+) ¢i=-1, CP==) ¢ =-

Hence the only such classes are E; and T — E;. Both types have non-trivial Seiberg—
Witten invariants. Hence, there are J-holomorphic subvarieties in both types of classes
for arbitrary tamed J.

Let ®; € Mg, and O; € Mr_g;.Since T = E; + (T — E;), we have {©;, O;) e
M. Since T is J-nef by Proposition 3.2, we know all irreducible components in ®;
and @)i are rational curves by Theorem 1.5 of [18]. Moreover, by Equation (5), we
have Y leC <lIr —1=0. Hence e% < 0. This proves the first statement.

For the second statement, we apply the same trick. If there is another subvariety
®; € Mg,. Consider ® = {0, O;} € My and ® = = {0, @i} € My. They have
common components including ®;. We then follow the argument of Lemma 2.5. After
discarding all common components, we have cohomologous subvarieties ©g and ©,.
Moreover, we have

0=T2ZT-€®0>€%_)O=€@0~€®6. (8)

The first inequality follows from nefness of 7. Actually, T2 = T - e@, by nefness of
T applying to the common components we have discarded. The second inequality is
because original ®, ® have common components at least from ©;, and because they
are connected by Theorem 1.5 of [18].

The inequality (8) implies ®9 = ©, by local positivity of intersections and in turn
©® = ©’. Hence there is a unique subvariety ®; in each exceptional class E;. Similarly,
there is a unique subvariety ®; in T — E;. O

By the uniqueness result that Mg is a single point, we know the J-holomorphic
subvariety in class E is connected and has no cycle in its underlying graph for any
tamed J by Gromov compactness. This is because E is represented by a smooth
rational curve for a generic tamed almost complex structure, and the above properties
hold for the Gromov limit of these smooth pseudoholomorphic rational curves.

Corollary 3.5 Let M be an irrational ruled surface, and E an exceptional class. If an
irreducible J-holomorphic curve C satisfies E - [C] < 0, then C is a rational curve
of negative square.

Proof Since SW(E) # 0, we always have a subvariety in class E. By Proposition 3.4,
all irreducible components are negative rational curves. Thus, if C has positive genus,
then C cannot be an irreducible component of the J-holomorphic subvariety in class
E. Hence E - C > 0 by local positivity of intersections. O

We would like to remark that the technique we use to prove Proposition 3.2 could
also be applied to other situations. Let us summarize it in the following. We will focus
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on the case when b+ = 1. To show certain class A with A2 > 0 is J-nef when J is
tamed, we would have to show classes B with A - B < 0 are not curve classes. If such
a curve class exists with B?> > 0 and at the same time A is realized by a symplectic
surface, then there is a contradiction due to the light cone lemma.

Hence we could assume B2 < 0. For this case, the first obvious obstruction is from
the adjunction formula. Second type of obstruction is what we have applied above.
To show B is not in the curve cone, we look for classes C; with nontrivial Seiberg—
Witten invariants, and agB + Zi a;C; = 0 with each a; > 0. In Proposition 3.2, we
choose ap = a; = 1 which are the only nonzero a;’s. For another such application,
see Lemma 3.10. The key observation in this case is 2g;(B) — 2 = dimgw (—B).
Hence, if g;(B) > O and (K + B) - A < 0 we could efficiently apply the general wall
crossing formula in [12,14] to get nontriviality of Seiberg—Witten invariant for B. The
above argument could have some obvious twists such as taking C1 = —kB.

For the case of g;(B) = 0, we will use a different strategy. We might apply the
classifications of negative rational curves, e.g. [6,32], and calculate the intersection
numbers with A directly.

Now, we will investigate the moduli space of the subvarieties in class 7. First, we
need a curve to model the moduli space as we did in [17].

Proposition 3.6 There is a smooth section of the irrational ruled surface, i.e. there is
an embedded J-holomorphic curve C of genus h such that [C]-T = 1.

Proof We do our calculation for M = §2 x %,#kCP?. When M is a nontrivial S2
bundle over X, the calculation is similar.

In Proposition 3.2, we have shown that all curves having the homology class aU +
bT — Y, ¢; E; must have a > 0. Especially, for a possibly reducible section which is
in the class U + bT — ), ¢; E;, there is exactly one irreducible component of it has
a = 1 (with multiplicity one), all the others have a = 0.

Furthermore, let A = U + hT, we have dimgy (A) = A2 — K. A =2h—
(—2h +2h —2) > 0. Since K — A = =3U + (h —2)T + }_; E; pairs negatively
with T, by Lemma 3.1, SW(K — A) = 0. Apply the wall crossing formula, we
have SW(A) = +2h # 0. Hence there is a subvariety in class U + hT. Choose an
irreducible component with a = 1, call it C.

We show that C has to be smooth. Since [C]- T = 1, for any point x € C, thereis a
subvariety ®, in class 7' passing through it. Since any curve class aU +bT — ), ¢; E;
has a > 0, we know C cannot be an irreducible component of this subvariety ®, in
class T'. If x is a singular point, the contribution to the intersection of C and ®, would
be greater than 1. Hence by the local positivity of the intersection, we know C is an
embedded curve.

Since C is a section, we have g(C) > 0 by Kneser’s theorem. By Corollary 3.5, for
any exceptional rational curve class E, we have [C] - E > 0. Since T — E is another
exceptional rational curve class and [C] - (T — E) + [C]- E =[C]-T = 1, we have
0 < [C]- E < 1. Because of this,

K- [Cl4+[CP=Qh—=2-2b+) )+ Qb= c)=2h—2.

Hence C has genus h. O
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We are ready to show the structure of the moduli space M.

Theorem 3.7 Let M be an irrational ruled surface of base genus h. Then for any tamed
JonM,

(1) There is a unique subvariety in class T passing through a given point;
(2) The moduli space M of the subvarieties in class T is homeomorphic to Xj;
(3) Myea.T is a set of finitely many points.

Proof Let C = X be the smooth J-holomorphic section constructed in Proposi-
tion 3.6. First, by Lemma 2.5, for any given point x € M, there is a unique element in
M passing through it. We denote this element by ©,.

Now, we construct a natural map 2 : x — O, from C to My. The map 4 is
surjective because T - [C] # 0. The map is injective since T - [C] = 1 and the
positivity of intersection. To show 2 ~! is continuous, consider a sequence ®; € My
approaching to its Gromov-Hausdorff limit ®. Let the intersection points of ®;, ®
with C be p;, p. Then p; has to approach p by the first item of the definition of
topology on M7. Now since C = X, is Hausdorff and M7 is compact, the fact we
just proved that 7~! : M7 — C is continuous would imply # is also continuous.
Hence & is a homeomorphism. This completes the proof of the second statement.

The third bullet, that M,..s 7 is a set of finitely many points, follows from the
following two facts. First, each irreducible component of an element in M,..4, 7 would
have negative self-intersection since ) /., < 0 by Equation (5). Second, there are
finitely many negative rational curves as we have seen in Proposition 3.2. O

Corollary 3.8 Everyirreducible rational curve belongs to a fiber, i.e. it is an irreducible
component of an element of Mr.

Proof First, by Corollary 3.3, all irreducible rational curves with nonnegative square
have class T. Hence, we could only talk about negative curves. By Kneser theorem,
for such a curve C, we have [C] - T = 0 as argued in Corollary 3.3. By Theorem
3.7 (1), for any point x € C, there is a unique element ®, € M7y passing through
it. If C is not an irreducible component of ®,, then [C]- T > 0 by the positivity of
intersection, which contradicts to [C] - T = 0. O

Theorem 3.7 and Corollary 3.8 constitute Theorem 1.2 in the introduction.

Along with Corollary 3.3, we have described M, for any rational curve class e and
an arbitrary tamed almost complex structure on an irrational ruled surface.

Some finer local structures of the moduli space are described in the following.

Corollary 3.9 The natural map f : M — M, where f(x) is the unique subvariety
Oy in class T passing through x, is a continuous map.

Proof We only need to show that for any sequence {x,},” | converging to x, the
subvarieties ©,, converge to ®, in M7. We notice that if a sequence satisfies
lim, o0 p(®y, ©y,) = 0 (the first defining property of the topology of M,), then a
subsequence must converge to ®, because of Theorem 3.7(1).

Hence, we can assume on the contrary that there is a sequence {x, }°° | converging to
x such that p(®y, ©, ) > ¢ > 0for a constant c. However, since M7 is compact, we
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know there is a subsequence of {x,} such that it converges to a subvariety ® € M.
Since {x,} converging to x, we know x € |®'| N |®,|, which implies ® = O, by
Theorem 3.7 (1). This contradicts to our assumption p(®,, Oy, ) > ¢ > 0. Thus we
know f : M — M is a continuous map. O

It is worth pointing out that near a smooth curve C C M7 (or more generally any
moduli space M,), the convergence is very explicit, as described in [31] (see also
[17]). Recall that any curve in a neighborhood of C in Mt can be written as exp. (1)
with n being a section of normal bundle N¢ satisfying

Dcn+tion+ 1 =0. C)

Here, 71 and 19 are smooth, fiber preserving maps from a small radius disk in N¢ to
Hom(N¢e @ T10C, Nc ® T%!C) and to N¢ ® T*!C that obey |71 (b)| < co|b| and
l70(b)| < co|b|®. Meanwhile, D¢ is the R-linear operator that appears in (2.12) of
[31], which is used to describe the first order deformations of C as a J-holomorphic
submanifold. The L?-orthogonal projection map from C®(C; N¢) to the kernel of
D¢ maps an open set of solutions of (9) diffeomorphically to an open ball centered
at 0 in ker(D¢). Notice in our situation, ker(D¢) has complex dimension one. This
description identifies an open neighborhood N (C) of C in M7 with a small radius
ball about the origin in ker(D¢). From this description, we know the tangent bundle
of each element in A/(C) varies as a smooth family.

We will finish this section by a digression on another example of using the technique

of Proposition 3.2, now for rational surfaces M = CP*#kCP?.

Lemma 3.10 Let M be a rational surface and J be tamed. Let A € H*(M,Z) be a
class with A” > 0. Moreover, assume there is an embedded J'-holomorphic curve
in class A for a tamed J'. Then if a J-holomorphic curve C such that [C] - A <
min{0, —K - A}, it has to be a rational curve with negative square.

For example, A could be chosen as H, H — E,3H — E, etc.

Proof We first show C is a rational curve by contradiction. If g;([C]) > 0, we have
C2 4+ K -[C] > 0. We look at the class —[C], which has dimgw (—[C]) = C? + K -
[C] = 0. The wall-crossing formula for rational surfaces implies |[SW(K + [C]) —
SW(—[C])| = 1.Forclasses Aande = K+[C],wehave A-e < 0. Apply Lemma3.1,
using the conditions A% > 0 and A has an embedded J’-holomorphic representative,
we conclude SW (K + [C]) = 0. Hence SW (—[C]) # 0 by wall-crossing. It follows
that the class 0 = [C] + (—[C]) is a class of subvariety, which contradicts to the fact
that J is tamed. Hence C has to be a rational curve.

Now we choose an integral symplectic form w taming J. Hence, for large N we
have dimgsw (N[w]) > 0. Moreover, the class K — N[w] pairs negatively with the
symplectic form w for large N. Therefore, we must have SW(K — N[w]) = 0. By
wall-crossing, we have SW(N[w]) # O for large N. Then by Lemma 3.1, we have
[@]- A > 0. Since C is a J-holomorphic curve, [w] - [C] > 0. If C? > 0, and because
A? > 0, we apply the light cone lemma to conclude that [C]- A > 0, which contradicts
to our assumption. Hence C is a rational curve with negative square. O
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With this lemma in hand, we could apply the classification of negative rational
curves in [32] to find J-nef classes for rational surfaces with K2 > 0.

The only feature of rational surfaces used in the proof is that they have nonzero
wall-crossing number for all the classes with non-negative Seiberg—Witten dimension.
Hence, the argument could be extended to a general symplectic 4-manifold with b* =
1 under this assumption.

4 Rational surfaces

In this section, we will concentrate on rational surfaces, i.e. 4-manifolds diffeomorphic

to CP*#kCP? or §2 x 2. We study the moduli space of J-holomorphic subvarieties
in a sphere class. Our main results, Theorem 4.4 and Proposition 4.1, show that our
moduli space behaves like a linear system in algebraic geometry.

4.1 Connectedness of moduli spaces of subvarieties

For the applications, in particular the symplectic isotopy problem, it is important to
show that the reducible part M, .4 would not disconnect the whole moduli space. This
is the technical heart of [28] in which it is called Isotopy Lemma. In our setting, we
would show the following stronger result.

Proposition 4.1 Suppose e is a J-nef class with g j(e) = 0. Then M, and M, . are
path connected. In particular, any two smooth rational curves representing class e are
connected by a path of smooth rational curves.

Proof We divide our argument into five parts.

Part 1: Reduce to rational surfaces

If M, # @, since e is J-nef, we know the self-intersection &2 > 0. By a classical
result of McDuff, if furthermore g;(¢) = 0 and M, . # ¥, then M has to be a
rational or ruled surface. When M is not rational, the results follow from Theorem 3.7
and Corollary 3.8. Hence, in the following, we assume M is a rational surface.

Part 2: Definition of pretty generic tuples

We first assume e is a big J-nef class, i.e. a J-nef class with e - e > 0. For the proof
we need the following definition of [17]. We denote ] = [, > 2. Let M (k] pe the set of
k tuples of pairwise distinct points in M.

Definition 4.2 Fix a point x € M(e) (see Section 2.2 for the definition). An element
Q € MU=V is called pretty generic with respect to e and x if

e x is distinct from any entry of 2;

For each ©® = {(Cy, m1), ..., (Cy,my)} € M* . withx € Cyq,

red,e
e x isnotin C; foranyi > 2;
o Q;NQ; =@ fori # j,where Q; = QNCj;
o Il +wy =me-e(=1l), and w; = mje - ¢;(> I,;) fori > 2. Here w; is the
cardinality of €;.
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Let G7 be the set of pretty generic [ — 2 tuples with respect to e and x.

It is indeed a generic set in the sense that the complement of G has complex
codimension at least one in M~2! by Proposition 4.8 of [17]. In particular, the set G,
is path connected.

Part 3: M;,, . is path connected when ¢ is a big J-nef class

Now, if C and C’ are smooth rational curves in M, ., they intersect at / — 1 points
(counted with multiplicities). If one of the intersection points X € D where D is an
irreducible curve in Z(e), we have ec - ep = 0 by definition. On the other hand, since
C is irreducible, we know the irreducible curve D is not identical to C since the class
e =ecisbigandthuse-ec >0 =e-ep. Thenx € CN D implies e - ep > 0 which
is a contradiction.

Hence, all of these intersection points are in M (e). First, we will show that we can
deform the curve C within M,,, . to a smooth curve C such that all the intersection
points with C’ are of multiplicity one, if there are intersection points of C and C” having
multiplicity greater than one. We know M, . is a smooth manifold of dimension
2/. Hence we can choose an open neighborhood U of C € M, .. We look at the
intersection points between elements in U and the curve C’. There are [ — 1 intersection
points counted with multiplicities. Let U’ C U be a subset of U such that an element
in U’ is tangent to the curve C’, i.e. intersecting at least one point with multiplicity at
least two. In particular, C € U’.

The following is a general fact of automatic transversality, see e.g. Remark 3.6 of
[17]. If we have k < [ distinct points xi, ..., xx in C’ and k' < k with k + k' < [,
then the set of smooth rational curves in class e passing through x1, . .., x; and having
the same tangent space at the k’ points x1, ..., x; as C’ is still a smooth manifold,
whose dimension is 2( — k — k’). Since we can vary xi, - - - , x in the curve C’, and
k' > 1, we know U’ is a submanifold of U with dimension 2(I —k — 1) +2k = 2] —2.
In particular, U \ U’, which is the set of curves in U intersecting C’ at points with
multiplicity one, is non-empty and path connected. Moreover, elements in U \ U’
could be connected by paths to the element C € U’ within U \ U’, in the sense that
for any CeU \ U’ there is a path P(t) C U such that P(1) = C, P(0) = C and
P([0,1)) c U\ U’. Hence, any curve C e My, could be obtained by deforming
the curve C within M,,, ., such that all the intersection points of C and C’' are of
multiplicity one. For simplicity of notation, we will still write the deformed curve C

by C.
We can now choose one of the intersection points of C and C’, and call it x. For
the remaining / — 2 points x3, ..., x;, they might not be in G}. Choose two more

points y € C and y’ € C’ other than all these intersection points. We are able to
choose / — 2 disjoint open neighborhoods N; of x; in M withi = 3, ..., [, such that
all curves representing e, passing through x, and y or y’, and intersecting all N; are
smooth rational curves. This is because M, . is a smooth manifold by Theorem 2.3
and there is a unique subvariety, smooth or not, passing through / given points on an
irreducible curve in class e.

Since the complement of G} has complex codimension at least one in M (=21
we are able to choose a pretty generic [ — 2-tuple from N3 x --- x N;. With these
understood, we are able to deform C and C’ within M;,, . to two smooth rational
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curves intersecting at x and an / — 2-tuple in G;. We still denote these two curves by
Cand C'.

By Proposition 4.9 of [17], the subset M, < M, is homeomorphic to
CP! = 52 when (x3, ..., x;) € GE. Moreover, M3 N M4 . is a finite set of
points. Since C, C' € My they are connected by a family of smooth rational
curve in My N M, .. This finishes the proof that M,,, . is path connected
when e is big J-nef.

Part 4: M, is path connected when ¢ is a big J-nef class

To show M, is path connected, we only need to prove that any element in M,..4 . is
connected by a path to an element in M, .. This would imply M, is path connected
since we have shown M;,, . is path connected. Let ® € M4, we choose I” =
> e-ec; distinct points xy, . . ., x from the smooth part of ® = {(C;, m;)}. We choose
the I’ points such that there are exactly e - ec, points on C; for each i, each with type
(x;, m;) in the sense of Sect. 2.3. Counted with weights, there are ) m;e-ec, =1 — 1
points. We then choose another point, labeled by x;, from the smooth part of ® and

different from x1, ..., xy. By Lemma 2.5, there is a unique element in M, passing
through points x1, ..., x with multiplicities and another point x;.
We take [ disjoint open sets Ny, ..., N; C M as following. For each x;,i < I,

assume it is on the irreducible component (C, m ;). We choose m ; disjoint open sets,
say N7, ..., N,’nj, such that N{U- - ~UN_/mjis aneighborhood of x; in M and x; € N/ for
each 1 < k < m;. Considering all the points x1, ..., xy, thereare/ — 1 = ) mje- ec;
such open sets. We relabel them by Ny, ..., Nj_. Finally, we take a neighborhood
Nj of x; in M. Apparently, we can choose these open sets such that they are disjoint
from each others.

We denote by M, ¢ k (tesp. Meq k) the subset of M. , x M (resp. Med.e X
M1y that consists of elements of the form (C, x1, . .., x¢) with x; € C and distinct.
There are natural projections 7;,r; : M. — MU and 7,007 0 Myeg.eq — MU,
First, we notice that the diagonal elements Zg;,q = M ! \ M '] is a finite union of
submanifolds of dimension at least two. Proposition 4.5 in [17] shows that the image
of Treq 1, say Zrea C M /1 is a finite union of submanifolds of codimension at least
two, and 7;,- ., maps onto its complement. Moreover, the map 7;,,; iS one-to-one.
Hence, M’ \ (Zgiag U Zreq) is path connected. In particular, we can choose a path
P(t) in M' such that P(0) € M/ is the [ points with weight (x|, mx,), ..., (xy, mg,)
and x; that determine ® uniquely and P ((0, 1]) C Ny X - -+ X Ny \ Z,¢q. Since all the
[ tuples P () determines the subvariety uniquely, the path P(r) C M' gives rise to a
path connecting ® to M, ..

Part 5: M, is homeomorphic to S> when ¢ - ¢ = 0.

When e - e = 0, we no longer need the technicalities of pretty generic tuples. In
fact, the argument here is similar to that of Theorem 3.7. Instead of finding a smooth
section as in Proposition 3.6, we will use a general construction in [17] of a “dual”
J-nef class. This will be used as our model for moduli space.

By Theorem 2.3, M,,, . is a manifold of complex dimension 1 and M,.q4 . is a
union of finitely many points. We will show that M, = M, . U M,..q.. is actually
homeomorphic to s2. By Proposition 4.6 of [17], there is another J-nef class H, with
g7(H,) = 0 such that H, - e = 1. We choose a smooth rational curve S representing
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H,. Given any z € S, there is a unique (although possibly reducible) rational curve
C; in class e passing through z. Thus we obtain amap 4 : z — C, from S to M,.

The map & is surjective since H, - e # 0. Since S is also J-holomorphic and
H, - e = 1 any curve in M, intersects with S at a unique point by the positivity of
intersection. Therefore / is also one-to-one.

Now let us show that / is a homeomorphism, namely both # and 4! are continuous.
Since S = $2 is Hausdorff and M, is compact, if we can show that ' M, — Sis
continuous, it follows that / is also continuous. To show 2! is continuous, consider a
sequence C; € M, approaching to its Gromov-Hausdorff limit C. Let the intersection
of C; (resp. C) with S be p; (resp. p). Then p; has to approach p by the first item of
the definition of topology on M,. Therefore & is a homeomorphism. O

4.2 M, = CP when eis primitive

In the argument of Proposition 4.1, we have shown M, = CP! when e - e = 0. We
will next generalize it to show that M, is homeomorphic to CP! when e is primitive,
hence confirm Question 5.25 of [17] in the topological sense in this circumstance.
This is Theorem 1.3 and we state it again below as Theorem 4.4.

We first need a lemma to adapt the discussion of section 4.3 in [17]. This lemma is
crucial in our construction of the model for the moduli space.

Lemma4.3 Let M = 52 x 52 or CP?#kCP? with k > 1. Suppose e € H*(M,Z) is a
primitive (i.e. e is not divisible by an integer k > 1) J-nef class with gj(e) = 0. Then
there is a J-nef class H, such that gj(H,) = 0 and H, - e = 1. Moreover, H, can be
assumed to be not proportional to e.

Proof We take the class H, to be the same ones chosen in the proof of Lemma 4.13 of

[17] except if e is Cremona equivalent to H or 2H — E1 — E; when M = CP?#kCP2.

When e is equivalent to H, without loss of generality, we assume e = H. We will
show that atleastone of H — E|, ..., H — Ej is J-nef. Let us first take He’ =H—-E,
and assume there is a curve pairing negatively with it. By Lemma 4.15 of [17], we

know an irreducible curve class ec = aH —b1 Ej—- - - — by Ej, pairing negatively with
H — E1, must have a < 0. Hence a = 0, otherwise it contradicts to the assumption
that e = H is J-nef. But when a = 0, we have b = —He’ -ec > 0. Moreover, since

SW(E;) # 0, we know there are J-holomorphic subvarieties in classes E;. At least
one b; < 0, otherwise 0 is a linear combination of ec and eg; which contradicts to the
fact that J is tamed. Then we look at the adjunction number

ec~ec+KJ-6c=—b%—-~-—b,%+b1+"'+bk§0.

To make sure the adjunction number is no less than —2, we will exactly have one
negative b;, say bp = —1. Other b;’s are O or 1. In particular, b = 1.

Then we take the class H — E». Ifitis not J-nef, we can argue as in the last paragraph
for H — E to show that there is a curve class ec, = —biz) Ei—--— b,(cz) E} with only
one negative coefficient which is —1, and others are O or 1. If the negative coefficient is
some bl-(z) = —1suchthatb; = 1, then ec +-ec, is alinear combination of E, ..., Ex
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with non-positive coefficients. This contradicts to the fact that J is tamed. If the
negative coefficient is some bl-(z) (i # 2 since bgz) = 1) with b; = 0, say bgz) = -1,
we could continue our argument with the class H — E3. Since k is a finite number, this
process will stop at some finite number j, such that when we argue it with a non J-nef
class H — Ej, we will get a curve class ec; with one negative blfj )andi < Jj. Then
the sumec, +--- + ec; is a linear combination of E; with non-positive coefficients,
which contradicts to the tameness of J again. Hence, we have shown that at least one
of H—Ey,..., H— Ejis J-nef. We choose it as H,, which is a class satisfying the
requirements of our lemma.

When e is equivalent to 2H — E| — E3, say e = 2H — E| — E;, we claim that
one of the classes, H — E| or H — E,, is J-nef. We assume both H — E; and
H — E; are not J-nef. By Lemma 4.15 of [17], we know an irreducible curve class
ec = aH — b1E| — --- — by E} pairing negatively with H — E| or H — E> must
have a < 0. We are able to determine all the possible classes that pair negatively with
H — E;.Inthis case, (H — E1) -ec < —1impliesa < b; — 1. Since 2H — E| — E»
is J-nef, we know H — E» pairs positively with ec, which implies b, <a —1 < —1.
We calculate the K ;-adjunction number

ec-ec+Kj-ec<a®—b3—3a+by<2a—1-3a+by<-2.

The equality holds only when by = a — 1 (the second inequality) and all other b;
are 0 or 1 (the first inequality). Furthermore b = a — 1 would imply a = b1 — 1
also holds. Hence the only possible classes are E» — E; — b3E3 — -+ — b E and
—H +2E) —b3E3 — --- — by E with all b3, ...by are O or 1.

Similarly, if the class H — E» is not J-nef, then there is a curve class E; — E» —
b3E3y—---—byEyor—H +2E| —b3E3 —--- — by E; withall b, ... b, are O or 1.

We notice the classes Ey — Ey —b3E3—---—byEpand Ey — Ey —byE3 —- - - — b, Ey,
cannot coexist. We assume there is no curve class of type Ey — E1 —b3E3—- - - — b Ek.
Then there is a curve in class —H + 2Ey — b3E3 — --- — by Ej.. At the same time,
there is a curve in class Ey — Eo —b3E3 —--- — by Ex or —H +2Ey —b3E3 — - - - —
by Ex. In particular, it implies that there are J-holomorphic subvarieties in classes
—H +2E) —b3E3 — -+ — byEy and —H + 2E| — b§E3 — e = b;{Ek. Again,
SW(E;) # 0 implies that there are J-holomorphic subvarieties in classes E;. In turn,
it would imply that there are subvarieties in classes —H +2FE and —H +2E». Finally
SW(H — E| — E3) # 0,hence H — E| — E» is the class of a subvariety. However,
then we know 0 = (—H + 2E|) + (—H +2E>) + 2(H — E| — E3) is the class of a
subvariety, which contradicts to the tameness of J.

Hence, H — E| or H — E; has to be J-nef. Itis our H, whene = 2H — E| — E>.
It satisfies all the requirements. This finishes the proof of the lemma. O

Theorem 4.4 Suppose J is a tamed almost complex structure on a rational surface
M, and e is a primitive class which is represented by a smooth J-holomorphic sphere.
Then M, is homeomorphic to CP' where | = max{0, ¢ - ¢ + 1}.

Proof When e - e < 0, we have [ = 0. It follows from positivity of local intersections
that the smooth J-holomorphic sphere representing e is the unique element in M.
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When e - ¢ > 0, we know e is J-nef. We could assume e - ¢ > 0 otherwise it is
verified in Proposition 4.1. For M = CP?, it is well known M H = CP?, see e.g.

[9]. Actually, Moy = CP? by the result of [29]. Hence, let us discuss CP?*#kCP?
or $2 x S2. Our first goal is to find a class ¢’ such that it is J-nef, gj(¢’) = 0 and
e-e=I.

In Lemma 4.3, we have found J-nef class H, such that g;(H,) =0and H,-e = 1
when e is primitive. Moreover, we could choose H, not proportional to e.

Let ¢’ = ¢ + H,. By adjunction formula

(e+H)*+K-(e+H)=(=2)+(-2)+2=-2,

gs(€) = 0 and ¢ is J-nef since both e and H, are so. Moreover, the intersection
numbere’-e = ¢241 = [. Since ¢’> > 0, we have dimgy (¢/) > 0.If SW(K —e') # 0,
it will contradict to the nefness of ¢’ by e - (K — ¢’) = —dimgw (¢’) < 0. Hence by
Seiberg—Witten wall-crossing, we have SW(e’) = 1. By Proposition 4.5 of [17], we
choose a smooth rational curve S in class ¢’. Notice by our choice of class €', the
smooth rational curve S cannot be an irreducible component of any element in M,.
Since J is tamed, any subvariety in M, is connected. Take points xq,...,x; € S.
Some of the points x; might be identical. Since the curve S is given a priori, when
we talk about the intersection of subvarieties as in Sect. 2.3, we could also include the
second type where the “matching” curve at x; is given by S.

We will show that there is a unique (possibly reducible) rational curve in class e
passing through all x;. The argument is similar to that of Lemma 2.5, with slight modi-
fications with regard to the existence of the curve S and the corresponding second type
intersections. We assume there are two such subvarieties, say ® = {(C;, m;)}, ©' =
{(C],m})}.If ®, ®" have no common components, then the result follows from posi-
tivity of local intersection since eg - egr < I.

Hence we assume they have at least one common components. In particular, none
of ® and ©' is a smooth variety.

We rewrite two subvarieties ®, @' € M., allowing m; = 0 in the notation, such
that they have the same set of irreducible components formally, i.e. ® = {(C;, m;)}
and @ = {(C;, m})}. Then for each C;, if m; < m, we change the components to
(Ci, 0) and (C;, m; —m;). Similar procedure applies to the case whenm; > m; Apply
this process to all i and discard finally all components with multiplicity O and denote
them by O, ®6 and still use (C;, m;) and (C;, m;) to denote their components. Notice
they are homologous, formally have homology class

2 : 2 : I 2 : ’
e — mkl.ecki — mlje‘clj — mqpqup.

’ ! [
My <my. ’"1/- <my; my, =mq,

There are two ways to express the class, by taking e = eg or e = eg' in the above
formula. Namely, it is

/ /
Z (my, — mp;)ec,, +others = eq; = ey = Z (my; — m,j)eC,j + others.

’ ’
mp. <m m; <mj.
ki ki 1j Lj
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Here the term “others” means the terms m;ec; or mgecl. where i is not taken from k;,

l;orgqy,.
J p

Now ®¢ and O have no common components. They intersect the rational curve §
atleast ¢’ - eg, > e - e@, points (as a subset of {x, ..., x;}) with multiplicities. In the

inequality above, we make use of the fact that H, is J-nef. Hence ®¢ and &, would
intersect at least e - e@, points with multiplicities.

We notice that e - eq, > eg, - €g,. In fact, the difference e — eg, = e — eg
has 3 types of terms, any of them pairing non-negatively with eg, = eqy- For the
terms with index k;, i.e. the terms with my, < m}(i, we use the expression of eg, =
Zm;j <my, (my I m;j )eCzj + others to pair with. Since the irreducible curves involved

in the expression are all different from Cy,, we have ec, *€ey = 0. Similarly, for

Ci;, we use the expression of ey = > (m;(i — my;)ec;, + others. We have

m; <m;c[
ec; - e, > 0. For qu, we could use either eg, or eq)- Since e, = €@y, We have
(e —egy) - e, > 0.

Moreover, we have the strict inequality e-e@, > 6(290' This is because we assume the
original ®, ®' have at least one common component and because they are connected
by Theorem 1.5 of [18]. The first fact implies there is at least one index in k;, [; or g,.
The second fact implies at least one of the intersection of Cy;, C; ; or qu with eg, as
in the last paragraph would take positive value.

The inequality e-eg, > eéo implies there are more intersections than the homology

intersection number eéo of our new subvariety ®y and ©. This contradicts to the
positivity of local intersection and the fact that ©g, ©f have no common component.
Hence ©® = @',

We will use Cy, ... x; to denote the unique subvariety passing through the / points
{x1,...,x7}. Apparently, changing the order of x; gives the same curve. Thus we
obtain a well-defined map % : (x1, ..., x;) /= Cy,, ... 5, from SymlS2 =~ CP to M,.

Since S is J-holomorphic and ¢’ - ¢ = ¢?> + 1 = [ > 0, any curve in M, intersects
with § at exactly / points by the positivity of local intersection of distinct irreducible
J-holomorphic subvarieties. Therefore / is one-to-one and surjective.

Now let us show that / is a homeomorphism, namely both # and 4~ ! are continuous.
Since Sym’$? is Hausdorff and M, is compact, if we can show that A~! : M, —
Sym’ S is continuous, it follows that / is also continuous. To show 4~ is continuous,
consider a sequence C; € M, approaching to its Gromov-Hausdorff limit C. Let
the intersection of C; (resp. C) with S be (xi, e ,xli) (resp. (x1,...,x7)). Then
(x‘i, cee xli ) has to approach (xy, . .., x;) by the first item of the definition of topology
on M,. Therefore 4 is a homeomorphism. O

We remark that the subvarieties determined by (xi, e, xli) with xj. € M will not
converge in general, especially when two points in the tuple converge to same point
by a simple dimension counting. However when x; € S, they indeed converge in the
Gromov-Hausdorff sense since the tangent plane is fixed as that of S.

Notice that since the configuration of a subvariety of a sphere class is a tree [18],
a non-primitive class will never be an irreducible component in a reducible subva-
riety. This is because there will be another irreducible component intersecting the
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non-primitive class more than once to form cycles, since the reducible subvariety is
connected.

Usually, nefness is a numerical way to guarantee the existence of smooth J-
holomorphic curves.

Lemma4.5 Ife is a J-nef class with gj(e) = 0 and M, # 0, then it is represented
by a smooth J-holomorphic sphere of non-negative self-intersection.

Proof Since e is J-nef and J -effective, we have e - ¢ > 0. Then by Proposition 4.5 of
[17], we know e is represented by a smooth rational curve. O

Corollary 4.6 Suppose J is a tamed almost complex structure on a rational surface
M. If e is a J-nef class with gj(e) = 0 and M, # 0, then M, is homeomorphic to
CP withl = e-e+ 1.

Proof It is a combination of Lemma 4.5 and Theorem 4.4. O

Theorem 4.4 also gives a vanishing result for sheaf cohomology of complex rational
surfaces.

Proposition 4.7 Let M be a complex rational surface and D a smooth rational curve
with D* > 0. Then H? (M, O(D)) = 0 for p > 0.

Proof First, K — D is not an effective divisor since (K — D)- D < 0and D is a smooth
divisor with D? > 0. Hence, H*(M, O(D)) = H(M, O(K — D)) = 0. Moreover,
for p > 2, H? (M, O(D)) = 0 by dimension reason.

To show H'(M, O(D)) = 0, we first compute the Euler characteristic y (D). By
Riemann-Roch theorem for non-singular projective surfaces,

x(D) = x(0) + 3(ID]-[D] - K - [D])
= x(0)+ D> +1
(10)
= (2 +c)+D*+1
=D?+2
when M is a rational surface. On the other hand, it follows from Theorem 4.4 that
dim H(M,O(D)) =1+ 1= D? + 2.
Since x(D) = dim H'(M, O(D)) — dim H' (M, O(D)) + dim H*>(M, O(D)), we
have H'(M, O(D)) = 0. O
5 J-holomorphic tori

This section is on the J-holomorphic tori, i.e. a subvariety in a class e with g; (e) = 1.
The first part is on a non-associative addition on elliptic curve induced from almost
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complex structures of the rational surface. In the second part, we will explore the
method in last two sections to study the moduli space M,. We will explain our method
through an example.

5.1 Non-associative addition on elliptic curve

In this subsection, we will show that the primitive case of the statement of Theorem 4.4
follows from a more general framework on the generalization of the addition in the
elliptic curve theory. Hence, we start with the classical algebraic curve theory.

For an algebraic curve C of genus g, there is a natural map from the symmetric
product to the Jacobian of the curve u : Sym"C — J(C) by

pi pi
w(p1, P2 - p) = Z/ CUIZ/ wg |,
i Po i Po

where w1, ..., wg form a basis of HO(C, K). When n > 2g — 2, this map is very
useful in determining the topology of Sym” X,. This matches with the philosophy of
our discussion in previous two sections. The elements of symmetric product Sym”C
are just the divisors of degree n on C. The subset Pic” (C) of the Picard group is the
isomorphism classes of degree n line bundles. It is just the quotient of Div"” (C') modulo
linear equivalence. Abel’s theorem says that the map u factors through Pic” (C) and
the induced ¢ : Pic"(C) — J(C) is a bijection.

When we take the curve C to be an elliptic curve, then the Jacobian is identified
with the elliptic curve with its addition structure. In particular, the map u is now a
map

u:Sym"(C) - C, (p1,...,pn) = p1+ -+ pn,

where the addition is the one of the elliptic curve C. We first show that, when n > 0,
the map is surjective. The canonical divisor K is trivial and h1°(K — D) = 0 for any
effective divisor D. By Riemann-Roch theorem h°(D) =n — g+ 1 +h%(K — D) =
n > 0. Hence u is surjective. The preimage u~'(c) for a point ¢ € C is the set of
all possible (py, ..., py) € Sym"(C) with p; + --- + p, = c. By above calculation
h%(D) = n, hence the map u is a holomorphic fibration over the elliptic curve C with
fiber CP"~!. In particular, we have shown the following, which we want to generalize
it to our setting later.

Lemma 5.1 The space of unordered n-tuples (y1, . . ., yn) onanelliptic curve with y1+
-+« 4+ y, = 0is homeomorphic to the space of unordered n — 1-tuples (x1, ..., x,—1)
on a rational curve, i.e. to Sym" 1§82 = CP"~!,

Topologically, we have shown the Sym” (72) is a CP"~! bundle over 72. Moreover,
it can be shown that the fibration is non-trivial. For simplicity of notation, we argue
it for n = 2. A section of u is given by ¢ — (x, ¢ — x) where c varies in the base C.
We take two such sections corresponding to x and x’ with x # x’. Then they intersect
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at only one point corresponding to the value ¢ = x + x’. Hence Sym?(T?) is the
nontrivial 2 bundle over T°2.

Let it digress a bit more on the symmetric product to put the results of previous
sections into our current discussion. In fact, when » is small there are less rational
curves embedded in Sym" X,. For example, when n = 1, it is clear that there is no
embedded sphere unless g = 0. Whenn = 2 and g > 1, Syszg always has an
embedded symplectic sphere. It could be seen by choosing a hyperelliptic structure t
on X,. Then hO( p+1(p)) = 2 which provides a CP!. Hence, when C is hyperelliptic,
the map u has a fiber CP! and each other fiber a single point. This rational curve has
self-intersection 1 — g(C). Since, a —1 curve has non-trivial Gromov-Witten invariant
and T* does not admit any such curve, this is one way to see any genus 2 curve is
hyperelliptic. When C with g(C) > 3 is not hyperelliptic, this CP! is not holomorphic
and is mapped to the image in its Jacobian. When n gets larger, we have more non-
trivial linear systems which give us embedded projective spaces in the symmetric
product.

Now we end the digression and generalize the above discussion to our setting.

As mentioned in the proof of Theorem 4.4, all non-primitive sphere classes are

Cremona equivalent to 2H in (CIP’2#k(CIP’2, hence of self-intersection 4 and / = 5.
Hence, for the convenience of notation, we will write e = 2 H in the following. When
k < 9, we can apply the classification of negative rational curves in [32] to identify
all possible subvarieties in class 2H and show the moduli space is CP°.

When k& > 9, one might hope to use a method similar to what was done for primitive
classes. Since both 2H and H are J-nef classes with g;(¢) = 0, we could find smooth
rational curves representing 2H and H. Hence {(2H, 1), (H, 1)} is a nodal curve
in the case of Corollary 2 of [29]. Hence, one could find a smooth (elliptic curve)
representative of 3H. Let it be S.

For any 5 points tuples (y1, ..., ys) € Sym>S, there is a rational curve in class
e passing through it. However e - [S] = 6 and each intersection is positive, we have
to show that the sixth intersection with S (possibly coinciding with one of y;) is
fixed by the first five. In other words, we want to show there is a unique (possibly
reducible) rational curve Cy, ... y in class e passing through (y1, ..., ys5). Although
S is an elliptic curve, the class 2H is spherical. Hence, the corresponding argument
in Theorem 4.4 confirms the uniqueness of the rational curve Cy, . ys.

When J is an integrable complex structure, it is the topological interpretation of

the abelian group structure of elliptic curves: for any divisor (yy, .. ., ¥5) of an elliptic
curve, we can canonically choose the sixth point as —(y; 4+ --- 4+ y5). Hence, the
intersection points correspond to an unordered 6-tuple (y1,---, y6) on an elliptic

curve with y; + --- + y¢ = 0. A conical curve determines such a 6-tuple on S by
its intersection with the elliptic curve S as we will show that it follows from Cayley-
Bacharach theorem. On the other hand, any such 6-tuple determines the cubic curve
uniquely as we show in the last paragraph. Since the conical curves, i.e. the curves

in class 2H, form a linear system of dimension 5, we have shown such (y1, ..., y¢)
form a CP>. This is a special case and another interpretation of Lemma 5.1.
In particular, we obtain amap i : (x1,...,x5) = (y1,---, ¥6) = Cy, ... ys from

Sym®$? = CP° to M,. It is clear / is surjective, injective and it is continuous.
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When J is a non-integrable almost complex structure, we could define a commuta-
tive addition by the exactly same way. Recall that [S] = 3H. Then any rational curves
in class H would intersect S at three points. Let them be z1, z2, z3. Since two points
are enough to determine the rational curve in class H, we could define a symmetric
function z3 = f] (z1.22), which could be viewed as the negative of an “addition”. If
we further take a point O € § to be the “zero”, we are able to determine the addition
fi(z1,22) = f| (f] (z1,22), O). Notice, in the integrable case the zero point has to
be an inflection point. But we do not require this to be true, since we do not require
fi (O, O) = 0. Similarly, we could associate another symmetric function f> to five
points on S: z¢ = f, (z1,...,25) where z1, ..., z¢ are intersection points of a conic
with S, and f2(z1,...,25) = f| (f; (z1,...,25), O). The functions f1, f> could be
viewed as deformations of addition structure on the elliptic curve S.

However, in general, this new “addition” f] is not associative albeit commutative,
thus gives rise only a loop structure instead of an abelian group. Even if we have
shown that the moduli space My = CP? for any tamed almost complex structure, we
do not have an authentic linear system structure in general. While our desired result
Moy = CP? follows from the generalization of Lemma 5.1 for n = 6 by replacing the
addition by the function f>. Notice that f; is not determined by f in general, although
it is true for the integrable case as we will explain in a moment. More generally, we
expect a generalization of the fibration from Sym®(7'?) to T? where the projection is
given by f (fa(x1, ..., x5), X6).

Return to integrable complex structure, the associativity of the addition is equivalent
to

Cayley-Bacharach theorem: If rwo (possibly degenerate) curves in 3H intersect
at 9 points, then any other curve passing through 8 of them also passes through the
ninth point, where intersection points are counted with multiplicities.

In fact, we first choose points x, y, z and the zero. Then by drawing lines, the
intersections with the elliptic curve would give other 4 points x + y, —(x + y), y +
z, —(y + z). The ninth point has two expressions, (x 4+ y) 4+ z or x + (y + z), from two
different sets of 3 lines. Then the associativity follows from the Cayley-Bacharach
theorem.

This result has many other implications. In particular, it could make our previous
discussion more accurate. Precisely, the addition on the elliptic curve S is determined
by its intersection with lines. Namely, if S intersects a line in three points x1, x7, x3,
then x1 +x = —x3. A conical curve C intersect S in six points x, . . ., X¢, and we can
show x1+- - -+xg = 0. Namely, the line L passing through x1, x» intersect S at a third
point, say x7. Similarly, the line passing through x3, x4 would intersect S at another
point xg. The line L3 passing through x7, xg intersect S at another point xg. Finally,
there is a line L4 passing through x5, x9 and intersects S with another point. Cayley-
Bacharach theorem implies that the point is xg: the two set of curves {L1, Ly, L4} and
{C, L3} are both in class 3H and pass through 8 points x1, ..., x5, x7, X3, X9, hence
{L1, Ly, L4} would also intersect S at the ninth intersection point, xg, of {C, L3} and
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S. This implies

X6 = —(x5 +x9) = —x5 +x7 +x8§ = —x5 — (x] +x2) — (x3 + x4)
= —(x1 + - +x5).

The Cayley-Bacharach theorem is not true for general tamed almost complex struc-
ture as we see above. By dimension counting, the expected dimension of M3g is 9,
hence there will be only finite many curves passing through 9 points for a generic
almost complex structure.

It will be interesting to know whether this actually gives another criterion of inte-
grability of almost complex structures.

Question 5.2 Assume the two-variable symmetric function fi is associative, i.e.
filx, iy, 2)) = filfi(x,y),2) for x,y,z € S, is it true that the almost complex
structure is integrable?

In fact, we expect to express f1 as a perturbation of addition with the extra terms
determined by the Nijenhuis tensor. Apparently, Question 5.2 holds only when the
zero O is chosen as an inflection point, i.e. a point in S which has a third order contact
with a rational curve in class H.

5.2 Moduli space of tori: a case study

In this subsection, we would like to show that the method applied in last two sections
could be used to study the moduli space M, when g;(e) = 1 and e is J-nef. Here
we only analyze a single example, i.e. M = CP*#8CP?> ande = —K = 3H — E| —
.-« — Eg. The method could be pushed to more general cases. Some of the discussion
in [20] might be useful for our discussion. However, all the subvarieties in [20] are
reduced, while we are also working with general non-reduced subvarieties, i.e. we
allow multiplicities.

We assume the class —K is J-nef. We discuss the possible singular subvarieties

in class —K of CP2#8CP2. First, we will show that the combinatorial behaviour of a
reducible variety will not be too bad.

Lemma 5.3 Suppose e is a J-nef class with gj(e) = 1. If ® = {(Ci, m;)}}_, is a
connected subvariety in class e with gj(e1) = 1 and e% > 0, then C; are rational
curves for2 <i <n, and

n
Zmile[ <1, —1.
i=1

Proof By Theorem 1.4 of [18], Y gs(e) > Y _ gy(e;). Hence there is at most one C;
has gj(e;) = 1, others have g; = 0. This component is just our C.

Recall that [, = max{%(e e —Kjy-e),0}. Itis max{ez, 0} when g;(e) = 1, and
max{e? + 1,0} when g;(e) = 0.
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Use 1,...,k to label the irreducible components whose classes have self-
intersection at least 0. In particular, e; is just the one in our statement satisfying
gs(e1) = land e? > 0. Notice l,, =0 fori =k +1,...,n.

Since © is connected, e - (e —mje;) > 1foreach j. Therefore [, can be estimated
as follows:

lo=e¢-¢

k 2
= ijl(mjej cej+mjej-(e—mjej))+ D miei-e

Y

= 14 35 mjle; + Y mici - e

=1+ G imjle; + X miei - e
The number 1 appears in the inequality since /., = e%. Since e is J-nef, we have
leZI-l-ij'lej. O

The following proposition describes reducible varieties in the J-nef class — K.

Proposition 5.4 Any subvariety in M_g is connected. All irreducible components of
a subvariety ® = {(C;, m;)} € M.q,—x are smooth rational curves. Moreover, they
are of negative self-intersection.

Proof Suppose there is a disconnected variety ® = U®;, where ®; are connected
components. Hence —K = Ze@,. Since —K is J-nef, we have —K - eg, > 0. Since

(—K)* =1, weknow —K - e, = ¢g =0orl.Since =K =3H —Ej —---— Eg =
> e@;, we know there is a ©; such that eg, - H > 0. Then the argument of Lemma
4.7(2) of [32] implies eéi = 1 and actually eg, = —K. Hence ® has only one

connected component. Thus any element in M _g is connected.
Hence, by Theorem 1.4 of [18], we have at most one C;, say Cy, has g;(ec,) = 1.
Moreover, by Lemma 5.3, if gj(ec,) = 1 and ‘%1 > 0,thenwehave 0 =/_g — 1 >

Z?:l m,-lec,_. Hence, all l,, = 0. In particular, e%l < lecl = 0. Hence we have

e%l < 0 in any case. However, this contradicts to Lemma 4.7(2) of [32]. Therefore,
all irreducible components are rational curves.
Now, we can similarly argue as (11) fore = —K

l=e-e
= lezl(m?ej cej+mjej-(e—mjej)) + (Z?:k+l mie; - €)
(12)
= Zl;:l mjlej + (Z?:k.H mie; - e)

= o mjle; + Qi miei - e).

Hence at most one index, say 1, has e > 0. That is, k = 1. This happens only when
the equality of (12) holds. Moreover, e = 0 andm; = 1. Hence we know K -e; = —2
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by adjunction formula. In particular, this implies e; - (¢ — e1) = 2. This inequality
would prevent the equality in (12) holding. Thus all the irreducible components have
negative self-intersection. O

In fact, since —K is assumed to be J-nef, there are only a few possibilities for the
negative curve classes. If a curve C has e% < 0,then K -ec +e% >-2and K-ec <0
imply C is a rational curve with e% =—lor e% =-2.

The main obstacle to generalize the rational curve argument is that /, points no
longer determine a unique curve in class with gy(e) > 1. However, the following
lemma gives us a bit room to extend our strategy in last two sections.

Lemma5.5 Let ® € M_g. If x € |0| is a singular point. Then © is the unique
element of M_k passing through x.

Proof Assume there is another ®' € M _g intersecting © at x. If they do not share
irreducible components passing through x, then x would contribute at least 2 to the
intersection number of ® and ©’. However, it contradicts to the local positivity of
irreducible J-holomorphic curves, since eg - egr = (—K )2 =1.

If ® and O share irreducible components passing through x, then they are both in
M’fﬁ. By Proposition 5.4, each component is a rational curve. Since x is a singular
point, it must be the intersection point of at least two irreducible components of ®. Then
we can apply the same argument of Lemma 2.5 to get two cohomologous subvarieties
®g and @6 with no common components. If x € ®¢, wehave 1 > (—K) - eg, > eg_)o.
If (—=K) - eg, = 0, we have eg, - e = eéo < 0, contradicting to the local positivity
of intersection. Hence —K - eg, = 1, or equivalently —K - (=K — eg,) = 0. In
other words, all the removed components are —2 rational curves. However, in this
case (—K —eg,) -eo, = >_mjec,(—K —Y_mjec,) > 0. Since all C; are —2 rational
curves, we have

Zmieci -(—K — Zmieci) = —(Zmieci)z = 22’"12 — ZZmimjeci -ec;

is an even number. Hence 1 = (—K) - eg, > e(%)o + 2, which implies the impossible
relation e(z% < 0 again.

Hence © is the unique subvariety in class — K passing through the point x. O

From now on, we will further assume that there is no irreducible J-holomorphic
curves with cusp singularity in M _g. Notice there is a confusion of irreducible cus-
pidal curves: From our subvariety viewpoint, they are tori, since g; = 1; While from
the J-holomorphic map viewpoint, they are rational curve, since the model curve is a
sphere. By [2], all such almost complex structures form an open dense set. Under our
assumption, an irreducible curve in M_g has at most nodal singularities.

The main point to prevent the cusps is the unobstructedness result.

Proposition 5.6 Let C be an irreducible nodal curve in class —K. There is a local
homeomorphism (M_g, C) — (C, 0).
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Proof Essentially, it is due to [29], which proves that the moduli space of J-
holomorphic maps is smooth at an immersed J-curve with K -ec < 0, and locally the
moduli space is (C, 0). In our situation, an irreducible nodal curve is the image of an
immersion ¢. As we recalled in the beginning of Sect. 2.1, if C is irreducible, it deter-
mines the map ¢ up to automorphisms. Moreover, ec = —K thus K - ec = —1 < 0.
Hence, the result applies to our case. In particular, the neighborhood of ¢, which is
identified with our M_g locally at C, is homeomorphic to C with all elements in
C \ {0} smooth J-holomorphic maps. Hence the conclusion holds. O

Besides irreducible nodal curves, the remaining elements in M_g are reducible
varieties whose irreducible components are all smooth rational curves. These rational
curves are of self-intersection —1 or —2. There are only finitely many such curves,
see e.g. Proposition 4.4 of [32]. Hence M, .4,k is a set of isolated points in M _g.
However, we do not know if it is locally Euclidean. Nonetheless, we have the path
connectedness of M_g.

Proposition 5.7 Suppose there is a singular subvariety in class — K. Then the moduli
space M _x is path connected when there is no irreducible J-holomorphic cuspidal
curve in class — K.

Proof The Gromov compactness implies the moduli space M _k is compact. In par-
ticular, there are finitely many irreducible nodal curves by Proposition 5.6, and finitely
many reducible subvarieties by the discussion in the last paragraph. Since [_x = 1,
by Seiberg—Witten theory, there is an J-holomorphic subvariety passing through any
given point. However, such a subvariety might not be unique.

We will show that a smooth subvariety in M_g is connected to any singular
subvarieties in M_g by paths. Since there are finitely many singular subvarieties,
the complement M’ of their support in M is path-connected. For a smooth subvariety
C, choose a point x € C which is also in M’. Then for any singular subvariety ®,
choose a singular point y € |®|. Take a path P(¢) such that P(0) = x, P(1) = y and
P[0, 1) C M’. We look at the set

T = {r € [0, 1]|C(¢) passes through P(¢), and is connected to C by path},

where C(t) € M_g and C(0) = C. Because of our choice of P(t), each C(¢),
t € [0, 1), is a smooth curve. By Lemma 5.5, C (1) = ® since y is a singular point of
.

The set T is non-empty because 0 € T, open because Proposition 5.6, and closed
because of Gromov compactness. Hence T = [0, 1] and we have constructed a path
C(t) € M_g from a smooth subvariety C to a singular subvariety ®. Hence M_g
is path connected. O

The following is Theorem 1.4.

Theorem 5.8 If there is an irreducible (singular) nodal curve in M_g, then
Mmooth,—x and M _g are both path connected.



29 Page360f44 W. Zhang

Proof The path connectedness of the moduli space M _ g follows directly from Propo-
sition 5.7.

The space Mno0th,—k 1s the subset of M_g where all the elements are smooth
curves. By Proposition 5.7, for any smooth curves C, C' € Moo, —k, We have
paths C(¢), C'(t) € M_k with C(0) = C,C(0) = C’/,C(1) = C'(1) = Cyq and
C ([0, 1)), C'(10, 1)) C Mmooth.—k - Here, Cyq is an irreducible singular nodal curve.
By Proposition 5.6, there is a locally Euclidean neighborhood U of C(1) = C’(1) in
M _g. Hence for t close to 1, C(¢), C'(¢t) € U. Since (U, {C(1)}) is homeomorphic
to (R2,0), U \ {C (1)} is homeomorphic to R2 \ {0} and C(¢) and C’(¢) are connected
by a path in it. Hence C and C’ are connected by a path in M0tk —K - O

Our method does not apply to the case when Moorn,—x = M_k, i.e. when all
subvarieties in class —K are smooth. However, we believe it cannot happen.

Question 5.9 For any tamed J, do we always have a singular J-holomorphic subva-
riety in class —K ?

In the integrable case, this is apparently correct. Moreover, the total number of
singular points for the curves in class —K is 12 by a general Euler characteristic
argument. Namely, all the curves in class —K form a pencil. After blowing up at
the common intersection, we have the universal curve C — M_g = $2 which is

diffeomorphic to M#CP? = CP?*#9CP?. The Euler number
e(C) = e(S?) - e(T?) + # singular points = # singular points

and e(CP?#9CP?) = 12. Hence we have 12 singular points in total for the curves in
class — K.

6 More applications

In this section, we give several applications on spaces of tamed almost complex
structures and symplectic isotopy. In particular, we exhibit the exotic behaviour of
subvarieties of rational surfaces in a sphere class. In particular, Example 6.5 gives a
connected subvariety with a genus 3 component in an exceptional curve class. More-
over, the graph corresponding to the subvariety has a loop.

6.1 Spaces of tamed almost complex structures

It is known that the space J“ of w-tamed almost complex structures is contractible,

thus path connected. Next we define Jo—yer C J¢.

Definition 6.1 Suppose ¢ € HZ(M, Z). An w-tamed J is in J,_pey if e is J-nef.
This subspace is also path connected.

Lemma 6.2 If e is represented by a smooth w-symplectic sphere with non-negative
self-intersection, then Jo_ner is path connected.



Moduli space of J-holomorphic subvarieties Page370of44 29

Proof The assumption tells us Je—,.r 7# ¥ and the ambient manifold is rational or
ruled. Then the conclusion basically follows from a well-known argument [24,27]. It
is known that 7., is path connected by the argument of Theorem 3.1.5 of [24]. Recall
that the subset J,.; C J “ is defined as the set of almost complex structures such that
all J-holomorphic maps ¢ : ¥ — M are regular (or the Fredholm operator Dy is
onto). When S is a smooth J-holomorphic sphere, J is regular with respect to the class
e =[S]ifand only if e - ¢ > —1. And we know that for J € Jyeq, Mirr.e,. 7 7# 0 (sc€
e.g.[24,31]). Hence e is J-nef. This implies J,.; C Jo—ney- This observation ensures
us to apply the same argument of Theorem 3.1.5 in [24]. Namely, the projection of
UM _non—ner,q — J¢ is Fredholm with index at most —2. O

When J is tamed, there are some occasions that J,—per = J “. For example, as
we have shown in Proposition 3.2, e = T in an irrational ruled surface is such a class.

Another such exampleise = H — E in CP*#CP?. In general, J, ner # J“ however.

For example, whene = 11H —4E| —---—4E7—3Eg, any J on M = CP?#8CP? such
that there are smooth curvesinclasses3H —2E{—Ey—---—Egand3H—E;—---—Ejg
will do. For such a J, the sphere classes (11)-(15) in the list of Proposition 4.7 of [32],
eg.e=11H —4FE| — --- — 4E7 — 3E3, are not J-nef. In fact, this example works
more generally.

Proposition 6.3 For any K -spherical class e of (CPZ#k(C}P’Z, k>8ande-e > —1,
there is an integrable complex structure J such that there are subvarieties in M, with
an elliptic curve irreducible component.

Proof We start with k = 8.

First, we discuss a special —1 curve class. In the first construction of section 4.2 in
[1], we constructed an elliptic E (1) with a I5 fiber and seven I; fibers. The homology
classes of the components of Isare H—E1—E¢—E7, H—Ey—Eg—E9, H—E|—E>—
E3, Ey — Es and E| — E4. And there are 7 disjoint —1 sections in classes E3, ..., E9.
Since (H—Ey—Eg—Eg)-E9 = 1, after blowing down Eg, we have a complex structure

Jo on CP?#8CP? such that there are subvarieties {(E1 — E4, 1), (F, 1)} € Mg with
ep = —K andthe —1class E =3H — E) — E3 —2E4 — E5 — --- — Eg, where F
are induced from smooth fibers of the above elliptic fibration. Notice our —1 class E
is Cremona equivalent to E1, hence sphere representable.

Then we claim that for any non-negative K -spherical class S with S - E = 0, Mg
also contains an element with elliptic curve irreducible component. By adjunction
81, (S—E) = 0. We also have (S—E)? > —1,dimgw (S—E) > 0and dimgw (S) > 0.
Hence SW (S — E) # 0, see e.g. Proposition 2.3 of [32], and there is a Jp-holomorphic
subvariety ©1 in class S — E. However,

®={(E1 _E41 1)1(3H_E1 _"'_Egvl)a®1} EMSs

andg;3H —E|{ —---— Eg) = 1.

Now we discuss a general sphere class. It is a classical result that the —2-rational
curve classes (with respect to a fixed canonical class K, say —3H + E; + - -- + Eg)
correspond to the root system of the exceptional Lie algebra Eg (this should not be
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confused with the exceptional class Eg). In particular, there are 240 such classes.
The Weyl group W (E3) is the group of permutations of the roots generated by the
reflections in the roots. By Corollary 26.7 of [21], W(Eg) acts transitively on the
collection of the —1-rational curve classes (with respect to a fixed canonical class
K). Since the canonical class is fixed, the Weyl group action could be realized by a
Cremona transformation [14], i.e. a diffeomorphism preserving the canonical class.
Hence, for a —1 rational curve class E’ which is related to E by a diffeomorphism
f, we know Mg would also contain an element with an elliptic curve irreducible
component with respect to the complex structure £~ (Jp).

Any K -spherical class e of non-negative square is Cremona equivalent to one of
the following classes [11]

e H—E,

e 2H,

o H,

e m+1)H —nE;,n=>1,

e n+1)H —nE;y—Er),n>1.

In particular, the class Eg is perpendicular to all the above classes. Hence, for any
K -spherical class e, there is an exceptional curve class E’ such that ¢ - E' = 0. By
the above discussion, there is a Cremona transformation f which transforms E’ to
an exceptional curve class £ = 3H — Ey — E3 — 2E4 — Es — -+ — Eg. Hence
f*(e) - E = 0. Hence, for the tamed almost complex structure J = f ~1(Jp), we
know M, also has the desired property by the above discussion for the sphere classes
perpendicular to E.

When k > 9, for any —1 curve class E, we know there is another —1 class E’
orthogonal to it. Blow down E’, we can use the induction to get the desired result
for class E. Similarly, for a non-negative sphere class e with e - E = 0, it is at least
orthogonal to another —1 curve class E’ with E - E’ = 0. Blow down this E’, the
induction would give the result for e. This completes the argument. O

This proposition implies Je—ner 7= J for sphere classes on CP*#kCP? with
k> 8.

Corollary 6.4 When M = CP*#8CP?, for any K -spherical class e there is an inte-
grable complex structure such that e is not J-nef.

Proof When e - e < 0, the statement follows from gathering information of [32]. If
e - H < 0, then e is not J-nef for any tamed J since My # ¥ because SW(H) # 0.
Ife-H =0,thene = E; — Zkﬁéi Ei; by Lemma 3.5 of [32]. Thus, e - E; < 0.
Since SW(E;) # 0, we know e is not J-nef. Finally, if e - H > 0, we have the list in
Proposition 4.6 of [32]. From the list, we know there is always a —1 curve class Ey
such thate - Eg = —1 < 0. Since SW(Eg) # 0, we know e is not J-nef.

When e - e > 0, the statement follows from Proposition 6.3. We choose the same
J as in the proof of it. If on the contrary, e is J-nef, then by Theorem 1.5 in [18], any
irreducible component of a subvariety in M, is a rational curve. This contradicts to
Proposition 6.3. O
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We remark that similar construction could lead to other types of interesting
examples. For instance, there are examples in classes of J-genus g with nontrivial
Seiberg—Witten invariant and with genus g’ > g irreducible components in a subvari-
ety.

In previous examples, the subvarieties are disconnected with an elliptic curve com-
ponent. Below we construct a complex surface such that there is a connected subvariety
with a genus 3 component in an exceptional curve class.

Example 6.5 We start with 4 lines of general position in CP?. We choose one of them,
say L1, and an intersection point p = L, N L3. We find a genus 3 J-holomorphic
curve C in class 4 H passing through p such that other intersection points with L; are
transversal and are not the intersection points L; N L ;. There are 14 such intersection
points.

We blow up once at each of these 14 points and twice consecutively at p. The
latter means that we first blow up at p to get an exceptional curve in class Ejg, then
blow up again at the intersection of this curve and the proper transform of C to get an
exceptional curve, say in class E.

This gives us a genus 3 fibration structure on CP?#16CP?. A general fiber has class
4H — E; — --- — E16. The lines L; become rational curves in classes H — E; —
E3; — E4 — Ej6, H— E9 — Ej9o — E11 — Ep2, H — E19 — E13 — E4 — Eg, and
H — Es — Eq — E7 — Eq5. The curve in class Ejg is transformedia curve in class
E10 — E1. Below is the configuration of these curves on CP2#16CP2.

Ly
Ly
L, L Eo — Eq
Eq
C
We blow down 5 sections of the fibration in classes E1», --- , E16. We choose a
curve Cy inherited from the general fiber. Hence [Co] = 4H — E| — - -+ — Eq1. There

existacurve Cyinclass H — E; — E3— Eg4and acurve Cpinclass H — Es — Eq — E7.
It is straightforward to check that ® = {(Co, 1), (C1,3), (C2,1)} € Mg is a
connected subvariety, where E = 8H — E| —4E, —4E3 —4E4 — 2E5 — 2E¢ —

2E7 — Eg — --- — Eq; is an exceptional curve class in CP?#11CP?. Since any K-
spherical class of square 1 is Cremona equivalent to H, we know the class 8H —
2E1 —4E, —4E3 — 4E4 — 2Es — 2E¢ is Cremona equivalent to 2H. In fact, the
diffeomorphism could be realized by the composition of two Dehn twists along the
—2-spheres in classes 2H — E; — .-+ — Eqg and H — E» — E3 — E4. Under this
diffeomorphism, class E is transformedto 3H — Es — E¢ —2E7 — Eg —--- — Eqq,
which is representable by a smooth sphere. Hence, E is an exceptional curve class.
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(Co. 1) (C2, 1)

(€1.3)

The graph corresponding to the subvariety ® has a loop. The curve C is a genus 3
curve with [Cp]? = 5. Moreover, dimc Mic,) = 3 locally since K - [Cp] = —1 < 0.

For a J-nef sphere class, it was shown in [18] that any subvariety in it has two fea-
tures: 1) every irreducible component is a rational curve; 2) the graph of the subvariety
is a tree. In the above example, both properties fail.

Example 6.6 We use the same notation as in the previous example. Choose ® =
{(Co, D, (C1,2)} e My, whereT =6H —E|—3E,—3E3—3E4—Es—---—Eq;
is a class with g;(T) = 1, and SW(T) # 0. Moreover, ®’ is a connected subvariety
with g7 (Co) =3 > g (T).

Remark 6.7 1f we look at the space ﬂg(M , J, e) of stable J-holomorphic curves in
the homology class e. There is a natural forgetful map from Mg (M, J,e) toour M,
by just looking at the image. In general, this map is not surjective since any irreducible
component of an element in the image is the image of a rational curve for a sphere class
e by Gromov compactness and meanwhile our above examples show the contrary. In
particular, our examples above will not contribute to any Gromov-Witten invariant.

Take an exceptional class e = E for example. By Gromov compactness, for any
tamed J, there is always a subvariety in class E whose irreducible components are
rational curves. However, the J-holomorphic subvarieties in class £ might not be
unique as in our examples. In fact, for such a J, a general member of J-holomorphic
subvarieties in class E will have a higher genus component.

The map from Mg (M, J, e) to M, is also not always injective. For example, when
M = CP?and e = 2H, M, = CP’ and /Vg (M, J, e) is the blow up of the space of
double lines in CP.

6.2 Symplectic isotopy of spheres

In this section, we will prove Theorem 6.9, which claims a smooth symplectic sphere
S with self-intersection [S] - [S] > 0 is symplectically isotopic to a holomorphic
curve. Here, by symplectic isotopy, we have a two-fold meaning. Let Z,, be the space
of integrable complex structures tamed by w. When Z, N Je—ner # @, S and the
holomorphic curve C are symplectic isotopic if they are connected by a path inside
the space of smooth w-symplectic submanifolds. When Z, N Je—per = ¥, (S, ) and
(C, I) are called symplectic isotopic if there is a path of symplectic form w, with
wo = w and w1 = 2 such that S is symplectic with respect to all w;, and S and C are
symplectic isotopic with respect to €2.
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By [22], the ambient manifold M is rational or ruled if [S] - [S] > 0. Especially,
when [S] - [S] > 0, then M has to be rational, i.e. M = CP*#kCP? or §? x S2.

Lemma 6.8 Let (M, w) be a symplectic manifold with b™ (M) = 1, and S is a smooth
symplectic sphere with self-intersection [S] - [S] = 0. Then we can find a Kihler
form Q2 and a path of symplectic form w; with vy = w and w1 = 2 such that S is a
symplectic submanifold with respect to any w.

Moreover, [S] is represented by a smooth rational curve with respect to some inte-
grable I compatible with 2.

Proof First notice that when b+ = 1 cohomologous symplectic forms are symplec-
tomorphic (see [14] for example). Hence any symplectic form cohomologous to a
Kihler form is actually a Kéhler form.

The result of Theorem 2.7 in [5] could be restated to adapt to our situation. It
says that a cohomology class e is represented by a symplectic form with canonical
class K,, such that S is a symplectic submanifold if ¢*> > 0, ¢ - E > 0 with all
K ,-exceptional spheres E and e - [S] > 0. Since S is a symplectic sphere of non-
negative self-intersection, [S] is represented by a subvariety for any tamed J. Hence
any Kihler form will be in above mentioned set. Moreover, since the construction of
[5] is through symplectic inflation, which is a deformation of symplectic structures,
then any two such cohomology classes could be connected by a path of symplectic
forms. Combining the above two facts, we prove the statement.

For the second statement, we know that there is an integrable complex structure /
such that [S] is represented by a smooth rational curve. Then we just choose €2 such
that (€2, ) is a Kihler structure. O

Notice by [3], there are symplectic forms on ruled surface which are not cohomol-
ogous to any Kihler form (with respect to any integrable complex structure).

Now, let us prove symplectic isotopy of spheres. The result is essentially known, see
e.g. [15] Proposition 3.2. Here we provide a proof based on our study of J-holomorphic
subvarieties.

Theorem 6.9 Any symplectic sphere S with self-intersection S - S > 0 in a 4-manifold
(M, w) is symplectically isotopic to an (algebraic) rational curve. Any two homologous
spheres with self-intersection —1 are symplectically isotopic to each other.

Proof Applying Lemma 6.8, we first deform the symplectic form w to a Kihler form
2, and with § invariant. Then we choose an 2-tamed almost complex structure J
on M such that S is a J-holomorphic curve. Since Zo N J,—ner # ¥ by the second
statement of Lemma 6.8, we know the existence of a path {J;}/¢0,1] C Je—ner With
Jo=J,and J; = I by Lemma 6.2.

Consider the set T of T € [0, 1] so that for every t < t a smooth J;-holomorphic
curve Sy C M exists that is isotopic to S. By definition, T is an interval, and within
this interval S; is symplectically isotopic to S. It is an open subset of [0, 1] by the
unobstructedness result Theorem 2.3). It remains to show it is closed. Let #, € T
and #, — 7. By Gromov compactness, S;, converge to a Jr-holomorphic subvariety
O ={(Ci,my), -, (Cx, mp)}.

By Proposition 4.1, we could choose the following path consecutively:
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e The first path S;; C M, s, with ¢t € [0, 1] such that S; o = ® and all other
Szt € Mirr e s, This is possible because of Proposition 4.1.

e The second path S; 1 C M, . j, Witht € [t —€, T]. Recall that for a given J, the
image yeq,i(Mred,e 1) € M 11 is a finite union of submanifolds of codimension
at least two. Hence, the complement of the union of all these images for J;, ¢ €
[t — €, 7], is an open dense set U C M1, Choose an I-tuple in U such that all
these points are on S 1. If not, we perturb the path in step 1 to achieve it. By our
choice of the /-tuple, they determine J;-holomorphic smooth curves S; | uniquely
fort € [t — e, T].

e The third path S;_¢; C My e ., connects S;_co = Sr—e and S;_c 1 in the
second path above. This is guaranteed by Proposition 4.1.

e Thelast pathis the original S; which connects S;_. to S through symplectic isotopy.

The four paths together ensure 7T is closed. Hence T = [0, 1]. Finally, any Kéhler
structure / is projective and holomorphic curves are algebraic since p, = 0 forrational
and ruled surfaces. This completes the proof of Proposition 6.9 when [S] - [S] > 0.

When [S]-[S] = —1,wehave SW([S]) # 0.Hence thereis always a J-holomorphic
subvariety © j representing [S] if J € J“. If we choose J from jr[esg], which means
any J-holomorphic map in class [S] is regular, this representative is a smooth rational
curve.

Since Z[fg] is also path connected, any ®; would be symplectically isotopic to © ;/

when both J, J/ € %lfg. This follows the second statement. O

The same result does not hold for higher genus curves in rational surfaces: the
hyperelliptic branch loci of the examples of [26] provide symplectic surfaces not
homologous to holomorphic ones in rational surfaces. On the other hand, a fairly gen-
eral construction of homologous nonisotopic tori in nonrational 4-manifolds has been
given by Fintushel and Stern [8], and later by many others. However, our discussion
in Section 5.2 and the argument we provide above could lead to some positive results
on symplectic isotopy of tori.
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