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TAMED TO COMPATIBLE: SYMPLECTIC FORMS VIA
MODULI SPACE INTEGRATION

CLIFFORD HENRY TAUBES

Fix a compact 4-dimensional manifold with self-dual second Betti
number one and with a given symplectic form. This article proves the
following: The Fréchet space of tamed almost complex structures as
defined by the given symplectic form has an open and dense subset
whose complex structures are compatible with respect to a symplectic
form that is cohomologous to the given one. The theorem is proved by
constructing the new symplectic form by integrating over a space of
currents that are defined by pseudo-holomorphic curves.

1. Introduction

Suppose that X is a compact, oriented manifold and suppose that w is a
symplectic form on X that is compatible with the orientation. An endomor-
phism, J, of TX is said to be an almost complex structure when J? = —1.
Such an almost complex structure is said to be tamed by w when the bilin-
ear form w(-,J(-)) is positive definite. The almost complex structure J is
said to be compatible with w when this same bilinear form is also symmet-
ric. Gromov [G] observed that tamed almost complex structures and also
compatible almost complex structures always exist. Simon Donaldson [D1]
posed the following question: If an almost complex structure is tamed by w,
must it be compatible with a symplectic form?

Of particular interest is the case when X is 4-dimensional. The the-
orem below says something about this question in the case when X is
4-dimensional and its self-dual, second Betti number is 1. By way of a
reminder, this Betti number, 2T, is the number of positive eigenvalues of
the intersection pairing on Hy(X;R). The theorem speaks of a generic com-
patible, almost complex structure. This condition is met by all compatible
complex structures from a certain dense and open set. (These terms are
defined using the C'°°-Frechét space topology.) The requirements for mem-
bership in this set are given in the body of this article.
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Theorem 1.1. Suppose that X is a compact, oriented 4-dimensional man-
ifold with b** = 1 and with a given symplectic form, w. A generic, w-tamed
almost complex structures on X is compatible with a symplectic form on X.
Moreover, the class in H*>(X;R) of this form can be taken to be that of w if
the latter’s class comes from H?*(X;Q).

Note that in the case when X = CP?, the conclusions of Theorem 1.1 hold
for every tamed almost complex structure. This follows from what Gromov
says in [G] about pseudoholomorphic subvarieties and what the author says
in [T1] about symplectic forms on CP?.

What follows is meant to indicate how Theorem 1.1 is proved. To start,
remark that a 2-dimensional current is, by definition, a bounded linear func-
tional on the space of smooth 2-forms on X. All currents here are understood
to be 2-dimensional. A current is said to be closed when it is zero on the
exterior derivative of any 1-form.

Let J denote an almost complex structure on TX. The complexification
of the cotangent bundle of X decomposes as TXc* = T19X & T%! X, where
T'0X annihilates the subspace in T X¢ where J acts as —i. The bundle of
C-valued 2-forms on X decomposes analogously as T2°X @ T* 1 X @ 792X
where 720X = A2T10 and T92X = A2701. Meanwhile, TV X = TH0X ®
TO9LX. A current is said to be of type 1-1 when it annihilates 7%°X and
T92X. A current of type 1-1 is said to be non-negative when its value is
non-negative on any section of A2T*X that can be written as if o A & with
o a section of 719X and f > 0 a non-negative function. A current is positive
when its value on such a form is positive when f is not identically zero.

Suppose that  is a symplectic form on X such that 2 A Q defines the
given orientation. If J is 2-compatible, then the linear functional

(1.1) UHAyAQ

is a closed, positive current of type 1-1. Note however that a closed, positive
current of type 1-1 need not be given by integration against a symplectic
form. An example of a non-negative current of this sort is given next.

A closed set C' C X with finite, non-zero 2-dimensional Hausdorff mea-
sure is said to be a J-holomorphic subvariety if it has no isolated points, and
if the complement of a finite set of points in C' is a smooth submanifold with
J-invariant tangent space. Such a subvariety has a canonical orientation
given by J. Integration on the smooth part of C' is defined using this orien-
tation. This understood, the linear functional

(1.2) UHLy

defines a closed, non-negative current of type 1-1.
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The set of closed, non-negative, type 1-1 currents is convex. As a conse-
quence, a non-negatively weighted average of currents that are defined as in
(1.2) by J-holomorphic subvarieties also defines a closed, non-negative, type
1-1 current. When J is suitably generic, and tamed by a given symplectic
form, such an average is described momentarily whose current is very nearly
given by (1.1) with € a compatible symplectic form. A final step in the proof
makes the needed modifications to obtain the desired symplectic form.

Section 1.1 describes in some detail the current that is used to prove The-
orem 1.1. Section 1.2 proves Theorem 1.1 given what is said in Section 1.1.
The subsequent sections of this article are organized as follows: Section 4 has
the proofs of the three key propositions in Section 1.1. Section 2 supplies
what is needed in Section 4 with regard to the properties of pseudoholo-
morphic curves, and Section 3 supplies what is needed about their moduli
spaces. A lengthy appendix to this article supplies the proofs of the various
genericity assertions that are made in Section 3.

The motivation for the use of J-holomorphic subvarieties to say something
about compatible symplectic forms comes from a construction in Donald-
son’s seminal paper [D2] on the existence of symplectic subvarieties in a
compact manifold with a given symplectic form. In particular, Donaldson
used such subvarieties to construct a sequence of currents that converges to
the current defined by integration against the given symplectic form. The
construction introduced by Donaldson is not used here to find the needed
subvarieties. The desired J-holomorphic subvarieties are found by using ver-
sions of the Seiberg-Witten equations with the main theorem in [T2] and the
wall crossing formulae in [LL1]. The application of these equations requires
the b>T = 1 condition for X. What is done here is reminiscent of what is
done by Gromov for the case when X = CP? [G].

Donaldson suggests in [D1] a very different approach to his question,
one along the lines used by Yau in [Ya] to prove the Calabi conjecture. This
alternate approach is considered by Weinkove in [We], with Tosatti and Yau
in [TWY] and with Tosatti in [TW]. Tosatti’s Harvard Ph.D. thesis says
more about this approach as well. Meanwhile, Li and Zhang in [LZ] discuss
cohomological issues that concern this question of tamed versus compatible
almost complex structures.

Before reading the detailed arguments, the reader should take note of
the following conventions: First, no generality is lost by assuming that w
defines a class in H?(X;R) that comes from H?(X;Q). This is because the
taming condition is an open condition on the set of almost complex struc-
tures. This rationality condition is imposed below. The second convention
concerns notation: In all cases, ¢y denotes a real number that is greater than
1, and also independent of any parameters that are germaine to the dis-
cussion at hand. Its value can be assumed to increase between subsequent
appearances.
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1.1. The current. The subsection describes in more detail a non-negative
1-1 current that is used to obtain a symplectic form which is compatible
with an almost complex structure chosen from a certain generic subset of
those that are w-tamed. The description is given in five parts.

Part 1: This part sets the stage. To begin introduce [w] to denote the
cohomology class of the symplectic form. Fix a large integer N, and in par-
ticular one such that e = N[w] is a class from H?(X;Z). Use c € H*(X;7Z)
to denote the first Chern class of 7°X. When é and 6 are classes in
H?(X;7Z), use é-6 to denote their cup product pairing. Granted this notation,
introduce

(1.3) te=e-e—c-eand g=3(e-e+c-e)+1.

It is assumed in what follows that N is chosen so that ¢, is very large.
Keep in mind for what follows that ¢ is in all cases an even number.

View the set of w-tamed almost complex structures as a topological space
whose topology comes from the Fréchet topology on C*°(X;End(7TX)). The
almost complex structure is taken from a certain dense, open subset of
w-tamed almost complex structures. This subset is denoted here by Je«; it
is characterized in the subsequent sections. Let J denote the chosen almost
complex structure. The polarization of the quadratic form given by w(-, J(-))
defines a Riemannian metric on X, and this metric is used implicitly in all
that follows to define, for example, norms, distances on X, integration over
open sets in X, and self-dual and anti-self dual 2-forms.

Part 2: Use J to define the set M., whose elements are irreducible,
J-holomorphic subvarieties with the following two properties: First, each
has fundamental class Poincare’ dual to e. Second, each is the image via
an almost everywhere 1-1, pseudoholomorphic map to X of a connected,
complex curve with genus g. The definition of J.+ guarantees that M. 4 is
a smooth manifold whose dimension is ¢.

Set d = %Le and use M, 44 to denote the subset in M, 4 x (x¢X) that
consists of elements of the form (C, z1, ..., x.) with each x; € C. The defini-
tion of Je« guarantees that M. 4 4 is smooth submanifold in M, 4 x (x4X)
whose dimension is 4d = 2¢..

Part 8: The b*>t = 1 condition on X enters in this part. Introduce 74 :
Me.g.a — x¢X to denote the restriction of the projection map onto the x ;X
factor of Mc 4 x (x4X). The b** condition guarantees the following:

Proposition 1.1. Take N very large so as to define e = N|w|, choose J from
the set Je+, and use J to define M. 4 4. Then the map mq: Mg gq — xqaX is
onto the complement of a compact, measure zero subset. Moreover, ﬂgl(b) 18
non-empty and finite if h € x4X is a reqular value of mq in the complement
of this subset.
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This proposition is proved in Section 4.1.

A set K C Mc 44 is said in what follows to be fiberwise finite when the
following condition holds: There exists K > 1 such that wgl(h) N K has at
most K elements when h comes from the complement of the set of critical
values of m .

Part 4: Fix a fiberwise finite subset K C M, 4 4. Fix K > 1 and a point
h € mq(K) such that ;' (n) N K has at most K elements. Let v denote a
2-form on X and define

(1.4) ZOEIED SR 0

Cen; (hNK

With b so chosen, the assignment v — ¢y(v) defines a current, which is
to say a bounded, linear functional on C*°(X; A2T*M). The bound on the
norm comes courtesy of the taming assumption because the latter leads to
a bound on the area of any given subvariety in M, 4; and such a uniform
area bound leads directly to a bound |¢y(v)| < coK supy |v|.

With v fixed, the assignment h — ¢y(v) defines a function on m4(KC). The
following proposition says something about this function for certain choices
of K.

Proposition 1.2. Fiz N > 1 to define e = N[w|, and take the almost
complex structure from Jex. Suppose that K C M. 4 4 is a non-empty, open,
fiberwise finite set. Then

o 14(K) C x4gX is a measurable subset.

e Let v denote a given smooth 2-form on X. Then the function h —
op(v) on me(K) is a bounded, measurable function with bound a
KC-dependent multiple of supx|v|.

o The assignment

ve@ﬂ@zéﬁmyw»

defines a closed and mon-negative type 1-1 current on X, which is
non-trivial if mq(K) has positive measure.

This proposition is proved in Section 4.2.

Part 5: The next proposition says more about certain versions of ®x.
In particular, it asserts that L can be chosen so as to make ®x a positive
current which is very nearly given by integration as in (1.1) with a form
that is non-degenerate and bounded. This proposition is at the heart of the
proof of Theorem 1.1
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Proposition 1.3. Fiz N > 1 so as to define e = N|w]. The set Je= is such
that if J € Jex, then there exists a fiberwise finite set KK C M, 44 and a
constant k > 1 with the following two properties:

o The conclusions of Proposition 1.2 hold and so the current ®x is well
defined.

o Fizt >0 but small, and let B C X denote a ball of radius t. Let o
denote a unit length section of T'9X|p and let fp denote the char-
acteristic function of B. Then

kY < Dpc(ifp 0 AG) < k't

The proof of this proposition occupies Sections 4.4—4.6 of this article.

What follows directly says something about Proposition 1.3’s residual set
constraint on the almost complex structure. The proof of the proposition
uses this constraint to insure that certain pseudoholomorphic curve moduli
spaces have “generic” properties. To give an idea of what can go wrong,
suppose that all subvarieties that contribute to ®x contain a particular point
in X. If such is the case, then the upper bound in the proposition must be
replaced by kt?. The resulting current will not define a smooth form on X,
although it may well define one on the blow up of X at the given point.
This example is the extreme case of what might be called the key concern:
The bounds claimed by the proposition require that the relevant subvarieties
have uniform “density” across X: Regions where the density is low determine
the lower bound; whereas high-density regions, those where the subvarieties
concentrate, determine the upper bound. The needed genericity properties
of the relevant moduli spaces are described by the various propositions in
the upcoming Section 3 and their proofs are given in the appendix to this
article. The proofs are lengthy, but at the heart of each is the Sard-Smale
theorem [Sm]; this used to deduce the existence of a residual set of regular
values for a relevant map.

1.2. The proof of Theorem 1.1. The proof of this theorem has four parts.

Part 1: Fix a version of the current ®x as given by Proposition 1.3. This
first part of the proof defines a smoothing of @ so as to give a current that is
defined as in (1.1) by integration against a smooth 2-form. The construction
that follows is along the lines of one that appears in Section 2 of [Su]. To
start, fix an exponential map exp: TX — X whose differential along the
zero section is the identity. There exists 4 > 0 such that exp embeds the
radius ¢ ball about the origin in any given fiber of TX. Use BX C TX
in what follows to denote the space of vectors with norm less than §. Let
m : TX — X denote the bundle projection. If z € X has been specified,
then T'X|, and BX|, are used to denote the respective fibers at = of T'X
and BX.
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Use exp, to denote the push-forward homomorphism given by the expo-
nential map; this a homomorphism from the space of smooth, compactly
supported sections of APT*(BX) to C®(X; AP4T*X).

As T(T'X|,) is canonically isomorphic to T'X|,, the fiber tangent space
T(TX|,) inherits a translationally invariant metric, this the metric on T'X
at x. Let w, denote the associated translationally invariant volume 4-form on
the vector space T'X|;. Fix a smooth, non-increasing function, x : [0, 00) —
[0, 1] that is equal to 1 on [0, ] and is equal to 0 on [1%, 00). Use A to denote

oo
(1.5) A= 27r2/ x ()83 dt.
0

Given ¢ > 0 but much smaller than both § and the constant p used
to define ®, define the function x. on TX by setting x.(v) = x(e~tjv]).
A standard construction (see, e.g., Chapter 1.6 of [BT]) produces a com-
pactly supported, closed 4-form on BX whose pull-back to any given fiber
BX|,; is the 4-form A~'e~*y.w,. This form represents the Thom class in the
compactly supported cohomology of BX. Denote this 4-form by w.. Note
for future reference that w. can be constructed so that its derivatives obey
|V, | < coe™>.

The form w, is used in what follows to define the infinitely smoothing
operator from C®(X; A*T*X) to itself that acts as

(1.6) v — expy(w: A T V).

This smoothing map is denoted by 7.. The map 7. approximates the
identity operator in the sense that

(1.7) v —T:(v)| < coe| V.

Moreover, if r > 0 and v has support in a ball of radius r, then 7;(v) has
support in the concentric, radius r+¢ ball. It is also the case that 7.d = d7¢;
this because push-forward of compactly supported forms and pull-back both
commute with exterior differentiation.

This smoothing operator extends to define a bounded, linear map from
distribution valued forms to C*°(X; A*T*X). For example, fix z € X and
an element, f,, in A2T*X. These define the distribution that acts to send a
given 2-form v to *(v|; A ) where * here denotes the metric’s Hodge star.
Denote this distribution valued 2-form by (36,. Then 7:(50;) is a smooth
2-form with support in the radius € ball centered at x. The norm of this
form obeys

(1.8) |1 T-(852)| < coc™|B].

This form approximates the distribution v — *(v|, A 3) in the sense that
the integral of over X of v A 7z(36,) differs from *(v|; A 3) by no more that
co | Vul|f].
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A 2-form on X is defined by specifying the Hodge dual of its wedge with
any given 2-form. This understood, define the 2-form 2° by demanding that

(1.9) #(BAX2) = Pr(Te(B6:))
for any given 3 € A2T*X|,. Note that this implies the formula

(1.10) /X v A Q°F = Dy (exp(w: A T V)

for any given 2-form v.

What is written in (1.9) defines a smooth 2-form, this by virtue of the
fact that w. is a smooth, compactly supported form on BX. The form 2. is
also a closed form. To see why, suppose that v = da. It follows from (1.10)
that

(1.11) / da A QF = O (expy(w: A T da)).
X

As dw. = 0, the right-hand side of (1.11) is ®x(exp(d(w: A a)). Given that
push-forward of compactly supported forms commutes with d, this is the
same as P (d(exp(w: A a)). The latter expression is zero by virtue of the
fact that ®x is a closed current.

The small e versions of 2° supply the desired smoothings of ®x. Indeed,
the fact that integration against Q¢ approximates @i follows from (1.7)
and (1.10).

Part 2: This part of the proof supplies an upper bound for |Q2¢|, an upper
bound for the (2, 0) component of ¢, and a lower bound for the Q° A QF.
As it turns out, the latter is positive when ¢ is small; and so the small e
versions of Q¢ are symplectic.

A bound for |QF| of the form

(1.12) 10°] < ¢;

follows directly from (1.8) and the upper bound given by Proposition 1.4.
Here, and in what follows, c¢; > 1 is an e-independent constant. Note however
that ¢y depends on J and the other data used to define ®x. As with ¢g, the
value of ¢; can be assumed to increase between subsequent appearances.

Consider next the norm of the (2, 0) part of Q°. To start, fix x € X
and a coordinate chart centered at x with complex, Gaussian coordinates,
(z,w), that are defined in a ball about the origin in C? and are such that dz
and dw are orthonormal at = and span 719X |,. Use Taylor’s theorem with
remainder to see that the norms of both dz and dw on the —i subspace of .J
at a point 2’ in this coordinate chart are bounded by codist(x, ). Granted
the latter bound, and granted (1.8), it then follows from the upper bound
in Proposition 1.3 that the (2, 0) part of Q¢ obeys

(1.13) (Q%)20] < cye
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when ¢ is very small. Here, (£2%)2,0 denotes the (2, 0) part of Q°. Given the
bound on |Vw,| by cpe~°, a similar line of reasoning finds

(1.14) IV(Q%)20| <cy.
To consider QF A QF, return to the coordinate patch just described. Let
(a, ) € C? denote a given unit vector, and let u = az + fw. What was just

said about the norms of dz and dw on —1¢ eigenvectors of J implies that the
(1, 1) portion of du A du can be written as

(1.15) (du Ndu)iy = foNG
where ¢ is a unit length section of T1°X and where |f — 1| < ¢ dist(z, -)2.

This last fact with (1.13) and the lower bound from Proposition 1.3 imply
that

(1.16) «(i(du A du) AQ°) > ¢!
when ¢ is small. The latter bound implies directly that
(1.17) #(QFAQT) > ¢t

when € is small.

Part 3: This part sets the stage for a modification of Qf that results
in a symplectic (1, 1) form. To start the stage setting, let A2TT*X C
A?T*X denote subbundle of self-dual 2-forms. Use d* : O®°(X;T*X) —
C>®(X; A>TT*X) to denote the composition of first d and then orthogonal
projection. This map is surjective onto the complement of the 1-dimensional
subspace spanned by the closed self-dual forms. Hodge theory gives an
inverse to d* on the L?-orthogonal complement of this line of self-dual closed
forms. The following lemma says something about this inverse.

Lemma 1.1. There is an inverse of d* and a constant K > 1 with the
following properties: Suppose that v € C®(X; A N**T*X) is L*-orthogonal
to the kernel of d. Then |(d*)~'v| < k|v|. Moreover, if t > 0, then
IV ((d*) " )| < k(| In(t)][v] + ¢[Vv]).

Proof of Lemma 1.1. A standard parametric construction writes (d*)~1 as
integration against an integral kernel. Viewed as integration against a form
on X x X, the latter is singular along the diagonal. This singular form,
a, obeys |(al(,))| < codist(z,y) ™% and [(Va)| (4] < co dist(x,y)~*. These
bounds lead directly to the lemma’s assertions. O

One other fact is needed for the promised modification of Q¢: The form
w is self dual with respect to the metric that is obtained by polarizing the
quadratic form w(-,J(-)). Since b>* = 1, and since w is closed, it generates
the line of closed, self-dual 2-forms.

Part 4: This last part of the proof supplies the promised modification of
Q¢. To start, let Kg C A>TT*X denote the underlying real bundle for 720X
Use Q% to denote the orthogonal projection of Q° onto the subbundle Kr
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and use x . to denote the integral over X of Q5 Aw. It follows from (1.13) that
this number obeys |x .| < cje. Meanwhile, use wg to denote the projection
of w into K. If this is zero, then J is already w compatible, so assume that
wi is not zero. Use z; to denote the integral over X of wx A w, this the L?
norm of wg.

The form QF - z}lxaw[( is L? orthogonal to w, and thus to all closed
self-dual 2-forms. It is thus in the image of d* and so can be written as d*a.
with a. € C*°(X;T*X). Use Lemma 1.1 with (1.13) and (1.14) to see that
a. can be chosen so that

(1.18) |Vas| < cj(t + ¢|In(t)]).
In particular, take ¢t = € to see that the latter choice for a. obeys
(1.19) |Va:| < cjellnel.

Set ) = QF —z}lxaw - da. with a. as just described. The (2, 0) part of this
2-form is zero; and it follows from (1.17) and (1.19) that the small € versions
are symplectic. Any such small € version of this 2-form is a J compatible
symplectic form.

It remains now only to explain why the class of  in H?(X;R) is a mul-
tiple of the symplectic class [w]. Of course, this is the case if and only if
such is the case for the class defined by Q°¢. To see about the latter, note
that it is sufficient to verify that the linear functional v — | v UAQ° on
C>®(X; AT*X) descends to H?(X;R) as a multiple of the functional given
by cup product with [w]. This follows from (1.6) and (1.10) from the fact
that w. represents the Thom class in the compactly supported cohomology
of BXs. See e.g Chapter 1.6 in [BT].

2. Pseudoholomorphic subvarieties

The purpose of this section is to summarize various known results about
pseudoholomorphic subvarieties for use in proving the various claims in Sec-
tions 1.1 and 1.2.

2.1. The existence of J-holomorphic subvarieties. The cup product
pairing between classes e and €’ in H?(X;R) is denoted subsequently by
e-e'. Assume in what follows that b>T = 1 and that w is a given symplectic
form on X such that w Aw gives the orientation. A class in H?(X;R) is said
to lie in the positive cone when it has positive cup product pairing with itself
and with the class that is defined by w. Introduce ¢ € H?(X;Z) to denote
the first Chern class of the complex line bundle 72X . The class ¢ depends
only on the component of w in the subspace of 2-forms with nowhere zero
square. This class is used to associate the integer .. = e-e —c- e to a given
class e € H?(X;Z). Note that this integer ¢, is even.
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Let J denote a given w-tamed almost complex structure. If C C X is a
J-holomorphic subvariety, then it defines via (1.2) a linear form on
H?(X;R). This is an integer valued linear functional. Its Poincare’ dual
in H%(X;Z) is denote by ec. Since w is positive on the smooth part of C,
the form ec is a non-zero class in the positive cone.

The proposition below refers to an irreducible J-holomorphic subva-
riety. A subvariety is irreducible if its smooth locus is connected. Any
given J-holomorphic subvariety is a union of a finite set of irreducible
J-holomorphic subvarieties.

Proposition 2.1. Fiz a class é € H?(X;Z) in the positive cone with é-é > 0.
There exists k > 1+ |c- é|/é - é such that if n is an integer greater than k,
then the following is true: Suppose that J is a given, w-tamed almost complex
structure. Fiz %Lné points in X and there exists a finite set, ©, of pairs of
the form (C,m) with C C X an irreducible, J-holomorphic subvariety and

m a positive integer. Moreover,

° Z(C,m)e@ mec = ne.
® Uc.m)eoC contains the chosen set of points.

Proof of Proposition 2.1. Suppose first that the chosen points are distinct,
and that J is taken from a certain dense and open set of compatible
almost complex structures. The assertion in this case follows directly from
Lemma 3.3 in [LL2] using the main theorem [LL3]. See also [T2]. The
theorems in [LL3] and [T2] equate certain Seiberg-Witten invariants of
X with invariants of the symplectic form that are obtained by making a
suitably weighted count of pseudoholomorphic curves that go through the
chosen points. Lemma 3.3 in [LL2] is used to prove that the desired Seiberg—
Witten invariants are non-zero. The statement of the theorem when J is not
from this set, or when the points are not distinct follows using the standard
convergence theorems for sequences of pseudoholomorphic curves. A proof
is given in [Wo]. See also [Ye], or the more recent book [H]. The assertion
can also be proved by arguments that differ only in notation from those in
Section 6.1 of [T3]; a proof along the latter lines can be found in Section 4
of [T4]. O

Given what was just said about w-compatible almost complex structures,
the case when J is w-tamed follows from three observations. Here are the
first two observations: The space of w-tamed almost complex structures is
contractible and the space of w compatible almost complex structures is non-
empty. Here is the third observation: The aforementioned weighted curve
counts are invariant with respect to variations of the almost complex struc-
ture along a path of tamed almost complex structures. Note in this regard
that the aforementioned convergence theorems hold for tamed as well as
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compatible almost complex structures. The point being that these conver-
gence theorems require only an area bound for the sequence in question;
and, as noted in the upcoming Lemma 2.1, such a bound is implied by the
taming assumption.

2.2. Properties of J-holomorphic subvarieties. Suppose that J is an
w-tamed almost complex structure. The four parts of this subsection sum-
marize some basic facts about irreducible, J-holomorphic subvarieties. In all
that follows, C' denotes an irreducible, J-holomorphic subvariety.

The assertions made in this subsection are well known to the experts.

Part 1: There exists a compact, connected complex curve Cy with an
almost everywhere 1-1 map ¢ : Cy — C whose differential intertwines the
complex structure on Cy with J’s restriction to T'C. The curve Cj is said
to be C’s model curve. The genus of the model curve of a given irreducible,
J-holomorphic subvariety is apriori bounded. In particular, the adjunction
formula implies that

(2.1) genus(Cp) < s(ec-ec+c-ec)+1

with equality if and only if C' is embedded. The genus of Cj is one less than
the right hand side of (2.1) if and only if ¢ is an immersion with precisely
one transversal double point. Note that in general, if C is such that all
singularities are transversal double points, then the genus of Cj is given
by subtracting the number of such double points from the right hand side
of (2.1).

Part 2: View ¢ as a map from Cj into X. As such, it has but a finite
set of critical points; and these are points where its differential is identically
zero. Each point in the complement of the critical locus has a neighborhood
that is embedded by . This being the case, there is a rank 2, real vector
bundle that is defined on the complement of the critical locus, and whose
fiber at a given point p is the normal bundle at ¢(p) of the image via ¢ of a
neighborhood of p that is embedded by . This bundle is called the normal
bundle. The almost complex structure J gives this bundle the structure of a
complex line bundle. The latter is denoted by N. As explained momentarily,
the bundle N has a canonical extension over the critical locus.

Part 3: Let C denote an irreducible, pseudoholomorphic subvariety and
let Cy denote its model curve. Let p € Cy. There is a complex coordinate, wu,
for a disk in C centered on p, and a complex coordinate centered on ¢(p)
in X such that the map ¢ appears as a map from a neighborhood of the
origin in C to a neighborhood of the origin in C? having the form

(2.2) u— (U e, cu™ TR £y

wheren > 0,k > 1. Here, ¢ € C is zero when n = 0; but is non-zero when n >
1. Meanwhile, t, and t,, have the following properties: First, [v.| < co|u|"*?
and |dv.| < colu|"t!. Second, |t,| < colu|?TF2 and |dr,| < colu|PTF2 if



TAMED TO COMPATIBLE 173

n # 0. If n = 0, then |v,| < colul? and |vy,| < colul. See Proposition 2.6 in
[McD]. In any event, (2.2) is proved as a part of the proof of Lemma A.5
in the Appendix.

The point p is a critical point of the map ¢ if and only if n > 1. It is a
consequence of (2.2) that the bundle N extends over p as the pull-back from
C? via (2.2) of the span of the vector field a%.

With regards to complex coordinates, the term adapted coordinates is
used below to refer to a special sort of coordinate chart. To describe such
a chart, fix a point x € X. An adapted a coordinate chart centered at z
denotes complex coordinates, (z,w) defined on a radius ¢, ! ball centered at
x with both vanishing at x, with dz and dw orthonormal at =, with {dz, dw}
spanning T'°X at x, and with the norms of |Vdz| and |Vdw| bounded on
the coordinate domain by co.

Part 4: This part of the subsection gives upper and lower bounds for
the area of (s intersection with a ball about any given point in C. These
bounds are summarized by the next lemma. This lemma uses [w] to denote
the class in H2(X;R) defined by w.

Lemma 2.1. Let J denote an w-tamed almost complex structure. Fiz a
metric on X that makes J orthogonal. There exists k > 1 with the following
significance: Let C' C X denote an irreducible, J-holomorphic subvariety.
Then

e The area of C is greater than k™ 'ec - [w] and less than rkec - [w]

e Fix v > 0 and a point x € C. Let ax(r) denote the area of C’s
intersection with the ball of radius r in X centered at x. Then
kIr? < a(r) < (ec - [w])Kr?.

Proof of Lemma 2.1. Use the induced metric from X to define a metric on
the tangent bundle of C' over the complement of its singular points. Let x
denote a point in this smooth locus, and let v; denote a unit length vector
in TC|,. The pair (vy, Juvp) is thus an orthonormal basis for TC|,. Then
the taming condition implies that c; < w(vy, Juy), so integration over C of
w gives an upper bound to the area of C. Thus, area (C) < cpec - [w]. The
lower bound on the area of C follows from the fact that |w(vi, Ju1)| < co.
The local area bounds follow from a monotonicity inequality that asserts
the following: If x € C, and if ry > rg > 0, then

(2.3) az(r1) > ¢y az(ro)ri/rg.

The latter with (2.2) imply the lower bound for a,(r) stated in the lemma.
The upper bound on a,(r) follows from (2.14) given the aforementioned
bound on the area of C. The monotonicity follows, for example, from The-
orem 2.1 in [Ye]. However, a much simpler proof is had via integration
by parts. To make the latter argument, take local coordinates centered at
¢ where the symplectic form w appears as the standard form in R?*, thus
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dx1 A dro + dxg A dry. Write this as %d(l‘ldiﬂg — xodxy + w3dry — x4dT3).
Use integration by parts to express the integral of w over the subvariety’s
intersection with the ball of radius r as a boundary integral. This can be par-
layed using the tamed condition into a differential inequality for the function
r — az(r) that integrates to give (2.3). O

2.3. The deformation operator. This subsection describes an essen-
tially canonical Fredholm operator that is associated to an irreducible
J-holomorphic subvariety and which is used to parametrize its J-holomor-
phic deformations. The discussion here has two parts. In both, C' denotes
an irreducible, J-holomorphic subvariety.

Part 1: Introduce again C’s model curve Cy with its tautological map,
v, to X. This map is pseudoholomorphic, which is to say that its differential
intertwines the complex structure on T'Cly with the almost complex struc-
ture J on T'X. To say this differently, introduce 77 ¢ X C T'X¢ to denote the
subspace on which J acts as 4, and introduce 77 oC' to denote the subspace
of TC¢ on which its complex structure also acts by 4. The differential of ¢
extends as a C-linear map from T'Cc to ¢*T'Xc; and ¢ is pseudoholomor-
phic if and only if this C-linear map sends T7 oC to T70X. Of interest first
are deformations of ¢ that are pseudoholomorphic as maps from the fixed
complex curve C to X.

Introduce expx to denote the metric’s exponential map. Let n denote
a given section of C°°(Cy, p*T1YX), and let ng denote the corresponding
section of p*T'X. Then the map

(2.4) expyx [u() (MR ()

defines a smooth map from Cy to X.

With 7 fixed, a family of deformations of ¢ that is parametrized by [0, 1]
has s € [0, 1] member given by replacing nr in (2.3) by snr. This family is
pseudoholomorphic to first order in s if and only if  is annihilated by a
certain R-linear, differential operator

(2.5) D : C®(Co; " T10X) — C(Co; ¢*T10X @ T Cp).

To elaborate, note that there exists a rg > 0 such that if |n| is everywhere
bounded by 7, then the map given by (2.4) is pseudoholomorphic if and
only if 7 obeys an equation that has the schematic form

(2.6) Dn +Ri(n) - Vi +Ro(n) = 0.

Here, R and Ra obey |R1(b)| < colb| and [Ro(b)| < co|b|?.

A deformation of ¢ can have a J-holomorphic image but not define a
J-holomorphic map from Cjy to X. It will, however, be pseudoholomorphic
with respect to a deformation of the original complex structure on Cy. More
is said about this next. Assume until told otherwise that Cy has genus at
least 2.
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To start, tensor the complex vector bundle homomorphism ¢, : T10Co —
©*T1 0X with the identity homomorphism on T%1Cj to extend ¢, so as to
give a bundle homomorphism from 77 ¢Co ® T%1Cy to P T pX @ T%1C.
This extension is such that

(2.7) Dy, = p,0

where 0 here maps C°(Cy; T1,0Co) to C*°(Cop; T1,0Co ® T'Cy). Fix a com-
plex, 3g-3 dimensional space of sections of T3 9Cp ® T 0:1Cy that projects
isomorphically to the cokernel of 9. Use V to denote this space of sections,
and let

(2.8) IIy - COO(C(); QO*TL()X) — COO(C(); QO*TL()X &® T07IC())

denote the L? orthogonal projection to the complement of ¢,V. Use the
latter to define the operator

(2.9) Do =TyD : C°(Co; ¢*T10X) — My C™(Co; p*T1 0 X @ T Cp).

This operator appears in the following context: Let n denote a given sec-
tion of ¢*T7 X with |n| < r9. Then the image of the map in (2.4) is a
J-holomorphic subvariety in X if and only if

(2.10) Den + My (Ri(n) - Vi + Ro(n)) = 0.

Put a Riemannian metric on Cy which is compatible with its almost com-
plex structure. Use this metric with the metric on ©*T'X and the Levi—Civita
connection on X to define Sobolev spaces of sections of ¢*T7 ¢ X and its ten-
sor product with 7%1C. This done, then the operator D¢ extends to give a
bounded, Fredholm operator from the Hilbert space L%(Co, ©*T1,0X) to the
orthogonal complement of V in the Hilbert space L?(Co; ¢*T1,0X®T0’1C0).

A slight modification is needed when Cj has genus 0 or 1 for in this case,
there are non-trivial, holomorphic sections of T7(Cp. The latter define a
complex vector subspace in C*°(Cy;T1,0Cp) with complex dimension equal
to 3 when Cjy has genus 0 and equal to 1 when Cy has genus 1. Use
ker(0) to denote this subspace. In the genus 0 and genus 1 cases, the
domain for the operator ®¢ depicted in (2.10) is the quotient vector space
C>(Co; ¢*T10X)/ker(d). This last point will be implicit in what follows. In
particular, the notation used below will indicate the actual domain only in
the cases when the genus of Cj is at least two.

The index of the Fredholm version of D¢ is denoted by do. Note that d¢
is in all cases even; and in all cases dg < te, = €c - ec — ¢ - ec. This is an
equality if and only if Cy has genus equal to %(ec cec+c-ec)+ 1and C
is embedded. As noted in (2.1), the genus of Cj is no greater than this. In
general, the integer dc can be written as do = te-2A when Cp has genus
%(ec -ec+c-ec)+1—A. Note that do = te, — 2 if and only if C' has a single
immersion singularity. The case d¢ = te, —4 occurs if and only if C' has either
two immersion singularities, or a single singularity that is either described
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by the n = 1 version of (2.2), or it has a neighborhood whose intersection
with C' has three irreducible components, each a smoothly embedded disk.

Part 2: The Riemannian metric on 7 X |¢ can be used to realize the bundle
N as a subbundle of ¢*T7 ¢X. Let NV L denote the orthogonal complement.
The homomorphism ¢, maps T1,0C into N L and can be used to identify the
latter with T oC ® O(q) where ¢ here denotes a sum that is indexed by the
critical points of ¢ and whose contribution from any given critical point is
the integer n that appears in the relevant version of (2.2).

The operator ®¢ appears in block diagonal form with respect to the
splitting 710X = N @ Nt as

(2.11) <1;EC g) .

where the notation is as follows: First, Do : C°(Cy; N) — C°(Co; N ®
T%1Cy) is an R-linear operator that acts on a given section ¢ as

(2.12) Des = 05 + vs + pis.

Here, 0 in (2.11) is the d-bar operator that is defined using the metric
induced on N as a subbundle of 77 ¢X, and v is a section of N. Meanwhile,
p is a section of N2 ® T%1Cy. What is denoted by R in (2.11) is an R-linear
bundle homomorphism from N to N-+t.

It follows from (2.11) that the respective kernel and cokernel of D¢ are
canonically isomorphic to the kernel and cokernel of D¢ when ¢ is an immer-
sion. In fact, more is true if ¢ is an immersion. If such is the case, then a
deformation of the subvariety C' is given by composing a section of N with
a suitable exponential map from N to X. In particular, there exists such a
map, expc, that is defined on a small radius disk bundle N; C N and has
the following properties:

(2.13)

e expc maps the zero section to C; and its differential along the zero

section is an isomorphism from TN|o to ¢*T1 0X.

o expc embeds each fiber of Nias a J-holomorphic disk in X.

A construction of such a map is described in Section 5.4 of [T3].
Let n denote a section of Nj. Then the image in X of the map exp~(n(+))
is a J-holomorphic subvariety if and only if 7 obeys an equation of the form

(2.14) Den+ty-0n+rg =0,

where t; and vy are smooth, fiber preserving maps from N; to Hom(N ®
TYWCO; N @ TH1C) and to N @ T%1C that obey [t1(b)| < colb| and |ro(b)| <
Cg|b|2.
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3. Moduli spaces

This section summarizes certain facts about moduli spaces of J-holomorphic
subvarieties. Of particular concern are the properties of these spaces and
their constituent subvarieties when J is suitably generic. Most of what is
said will not surprise experts.

3.1. Moduli spaces of irreducible, J-holomorphic subvarieties. Fix
a tamed almost complex structure J. Associate to a given class e € H(X;Z)
a set, M., that is defined as follows: Any given element © € M, is a finite
set of pairs, where each pair has the form (C,m) with C C X denoting an
irreducible, J-holomorphic subvariety and m a postive integer. The set of
pairs in © is further constrained so that no two of its pairs have the same
subvariety component, and so that

(3.1) Z mec = e.

A topology on M, is defined as follows: A sequence {Of}r=12, . in M,
converges to a given element © if the following two conditions are met:
(3.2)

o limg . (Supze(U(C?m)E@C)diSt(z’ Ucr m)eoy C/) + Supz/e(u(c/’m/)e@kC’)
diSt(U(C7m)€@ C, Z/)) =0.

o limp .o E(C/,m’)eek m' v = Z(C,m)E@ Jev
for any given smooth 2-form v.

This topology is used implicitly in what follows.

Proposition 3.1. The space M, is compact for any given e € H*(X;7Z).
In particular, only finitely many classes in H*(X;7Z) are of the form ec with
(C,m) € © and © € M,.

Proof of Proposition 3.1. Given the area bound from Lemma 2.1, this is a
standard application of the compactness theorems for J-holomorphic sub-
varieties as can be found, for example in [Wo, Ye], or from what is said in
Section 4 of [T4]. O

With e € H%(X;Z) and an integer k > 0 fixed, denote by M, the
subspace of M, that consists of sets of the form © = (C,1) with C' an
irreducible, J-holomorphic subvariety whose fundamental class is Poincare’
dual to e and whose model curve has genus k. The proposition that follows
gives a structure theorem for M, ; The assertion is only needed in what
follows for the cases when ®¢ has trivial cokernel; even so, a proof is given
in Subsection 5.3) of the appendix.

Proposition 3.2. Given C € M.y, there exists a smooth map, f, from a
neighborhood of 0 in the kernel of ® ¢ to the cokernel of D¢ ; and there exists
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a homeomorphism from f~1(0) to a neighborhood of C in M. sending 0 to
C. Moreover, the subset of M where the cokernel of D .y is trivial has the
structure of a smooth manifold; and the smooth structure is such that at any
point in this set, the aforementioned homeomorphism from a neighborhood
of 0 in the kernel of .y is a smooth embedding onto an open set.

3.2. Moduli spaces when J is generic. More can be said in the case
when the almost complex structure is generic. To elaborate, introduce the
notion of a residual set in the space of almost complex structures on T'X.
Such a set is a countable intersection of open dense sets. As such, it is also
dense.

The next proposition is a standard result (see e.g [McS]). Even so, a proof
is given in Subsection 5.3) of the appendix.

The proposition that follows introduces g to denote the integer %(e -e+
c-e)+ 1.

Proposition 3.3. Fize € H*(X;Z) and an integer k € {0,...,g}. There is
a residual set in the space of almost complex structures such that if J comes
Jrom this set, then the cokernel of D .y is trivial at each point in M., and
so the latter has the structure of a smooth manifold whose dimension is

te —2(g — k).

With e and k fixed, the residual set referred to here is denoted in what
follows by Je k.

Introduce ¥, to denote the set of pairs of the form (e’, k") where €' €
H?(X;7Z) is a equal to ec for some pair (C,m) in a set © from M, and
where £’ is the genus of C’s model curve. Proposition 3.1 and (2.1) guarantee
that J. has but a finite collection of elements. Set Je = N 1r)c9. Ter k-

The next proposition is a corollary of sorts to Proposition 3.3. To set the
stage for this proposition, fix a positive class e € H?(X;Z) and then define
aset Se C H?(X;Z) as follows: A class é € S, if and only if

(3.3) .

This is a finite set. There exists a subset Sex C S with the following
property: If J is w-tamed, then é € S+ is Poincare’ dual to the fundamental
class of an embedded, J-holomorphic sphere. Note in this regard that a class
so represented for one particular w-tamed J is represented in this manner
by all. This follows by virtue of the fact that the cokernel of the relevant
version of the operator D(.) is necessarily trivial. In any event, say that a

class e € H?(X;Z) is positive if

e ¢ is positive, which is to say that e - [w] > 0.
(3.4) e c-e¢>0.
e c-¢>0 forallée Sg~.
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The class e is strictly positive if the inequality in the third bullet is a strict,
thus if e - é > 0 for all é € S.+. A class e that obeys the first two bullets
here will obey the third if there exists an w-tamed almost complex structure
whose version of M, contains an element © with the following property:
If (C;m) € © then ec - ec > 0. This is because distinct J-holomorphic
subvarieties have positive local intersection numbers. In any event, there
exist strictly positive classes. Indeed, given that [w] comes from H?(X;Q),
then some large multiple of [w] will be integral and as such, automatically
strictly positive.
With the stage set, what follows is the promised proposition.

Proposition 3.4. Fiz a positive class e € H*(M;Z). There is a residual set
of w-tamed almost complex structures inside J, with the following property:
Suppose that J is from this set.

e If© € M, and (C,m) € ©, then t, > 0.

* Lom)ce Mhec = le-

o The preceding is an equality if and only if © = (C, 1) with C € M.
If © is not of this form, then Z(C,m)e@ Mlee < Le — 2.

The residual subset inside J. referred to here is denoted by Je1.

Proof of Proposition 3.4. What with Proposition 2.5, the condition ¢., > 0
follows from the fact that the index of any given (C,m) € © version of the
operator D¢ is no greater than ¢.,. To see about the second assertion, note
first that

(3.5) te = Z (M +(m?—m)ec-ec)+ Z mm’ec-ecr.
(Cim)e® (Cm) (Cm!)€@:C£C"

Each contribution to the right most sum in (3.5) is non-negative by virtue of
the fact that any given intersection between distinct, J-holomorphic subva-
rieties has positive local interesection number. The second assertion of the
proposition follows if it is the case that m = 1 if (C,m) € © and e¢-ec < 0.
Note in this regard that ec-ec > —1 in any case; and if ec-ec = —1, the C
is an embedded sphere. Indeed, this follows from the adjunction formula for
J-holomorphic subvarieties. Thus, ec € Se+. With this last point in mind,
suppose that (C,m) € © and e¢ € Se+. Then

(3.6) e-ec=-—m+ Z m'ecr - ec.
(C'm)eO: C'£C

This last expression is non-negative by virtue of the fact that e is strictly
positive. With (3.6) in mind, split © = ©4 U O_ where ©_ contains the
pairs of the form (C, m) with C a sphere that has ec-ec = —1. Now use (3.6)
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to write

le = Z Mley + (m? —m)ec -ec +m Z mecr - ec

(Cm)ed 4 (C'm/)€O1: C'#C
(3.7)

+ Z m(1+6-6c).

(Cym)eO_

This last expression implies the second assertion of the proposition. ]

3.3. Moduli spaces with marked points and with singularities.
Assume in what follows that e € H2(X;Z) as described in Proposition 3.4
and that the almost complex structure comes from J.1. Subsequent argu-
ments require a refined version of M, to parametrize the J-holomorphic
subvarieties that pass through a given set of points in X. To make a precise
definition, let d denote the number of points under consideration. Given a
class e € H?(X;Z) set g = 3(e-e+c-e)+1. Fix k € {0,1,...,g} and intro-
duce M4 C My X (x4X) to denote the subspace that consists of pairs
(C,q) with C C Mg and ¢ = (x1,...,2q) C xgX such that {z;}1<;<q C C.

The next two propositions use the term image variety to describe certain
subsets of a smooth manifold. Here is the definition: Let Y denote a manifold
and let n denote a positive integer no greater than the dimension of Y. A
subset X C Y is a codimension n image variety if it is closed, and if each
point in Y has a neighborhood that intersects > as the image via a smooth,
proper map of a manifold with a finite number of connected components,
none with dimension greater than dim(Y’) — n.

Proposition 3.5. For any given k € {0,1,...,g}, the space Mcjq4 is a
smooth, codimension 2d image variety in Mej X (xqX). It is a smooth
submanifold if k = g.

A proof of this is in Subsection 5.4 of the Appendix.

The rest of this subsection is concerned with the structure of the set of
J-holomorphic subvarieties near a subvariety with singular points.

Set d = %Le and. For each k € {0,1,..., g}, use mg_s to denote the map
from M, ;.4 to x4_2X that is obtained by composing 74 with the map to
X 4—2X which is defined by writing x4X as (x2X) X (x4_2X) and then
projecting to the x4_9X factor. Meanwhile, s will denote the map from
Mei,a to My that is obtained by restricting the projection map from
Mok x (XaX) to Me .

Proposition 3.6. There is a residual set in J.1 such that if the almost
complex structure is from this set, then the following is true: There is residual
set of points in X4_9X such that if k € {0,1,...,9 — 3} and if w is from
this residual set, then 71';_12(m) C Mepa is empty. If k€ {g—2,9— 1}, it
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is an image variety defined by a proper map from a manifold of dimension
(4—2(g—k)). In the case k = g, it is a smooth 4-dimensional submanifold.
Moreover, there exists k > 1 such that

o At most k subvarieties in M g1 from (", (v0)) are singular at
an entry of ro.

o Tm(m (W) C Mego is a finite set. If C € Meg—o comes via
T (ngz(m)), then C'’s singular points are not entries of to.

e The g tmage in M, of 77;—12(“’) C (MegaUMeg1.aUMecg_24)
1s closed.

e v is a reqular value for the map mg_o on Me g4—2.

This proposition is proved in Subsection 5.5 of the Appendix.

Use Jeo C Je1 that is referred to by this proposition. A point o € x40 X
from the residual set in x2X given by Proposition 3.6 is said below to be
a regular point. Note, by the way, that a regular point must have distinct
entries.

Assume in what follows that the almost complex structure is from Jeo.
To set the stage for the next proposition, suppose that o € x4 52X is a
regular point and let M™ C M., denote the subset of curves that contain
all entries of w. This is to say that M™ is the mas-image of FJ}Z(YU) C
M g.d—2. It is consequence of the fact that tv is a regular point that M™ is
a smooth, 4-dimensional submanifold of M 4. Given (z,w) € X X (x4-2X),
let M@®) < M™ denote the subset of curves that contain = and all entries
of 1.

Use MY C M™ x X to denote the subspace of pairs (C,z) such that
xz € C. Let 7% : MY — X denote the map that is induced by the projection
from M™ x X to X. Write the entries of w as (wy,...,w4—2). The set of
critical points of 7% is the union of (Uj<pm<g—o(M™ X wp,)) € M® x X
with a set Z§ € MF. Use Z™ C M™ to denote the image via the map
that is induced by the projection from M™ x X to its M™ factor, and use
Z(@m) = MW to denote the set of curves in Z™ that contain z and all entries
of 1o, thus the intersection between Z® and M (%),

The upcoming proposition also refers to the symmetric, non-negative
function, 0, on M, x M, that is define by the following rule: Let ©, ©’
denote elements in M,. Then

0(@, @/) = sup diSt(Z, U(Cl7m/)e@lcl)
2€(Ug,myeeC)

(3.8) + Sup e dist(U(am)e@C, 2.

U(Clqueelc/)
The function 0 is used to measure distances on M. This is to say that if
C € M.y, then the d-distance of C to a given set K C M, denotes the
infimum of the set of numbers {0((C,1),0): © € K}.
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By way of a reminder from what is said at the end of Part 1 in Sec-
tion 2.3, a subvariety in M, 4_1 has precisely one singular point, and this is
an immersion singularity.

Proposition 3.7. If v € x4_2X is a regular point, then the space MY is
a smooth, 6-dimensional manifold. Moreover, there exists a residual subset
n Jeo whose significance is as follows. Take the complex structure from this
smaller set.

e There erists a residual set X2 C Xo(x4_2X) whose points have the
following property: If (v, w’) come from X2, then they have no entry
in common; and there exists k > 1 such that each curve in M™ has
o-distance at least k=1 from M™'.

e Letx € X. There exists a residual set X, C Xq_2X whose points have
the following property: If vo € X, then there exists k > 1 such that
(a) = has distance greater than k~' from each entry of 1v.

(b) The distance from x to any point in any subvariety from Me g_o
in Tm(m;,(v0)) is greater than k=t

(c) At most r elements from mp(m; (W) C Meg1 contain w.
Moreover, each such curve is rigid in the following sense: Let
C C M,gy-1 denote such a curve. Introduce the corresponding
operator D¢ as defined in (2.12). The kernel of D¢ has no non-
trivial elements that vanish at x and at all entries of 1.

(d) The distance from x to the immersion singular point of any sub-
variety from Me g1 in Tpm(m; (1)) is greater than kL.

(e) The space Z™ is a 3-dimensional image variety.

(f) The space Z(™) is a 1-dimensional image variety.

Subsection 5.5 of the Appendix has the proof of this last proposition. By
the way, Lemma A.13 in this same section of the Appendix asserts that there
is a residual set of almost complex structures with the following property:
If J comes from this set, then the set X, can be chosen so that any to € X,
version of M@™) ig a smooth, 2-dimensional manifold.

Use J.3 in what follows to denote the residual set in J.o that is described

by this last proposition.
3.4. Curves in M™ near an entry of tv. Assume in what follows that
the almost complex structure is from [Jeo. Suppose that tv € x5 92X is a
regular point and let w denote an entry of tv. Fix an orthonormal frame for
T1,0X | to identify the space of complex, 1-dimensional subspace in 17 X |,
with CP'. By definition, all curves in M™ contain the point w. As all curves
in M™ are smooth, each has a tangent plane at w, and the assignment of
tangent plane to curve defines a smooth map

(3.9) Gw : M™ — CPL.
Use V¥ € M™ to denote the set of critical points of ¢,.
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Proposition 3.8. There exists a residual subset in J.3 whose significance
is as follows. Take the complex structure from this smaller set. Let x € X.
The residual set X, from Proposition 3.7 can be chosen so that the following
1s also true: Take vo from this set and there exists an entry w of wo such that
x 18 not on a curve from Y%.

This proposition is proved in Subsection 5.7 of the Appendix.
Use Jeq to denote the residual set in J.3 that is described by
Proposition 3.8.

4. Proofs of Propositions 1.1-1.3

This section supplies the proofs to the propositions in Section 1.

4.1. Proof of Proposition 1.1. Introduce the set [J.; as described in
Proposition 3.4. It is a consequence of Propositions 3.5 that the conclu-
sions of Proposition 1.1 hold with ¥ = X, if 7.« is a subset of [J.i.
To elaborate, suppose that © € M, — M. 4. Let n denote the num-
ber of elements in © and let p denote an ordering of ©. Introduce the
n-tuple Zg, = ((e1,k1),...,(en,ky,)) where the ¢ € {1,...,n} version
of (ej, k;) are defined as follows: Use p to order the pairs that com-
prise © from 1 to n. Use C to denote the subvariety from the i-th pair
in ©. Then e¢;, = ec and k; = genus(C) where C is the subvariety
from the i-th pair in © with its ordering defined by p. Next, introduce
X denote the set of distinct elements in the set {Zg, : O € M, —
Meg and p is an ordering of ©}. Proposition 3.4 guarantees that X is a
finite set. Meanwhile, Proposition 3.3 finds a residual subset in 7.1 such that
if J is from this subset, then all of the spaces in {M ¢/ 1) }(e/ k/)e= and zex are
smooth manifolds of the asserted dimensions. Take J from this set. Given
= C X, let ./\/lE = X(e’,k’) c EMe’,k/7 let Mg,d C ME X (XdX) denote
the subspace whose elements are of the form ((Ci,...,C,), (z1,...,%4))
with {Zm }1<m<a C Ui<i<nCi. Here, n denotes the number of elements in
=. Proposition 3.5 implies that these spaces are all image varieties in that
each is the image of map from a smooth manifold whose dimension is 2d
more than that of Mz=. It is a consequence of Proposition 3.4 that this
number is at most 4d — 2 except in the case when Mz = M, 44, in which
case it is 4d. This the case, the compactness result from Proposition 3.1
implies that the image in x4X of the map from (xzex Mzq) — Mcga
to x¢X that comes from the projection of (xzcxy Mz) X (x4X) is a
measure zero set. Indeed, if h € x4X is not in this set, then Proposi-
tion 3.1 implies that there are no subvarieties from M, — M., that con-
tain all points of bh. It also implies that 7Td_1(h) C Megq is compact.
This last point implies that ng(b) is finite if b is not a critical point
of d-
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4.2. Proof of Proposition 1.2. Take the almost complex structure from
the set J.1 as described in Proposition 3.4. The proofs of the assertions
made in the first bullet has four steps.

Step 1: Let Serip C X¢X denote the set of critical values of the map my.
This set is measurable and it has measure zero. If 74(K) C Sepit, then 7g(K)
is measurable, and it too has measure zero.

Step 2: Suppose that m4(K) is not contained in S.. Introduce n €
{1,2,...} to be the smallest integer with the property that 7751 (h)NK has at
most n elements when ) € 7;(KC) — (74(K) N Serit). The set m4(KC) — (mq(K) N
Serit) has a stratification as Uy C Us C -+ C Uy = Ta(K) — (mq(KC) N Serit)
where Uy, is such that h € U, if and only if the set W;l(f)) N K has at most
k elements. Let h € U,, — U,—1 and suppose that (C,h) € K. As b is not a
critical point of my4, and as K is open, there is a neighborhood of (C, ) to
which 7, restricts as a diffeomorphism onto its image in x4X. This implies
that U,, — U, _1 is open, and thus measurable with positive measure.

Introduce V,,_1 to denote the complement in U,,_1 of the closure of Uf,. If
Vh_1 = @, then U,,_1 has measure zero.

Step 3: Suppose that V,_1 # ¢, and let n’ denote the largest integer
k with the property that V,,_1 NU, # ¢. By definition, n’ < n. Let b €
Vn—1 N (U, — Uy 1) and suppose that (C,h) € K. As b is not a critical
point of 74, and as K is open, there is a neighborhood of (C,§) to which 74
restricts as a diffeomorphism onto its image in x4X. Moreover, there exists
such a neighborhood whose image is disjoint from f,. This implies that
Vp—1 N (U, — Uy 1) is also open. Thus, it too is measurable with positive
measure.

Introduce V,/_1 to denote the complement inside the set V,,_1 NU,_1 of
the closure of V,,_1 N (U — Uy —1). If Vi1 is empty, then U, 1 has measure
ZEro.

Step 4: If V,y_1 is not empty, replace n with n’ in Step 3 to prove that
there exists n” < n’ such that V1N (U,» —U,n_1) is also open. Continuing
with this looping algorithm will decompose 74(K) as a finite union of open
sets and measure zero sets.

Turn next to the assertion made by the proposition’s second and third
bullets. Let n denote the integer from Step 1 above. It then follows from
Lemma 2.1, that the |¢y(v)| < confw] - esupy |v].

To see that the function ¢(.y(v) is measurable, return to the proof of the
first bullet. This step decomposes m4(K) into a finite union of open sets and
measure zero sets. Let 1V denote one of the open sets. It is a consequence
of the way V is defined that any given h € V has a neighborhood with the
following property: Let U denote the neighborhood in question. Then 74
restricts to K N W;l(U) as a covering map with some ny < n sheets. For
example, if V = U,, — U,_1, then ny = n. This implies that ¢(,)(U) varies
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smoothly on U. Taking all such U into consideration shows that ¢.(v) is
measurable.

Given the bound on ¢.)(v), and given that it is measurable, it then follows
that ®x(-) defines a current. It is closed, non-negative and type 1-1 because
it is a weighted average of such currents.

The fact that ®x is non-trivial when 74(XC) has positive measure follows
from the fact @ (w) is no less than [w] - e times the measure of m4(K), this
because the integral of w on any given curve C' from M. ;4 is equal to [w] - e.

4.3. Proof of Proposition 1.3: The definition of K. Fix e as in Propo-
sition 3.4, and set d = 3¢ and g = 1 (e-e+c-e)+1. Introduce Jes as defined in
Proposition 3.8 and take the almost complex structure from this last set. Use
this complex structure to define M, 4 4. The set K for use in Proposition 1.3
will be chosen from a family of sets supplied by the upcoming Definition 4.1.
The definition of this family requires some preliminary stage setting; and this
is done in a two-part digression that follows directly. The first part explains
how to construct a fiberwise finite open set in M, 4 from any given open set
with compact closure. The second part establishes notation.

Part 1: This part of the digression would not be necessary were the fol-
lowing known: There is a residual subset of J.4 such that if J is in this set,
and if £ C M, 44 has compact closure, then there is an upper bound to
the number of points in w(;l(-) N K. As was explained to the author by S.
Givental this assertion is true for the generic smooth map from M, 44 to
x4 X as a consequence of what is said in [B]. (Y. Eliashberg and J. Mather
separately pointed the author to arguments for this assertion). It is a good
bet that a generic choice of J makes 74 generic in the appropriate sense; but
a proof that such is the case appeared less than straightforward.

In any event, what follows constructs a fiberwise finite, open subset of a
given open set in M, 44 with compact closure. Let O C M. 4 4 denote the
given open set with compact closure. Introduce So C M, 44 to denote the
set of critical points of 74 in the closure of O. The set 7 (74(So)) N O
is a closed set, so its complement is open. Let O° denote this complement.
The map g : O — x4X has no critical points, so it is locally a covering
map onto the complement of m4(Sp) in m4(O). Fix a locally finite, open
cover of m4(OY). Such a cover exists with the following two properties: First,
there exists K > 1 such that any given point in 74(O) is contained in at
most K sets from this cover. Second, let U denote a set from this cover.
Then W;l(U ) interects OY as a disjoint union of open sets that are mapped
diffeomorphically onto U by m4. A cover of m4(O°) of this sort is said in
what follows to be fiberwise finite. Let U now denote such a fiberwise finite
cover of mg(OV). Assign to each open set U C i one of its mg-inverse image
sets in Q0. Use OV C K to denote the associated set. Set K to be UpreyOV.
This is an open, fiberwise finite subset of O that is mapped by w4 onto
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the complement in 74(O) of the closed, measure zero set 74(Sp). A subset
K C O as just described is said to be a mg-finite core of O.

Part 2: Let A C x4_9X denote a chosen finite set of distinct regular
values. With A chosen, reintroduce the sets { 2™ }pea from Proposition 3.7.
Let 7} : M% — M. 4 denote the composition of the map induced by the
projection from M™ x X to M™ followed by the tautological inclusion of
MP™ into M, 4. Use Z) to denote the subset Uypep 2™ in M, 4. Meanwhile,
introduce for each to € A and each entry w of t, the set Y* as defined in
Proposition 3.8. Then use Ya to denote Uwep (Uw:wis an entry of wd™)-

Definition 4.1. Fix r > 0, s > 0. Define the set O, 1 C M, 4 to be the
set whose pairs have the form (C, ) where

e C has 0-distance greater than r from Z,, from Y,, and from M, —
Meyg.
o ) = (z1,22,3) with (z1,22) € X x X and 3 € x4_2X such that
(a) The distance from 3 to some point in A is less than s.
(b) The distance from both z1 and x5 to any entry of 3 is greater than
1s.
(c) The distance from x; to xo is greater than rs.

Fix a mg-finite core of O, A and denote the latter by K, s .

With regard to the size of s, keep in mind that the entries of any given
point from the set A are pairwise disjoint as each point in A is a regular
point. This understood, there exists sg > 0 such that if s < sg, then the set
of points in X 4_oX with distance 100 s or less from a point in A is a union
of disjoint balls, with each centered on a point in A. This upper bound for
s is assumed implicitly for what follows.

As is argued momentarily, the conclusions of Proposition 1.3 are satisfied
if K is taken to be a suitable r, s and A version of K, ; . What follows directly
explains why K, s A for small  and s satisfies the criteria in Proposition 1.2
so as to guarantee that the K = K, s A version of ®x is a closed, non-negative
type 1-1 current. To this end, note first that K. 5 o is open. Meanwhile, /C;. s A
is fiberwise finite by construction. The arguments given in the upcoming
Section 4.4 of this section establish that K, s A is non-empty when r and s
are small. Granted this, then small r and s versions of K, s o meet all of the
criteria for Proposition 1.2.

4.4. Proof of Proposition 1.3: The lower bound. Fix z € X and
adapted coordinates (z,w) centered at x. Choose t > 0, but such that the
ball of radius ¢ centered at the origin in C? is well within the domain of
these coordinates. Fix a smooth, non-increasing function x : [0, 00) — [0, 1]
with value 1 on the interval [O, %) and value 0 on [%, oo) . Use x: to denote
the function x(t7!| - |) on C2. The lower bound asserted by Proposition 1.3
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follows if
(4.1) cg L=t < D, A (xeidz A dZ).

The verification of (4.1) for suitable r, s and A requires the following
preliminary result.

Proposition 4.1. There exist a finite set A C Xq_oX of reqular values and
o > 10* whose properties are herewith described. Here is the first property:
Suppose that v, w0’ are distinct elements in A and let wand w' denote respec-
tive entries of v and v’ . Then dist(w,w’) > o~1. Moreover, any pair of
curves C € M™ and C' € M™ are such that 9(C,C") > o~ . To state
the remaining properties, let x € X denote any given point. There exists
v € A and an entry w of o such that the following is true: Let B C X g X
denote the ball of radius =2 centered at o and use B C X to denote the
ball of radius 0= centered at x. Fix adapted coordinates (z, w) centered at
z to identify B with a neighborhood of the origin in C2. A radius o> disk
O, C CP! exists such that

e Each 0 € O, has a lift 0 = (6.,0,) to S* with |6, > o=,

o Fizy € B, 0 c O, and points x1 # xo € B with distance less than
ia_?’ from = and such that xo — x1 € C?> — 0 projects to 6. Set n =
(71,29,3) € xaX . Then ;' (n) € M, 4 is non-empty, and each curve
in wgl(n)has the following three properties:

(a) The curve has 0-distance greater than o= from M. — M, g4, Z™
and Y%.

(b) The curve intersects the ball of radius o ~3entered at x as the image
of a map from the disk about the origin in C to C? of the form
u — x1 + Ou + v with
(i) [t < olul(lar] + [ul) and |de] < (|| + Jul),
(ii) @ = (0.,60,) € C? is a unit vector with image 0 in CP*.

This proposition is proved momentarily.
The four steps that follow directly derive the left hand inequality in (4.1)
for suitable r and s using the set A from Proposition 4.1.

Step 1: Let o denote the constant given by Proposition 4.1. Take s < o2
and take r < 073 to define Kor s A

Step 2: With x € X given for use in (4.1), fix to € A and an entry w of 1w
such that the triple (z,w,w) obeys the conclusions of the second bullet in
Proposition 4.1. Define B C x4_»X, B C X and O, € CP! as in Proposi-
tion 4.1. The following geometric considerations are used in the subsequent
steps.
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o If 3 € B, then each point in B has distance greater than s* from each
entry of 3.

e If x1 and x5 are in B and if their distance apart is greater than éU;Q,
then their distance apart is greater than rs.

o Fix 3 € B, and also a pair {r1,x2} C B and set y = (x1,22,3) €
xqX. If C € 7T;1(U) then it has 0-distance greater thanr from Zx, Ya
and Mg — Meq.

(4.2)

These conclusions all follow directly from the second bullet of Proposition
4.1 given the upper bounds given in Step 1 for r and s.

Step 3: Fix 3 € B. Given 21 € B, write its C? coordinates as (2/,w’) € C2.
Granted this notation, fix z1 so that its coordinate 2’ obeys [2/| < #5072
Meanwhile, require that the coordinate w’ obey |w'| < ét. Fix a second
point, zo € B, with distance greater than 6—140_2 from x; which is described

by the second bullet of Proposition 4.1 for some choice of 6 € O,. Suppose
that y = (z1,x2,3) is not a critical value of my. With (4.2) understood, it
follows that the second bullet of Proposition 4.1 supplies C' € M, 4 such
that (C, H= (.%‘1,%‘2,3)) is in IC?",S,A'

Step 4: What with item (b) of the second bullet of Proposition 4.1, the
norm of the restriction of |dz| to C’s intersection with the ball of radius ¢
centered on x is greater than ¢ !. Given the aforementioned lower bound
for |dz|, and given what is said in Lemma 2.1, it follows that the integral of
xtdz A dz over C must be greater than cZ 1¢2.

Step 5: The final remarks in Steps 3 and 4 have the following implications:
The integral in (4.1) is no less than the product of four factors: First, the
factor of cZ't? given by the final remark in Step 4. Second, with 3 € B fixed
and x1 € B fixed as in Step 3, the volume of the set of x5 as described in
Step 3. The latter volume is at least co!. By way of an explanation, note
that the set of 6 to choose from has diameter greater than c. !, and as the
distance from x; can vary in an interval of length at least c=! so there is an
c=! volume’s worth of choices for the point z3. Third, with 3 € 9B fixed, the
volume of the set of x1 considered in Step 3. The latter is no smaller than
¢ 't2. Finally, the volume of B. The latter is at least ¢z 's*(4=2).

Multiply these four factors to get what is asserted by (4.1).

The proof of Proposition 4.1 requires an auxilliary lemma that asserts a
somewhat weaker version of what is asserted in Proposition 4.1.

Lemma 4.1. There exists a finite set Ag C xXq_9X of reqular points, and
o9 > 10* whose significance is now explained. Fiz a point x € X. Then there
s a point w € Ag with the following properties: Use B C Xq_2X to denote
the ball of radius O'al at o and use B C X to denote the ball of radius 062
centered at x. Fix adapted coordinates (z,w) centered at x to identify B with
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a neighborhood of the origin in C%. A radius 061 disk O C CP! exists such
that

e Each 0 € O has a lift 6 = (0,,0,,) to S with |0, > o5 .
e Fizz € B, 0 € O and points 11 # x9 € B with distance less than %062

from x and such that xo—x1 € C*>—0 projects to 0. Set y = (x1,x92,3) €
xqX. Then 7@1(0) is mon-empty, and each curve in W;l(lj) has the
following two properties:

(a) The curve has d-distance greater than oy ' from Mg — M, .

(b) The curve intersects the ball of radius 00_2 centered at x as the
image of a map from the disk about the origin in C to C? of the
form u — 1 + Ou + ¢ with
(i) [l < olul(let] + ul) and |de] < o (1] + Jul),

(ii) 6 = (6.,0,) € C? is a unit vector with image 6 in CP'.

Proof of Lemma 4.1. The first task is to define the set Ag. To this end, fix
x € X and choose a point from the residual set X, that is supplied by
Propositions 3.7 and 3.8. Use to, to denote this point. As argued momen-
tarily, there is an open neighborhood, U, C X, of x and a constant k, > 0
such that the following is true:

e o' has distance greater than k' from each entry of 1.

e The distance from z’ to any point in any subvariety from M 4—2 in
M (71';_12(11150)) is greater than k.

o At most Ky elements from (5 (W5)) C Meg—1 contain .

e The distance from x' to the immersion singular point of any subvari-
ety from Meg_1 in mpm(my 'y (w0y)) is greater than k.

(4.3)

Indeed, the existence of an open set and k, such that the first, second, and
fourth bullets hold follows directly from items (a), (b) and (d) of the second
bullet in Proposition 3.7. As explained next, the third bullet in (4.3) follows
from item (c) of the second bullet in Proposition 3.7. To see how this comes
about, assume that no open set and x, exist that make the third bullet
hold. This requires a sequence {xk}k:m,_.. C X and a divergent sequence
{nk}k:m,“_ with the following property: There are nj, elements in M, 41
that contain xj, and all entries of tv,. Given Proposition 3.1 and (2.14), and
also item (b) of the second bullet in Proposition 3.7, there must exist a
curve C € M, 41 that contains x and all entries of tv; and whose version
of kernel(D¢) has a non-trivial element that vanishes at = and all entries of
. But, such an event is impossible given item (c) of the second bullet of
Proposition 3.7.

To finish the task of defining A, note that the collection {U,}, . is
an open cover of X. Take a finite subcover, and set Ay to denote the
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corresponding finite subset of {r,} .. Set kg to denote the supremum
of the corresponding finite subset of the numbers {x.}, -

With Ag now defined, consider next the constant og. Assume that no such
op exists with the asserted properties so as to derive some nonsense. This
assumption requires a divergent, increasing sequence {sj}r=12,. C [1,00)
with the following significance: Given the index k, there exist points zj €
X, € A, and adapted coordinates (zj, wy) centered on xy, for which there
is no disk Oy, € CP! as described in the statement of the proposition. To
elaborate, suppose that O € CP! is any given disk of radius greater than
s ! with the property that each 0 € O has a lift to S C C2 as (6., 6,,) with
16.] > s,;l. Then the following two conditions must hold:

Condition 1: There is a point 3 € Xq_oXwith distance less than sgl
from 1oy.
Condztwn 2: There are points x1, # Top € C2 with distance less than
from the origin such that x1; — xop projects to a point Gk c 0. In
addmon one or more of the next three assertions is true.
o 7, (T1k, Dok, 3k) = 0.
e There is a curve in w;l(mlk,ajgk,gk) with 0-distance less than s,zl
from Mg — Me .
e There is a curve in ng(aclk,ajgk,gk) whose intersection with the ball
of radius 23,;2 centered at xy is not the image of a map from C to
C? of the form u — x1y, + Ou + v where [t| < Isplul(|z1k] + [u]) and
de| < Zsi(leael + Jul).
The derivation of nonsense from this data has five steps.

Step 1: This first step asserts that the n = 0 version of what is said
n (2.2) is stable with respect to deformations of the pseudoholomorphic
subvariety. The details are given by the lemma that follows. Note that the
lemma does not require that J € J3 or that the class e obey the conditions
from Proposition 3.4.

Lemma 4.2. Suppose that e is a given class in H*(X;Z) and that J is an
w-tamed almost complex structure. Fix x € X and suppose that C C X is an
irreducible, J-holomorphic subvariety that contains x and whose fundamental
class is Poincare’ dual to e. Fix an adapted coordinate chart centered at x
so as to identify a meighborhood of x in X with a ball about the origin in
C2. Suppose that R > 1 and that C appears in the radius R~ ball about the
origin in C? as the image of a map from C to C? that has the form

u— Out+r

where |t| < R|u|®> and |dt| < R|u|, and such that § € C? has norm 1.
Fiz € > 0 and there is a neighborhood of (C, 1) in M. whose elements
have the form (C',1) where C' intersects the ball of radius %R_l about the
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origin, and this intersection is the image of a map from C to C? of the form
u— x' + 0'u+ 1t with

o 2| <e,

o [V[ < Rlu|(|2'] + [u]) and |dv'] < R(|2'| + |u]),

o 0 € C? is a unit vector with |#' — 0] < .

Proof of Lemma 4.2. The assertion follows from what is said in [Wo, Ye,
McS] about limits of sequence of pseudoholomorphic maps. O

Step 2: One can assume without loss that {xk}k=172,..- converges. This
the case, introduce x € X in what follows to denote the limit. Fix adapted
coordinates (z,w) at x. The sequence of loci {wy = 0}, appear in this
coordinate chart as a sequence of submanifolds in C? that are very nearly
complex lines. The corresponding sequence of points in CP' has a convergent
subsequence. Pass to a subsequence and relable consecutively from 1 so that
these points converge. If necessary, rotate the (z,w) coordinates so that
the limit is the w = 0 complex line. The sequence {wy},_;, can also be
assumed to converge. The limit, w, must be a point in Ag such that the
(x, 10, Kg) obey the assertions of all bullets in (4.3).

Step 3: According to the second and third bullet in (4.3), there are at most
co singular subvarieties through x and all entries of w. The singularities of
each such subvariety avoids x. This last conclusion follows from the second
and fourth bullets of (4.3). Since the singularities of these subvarieties avoid
x, they all have unique tangent planes at x. The collection of these tangent
planes define a set I, C CP! of at most ¢y points. To summarize: If (C,1)
is any element in M, such that C contains x and all entries of to, then C
has a well defined tangent plane in T} 0X|,. This last conclusion has the
following implication: If (C,1) is as just described, then C' must lie in M, 4
if its tangent plane at x defines a point in CP! — I,,.

As I, is finite, there is a disk O, ¢ CP! of radius co ! with the following
property: Any given point in O, has distance greater than c; L from I,; and
any such point lifts to a point 6 = (6,,0,,) € C? with |§] = 1 and |0,| > ¢; '
Let O, C O, denote the concentric disk with % the radius of O,.

Step 4: Fix a point 6 e O! and a lift, §, to a point in C? with norm 1.
For each index k, fix points 1 # o with distance less than %51;2 from py
and such that xi; — x9r projects to the point 0. According to Proposition
2.1, there is a set O € M, that contains x1x, xor and all entries of 3.
The sequence {©};_; , has a subsequence that converges in M. Let ©
denote any limit of this sequence, and let C' = U(CIVmI)E@C, . This subvariety
C must contain x and all entries of tv. As tv is z-regular, the limit © must
have the form (C, 1) where C'is a subvariety which is non-singular at . The
fact that C' is non-singular at x implies that each C' € M, 4. To explain
these last remarks, note that (2.2) asserts that C' intersects a ball of radius
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co ! centered at x as the image of a map from a disk about the origin in C to
C? that has the form u — Gu+t(u) where [t| < co|u|? and where |dt| < co|ul.
Since ¢ is not in I, the subvariety C must be in M, . This implies that
each large k version of © has the form (Cy, 1) with C, € M. 4. Given that
{Ck}kzl,z,... converges to C' and C' € M, 4, this in turn implies that each

such C}, has o-distance at least ¢, ! from M, — Meg.

Step 5: Lemma 4.2 asserts that each large k version of C must intersect
the ball of radius ¢ L about z as the image of a map from a disk about
the origin in C to C? that has the form u — x1; + fu + v, where |t;| <
colul(|px — x1k| + |u|) and |deg| < co|lpx — z1x| + |u|). Given that such a Cy
exists for any 0 0!, and any 1, To as described in Step 4, this conclusion
is not compatible with the demands made by Condition 2. O

With Lemma 4.1 in hand, turn now to the
Proof of Proposition 4.1. The proof has four steps.

Step 1: Fix x € X and let touyy denote a point from Lemma 4.1’s set Ag
for which the conclusions of the lemma hold for the pair (x, w,). Introduce
the set X, € X as described in Propositions 3.7 and 3.8. Fix a point to, € X,
that is very close to 1,9, and in particular, well inside Lemma 4.1’s ball 8.
Let w denote the entry of t, that is given by Proposition 3.8.

Fix an adapted coordinate chart (z,w) centered at x so as to identify a
neighborhood of z with a ball about the origin in C2. Let M{®™=) denote
the space of curves in M. , that contain x and all entries of tv,. Any given
curve C € M@W=) has a well defined tangent plane at z. The identifica-
tion between the neighborhood of = in X and C? supplied by the adapted
coordinates identifies this plane with a plane through the origin in C?, and
the latter defines a point in CP'. This assignment of curve to point in CP*
defines a map ¢,: M@%=) — CP!,

Step 2: Fix ¢, and let M@™2)e © M@P2) denote the subset of curves
with d-distance at least ¢ from M, — M, 4. Given Item (f) of Proposition
3.7, what follows is a consequence of the fact that M@W=) has compact
closure in M, 4: If € is suitably generic, then be(ZPNM®02)2) s a compact,
1-dimensional image variety in CP'. In particular, this is also the case with
the latter’s intersection with the closure of Lemma 4.1’s disk O C CP!.

What follows is a consequence of this observation. There exists a constant
¢1 > 108 that depends only on z, tv, and e; and there exists a disk O € O
with radius cfl such that all points in O have distance cfl or more from
¢ (2% N M@E02)2) and distance 01_1 or less from the point in CP! defined
by (1,0) € C2.

This last conclusion has the following consequence: Any curve C €
M@w)e with ¢,(C) € O has d-distance at greater than c;' from Z™e
where ¢p > 10° also depends only on z, v, and «.
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What with Proposition 3.8, the fact that M(®@W=)¢ is compact implies
that any curve C from this set has 0-distance at least cgl from Y*. Here,
c3 > 10% also depends only on z, t, and e.

Step 3: Let B C X denote the set supplied by Lemma 4.1. What follows
is a consequence of the last two conclusions from Step 2 with the fact that
M) ig compact. There exist concentric balls B, C B and 9B, C B and
a concentric disk O, C O with the following property: Let (2/, ') denote a
point in B, X B,. Let C C M, 4 denote a curve with d-distance at least 2¢
from M, — M. 4 that contains ' and each entry of 3. Suppose, in addition
that the tangent plane to C' at 2’ defines a point in O,. Then C has 0
distance at least %02_ ! from Z™= and at least %cgl from Y*. With regard
to C’s tangent plane, the latter defines a vector in T o X|,/; but given that
x’ is close to x, such a vector is very nearly in the span of the coordinate
vectors {%, %} and thus defines a point in CP!.

Step 4: The collection { B, },cx defines an open cover of X, and so there
is a finite subcover. Let U C X denote the finite set that labels this subcover.
Define A’ to be the corresponding finite set from {tv,},cyy. The set A’ obeys
all but the first requirement set by Proposition 4.1. In particular, it may be
the case that there are distinct pairs from A’ that do not lie in Proposition
3.7’s set X2. However, given that each z € X version of X, is residual,
and given that X2 is residual, it follows from what is said in the previous
steps that there exists a set {w),},cp that does obey all of Proposition 4.1’s
requirements, and is such that each x € U version of w/, is as close as desired
to the corresponding tv,. This last conclusion follows from two observations.
Here is the first: If 6 > 0 has been fixed in advance, and if w/, is very close
to 1o, then the all curves in the w/, version of Z™ with ?9-distance at least
%5 from M, — M. 4 will have d-distance less than § from Z™+. By the same
token, if ro’, is very close to tv,, then the former has an entry, 2/, that is very
close to w; and any curve in Y% C M"W'e with d-distance at least %5 from
Me — M, 4 will have d-distance less than 6 from Y¥. To state the second
observation, suppose that z, ’ are distinct pairs in U xU. Let X)) ¢ xp X
denote the subset of points with the property that the pair of entries labeled
by = and 2’ sit in X2. There is no constraint on the points in the other entries.
This set is residual. As a consequence, the subset in N, ey <X (@2) with
distinct entries is a residual subset in x X with the following property: Any
pair of entries from any point in this set defines a point in X2.

Take A to be such a set {1’ },cp. O

4.5. Proof of Proposition 1.3: A start on the upper bound. To
obtain the desired the upper bound, introduce the notation used in (4.1).
The upper bound asserted by Proposition 1.3 follows if

(4.4) D, (xiidz A dZ) < o tt



194 C.H. TAUBES

holds with ¢, here denoting a constant that depends on r and s, but
not on ¢t nor on z. As is explained in this and the next subsection, the
bound in (4.4) holds if r is first chosen small, and then s is chosen with an
r-dependent upper bound. Let ¢ denote the constant from Proposition 4.1.
The constraints s < 02 and r < 0~ used to prove (4.1) are also assumed
implicitly.

The upcoming lemmas are used to define this r-dependent upper bound.
These lemmas together define an (x, t)-independent constant k.., > 1; and
the proof of (4.4) requires that

(4.5) 5 < Kt

*k1*

This bound on s is the minimum of a various upper bounds that are given
in Lemmas 4.5-4.12.

To prove (4.4), introduce By(z) to denote the ball of radius ¢ centered at
x. The value of ®(xsidz A dz) is no greater than

(4.6) CO/ / XiwW
Ueﬂ'd(’C'r,s,A) Z

Ceny (0):CNBy(x)#0 ©

where it is understood that 74 in this and subsequent formulae has domain
Krs.n. What with Lemma 2.1, this last expression is itself no greater than

(4.7) cot? / 1
t)ewd(’C'r‘,s,A) Z

Cen t(9):CNBe(x)#0

To continue, associate to each point tv € A, the ball By, C x4_»X of radiuss.
Associate to each z € B, the set X7 Ce X x X of pairs (x1,22) such that
n = (21,22, 2) € mq(K, ;). Granted this notation, write (4.7) as

(4.8) cot? / / 1
Z 3€Bw (w1,22)EX? Z

reA Ceny 't (w1,2,3):CNBy ()0

There are six parts to the discussion that follows in this subsection. Part 6
uses what is said in Parts 1-5 to derive an upper bound for the contribution
to (4.8) from the points w € A whose entries all have distance 4s or more
from x. There is at most one point in A that does not have this property. The
next subsection bounds the contribution from a point to € A with an entry
having distance less than 4s from x. This subsection and the next use ¢ to
denote an (z, t)-independent constant greater than 1, but dependent on r
and s. Its value can be assumed to increase between subsequent appearances.

Part 1: To set the stage for Lemma 4.3, recall from the discussion just
prior to Propostition 3.7 the definition of the space M™ with o a given
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point to € X4_oX. By way of reminder, this is the space of curves in M.,
that contain all entries of tv. As such, it is a smooth submanifold of M, 442
when v is a regular point; and thus when o € A. Given ¢ > 0, let M™* C
M™ denote the subspace of curves with d-distance greater than ¢ from
M — M 4. Lemma 4.3 also refers to the subspace M;’E C M™ x X that
consists of the pairs (C, x) with C € M™*® and 2 € C. Use 7}{, and 7% to
denote the respective projection induced maps from this space to M™ and
to X. Lemma 4.3 introduces one final bit of notation; this being mas.q—2 to
denote the map from M, 441 to M, 4 42 that is induced by the projection
map from M. 4 X (X4-1X) to M4 X (X4-2X) that comes by writing the
xg-1X factor as X x (x4-2X) and then forgetting factor of X.

Lemma 4.3. Givenr > 0 but small, there exists x, > 100 with the following
significance: Fiz vo € A and let B C xq_oX denote the ball of radius r; >
centered on tv.

o If3 € B, then M¥"/* is a smooth submanifold in Meyg.

o If3 € B then .M‘}’{M is a smooth submanifold of M¥"/*x X . Moreover,
if C is in M¥"/2 and if it has d-distance 1—16r or more from w(Z"),
then C has distance 3—12r or more from the 71"3/\4 image of any critical
point of the map 7% : M%‘/? — X.

o There exists an embedding x : M;’TM XB — M, g4q-1 onto an open
set that
(a) maps any given 3 € B version of./\/l;'}’r/2 % 3 diffeomorphically onto

an open set in 775_12 (3) that contains Mf’)’(r/Q;

(b) restricts to M;’T/A‘ X to as the inclusion map into the fiber of

7Td72(m)7’
c) is such that the composition ¥ = mwarq-2 0 Yx is an embeddin
M, g
from M©7/% 5 B into Me g.d—2-

Proof of Lemma 4.3. Given that w is a regular point, the implicit function
theorem can be used in a straightforward way to obtain the constant x, and
the map ¥ x. The first two bulleted items follow directly from the existence
of w X ]

The subsequent parts assume implicitly that s obeys the bound s < x 2
with x, as described in Lemma, 4.3.

Part 2: Suppose that 3 € x4_oX has distance s or less from a point in A.
Lemma 4.3 guarantees that M3™/2 is a smooth, 4-dimensional submanifold
of M, 4. Let C denote a curve in this submanifold, and let N — C denote C’s
normal bundle. Introduce the operator D¢ as given in (2.12). The tangent
space to M? at a curve C' can be identified with the vector space kerc ; C
C*(C; N) that consists of the sections in the kernel of D¢ that vanish at
each entry of 3. Use the L? inner product on C°°(C;N) to define inner
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products and the norm on kerc ;. The norm is denoted by || - [|2 in what
follows. Note that | - |2 dominates any given C* norm on the elements of
kerc ;.

Lemma 4.4. Givenr > 0, there exists k > 1 with the following significance:
Fiz a point 3 € xq_oX with distance less than s < k72 from a point in A.
Let C' denote a given curve from M¥"/2. There is a diffeomorphism from
the radius k=2 ball in kerc,; onto an open set in M3/% that contains the set
of curves in M¥"/2 with v-distance less then k= from C. Moreover, there
exists a diffeomorphism of the following sort: Introduce the map expc that
appears in (2.13). The map in question sends a given small normed vector
n € kercy to expo(n+ ¢c;(n)) where oz : kercy — C>°(C; N) is such that

e ¢c;(-) =0 at all entries of 3.

® ¢ =1+ dc;(n) obeys (2.14).

o Any given C*-norm of ¢c4(n) is bounded by c,k||nl3 where ¢,
depends only on k and r; and in particular, not on n,C, nor 3.

Proof of Lemma 4.4. Given that M?#"/2 is a smooth manifold, there exists
Rc; > 1 such that a map of the sort described by the first two bullets of
the lemma exists with domain the ball of radius R(ji in kerc; and with
lpc3(M)lloe < Resl|3. Likewise, the kth order derivatives are bounded by a
contant R ;x. The fact that these constants can be chosen to depend only
on r, and for the latter, k, follows directly when Lemma 4.3’s map ¢x is
used to parametrize M?.

Part 3: Introduce again the subspace Mf’)’(r/ 2 C M37/2 x X to denote the
subspace of pairs (C, z) such that € C. Lemma 4.3 guarantees that this is
a smooth, 6-dimensional submanifold of M3™/2 x X. A pair (C,z) € M‘}’{m
is a critical point of the map 7T§( to X if the subspace

(4.9) kerc ;. = {n € kerg; : n(x) = 0}

has dimension greater than 2. This follows by virtue of the fact that the
tangent space to (C,z) € MY is the vector space

(4.10) {(n,v) € kercy x TX|x : n(x) — v =0}

where IT here denotes the orthogonal projection from 7'X|c to the normal
bundle N. Let (kerc,w)L C kerg; denote the orthogonal complement to
kerc ; ..

The next lemma concerns the points in the complement of the critical
locus of 7r§(. The lemma refers to the distance between a given point in

M‘}T/ % and the critical locus of md,. This distance is defined using the sum
of the d-distance from M?¥"/2 and the Riemannian distance from X. d
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Lemma 4.5. Given r > 0 but small and given § > 0, there is a constant
k > 1 with the following significance: Suppose that 3 € mq_oX has distance
s < K2 or less from a point in A. Let (C,x) € M‘}’(r/Z denote a pair with
distance § or more from the critical locus of ©5. Then |||z + supe |n| <
Kln(z)| if n € (kercza) .

Proof of Lemma 4.5. This follows from three observations: First, the bound
in question holds with k replaced by some (C,z) and 3 dependent contant
since any two continuous norms on a finite dimensional vector space are
equivalent. The latter constant can be chosen to be independent of (C,z)
because the critical locus of 7r_‘§( on /\/lf;{/ % is compact. More to the point,
there is a uniform bound as (C, z) varies since it stays uniformly far from
the critical locus. The fact that it can be chosen to be independent of 3 is
proved using the map ¢ from Lemma 4.3 to parametrize /\/lg’{/ 2, ]

The critical points of 7T§< are of two sorts. The first sort consists of the
points of the form (C,z) where z is an entry of 3. Use Z37/2 C /\/lg’(r/2 to
denote the complement in the critical locus of Wg( of the latter set.

Part 4: Suppose that x € X has distance at least 4s from all entries of
. Let C;, C M?37/2 denote the subspace of curves with the following two
properties:

e The curve lies in the image via m, of (7)~!(z) C /\/lf’)’(r/Q.

e The curve has d-distance greater than r from 7'%(Z™).

(4.11)

The definition of C; , is designed expressedly to keep all C' € C; . versions of
(C,x) away from the critical locus of 7. O

The next lemma states a consequence of this last observation.

Lemma 4.6. Fixr > 0. There is a constant ks > Kk, such that if s < /-a*_,z
then there exists another constant, r,s > 1, with the following significance:
Fiz vo € A and suppose that 3 € Xq_2oX has distance less than s from w and
that x € X has distance at least 4s from all entries of vo.

o The space C; . is a smooth, dimension 2 submanifold in M2,

o Fiz 7 € (0,5,2). The submanifold Cy, is contained in a union of

I€r757'_2 balls in M¥"/4 with d-radius T.

Proof of Lemma 4.6. The assertion that C;, is a submanifold follows using
the inverse function theorem from the fact that it lacks critical points of 71'%(.
The assertion made by the second bullet follows directly from what is said
by the final bullet in Lemma 4.3 using the Vitali covering lemma.
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Part 5: Let k4 and k,; denote the constants supplied by Lemma 4.6.
Fix o € A, take s < k2 and suppose again that 3 € x4 X has distance
s or less w. Given t positive but less than the minimum of s and H:’SQ, let
B (x;3) C M¥7/2 denote the set of curves of the following sort:

e The curve contains all entries of 3.

e The curve has 0-distance at least %r from Mg — Meq.
e The curve has d-distance at least %r from W%(Zﬁ”ﬂ).
e The curve intersect the ball of radius t centered at x.

(4.12)

This set is the image in M3¥"/2 via the projection map from M¥"/2 x X of
the set of pairs (C',2) € ./\/lf’,’(r/2 that obey

e C’ has v-distance at least +r from 7r§\4(25”’/2) and 3r from Me—Me 4.
e 7' € Bt(ﬂj)

(4.13)

Suppose that = has distance at least 4s from all entries of w. Any pair
(C’,2') that appears in (4.13) has distance at least 7 from the critical locus
of % . The upcoming Lemma 4.7 asserts a consequence.

To prepare for the lemma, recall that each C' € C;, has the associated
vector space (kerqa,x)J—. This space has dimension 2 because (C, ) is not a
critical point of m2. Moreover, the collection of these spaces define a rank
2 vector bundle over C;,. Use N},x to denote this bundle. It follows from
Lemma 4.5 that the assignment to a pair (C,7n) with C € C;, and 1 €
(kerc; )t of |n(x)| defines a norm on (kerc,.)"; and that these norms
define a fiber norm on the vector bundle /\/N Disk subbundles of fixed
radius in N, are defined using this fiber norm.

Lemma 4.7 identifies a fixed radius disk subbundle in N, with a neigh-
borhood in M3"/* of C;,»- The identification involves the map exps from
(2.13). The lemma refers also to the constant x., from Lemma 4.6. O

Lemma 4.7. Fizr > 0 and then s < k2. There exists k > 1 that depends
only on r and s and has the following significance: Fiz w € A and suppose
that x € X has distancet < k=2 from all entries of vo. Fix a point 3 € Xg_oX
with distance less than s from vo. There is an embedding from the radius st
disk bundle in N;, onto a neighborhood in MaTIL of C;,» with the properties
listed below. Let X, denote this embedding. Then

e \; . maps the zero section to C;, as the identity map.

o The set By(x;3) is an open set in the image of A, with compact
closure in this image.

o LetC €Cyy andn € (1{61‘0,2,”:,3)L =V, z|lc. The image of n via A\;, can
be written as
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expo(n + ¢ 5.2(n)) where o z.(-) maps the ball {n € (kerc ;)" : n(z)| <
2k} smoothly into C°°(C; N). Moreover, if n is in its domain, then any

given C* norm of bc 5,2(n) is bounded by a multiple of |n(z)|* that depends
only on k,e, and r.

Proof of Lemma 4.7. Given what is said in Lemmas 4.3—4.6, these conclu-
sions all follow in a straightforward manner using the implicit function the-
orem. O

Part 6: Fix r > 0 and s < k> with the latter constant from Lemmas 4.6
and 4.7. Fix a point v € A and suppose that x € X has distance at least
4s from all entries of . Let x denote the constant supplied by Lemma 4.7
and assume that ¢ < x~2. What follows derives an upper bound for the
contribution to the integral in (4.8) from the subset in x4X whose points
can be written as (z1,x2,3) with (z1,22) € X2X and with § € x4 2X a
point with distance less than s from to.

The derivation has four steps.

Step 1: If (x1,x9,3) is as just described, then (z1,z2) € X x X lie on a
curve C' C B¢(x;3). Lemma 4.7 supplies the following data: First, a curve
C € C;, and a vector ) € (kerc;,)" that has norm |n(z)| < k. Second,
points p; and py € C such that 1 = Ao ;.(n(p1)) and z2 = Ao z.(n(p2))-
What with Lemma 4.5, this implies in particular that both x; and zo are
constrained so as to lie in a tubular neighborhood in X of C' whose radius
is bounded by ¢, t.

Step 2: According to Lemma 4.6, there exists a set U C C;, containing
at most cwt*2 curves such that any curve in C has 0-distance at most ¢, st
from a curve in Y. This implies that any pair (1, 2z2) as described in Step 1
must lie in a radius ¢t tubular neighborhood of some curve from U.

Step 3: The volume in X of the radius ¢, ¢ tubular neighborhood of a
curve from U is bounded by Cr7st2. Thus, the volume of the set of pairs
(z1,22) in X x X that both lie in this tubular neighborhood is bounded by
c,’5t4.

Step 4: It follows from what is said in Steps 2 and 3 that the volume in
X x X of the set of pairs that lie on some curve from B,(z;3) is bounded
by the product of two factors: The first is the upper bound, c,75t4, for the
volume of the relevant radius tubular neighborhood in X x X of C'x C when
C is a curve from U. The second is the upper bound c,,St*2 to the number
of curves in U. Thus, the volume in X x X of the set of pairs that lie on
some curve in B(x;3) is bounded by ¢, 2.

Step 5: Since the volume in x4 X of the set of points 3 under consider-
ation is bounded by cos*@=2) it follows that the contribution to (4.8) from
the subset in x4X as described at the outset is no greater than cwt2 times
(4.8)’s explicit ¢ factor; thus by ¢ st%.
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4.6. Proof of Proposition 1.3: Finishing the upper bound. It remains
still to bound (4.8) for points x € X with distance 4s or less from some entry
of an element from A. The seven parts of this subsection derive a suitable
bound. Note that all parts of this subsection use the following convention:
Given r > 0, what is denoted by ¢, is a constant whose value is greater
than 10'° and depends only on r. Its value can increase between successive
appearances.
To set the stage for what follows, fix o € A and a given entry, w, of tv.

Part 1: Given a 3 € X4_2X and an entry z of 3, reintroduce from Propo-
sition 3.8 the map ¢, and its critical locus )*? in the smooth part of M3,
The following lemma is a corollary to Lemma 4.3.

Lemma 4.8. Given r > 0 but small, the constant x, that appears in
Lemma 4.3 can be chosen so that the following additional conclusions hold:
Fiz o € A and let B C x4 92X again denote the ball of radius k2 centered
on vo. Fix an entry w of w. Let 3 € B and let z denote the entry of 3 with
distance less than s < k72 from w. Then M3TI2 consists of smooth points.
Moreover, if C € M3¥/2 has d-distance %r or more from Y* then it has

0-distance greater than %r from )~.

Proof of Lemma 4.8. This is a consequence of what is said about the map
¥ from item (c) of the third bullet in Lemma 4.3. O

Part 2: Let 3 be as described in Lemma 4.8 and let C € M? denote a
curve that is not a critical point of ¢,. This being the case, the differential
of ¢, at C maps kerc ; surjectively to the tangent space TCPH%(C). Use
kerc; 4 C kerc; to denote the kernel of the differential at C of ¢, and use
(kerc,a,¢>)L to denote the orthogonal complement in kerc ; to kerc ; 4. ]

The lemma that follows uses ¢,, to denote the differential at C' of ¢;.

Lemma 4.9. Given r > 0 but small, the constant k, in Lemma 4.8 can
be chosen so that the following is also true: Suppose that 3 is as described
in Lemma 4.8, and suppose that C € M¥"/2 has distance d-distance %r or

more from Y. If n € (kerc;; )" then ||n]l2 + sup |n| < krlen].

Proof of Lemma 4.9. The argument for this differs only cosmetically from
the argument used to prove Lemma 4.5. ]

Part 8: The contents of this part of the argument are summarized by
the upcoming Lemma 4.10. This lemma refers to the constant k, from
Lemma 4.9.

Lemma 4.10. Givenr > 0, the constant k, in Lemma 4.9 can be chosen so
that given also A > 0, there exists k > 1 whose significance is as follows:
Suppose that s < k72 and that 3 € xq_oX is a point with distance at most s
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from 1. Given § € CP, there exists a set Q; C M3TI% of at most K curves
such that

e Fach curve in Q, is mapped by ¢ to 6.

e Fach curve in Qé has 0-distance at least 3—12r from Y%,

e Each curve in M¥"/? that is X
(a) mapped by ¢, to the disk of radius k= in CP! centered at 6 and
(b) has d-distance at least 35 from V¥

has v-distance less than A from some curve in Q.

Proof of Lemma 4.10. Consider first this assertion for the case when 3 = 1.
If only 3 = 1o is considered, then the only issue is that of k’s existence. As
explained next, such a constant exists for any value of r as a consequence
of the fact that the set of curves in M™"/2 with d-distance at least %61’
from the critical point set of ¢, is compact. To start the explanation, let
N = N(r) denote this same compact set. The fact that N is compact implies
the following: Give € > 0, there is a finite collection, Q. C N, such that each
point in A has ?-distance € or less from a curve in Q., and such that each
point in ¢, (N) has distance € or less from a point in ¢, (Q:).

To continue, let 6 € CP!. The fact that N is compact and ¢, is smooth
has the next assertion as a consequence: Suppose that ¢ < ¢; 2. Let D C CP!
denote the disk of radius ¢, € centered on 0. Introduce Q:,p C Q. to denote
the inverse image of D via ¢,. Then any point in N with ¢, image in the
disk of radius ¢ centered on § has d-distance at most ¢ from a point in Q¢ p.
Meanwhile, the fact that each point in Q. is uniformly far from a critical
point of ¢,, has the following consequence: Assume that ¢ < ¢, 2. Then each
point in Q. p has d-distance less than ¢, from a point in M3"/* which is
mapped by ¢, to 6 and which has o-distance greater than %r from Y®. This
understood, replace each point in (). p by a point of the sort just described
and let Qe,é denote the resulting set. Each point in A that is mapped by

ww to the disk of radius € centered on 6 has o-distance less than ¢e from
some point in @), 4. This understood, fix some ¢ < ¢ 2A and set Q, to

denote the corresponding set @)_ 4. Take x to be the maximum of e~ ! and
the number of elements in Q). to obtain the conclusions of the lemma for the
case 3 = 1.

Granted the existence of k for the case 3 = v, the existence of Lemma 4.3’s
map v implies that there are values for x, and k that make the lemma hold
when 3 has distance ;2 or less from ro. Here one uses the fact that points
in the A/ (ﬁr} are uniformly far from the critical points of ¢, to see that
the diffeomorphism v can be modified so that the following is also true: The
restriction to this set intertwines ¢, with ¢, if 3 has distance less than ¢!
from to. U
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Part 4: The contents of this part of the argument are summarized by
the next lemma. The lemma refers to the r-dependent constant s, from
Lemma 4.10.

Lemma 4.11. Givenr > 0 and givens < I€r_2, there exist a constant kK« > K,
so that the following is true: Let 3 € X4_9X denote a point with distance
less than s from w and let ' € X denote a point with distance at least
rs from all entries of 3. Fix a point 6 € CP' and fit § < k2. Introduce
'N’a,r’,é,é C M?¥"/2 to denote the set of curves that have d-distance at least

%r from )*, contain the point x’, and are mapped by ¢, to the disk of radius

6 centered on the point 0. The volume in X of the points that lie on curves
mn ./\/; o 4.5 18 bounded by Ky 02,

Proof of Lemma 4.11. Let x denote the constant that appears in Lemma 4.4,
and then set A = %/1*4. Invoke Lemma 4.10 to obtain a set Q; with the prop-
erties described by the lemma. Let C' denote a curve from Q;. Lemma 4.4
describes a diffeomorphism from the radius «~2 ball in kerc ; onto an open
set in M3"/4 that contains the subset of curves in M¥"/2 with o-distance less
than 2 from C. Let O¢ denote the latter set of curves and let Ocs C Oc¢
denote the subset of curves that are mapped by by ¢, to the radius ¢ disk
centered on 6. Let Oc,s C X denote the subset of points that lie on some
curve from Oc¢ 5. It follows from Lemmas 4.4 and Lemma 4.9 that the volume
of Ocs is no greater than 02

If § < ¢!, then Lemma 4.10 implies that /\G,x’,é,é C (Uceg,;Oc,s)- Given
that there are at most ¢, elements in Qé, it follows from the conclusion of
the previous paragraph that the volume of the set of points that lie on some
curve from J\/;7x,79~76 is no greater than c,02. OJ

Part 5: The next lemma adds some to what is asserted by Lemma 4.2.

Lemma 4.12. Fiz € > 0 and there is a constant, K. > 10'0 with the fol-
lowing significance: Fix a point p € X and an adapted coordinate chart
centered at p so as to identify a neighborhood of p with a ball about the
origin in C?. Let C € M. 4 denote a curve with 0-distance € or more from
Me—M, 4 that contains p. Then C intersects the ball of radius KZ? centered
p as the image of a map from a disk in C about the origin to C? that has
the form u — Ou + t(u) where @ € C* has norm 1 and where v(u) is such
that [t(u)] < Kelul? and |dr|,| < Kelul.

Proof of Lemma 4.12. This follows from Lemma 4.2 given that the set of
curves under consideration has compact closure in M, 4. O

Given r > 0, let x, denote the constant from Lemma 4.10. It is assumed
in what follows that s is less than the minima of s, and (K, /4)~* with K,
the constant from Lemma 4.12.
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Part 6: With (4.8) in mind, suppose that z € X has distance 4s or less
from the entry w of w. It is sufficient to bound the tv € A contribution to
(4.8) when t < 7s2. To this end, it proves useful to separate the integral over
B, into two parts, that where the entry of 3 near w has distance on the
order of ¢ or less from x, and that where the distance from this entry to =
has distance much greater than ¢ from =x.

To make a quantitative statement with regards to the first part, fix for
the moment R > 10% so as to consider the contribution to the o € A term
in (4.8) from the subset of points 3 € 9B,, whose entry, z, near w is such that
dist(z,x) < Rt. A suitable value for R is specified in the next part of this
subsection.

Given that the number of curves in 71(;1(3;1,3:2,3) has a bound that is
independent of x1, x2 and 3, it follows that the sum inside the to € A integral
in (4.8) is bounded by a fixed, ¢ independent constant, ¢y. Meanwhile, the
integral over the allowed set of pairs (x1,z2) is no greater than the square
of the volume of X, thus by ¢y also. Finally, the integral over the region of
B, of interest is no greater than 0054(d_3)R4t4 Thus, the contribution to the
to € A term in (4.8) from the subset of points 3 € By, with dist(z,z) < Rt
is no greater than cos*(4=3) R4¢6,

Part 7: This part bounds the contribution to the w € A term from the
subset of points 3 € B\, whose entry near w has distance much greater than
t from x. As before, use z to denote the entry of 3 in question.

To start the analysis, introduce adapted coordinates (z,w) centered at z
such that their identification of a neighborhood of z with a ball about the
origin in C? makes x the point (9,0) with @ > 0. Keep in mind that ? > ¢; '
dist(z, z) and so 0 > ¢oRt. What follows is a key observation that is used in
the analysis:

If 0 > 10%, then the set of complex 1-dimensional subspaces of C? that
intersect the ball of radius t > 0 centered at x is contained in a disk in
CP! of radius less than cot/0 with center the image of (1,0) in CPL.

(4.14)

Assume in what follows that R is such that 0 > 10%¢.

Let 1 and xo denote points in X that lie on a curve C € M3¥7/2 that
intersects the ball of radius t centered at x. Given that these points appear
in (4.8), their distance apart is at least rs. Keeping in mind that ¢ < 752, this
implies that at least one of them has distance A > ts~! > ¢ from z. No
generality is lost by assuming that this is the point z1. This point also has
distance at least rs from z.

With 3 and z; fixed, it follows from (4.14) and Lemma 4.12 that the set of

curves that contribute to any xo € X version of (4.8) lie in the set /\/; 21.0.8

with # here denoting the image of the point (1,0) and with § < ¢t/0. This
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understood, then Lemma 4.11 has the following consequence: If t/0 < ¢2,
then the volume of the set of points zo € X that can appear in (4.8) with
r1 and 3 fixed as above is no greater than ¢,t2/0%. Meanwhile, with 3 fixed,
the volume of the set of points x; that can appear in (4.8) is bounded by
the volume of X.

Granted the constraint ? > c?t, granted the preceding conclusions, and
given that 9 > ¢; ' dist(z, ), the contribution to the integral in (4.8) from
triples (z1, x9,3) with 3 € B, such that dist(z,z) > ¢t is no greater than

1
(4.15) c,12s4(d=3) — < ttst10,
' dist(-,w)<s dlSt('7 :L')2
Given what is said in Part 6, this implies that w € A contribution to (4.8)
is no greater than ¢,s*~10¢4, O

5. Appendix: Generic almost complex structures

The purpose of this appendix is to supply the proofs to the various propo-
sitions in Section 3.

As a preview for what is to follow, note that the standard proofs of gener-
icity assertions about almost complex structures invoke at some point the
Sard-Smale theorem [Sm]. This is a generalization of Sard’s theorem that
applies to Fredholm maps between Banach spaces. In particular, its appli-
cation requires introducing some sort of Banach space of almost complex
structures on X. It is an unfortunate fact that the space of smooth almost
complex structures on X is not a Banach space. The standard approach
replaces the latter with a space of complex structures with bounded deriva-
tives to some finite, but suitably large order. The Sard-Smale theorem is
then invoked using such a space to obtain a residual set of complex struc-
tures with finite differentiability. This residual set of finitely differentiable
almost complex structures is seen to be a countable intersection of open
sets, each with open and dense intersection with the subspace of smooth,
almost complex structures. As such, its intersection with the set of smooth
almost complex structures is residual in the latter space. This is the usual
route taken to obtain the desired residual set of smooth almost complex
structures, and it is the route used here.

5.1. Moduli spaces of pseudoholomorphic maps. This part of the
appendix sets the stage for what follows by setting up the machinery that is
used in the subsequent parts of the appendix to prove the various genericity
assertions that are made in Section 3. In particular, this first part of the
appendix talks about moduli spaces of pseudoholomorphic maps as opposed
to moduli spaces of pseudoholomorphic subvarieties. Most of what is done
here consists of variations of what can be found with perhaps different nota-
tion in many sources (see, e.g., [McD]). Even so, the detailed discussion
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is warranted by virtue of the fact that pseudoholomorphic subvarieties are
of interest here, and the treatment in the literature focuses for the most
part on pseudoholomorphic maps. The discussion here also uses a ‘Morrey
space’ as the Banach space for maps into X. The norm involves only the L?
properties of the differential of a map; and as a consequence, norm bounds
do not require estimates for higher order derivatives.

The discussion that follows has five parts culminating in Proposition A.1.

Part 1: Fix a smooth, oriented surface of genus k, here denoted by X,
and fix a class e € H?(X;Z). Choose a ‘reference’ complex structure, jo, on
¥ and a compatible area form so as to define a Riemannian metric. Norms
and covariant derivatives are defined using this metric. Select a reference
smooth metric on X for the same purpose.

Fix v € (0,1). The choice of such a constant determines a norm on the
space of smooth maps from ¥ to X. This norm is denoted in what follows
by || - ||«; and it is defined by the rule

(A1) ol =sup sup a [ o2

peX de(0,1] dist(p,-)<d
Here, ¢, denotes the differential of ¢. The next lemma describes the basic
facts needed concerning this norm.

Lemma A.1. There exists k > 1 and given v € (0,1), there exists K, > 1;
and these have the following significance: Let ¢ denote a smooth map from
Y into X. Then the L? norm of ¢, is bounded by k||¢||« and the norm of ¢
in the exponent fv Holder space is bounded by ky||¢|x.

Proof of Lemma A.1. The L? bound on ¢, follows directly from the defini-
tion. The Holder norm bound follows from Theorem 3.5.2 in [Mo].
Given maps ¢, ¢’ from ¥ to X, define their x-distance to be

Dy (¢, ¢') = supdistx (¢(p), ¢’ (p)) +sup sup d‘“/ s — 4|2
pEX pEX de(0,1] dist(p,-)<d

(A.2)

Introduce L,(X.X) to denote the metric completion using D, of the space of
smooth maps from ¥ to X that pushes forward the fundamental class of ¥ as
the Poincare’ dual of e. It is a consequence of Lemma A.1 that maps in this
space are Holder continuous with exponent %v. As a consequence, L (3¢, X)
has the structure of a smooth Banach manifold. Let & C L.(¥¢, X) denote
the subspace of maps that are somewhere 1-1. This is to say that there is at
least one point in the image that has single point in its pre-image. This is
an open set in L, (X, X). Let £ C &, denote the subset of smooth maps.
Let ¢ € &,. Since ¢ is continuous, it pulls back vector bundles over X so
as to give a vector bundle over 3. In particular, p*T'X is a vector bundle
over Y with exponent %v Holder continuous transition functions. Moreover,
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the first derivatives of these transition functions are square integrable on
their domain of definition, and are such that their integral over any disk
of radius d > 0 is bounded by ¢od"/?||¢||s. This understood, the notion of
a Sobolev class L? section of p*T'X makes good sense. More to the point,
there is an infinite dimensional space of sections of ¢*T'X on which the norm
defined by

(A.3) [0][% 5, = sup sup d™* (IVol* + Jof?)
pEX de(0,1] dist(p,-)<d

is finite. The completion of the latter space is denoted in what follows by
L2(2;0*TX). The assignment to any given map ¢ € L. (X, 0*TM) of the
corresponding Banach space L. (X; p*TX) defines a smooth vector bundle
over &,; this its tangent bundle.

Let t. = e-e —c- e and fix an integer m > 10'90,. Let J denote the
Fréchet space of smooth, w-compatible almost complex structures on X and
let J™-denote the corresponding Banach space of m-times differentiable,
almost complex structures. When J € J™, use Tj(1,9)X to denote the (1,0)
part of T X¢ as defined by J. The assignment to a pair (p,J) € & x J™
of Li(X, 9T 0,0 X) for k € {0,1,2} defines an m — 1 times differentiable
vector bundle over the Banach space &, x J™. O

Part 2: Given non-negative integers p and ¢, use T3?% to denote the
space of differentials of type (p,q) on X as defined by the reference complex
structure jg. Suppose that the genus, k, of 3 is greater than 1. Teichmuller
theory asserts the existence of 3k — 3 dimensional complex vector subspaces
in C>(%, Hom(Tol’OE; Tg’lz)) with the following property: Let V' denote the
subspace, and let j denote any given almost complex structure on ¥ whose
derivatives to order m — 2 are square integrable. There is an m — 3 times
differentiable homeomorphism of ¥ that pulls back j as a complex structure
whose forms of type (1, 0) appear in T*¥¢ as the graph of an element
from V' with pointwise norm less than 1. Conversely, any element from V
with pointwise norm less than 1 defines a complex structure on X, this the
complex structure whose forms of type (1, 0) appear in T*¥¢ as the graph
of the given element. In the case k = 1, there exists a 1-complex dimensional
subspace of this sort.

To say a sentence more about the constraints on V/, introduce T )%
to denote the holomorphic tangent bundle of ¥ and identify in the usual
way Hom(TOI’OZ; Tg’lz) with the bundle Tp(; )% ®T8’1E. A vector subspace
V C COO(E,Hom(TOl’O;Tg’I)) will suffice if projection to the cokernel of
9 : C™(2, Ty ,0)) — C=(Z, Toqr0) ®T01’0) restricts as an isomorphism to V.

Fix such a subspace when k > 1 and let Vi denote the set of ele-
ments in this subspace with pointwise norm less than 1. View V; as a
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finite dimensional Banach manifold with tangent space modeled on the vec-
tor space V with the norm given by the supremum norm for sections of
Hom(T, °S; T9').

As noted above, an element in Vi defines a complex structure on . If
j € V1 denotes a given element, the corresponding almost complex structure
on T3 is also denoted by j in what follows. Meanwhile, the corresponding
space of differentials of type (p, ¢) is denoted by Tj(p 93} and the (1,0) tangent
space of Y is denoted by T} o). Note that an element in the tangent space
to V1 at a given j € V] can be viewed in a canonical way as a section over %
of Tj(1,0)® Tj(-)’l. This view is used at times without accompanying remarks.

In the case of genus zero, set V; to be the zero dimensional Banach space.

Part 3: Let (¢, J,j) denote a given element in &, x J™ x V;. Associated to
the triple (¢, J,j) is the Banach space of sections of ¢* 1’7 1) X ®Tjo’12 — X
with norm whose square is given by the version of (A.1) that uses the section
in question instead of ¢,. This norm is denoted by || - ||2;,. The association
of this Banach space to any given triple (¢, J,j) defines an m — 1 times
differentiable vector bundle over &, x J™ x V7. This bundle is denoted below
by V.

What follows describes a canonical, m — 1 times differentiable section of
V. It is denoted by 0, and it is defined by the following rule: If (¢, J,j) is
such that ¢ is smooth, it is the element in C™ (3; p*Tyo,) X ® Tjo’lE) that
is obtained from the section

(A.4) v = (Jlp +0)pu() —i)v

of Hom(TX¢, p*Tj(1,0)X) by restriction to Tj 3. Here, ¢, denotes the
differential of . Note that its definition is such that ¢, intertwines j and J
if and only if 0 =0 at (¢, J,j).

Let P™ denote the zero locus of 0. The implicit function theorem asserts
that P™ is a m — 1 times differentiable Banach manifold on a neighborhood
of any element where 0 vanishes transversely. It is left for the reader to verify
that such is the case along the whole of P™.

The implicit function theorem identifies the tangent spaces to P™ at a
given point (g, J,j). This the space of sections (¢’,J',i") of *T;q 0 X @
End(TX)®V with ¢’ in L, (3;¢*TX) and J' in C™ that obey an equation
that has the schematic form

(A5) (Jp+D) V' (—=0)+ (V) 0u(i—1)+ T 0u(§—1) + (J]p+1i)psi” = 0.

What follows is a consequence of the inverse function theorem: Given
(p,J,j) € P™, there exists § > 0 and an m — 1 times differentiable home-
omorphism with m — 1 times differentiable inverse from the radius § ball
in vector space of solutions to (A.5) onto a neighborhood of (¢, J,j) in P™
that maps the origin to (¢, J,j), and whose differential at the origin is the
identity map.
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To say more about this homeomorphism, and to connect with what is said
in Part 1 of Section 2, let (¢, J,j) denote a given element in P™. A look at
(A.5) reveals that the vector space of elements (¢, J' = 0,j’ =0) in TP™|;
is isomorphic to the subspace of sections of L.(X;¢*T(1,0)X) that obey
a certain first order differential equation given by a Fredholm differential
operator whose domain is the L? completion of the space of sections over ¥
of the bundle ¢*T;(1 g)X and whose range is the L? completion of the space

of sections of (¢*T;1,0)X) ® TjO’IZ. To elaborate, let gp’(l o) denote the (1,0)
part of /. When written in terms of 1, this is the operator that is denoted

by ® in (2.5) with it understood that the complex structure on Cj is that
defined by j. In general, an element (¢, J' = 0,j’) is in TP™|; if and only if

(A.6) 3390,(1,0) + (Il +i)psi" = 0.

The notation used here is admittedly sloppy because j’ in (A.6) is to
be viewed as a section Tjq ) ® T]Q’I. Let ©, denote the operator from
L3(S, " Ty1,0)X) @ V to the Hilbert space L3(3, ¢*Ty )X ® T;7°%) that
is defined by the left-hand side of (A.6). This is a Fredholm operator. Intro-
duce D, to denote the latter operator and let ker(D,) and coker(®,) denote
its respective kernel and cokernel. Note in this regard that this vector space
coker(®,) is canonically isomorphic to the cokernel of the operator D¢ in
(2.9).

The implicit function theorem applied to (A.5) finds a smooth map from
a ball about the origin ker(D.) x TJ™|; to coker(D,) that maps the point
(0, 0) to 0, and with the following significance: Let B denote the afore-
mentioned ball and let f denote the map. Then 0 is a regular value for f
and f~1(0) is homeomorphic to a neighborhood of (i, J,j) in P™ via an
m — 1 times differentiable map with m — 1 times differentiable inverse. This
homeomorphism is the restriction to f~1(0) of a map, ¥, from B into a
neighborhood of (p, J,j) in &, x J™ x V;. To say slightly more about f, note
that it has a Taylor’s expansion of the form

(A7) f(o,J) = forJ' + fioo+---

where fo 1 and fi o are linear maps and the unwritten terms are higher order.
A particularly important point for what follows is that fq ;1 is surjective. Note
also that the tangent space to P™ at (¢, J,j) is isomorphic to the kernel in
ker(D.) x TJ™|; of the linear map (v,.J") — fo1J" + fi,00.

To say a bit more about W, identify a neighborhood of J in J" with
a ball about the origin in the space of m-times differentiable sections of
Hom(T}’OX;TJl’OX). Then ¥ can be viewed so as to send any given pair
(v,J’) € B to an element that can be written as

(A.8) U(v,J') = (¢(v, ), J",j(0,1)).

The following lemma is a useful result concerning the elements in P™.
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Lemma A.2. Suppose that J € J™ has continuous derivatives to order
m’ > m or is infinitely differentiable. If (p, J,j) € P™, then ¢ has continuous
derivatives up through order m' — 2 or is infinitely differentiable as the case
may be.

Proof of Lemma A.2. This follows using standard elliptic regularity tech-
niques as can be found, for example, in Chapter 6 of [Mo]. U

This lemma implies that P"* has a second Banach space topology, this com-
ing from its inclusion in C™2(3; X) x J™ x V4. The upcoming Lemma A.3
asserts that these two topologies are equivalent.

Let P C P™ denote the subset of triples (¢, J,j) such that ¢ and J are
smooth. Introduce 77 : P™ — P™ to denote the restriction of the projection
map from &, x J™ x V;. Lemma A.2 implies that P = 7731 (J). The space P
has a Fréchet topology from the C'* topology on the space of smooth maps
from ¥ to X and on J. It also has the topology coming from the inclusion
in P™. A part of the Lemma A.3 asserts that these two topologies are also
equivalent.

Lemma A.3. The Banach space topology on P™ coming from its inclusion
in the space C™2(%; X) x J™ x Vi is equivalent to that coming from its
inclusion in Ex x J™ x Vy. By the same token, the C*°-Fréchet space topology
on P is equivalent to the topology coming from its inclusion as a subspace
of Ex x J x V1. The C°°-Fréchet space topology endows P with the structure
of a smooth, Fréchet manifold.

Proof of Lemma A.3. The fact that the two topologies on P™ are equivalent
follows from the fact that the elliptic regularity techniques from Chapter 6
in [Mo] control the norms of the derivatives a map from an element in
P™ in terms of the L, norm of the map and the norms of the derivatives
of the almost complex structure. These same norm bounds imply that the
C*° Fréchet topology on P is the same as the topology that comes from its
inclusion in &, x J x Vi. The structure on P of a smooth Fréchet manifold
comes via the implicit function theorem in the same way that the latter
endows P™ with the structure of an m — 1 times differentiable Banach
manifold. ]

Part 4: Tt is a consequence of (A.5) that the differential of the map 77
from P™ to J™ has at all points a Fredholm differential. Set g = %(e -e+
c-e)+ 1. The index of the differential of 77 is ¢ — (¢ — k) if £ > 1. In the
case k = 1, the index is ¢, — g + 2, and in the case k = 0, it is te — g + 3.
As m — 2 is greater than this index, the Sard-Smale theorem [Sm)] finds a
residual set in J™ of regular values. If J comes from this set, then W}l(J ) is
a manifold of differentiablility class m — 1 and dimension equal to the index.

Let de = 1o — (g — k). As argued next, the inverse image of a regular value
of w7 is empty if de < 0. This is an automatic consequence of the definition
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of a regular value in the case when k > 1. In the cases £k = 1 and k = 0, the
inverse image of a regular value has free group action, the torus S* x S' if
k = 1, and the group SI(2;C) in the case k = 0. These actions are free by
virtue of the fact that the maps from X are almost everywhere one-to-one. If
de < 0, then the inverse images in these cases have dimension less than the
dimension of the relevant Lie group. As a consequence, these spaces must
also be empty when d. < 0.

Let (¢, J,j) denote a given element in P™ and introduce the operator
9, that is depicted in (A.6). Identify the tangent space to (¢, J,j) with the
kernel in ker(®,) x TJ™|; of the linear part, (v, J") — fo1J' + fi,00, of the
right-hand side of (A.7). Given the form of ¥ in (A.8), it follows that (¢, J,j)
is a critical point of 77 if and only if the operator ©. has non-trivial cokernel.

Part 5: When j € Vi, use [|j||oo to denote its L> norm when viewed as a
section of Hom(TO1 s TO0 ’1). Given R > 1, introduce as notation P} to denote
the subspace of triples (¢, j, J) in P™ with [|¢||«+ [|j|lcc < R. This is an open
set. In addition, Py C Pg'; and Ugeqi 2, 1 Pr = P™. These sets are the
focus of the next lemma.

Lemma A.4. Fiz Re{1,2,...}. Let J € P™ denote a regular value for the
restriction of my to PR, 1. Then there is an open neighborhood of J in P™
whose elements are reqular values for the restriction of wg to Pg'.

This lemma is proved momentarily.
Given that the set of positive integers is countable, what follows is a
consequence of Lemma A.4.

Proposition A.1. The map w7 between the Fréchet manifolds P and J
has a residual set of reqular values in J .

Proof of Proposition A.1. For any given R, the set of regular values for 7 7’s
restriction to Pg', | is a residual set, so in particular it is dense. This and
Lemma A.4 imply that there is an open and dense set of regular values for
mg’s restriction to PF'. This being the case, there is a C™ open and dense set
of regular values for m;’s restriction to P N Pg'. This set is the intersection
between P and the afore-mentioned open dense set in J™. A C™ open set
in P is, by definiton, a Fréchet open set. A straightforward argument using
mollifiers shows that a C™ open and dense set in P is also open and dense
in the C* Fréchet topology. It follows as a consequence that there is a
Fréchet open and dense set in P of regular values for the restriction of 77
to (P NPE). The intersection of the countable set of integer R versions of
these open and dense sets is the desired residual set. O

Proof of Lemma A.j. Suppose that J € J™ is a regular value for the restric-
tion of 77 to Pi, ;. Let (p,J,j) denote a point in ﬁ}l(J) NP and let D,
denote the operator from L3(X, ©*T70,0X)®V to L (%, gp*TJ(LO)X®le’OE)
that is defined by the left-hand side of (A.6). This operator has trivial
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cokernel, and so there exists § >0 such that if (¢',J’,j’) is in P™ and
D.(p, @)+ |J — Jllcz + i’ —illec < 0, then the (¢, J’,j") version of D,
also has trivial cokernel. Note in this regard that this assertion depends
only on the C? norm of J' — J, not the full C™ norm. Also keep in mind
that the forgetful map from C™ to C? is a compact mapping when n > 1.
Lemma A.2 implies that ﬂ}l(J ) NPg has compact closure in W}l (PR1)-
Granted these last two points, there exists a positive constant ¢ such that
the (¢',J',i’) € P version of D, has trivial cokernel if J" € J™ has C™
distance less than § from J. g

5.2. The topologies on M, and P™. This part starts to explain the
relation between P and the space M, . To set the notation, fix for the
moment an almost complex structure J € J™. As in the case when J
is smooth, a closed set C C X with finite, non-zero 2-dimensional Haus-
dorff measure is said to be a J-holomorphic subvariety if it has no iso-
lated points; and if the complement of a finite set of points in C is a
m — 2 times differentiable submanifold with J-invariant tangent space.
Introduce M. ;|; to denote the space of irreducible, J-holomorphic sub-
varieties whose model curve has genus k. If (¢, J,j) is an element in P™,
then p(X) € M,|s. Conversely, if C' € M, |s, then there exists a map
p: X — X with continuous derivatives through order m — 2 and an
element j € Vj such that (p,J,j) € P™, and such that C = ¢(X¥). In
particular, ¥ with its complex structure defined by j is a model curve
for C.

The space M, | has a topology given by (3.2). As is argued next, this
topology is essentially equivalent to the topology on 7731(11 ) that comes by
viewing the latter as a subset of P". The proposition that follows makes
this precise.

Proposition A.2. Fiz a point (¢, J,j) €P™ and let C=¢(X) denote
the corresponding subvariety in Mey|;. Given € > 0, there exists a
neighborhood, N, of (¢, J.,j) in P™ with the following property: If (¢', J',j’) €
N, then ¢'(X) has 0-distance less than e from C. Conversely, given a
neighborhood, N, of (p,J,j) in P™, there exists € > 0 with the following
property: If J' € w7(N) has C™-distance less than ¢ from J, and if C' €
M |y has v-distance less than € from C, then there exists (¢',)') € E. x Wy
with @' m—2 times differentiable, and which is such that (¢, J',i') € N and
o'(X)=C".

Proof of Proposition A.2. The first assertion follows from the continuity of
the evaluation map from 3 x P™ to X, this the map that sends any given
pair (p, ¢) to ¢(p). The proof of the converse assertion has 10 parts.



212 C.H. TAUBES

Part 1: The arguments are shorter if J is assumed to be a smooth
almost complex structure. To see that it is sufficient to prove only the latter
case, remark that if J is only m times differentiable, there are elements
in P™ as close as desired to (¢, J,j) with smooth almost complex struc-
tures. As explained momentarily, this follows from (A.7) and (A.8). Mean-
while, if (¢, J”,j") is sufficiently close in P™ to (¢, J,j), then the subvariety
C" = ¢"(X2) will lie everywhere very close to C. This understood, it enough
to prove the converse statement of the proposition with (¢, J,j) replaced by
an element in P™ very close to it but with smooth almost complex struc-
ture. The fact that there are elements in P"* with smooth almost complex
structure near any given element (¢, J,j) can be seen as follows: Identify a
neighborhood of J in J™ with a neighborhood of the origin in the space of
m-times differentiable sections of Hom(T}’OX ; Tg’l). Let C denote the affine
subspace in this space of sections that represent smooth almost complex
structures. This affine space is dense in the space of all m-times differen-
tiable sections. Restrict the map f in (A.7) to the subspace of its domain
consisting of points of the form (0, J’) with J’ € C. Given that C is dense,
and given that fo1 in (A.7) is surjective, it follows that there is a finite
dimensional linear subspace Cy C C of dimension equal to that of coker(D,),
whose origin is as close as desired to the zero section of Hom(T}’OX ;T})’l)
and with the following property: The map fo 1 restricts to Cp as an isomor-
phism with inverse bounded by ¢y with ¢y here independent of the distance
between Cyp and the zero section of Hom(T}’OX ;T 3’1) if this distance is less
that ¢y ! Granted that such is the case, it follows by degree theory that
there are elements of the form (0,.J") € f~1(0) with J' € Cy.

The remaining parts of the proof assume implicitly that J is smooth.

Part 2: Fix § > 0 but very small; in particular much less than the distance
between any two singular points of C. Let By C X denote the union of
balls of radius 0 about these singular points. The intersection of C' with
the interior of X — By is a properly embedded J-holomorphic submanifold.
If § is suitably generic, then C' will have transversal intersection with the
boundaries of the closures of By and also Bys for k = 2,3, and 4. Moreover,
C’s intersection with Bys — B(;,_1)5 for each such n will be a disjoint union
of embedded annuli. Assume that such is the case.

Let Cs denote C'N (X — Bs) and likewise define Cys. Note that the integral
of w over Cjs is less than [w] - e by at most cod?. Take § so that this is less
than 1071%9w] - e. Note also the following: Given &y € (0,81), then =1 (Bys)
is contained in the union of disks of radius é; about the ¢-inverse images of
the singular points of C' if ¢ is sufficiently small. Let D(dp) C ¥ denote this
union of disks.

Let N — Cj denote the normal bundle to Cs. There exists £; > 0 such
that if J’ has C™ distance less than ¢ from J, then the constructions in
Section 5d in [T'3] can be used to find ¢’ > 0 and an embedding, exp, from
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the radius ¢’ subdisk bundle in N onto a neighborhood of Cs in X — Us /2
with the following properties:

o [t restricts to the zero section as the identity map.
e The image of each fiber disk is J'-pseudoholomorphic.

(A.9)

Let N5 C N denote this subdisk bundle, and use exp. to identify it with
its image in X.

Part 3: Suppose that ¢/ C X is J'-pseudoholomorphic. If C’ intersects
X — Bj so as to lie entirely in Ng, then it will intersect each fiber disk
with each intersection having positive intersection number. Moreover, the
number of such intersections is the same for each such disk. It follows as
a consequence that C” has precisely one intersection with each fiber disk.
Indeed, if such is not the case, then the integral of w over C’' N By will be
larger than [w] - e and this is not possible since w is positive on each tangent
plane of C’. Granted that C’ intersects each fiber disk once, it intersect
Nys/|c,s as the graph of a section of Ny. Let 7 denote this section. Since ¢
maps ¥ — ¢ 1 (Bys) in a 1-1 fashion to C' — Bs, the composition 7 o ¢ is a
section over X — Bys of "N with pointwise norm less than §. Moreover, it
must obey the inhomogeneous version of (2.14); this an equation of the form

(A.10) Den+rv-0n+ra=ce

where v; and v are as in (2.14) and where the norm of e is bounded by cge
if J' is e-close to J in the C™ topology.

Granted what was just said, the assertion that follows can be proved
using the elliptic regularity arguments of the sort found in Chapter 6 of
[Mo]: If C' has d-distance e < 1074’ from C, then 7 defines an m — 2 times
differentiable section of p*N over ¥ — Bss with C™2 norm bounded by
cse. Here, and in what follows, ¢5 > 1 is a constant that depends on d and
also C, but nothing else of relevance. Its value can be assumed to increase
between consecutive appearances.

The fact that C' N (X — Bss) is the image of n o ¢ implies that the
singularities of C’ are contained in Bss. This understood, the pull back via
not of the restriction of J to T(C' N (X — Bss)) defines a complex structure,
i, on ¥ — ¢ (Bss). Given that the C"™ 2 norm of 7 is bounded by cse, this
complex structure differs from j by an endomorphism of T(X — ¢~ 1(Bs;s))
whose C™~3 norm is bounded by c;se.

Part 4: The subvariety C’ can, in any event, be written as ¢'(X) where
(¢',J",i") € P™. Let £ denote (¢')~1(C" N (X — Bss/z)). The composition
(now) toy is an m — 2 times differentiable homeomorphism between ¥
and its image inside ¥ — ¢~!(Bss). Let 95 denote this map. If e < ¢ ',
then the image of s contains ¥ — ¢~ 1(Bys) and thus ¥ — D(d). Note
that the complement in ¥ of ¥; (X — D(6)) must be a disjoint union of
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embedded disks that contains the points mapped by ¢’ to the singulari-
ties of C’. Moreover, each disk in this union is mapped by ¢’ to a compo-
nent of Bys. Let D’(dy) denote this union of disks. The map s sets up a
1-1 correspondence between the disks that comprise D(dp) and those that
comprise D’'(dp) by identifying the boundary circles of these two sets. Keep
in mind that the maps ¢ and ¢’ send partnered components of D(dy) and
D'(8p) to the same component of Byg.

The task ahead is to extend the map 7o ¢ over each component of D(d)
in a controlled fashion. This is done in this part and in Parts 5-7 to come.
The following notation is used here and in Parts 5-7. The symbol D denotes
a component of D(dy), and D' C D'(dp) the partner of D.

Suppose first that ¢|p is an embedding. In this case, the exponential map
expc can be extended across D and likewise the section 7. This done, then
¢'(D") can be written as exps(n o ¢). Granted this, no generality is lost by
assuming in what follows that the differential of ¢ vanishes at the center of
each component of D(dp).

It is necessary to find a new parametrization of ¢(D) and likewise ¢'(D").
The desired parametrization of D is described by the next lemma. This
parametrization involves a new choice of coordinates for a neighborhood of
the singular point of ¢ (D).

Lemma A.5. Given J and C, there exist k > 10* and an integer n > 1
with the following properties: Suppose that A < k= and that J' has C™
distance less than A from J. There are m — 1 times differentiable, complex
coordinates (z,w) centered at p(0) such that

e The coordinates are valid where both |z| < k™1 and |w| < k1.
o The w = 0 disk is J'-pseudoholomorphic, as are the constant z disks.
o The bundle T},l’o) is spanned by the 1-forms

dz —adz and dw — ydz

where o and v are m — 1 times differentiable functions that vanish on
the w = 0 locus and otherwise obey |a| < ¢y, |y < ¢yt |da| < e
and |dv| < ¢p.

e The subvariety o(D) intersects the |z| < k™2 part of this coordinate
chart as an m — 1 times differentiable map from a disk in C about the
origin of radius bounded by k=2/™ that has the form

u— (z=u"(14+r;),w=u"ty)
where |t;| < A and |dv,| < KA; while v, < A and |dvy,| < KA.
Proof of Lemma A.5. Coordinates of this sort are obtained using the argu-
ments in Section 5d of [T3]. To elaborate, let p denote the singular point in

¢(D). Fix an orthonormal frame for Ty(; )|, so as to identify the space of
1-dimensional subspaces through the origin in Ty o], with CP!. What is
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said in Section 5d of [T3] can used to associate to each § € CPP! an embedded,
pseudoholomorphic disk with center p and tangent plane 6 at p. Moreover,
each such disk will intersect the closed, radius ¢y ! ball centered at p as disk
and intersect the boundary transverally. Finally, any two 6 # 6" disks will
intersect only at p. Each such disk has a finite number of intersections with
(D), each with positive intersection number. Use n to denote the mini-
mum of these intersection numbers. Fix # € CP! whose disk has intersection
number n.

Use what is said in Section 5d of [T3] to find complex coordinates, (z,w)
centered on p, defined for |z| < ¢y and |w| < c; ' and such that the following
is true: First, the bundle T }’0 is spanned by dz — adz and dw — gdz where
a and g vanish on the w = 0 locus, and are such that their derivatives are
bounded in norm by c¢y. Second, dw|, vanishes on the complex line §. Note
that it follows from the form of this basis for T}’O that the w = 0 disk is J-
pseudoholomorphic, as are the constant z disks. Finally, each such constant
z disk has intersection number n with ¢(D) and each of these intersections
will have intersection number 1.

Granted the preceding, and granted that dz — adz is a form of type (1,0)
it follows that the function z, = z(¢(-)) must obey the equation

(A.11) dz, — a0z, = 0.

Because a = 0 where w = 0, there exists a holomorphic coordinate, u, that
is defined on a neighborhood of the center of D with u = 0 this same center
point, and is such that z,(u) = u™(1 +t,) where |t,| < ¢y '|u| and |dr,| < co.
The proof that this is the case is an exercise using Taylor’s expansion given
that (A.11) implies via Aronzajn’s unique continuation principle [A] that
the function u — z,(u) cannot vanish to infinite order at any point.
Meanwhile, let w, = w(p(-)). Then |w,|(u) must be bounded by co|u|™
because of the minimality of n. Furthermore, given that dw — gdz is of
type (1,0), the function w,, obeys the analog of (A.11) with a replaced by g4
and with only the left most z, replaced by w,. Given that v also vanishes
at the origin, a Taylor’s theorem argument shows that w = c(u™** + t,)
where ¢ € C — 0, k is a non-negative integer and [t,| < co|u|*T*t! and
|dvy,| < colu/"t*. Note that k must be finite or else ¢ will map D as a
multiple cover onto the w = 0 locus, and this is forbidden because ¢ is
assumed to be almost everywhere 1-1. (Keep in mind here that distinct J-
holomorphic subvarieties cannot be tangent to infinite order.) If £ = 0 it
is necessary to take a different choice for 6. To explain, the linear change
of coordinates to 2 = z and @ = w — ¢z makes @’ = ¢/(u"* 4 ¢’) where
k > 0 and where ¢/ # 0 and |¢/| < colu["™* 1. Even so, the o/ = 0 disk
will no longer be J-holomorphic. However, the constructions in Section 5d
of [T3] can be used to construct a different version of #/, this given by
w =w—cz+0(z) with || < colz|? so that the / = 0 disk is J-holomorphic.
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Given that J’ is sufficiently close in the C?" norm to J, the construc-
tions in Section 5d of [T3] can be used to perturb the coordinates to get
coordinates (z,w) which are as described by the lemma. O

Part 5: This part begins the task of constructing the desired coordinates
for ¢/(D’). The basic construction is, to some extent, similar to what was
done in the previous part of the proof for ¢ (D). There is, however, the added
complication that ¢/(D’) may have more than one singular point.

To start, let D, C C denote a disk about the origin that is contained in
the disk from the fourth bullet of Lemma A.5. The latter disk is where the
coordinate u from this fourth bullet is defined. Use p in what follows to
denote the radius of D,. No generality is lost by assuming p < 1074y and
p < d. The freedom to choose p conveniently and in particular small will be
exploited in the subsequent discussions. These discussions use K, to denote
a constant that is greater than 10* and that depends on p, C, and J, but not
on J' nor C'. The value of K, can be assumed to increase between subsequent
appearances. On the subject of parameters, the discussion that follows will
also involve a parameter r, this with values in (0, §p). The discussion uses ¢,
to denote a positive constant that depends on r, C, and J, but not on either
C’ or J'. This constant e, can be assumed to decrease between successive
appearances.

In what follows, D, is identified with its image in D via the coordinate
map. Let A\: D, — C? denote the map depicted in this same fourth bullet
of Lemma A.5, and use z): D, — C to denote the composition of first A
and then the coordinate function z. Introduce U C C to denote z)(Dx).
The fourth bullet of Lemma A.5 asserts that U contains the disk about the
origin of radius p"(1 —c¢™1) and is contained in the concentric disk of radius
(14 ¢ 1) where ¢ > 10%.

Consider now (z0¢") "1 (U). If & < ¢;*, then (z0¢')"}(U) is an embedded
disk in D’ with m — 3 times differentiable boundary. This follows from the
fact that the section 7 is defined on D—-D, ife < k;l. The Riemann mapping
theorem finds a m — 3 times differentiable homeomorphism o : D, — (z o
©")~1(U) so that the composition, ¢’ oo, is a J’-holomorphic map from D to
¢'(D’). Let X' denote the latter map and introduce zy to denote z o \'. This
zy, like zy, is also a function on D, with image equal to U. By composing
N with a suitable Mobius transformation of D,, a version of zy/ can be had
that maps the origin in D, to the origin in U. This condition on A\’ and zy/
is assumed in what follows as it plays an important role.

To say more about zy/, note that given r € (0,87 !p), there exists &, with
the following significance: If € < ¢,, then the critical values of zy, must lie
in the disk of radius 7™ centered on the origin. This again follows from the
fact that the coordinate z on D’ where |z| > r looks very much like that on
D for the reason that this part of D’ is parametrized by 7 o ¢ if € is small,
which is to say less than e,. For this same reason, the function z) on the
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annulus in D, where |zy/| > r has a single valued nth root which gives a
bonafide coordinate on this annulus. The latter coordinate plays a role also
in what follows.

Lemma A.5 also supplies the coordinate w for its neighborhood of ¢(0).
Introduce wy/ : Dy, — C to denote the composition w o X. Use as and 7y
to denote the respective C-valued functions on D, that come by composing
the respective functions « and ~ from the third point of Lemma A.5 with
the map \. Given the basis for T Jl,’o in from the third bullet of Lemma A.5,
it follows that the pair (zy/, wy) must obey the equations

(A.12) Ozy —ax0Zy =0 and Owy —yv0Zy =0

on D,. Note that both a;y» and 7y are bounded in absolute value by co|wy/|.
d

This last equation leads to the following lemma concerning the size of the
derivatives of zy, and wy.

Lemma A.6. There exists k > 1 with the following significance: Suppose
that J' has C?™ distance less than k' from J and that p < k~2. Suppose in
addition that € < p™. Then the functions zy and wy on the radius %p disk
i D, centered on the origin obey

o] + ] + plldzx]| + [dwy]) < "

Proof of Lemma A.6. The bound on the absolute values of z) and wys follow
from the fact that z), and w) obey similar bounds. To see about the bounds
on the higher derivatives, reintroduce the functions a and ~ from the third
bullet in Lemma A.5. The functions ays and s are obtained from the latter
by evaluating them at z = zy and w = wy/. This understood, and given
the bounds on the norms of zys and wys, the bounds on the derivatives
follow from (A.12) using the elliptic bootstrap arguments from Chapter 6 in
[Mo]. O

Part 6: This part constitutes a digression for two results about quasi-
conformal maps that will be used in conjunction with (A.12) to say more
about z). The first lemma refers to the hyperbolic radius of a disk in D,.
This is the radius as measured by the hyperbolic metric on the disk D,
this the metric obtained from the unit radius disk in C with line element
(1 — |u|?)~Ydu| via pull-back by a holomorphic diffeomorphism from D,
that maps the origin to the origin. The hyperbolic radius has the advantage
of being invariant under the action of the group, SI(2; R), of holomorphic
diffeomorphisms of D,.

Lemma A.7. Given d € (0,1), there exists a constant k > 1 whose signif-
icance is given in what follows. Fix r < %p and let U, C U denote the disk
of radius ™ centered on the origin. Suppose that x : D, — U is a twice dif-
ferentiable map with the following three properties. First, x restricts to the
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boundary of Dy as a degree n—1 covering map of the boundary of U. Second,
x is such that |0x| < (1 — d)|0z| at all points in Ds. Finally, the critical
values of = lie in U,. Then x~*(U,) is contained in a disk with hyperbolic
radius less than k(r/p)%4=2p.

Proof of Lemma A.7. Let A, = x=Y(U — U,.). This is a topological cylinder
with C! inner boundary and outer boundary that of D,. Meanwhile, the
Riemann mapping theorem finds s € (0,1) with the following significance:
Let U C C denote the annulus centered at the origin with outer radius 1 and
inner radius s. The Riemann mapping theorem finds a holomorphic, degree
n covering map, g: U — U — U,. Note that s ~ p~ 7 because the boundary
of U is nearly a round circle of radius p™. It follows from the path lifting
property of covering spaces that there is a lift, #: A, — U such that z = goz.
The map Z is 1-1 and so a uniformly, quasi-conformal homeomorphism from
the domain A, to the domain U. Indeed, given that g is holomorphic, the
chain rule finds |02 < (1 — d)|0%|.

The Riemann mapping theorem also finds s’ € (0,1) and a holomorphic
homeomorphism to A, from the cylinder A ¢ C with outer radius 1 and
inner radius s'. It is a consequence of Theorem 7.1 in [LV] that

(A13) 5l log(s)] < 1os(s)] < 2= 1og(s)].
The number 5-|log(s’)| said to be the modulus of A,. This understood, and
given that r/p < 1, then what is claimed by the lemma follows from the
upper bound (A.13) using the inequalities given in Theorem 2.4 in [McM]
that relate the hyperbolic diameter to the modulus. O

The next lemma states the second of what is needed from quasi-conformal
mapping theory. The lemma uses D, to denote the closure in C of the disk
D,.

Lemma A.8. Fize >0 and 0 < p/ < %,0. There exists constants ki, ko >
100 with the following significance: Suppose that A C D, is a closed annulus
with outer boundary that of D, and with C! inner where |u| < %p’. Suppose
in addition that u: A — D, is a twice differentiable, 1-1 embedding whose
image is the annulus in D, where ko' < |u|, and is such that |Ou| < ry | Oul.
This function u must restrict to the annulus in D, where p' <|u| < (1 —¢)p
s0 as to have the form u(u) = Ou + v with [0| =1 and with |v| < .

Proof of Lemma A.8. Suppose that no such constants exist. There would in
this case exist numbers € and p’ as in the statement of the lemma, plus
sequences {Ay C D,}r—12,.. and {uy}r=12 . of the following sort: First,
each Aj is an annulus of the sort under consideration. Meanwhile, each
up: Ax — D, is a map as described in the statement of the lemma, and in
particular one that sends Ay, to the annulus in D, where k~!p’ < |u| and is
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such that |Oug| < k71|0uy|. It follows from Lemma A.7 and what is said in
Chapter IL.5 of [LV] that the sequence {uy} will have a subsequence (hence
renumbered consecutively from 1) that converges uniformly in the C° and
Liloc topologies on compact subsets of D, — {0} to a 1 — 1 holomorphic self
map of D, that sends 0 to 0. The latter must have the form u — 6u for
6 € C having norm 1. It follows as a consequence that |u; — fu| < e for all

k sufficiently large on the annulus where p’ < |u| < (1 —€)p. O

Part 7: Since zy obeys the equation on the left hand side of (A.12) with
lay| < 1, when p < 05_1 and ¢ < &, Lemma A.7 can be applied to see
that the critical points of zy lie inside a disk in D, centered at the origin
with radius no greater than co(r/p)®/%p. This said, fix 7 < calp to guarantee
that these critical points lie inside the disk D,, C D, with radius 10_4p.
View zy as a C-valued function on D, — D,,, and it follows that the latter
has an nth root that gives a bonafide m — 2 times differentiable coordinate
for D, — D,. Use uy to denote this coordinate. It is a consequence of the
left-hand equation in (A.12) that the map u — wuy (u) obeys

— n—1
(A14) gu)\/ — <U/\/> 5ﬂ/\/ =0.

Uy
This equation is used in conjunction with Lemmas A.6-A.8 to prove

Lemma A.9. Given 6, p, and also €1 > 0, there exists ko > k1 > 100 with
the following significance: Suppose that J' has C™ distance less than /{fl
from J, that p < nl_l, and that C' has 0-distance less than I<L2_1 from C. Then
uy (u) has the form uy (u) = Ou+t on the annulus where 10™4p < |u| < Zp
with 6 € C having norm 1 and with |t| < 1 and |dv| < e;.

Proof of Lemma A.9. Tt is a consequence of what is said in Lemma A.6 that
the function ay in (A.9) has absolute value no greater than p"™ when € < p™.
As noted earlier, given r > 0, there exists €, > 0 such that if ¢ < &,, then
zy has none of its critical values where r"™ < |zy/| < p™. This and what was
just said about «ay imply via Lemma A.7 that zy, has no critical points on
the part of D, where co(r/p)/®p < |u| < p. Given this last fact and the
aforementioned bound on |ay/|, Lemma A.8 supplies constants ¢1, c3 > 1
such that if p < cfl and € < cgl, then uy, can be written on the annulus
where 107°p < |u| < 13p as uy(u) = u + t where 6 € C has norm 1 and
|t| < 1. This understood, it remains yet to bound |dry|. To do so, use (A.14)

to see that v obeys an equation of the form

B 2\ 1-1/n 2y 1-1/n
(A15) Bt—a,\/< /\> 8t—0[)\/< A) 0 =0.

ZA/ Z)\/

Let a denote the function that appears in the third bullet of Lemma A.5.
Given that ay = a(zy, wy), given the first derivative bounds from Lemma
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A.6, and given that [t| < £1, the elliptic boot-strapping techniques from
Chapter 6 in [Mo] applied to (A.15) give the desired bound on |dt|. O

Part 8: Compose that map u — (zy,wy) with a rigid rotation of the
disk so as to make the constant # from Lemma A.9 equal to 1. Use the same
notation, zy and wys for the result of this composition.

If p < cal, ifr < calp then there is a constant, ¢, > 0 such that if ¢ < &,
two parametrizations of the 2"1074"p" < |z| < ()" part of D’ are available.
The first is via the map

(A.16) u— (z=2\(u) + n:(uw), w = wy(u) + ny(u)).

where 7)., 1y, and their derivatives to order m — 3 are bounded by c,e. The
second is via the map

(A.17) u— (2 =2y (u),w =wy(u)
The latter has the advantage that it extends over the whole of D,. The plan
is to use this extension to extend (A.16) over D, too.

The first step in this task uses Lemmas A.5 and A.9 to bound the distance

between their respective images. In particular, these lemmas assert that the
z-coordinates of the images by these respective maps can be written as

(A.18) u— 2x\(u) +n(u) =u"+e and u— zy(u) =u"+¢
where |e| + |¢/| can be assumed bounded by 10719p" and |de| + |de’| can be
assumed to be bounded by 107197p" =1 if p < cgl and € < calpn.

Granted (A.18), the parametrization of the 1073" < |z < (2)" part of D’
given by the map u — (zy/(u), wy (u)) can be composed by a rigid rotation,
u — Au with A" =1 so that

(A19) () +7:(u) = 2x(0(w) and  wa(w) + 7 (w) = wy(v(w))
where u — v(u) is a map that has the form v(u) = u+3(u) with |31 < 1070

and |d3| < 10710, As a consequence, the parametrization given by (A.16) can
be extended by writing it as

(A.20) u— (z=zy(u+ Bp3(u), w = wx(u+ Bp3(u))

where u — 3,(u) is given by B(p~!|u|) where 8: [0,1] — [0,1] is a smooth
function that equals 1 on [%, 1], equals 0 on |0, i] and is such that |df] < 8.

Use ¢¢ : ¥ — €’ to denote the parametrization that results by construct-
ing just such an extension for each component of D(dy).

Part 9: 1t is a consequence of what is said in Part 3 that the restriction
of the map ¢ to ¥ — (Upcp(sy)D+) has Ly distance at most K e from ¢’s
restriction to this same domain if € < KP_Q. Meanwhile, if p<c(5_1 and if
€< Kp_Q, it follows from Lemmas A.5 and A.6 that the restriction of ¢® to
where |u| < 2p in any disk D C D(dp) has L, distance at most cop® from
©’s restriction to this same domain. It follows as a consequence that ¢ has
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L, distance bounded by cop® from ¢ on the whole of ¥ if p < cgl and if
e< K.

It remains yet to investigate the distance from the complex structure, j,
to the almost complex structure on ¥ that makes ¢ a J’-holomorphic map.
Let ¥ denote the latter. View both j and j as sections over 3 of End(TY).
Viewed this way, Part 3 says that the C"~2 norm of j — j¢ is bounded by
Kp_le on ¥ — (Upcp(sy) D)

Now let D C D(8) so as to consider j —j¢ on the |u| < 2p part of D.
Consider first the behavior of j. The fourth item in Lemma A.5 implies the
following: Given A > 0, there exists Ra > 1 such that if J’ has C*™ distance
less than 1/Ra from J, then

s (eg)w 2

Meanwhile, (A.12) and Lemma A.6 imply that there exists Ry >1 such
that if p < 1/R/,, then (A.21) also holds with J’ replacing J and with
©® replacing . These two versions of (A.21) with what was said in the
preceding paragraph imply that |j —j¢| < cpA.

Part 10: Introduce the reference almost complex structure jy from Part 2
of Section 5.1 of this Appendix and the corresponding decomposition T%¢ =
T&’OEEBT(?’IE into forms of type (1,0) and (0, 1) as defined by jo. This done,
view j and also j¢ as homomorphism from TO1 % to Tg 1% with everywhere
norm less than 1. The homomorphism j comes from the disk Vj, but this
is not necessarily the case for j*. The next lemma is used to deal with this
event. This lemma refers to the D, distance between self maps of Y. This
distance is defined as in (A.2) using ¥ in lieu of X.

0
| <A
S06711,‘_

Lemma A.10. Given an almost complex structure, j, from Vi, and given
T > 0, there exists kr > 1 such that the following is true: If i* is an m —
3 times differentiable almost complex structure on ¥ with |j —j*| < k=1,
then there exists a homeomorphism of ¥ which is m — 3 times differentiable
with m-8 times differentiable inverse, with D, distance at most T from the
identity, and that pulls back i* to a complex structure given by an element

in V1 with distance at most T from j.

Proof of Lemma A.10. Let exp: T — 3 denote the metric’s exponential
map. The desired homeomorphism will have the form exp(v) where v is a
suitably chosen section of T%.. To elaborate, a map from X to itself of this
sort will pull back j# to give an element from Vj if the (1,0) part of v obeys
an equation with the schematic form

(A.22) Ovip+ (1 —My)a=0
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where the notation is as follows: First, ITy is the L? orthogonal projection
to V. Second, a is a section of T0(10)% @ TOODY, that is determined apriori
by v, j and j#; it obeys

o [a] < (1= )[v] + cosupy [j — j*],

o lafv] —a[']] < (1 =g H)A(v — )| + colv — v'[ | Vo]

(A.23)

Granted (A.23), a straightforward construction using the contraction map-
ping theorem in conjunction what is said in Theorems 3.5.2 and 5.4.2 in
[Mo], and in Chapter 6 in [Mo], finds a Holder continuous section, v, of T'Y
such that exp(v) gives the desired homeomorphism. O

Given 7 > 0 this lemma can be applied with j# = j¢ when A from Part
9 is less than ¢, Lyr. Let 4™ denote the resulting homeomorphism and let j™
denote the resulting almost complex structure. Then (¢ o 97, .J",i7) € P™
is such that ¢ o 4™ maps ¥ to C’ and has D, distance at most co(7 + p?)
from . Meanwhile, and j™ — j has norm less than 7.

This last conclusion implies what is asserted in Proposition A.2.

5.3. The manifold structure on Mg . This part of the appendix focuses
on the manifold structure for the space M, ;.. The discussion contains proofs
for Proposition 3.2 and 3.3.

To start, fix J € J™ and introduce M, |; as defined in the previous
part of this appendix. The first task is to define the coordinate charts in
M. k| s that give the latter its manifold structure when J € J is from a
suitable residual set. As explained below, this set can be taken to be the set
of regular values for the map 7. In any event, fix a subvariety C' € M, |s
and a point (g, J,j) € P™ such that ¢(3) = C.

Lemma A.11. Suppose that k > 1. Then there exists a neighborhood in
W}l(J) of (¢, J,j) such that the map from the latter to M. | defined by the
rule (¢, J,i") — ¢'(X) defines a 1-1 homeomorphism onto an open neigh-
borhood of C. In the case when k =0 or k = 1, this map is 1-1 up to the
action of the group of j-holomorphic diffeomorphisms of 3.

By way of explanation with regard to the £k = 0 and k£ = 1 cases, note
that in the case k = 0, the vector space V is zero dimensional, and there is
just a single complex structure to consider, j. Let (¢1,J,j) denote any given
point in P™. Then composition of 1 with a j-holomorphic diffeomorphism
of S? produces a new element, (2, .J,j) € P™ such that ¢1(X) = po(2). To
say something about the case k = 1, fix an element (¢1,J,j1) € P™. There
exists now a 2-dimensional torus of ji-holomorphic diffeomorphisms of ¥;
and any such diffeomorphism can be composed with ¢ to produce a new
element (¢2,J,j1) € P™ with ¢1(2) = 2(X). If 51 is sufficiently close to j in
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V1, then the respective groups of j; and j-holomorphic diffeomorphisms are
canonically isomorphic. Such an isomorphism is used to define the action of
the space of j-holomorphic diffeomorphism on a neighborhood of (¢, J,j) in

W}l(J).

Proof of Lemma A.11. The existence of a neighborhood of (y,J,j) that
maps onto a neighborhood of C follows from Proposition A.2. Proposition
A.2 asserts that the map in question is an open map. It remains only to
establish that the neighborhood can be chosen so as to guarantee that the
map is 1-1. To see why this is, suppose that (¢1,J,j1) and (@2, J,j2) are both
close to (¢, J,j) and are such that ¢1(X) = ¢2(X). In particular, suppose
that € > 0 has been specified and that Dy (¢, ¢1)+|]i—i1||cc < &, and (2, j2)
obey this same inequality. This being the case, the map ¢; can be written
as exp,(y}) where exp: TX — X is the metric’s exponential map and vy
is a section of p*T'X with norm ||¢}]12. < coe. Likewise, the map ¢y is
defined by a corresponding section, ¢, of *T'X. Let D, denote the (g, J,))
version of the operator in (A.6). It follows from what is said surrounding
(A.7) and (A.8) that the pair (¢ —¢),j2 —j1) can be written as v+ v where
v =(¢,j) € ker(D.) and o = (¢”,j") obeys

(A.24) 1" 11,200 + 11" lloo < cocll&]l1,20-

To continue, let 1 denote the (1,0) part of ¢'. To say that v € ker(D.,)
asserts neither more nor less than the fact that (n,j’) obeys (A.6). This
understood, let A C ¥ denote the set of critical points of ¢. Write p*T'X on
C — A as the direct sum N @ N+ as in Part 2 of Section 2.3 and write ® in
block diagonal form with respect to this splitting as done in (2.11). Write n
as 1 = (no,n1) with 79 a section of N and with 7; a section of N+. Given
that ¢1(X) = ¢a(X), the following is a consequence of (A.24): Fix § > 0
and let D(0) C C denote the union of the disks of radius ¢ with centers at
the points in A. With § fixed, then the norm of 19 on C' — D(§) must be
everywhere much less than that of n; if € is small. In particular, given § > 0
and 7 > 0, there exists €5, > 0 such that if ¢ < g5, then it must be the
case that |ng| < 7|n1| at all points in C' — D(9).

To see what to make of this, note first that (2.11) and (A.6) imply that

* |[i'lloc < cs7ll€l]1,2005
o |0n1| < csT|m| at all points in C — D(J).

(A.25)

Given that the operator ® in (2.5) is elliptic, and given (A.6), the first
bullet of (A.25) prevents ¢’ from having the preponderence of its L? norm
concentrated in D(d). Given the second bullet in (A.25), this is possible
when § < ¢yt and T < ¢y * only if 1, differs by less than ¢ *||n1]]1.2. from
its L? orthogonal projection to the kernel of 9. This means that 7, = 0 when
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the genus, k, of ¥ is greater than 1; for ker(d) = 0 in this case. Granted this
and the remarks in the preceding paragraph, this implies (¢’,j’) = 0 when
€< cal. This is to say that (¢1,j1) = (p2,)2).

Consider next the case when k = 0. In this case, ¥ = S? and there is just
a single complex structure up to diffeomorphisms. This the case, V = {0}
and j; = j2 =j. Composing @9 with a j-holomorphic diffeomorphism results
in a J-holomorphic map with the same image as the original. This group of
holomorphic diffeomorphisms is generated by the elements in the kernel of
0. This understood, composition of ¢y with a suitably small diffeomorphism
produces a version of 7; that is L? orthogonal to the kernel of 0 and thus is
equal to zero. This version of 9 is therefore equal to ;.

Consider next the case of £ = 1. In this case, the map @2 can be composed
with a suitablly small normed, jo-holomorphic diffeomorphism of ¥ so that
the resulting version of n; is again L? orthogonal to the kernel of 9. The
result of this composition makes @9 equal to ¢; and so jo =j; as well. [

This last lemma plays the central role in the

Proof of Proposition 3.2. What follows proves the proposition also for the
cases when J € P after modifying the assertion about the manifold struc-
ture as follows: The manifold structure is of differentiability class m — 1.
Consider first the case when k > 1. Fix (¢, J,j) € P™ so that ¢(¥) = C.
Then ¥ with the complex structure j is the model curve. Lemma A.11 finds a
neighborhood of (¢, J,j) € ﬂ}l(J ) on which the map that sends an element

(¢, J,j) € 71'51 to ¢'(X) defines a homeomorphism to a neighborhood of C
in Mck|s. Use ®; to denote the latter map.

Meanwhile, it follows from what is said in Part 3 of Section 5.1 of this
appendix that there exists such a neighborhood that is homeomorphic to the
zero locus of an m—1 times differentiable (or infinitly differentiable if J € P)
map from a ball about the origin in the kernel of D¢ to the cokernel of .
Moreover, the latter map sends 0 to 0, and the homeomorphism in question
sends 0 to (¢, J,j). The map from the ball in kernel(D¢) is the restriction of
f in (A.7) to elements of the form (v,0), and the relevant homeomorphism
is the restriction to such elements of the map ¥ in (A.8). This restriction is
denoted in what follows by W ;.

If ®¢ has trivial cokernel, the domain of the homeomorphism ®; o ¥ is
a ball about the origin in a vector space of dimension ¢, = e-e —c-e. As
a consequence, this homeomorphism defines a coordinate chart for a neigh-
borhood of C. To see that the coordinate transition function between two
such charts is suitably differentiable, remark first that the inverse function
theorem gives W}l(J ) the structure of an m — 1 times differentiable man-
ifold (or infinitely differentiable if J € P) at the points (¢, J,j) where the
cokernel of D is trivial. The manifold coordinate charts are given by the
homeomorphism W ;. As a consequence, the coordinate transition functions
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for two such overlapping charts in 77}1(,] ) are m — 1 times differentiable
or infinitely differentiable as the case may be. This implies directly that
the corresponding coordinate transition functions between the intersecting
coordinate charts in M, | are also m — 1 times differentiable or infinitely
differentiable.

The arguments in the cases when k = 0 or kK = 1 are essentially identical
to those above with the proviso that one must take into account that the
holomorphic vector fields on ¥ define elements in the kernel of the operator
®¢. This is done by viewing ®; o U ; as a map from a ball about the origin
in kernel(Dc)/kernel(d) to a neighborhood of C' in M, |;. This change
requires mostly cosmetic modifications to the arguments given above and so
the details are omitted. g

Proof of Proposition 3.3. This proposition is also proved for the case when
J is replaced by J™ but for the modification to read that M.|s is a
manifold of class m — 1. The proposition follows from Proposition 3.2 if all
C € M, versions of D¢ have trivial cokernel. This is guaranteed if J is
a regular value of the map 7 7. The Smale-Sard theorem [Sm]| guarantees
that this is so for almost complex structures from a residual set in J™.
Proposition A.1 guarantees that this is so for almost complex structures
from a residual set in J. O

5.4. Proof of Proposition 3.5. The proof that follow for Proposition 3.5
also prove the assertion for the J € J" versions of M, ;| ; with it understood
that the adjective ‘smooth’ should be replaced by ‘m—2 times differentiable’.

To start, fix C' € M, |; and an element (yp, J,j) € P™ such that p(X) =
C. Consider first the case when k > 1. The arguments in the previous
part of the appendix establish the following: There is a neighborhood N C
P™ with an embedding, ¥;c, onto a neighborhood of C' that maps the
element (¢, J,j) to C. The embedding sends any given (¢, J,j) to ¢'(2).
Use ¥ ;¢ to identify N with U ;c(N) C Mg|s. Define next a map, 9 :
N X (x4X) — x4¢X by the sending a given element ((¢’, J,j); (p1, .., pa)) to
(@ (p1), - ¢ (pa))- Introduce Gy C (N x (x4X)) xq X to denote the graph
of this map; it is a codimension 4d submanifold, thus a manifold of dimension
te+2d. The map from Gpr to N x (x4 X) is a suitably differentiable (m-2 times
or infinitely as the case may be) map onto a neighborhood in M, j, 4| of its
intersection with the submanifold {C'} x (x4X) in M ;% (x4X). Note in this
regard that the map from G restricts as an embedding onto its image from
a suitable neighborhood of any point (C, (p1,...,p4)), (¢(p1),-..,e(pa)) if
no entry of (p1,...,pq) maps to a singular point of C.

The collection of the maps just defined give M,y 4|; the structure of
codimension 2d image variety. The fact that this image variety is a subman-
ifold when k = g follows from the final remark in the preceding paragraph
because all subvarieties in M., are non-singular.
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The story in the case £k = 0, 1 is analogous but for the necessity of
replacing the neighborhood N with the a ball in the quotient of the kernel
of D¢ by the subvector space consisting of the kernel of 0.

5.5. Proof of Proposition 3.6. The m;_s-inverse image in M, q of a
point v € x4 X is as asserted if w is a regular value the map v : P x
(Xg—2%) — X4_2X. This understood, then the first claim by the proposition
follows because the set of regular values of a smooth map between finite
dimensional manifolds is a residual set. It proves convenient to prove the
remaining assertions, those of the four bullets, in reverse order.

To prove the fourth bullet, use Proposition 3.5 to conclude that M, ;4o
is a smooth manifold. The bullet now follows because the set of regular
values of a smooth map between smooth, finite dimensional manifolds is a
residual set.

To start the proof of the third bullet, reintroduce the set X’ from the proof
of Proposition 1.1 in Section 4.1. Given Z C X, reintroduce also Mz =
X (et kyezMe p and Mz g C Mz x (x4X). Recall that the latter is the
subspace whose elements are of the form ((C1,...,Cy), (z1,...,24)) with
{Zm}1<m<d € Ui<i<nCi. Here, n denotes the number of elements in =. As
noted in the proof of Proposition 1.1, the set Mz 4 C Mz x (x4X) is a
codimension 2d image variety that is given as the image of a map from a
manifold whose dimension is 2d more than that of Mz=. Use Pz 4 to denote
this manifold and use pz 4 to denote the corresponding map. The set of points
in x4_2X that are regular values for every = € X versions of pz 4 0 T4—2
is a residual set. Take w is from this set. The various dimensions of the
spaces {Pz 4}zex, with (3.7) imply that 7, ', (tv) is empty unless = has but
one entry, and this is either (e, g), (e,g — 1) or (e,g — 2). Given this last
fact, the assertion of the third bullet of Proposition 3.6 follows directly from
Proposition 3.1.

Proposition 3.1 also implies the first part of the assertion in the second
bullet of Proposition 3.6. To prove the second part of the second bullet,
introduce first M, 42 to denote the closure in M, of M, 5. Given an
integer N > 1, use OoN ¢ M g—2 to denote the subset of elements with
?-distance greater than N~! from M g—2 — M, 4—2. Now suppose that w €
X g—2X is such that 77(;_120‘0) C M, g—2.4 is finite. As noted, this is a residual
set. A given point to in this set has an open neighborhood, Of C x4 2X,
that is characterized as follows: A point w’ is in of if 7', (') has finite
intersection with 71/_\41((’)]\’ ). Denote by O the union of all of the various
versions of OY. This is an open and dense set.

Now suppose that v € OV is a point with the following property:
If C € m;'(w) and mp(C) € OV, then no singular point of C' is an
entry of w. This set is open, and it is also dense in OY. Here is why it
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is dense: Suppose a singular point of C' coincides with an entry of to. Mov-
ing this entry to any nearby point in C will not change C, and so not move
C’s singular points. Let OY' c O denote this open, dense set. This set is
open and dense in Xg_oX. Therefore, O’ = mN:LQ’MON, C Xg_9 X is a
residual set.

The proof of the assertion made by the first bullet of Proposition 3.6
requires the following additional observation: There is an open and dense
subset in x4_9X that obeys the conclusions of the second bullet and whose
Tg—o-inverse image in M, g4 for all & < g — 2 is empty. To see why, let
O denote this set. Meanwhile, let O C x4_2X denote the subset whose
T4—2-inverse image is respectively finite in M 42 4 and empty in all k& <
g — 2 versions of M., 4. As argued above, O is dense in Xg—9X, and it is a
consequence of Proposition 3.1 that this set O also open. Given that O C O
is dense, and it is enough to prove that O is also an open subset of 0. To
this end, remark that each N > 1 version of OV’ as defined in the preceding
paragraph is open, and so OV "NO is open. Meanwhile, each to in O has a
neighborhood in O that lies in some N > 1 version of OV,

Consider now the assertion made by the first bullet of Proposition 3.6.
To start, introduce the version of the space P|; that is defined in Part (a)
in this appendix using the given almost complex structure J for the class
e and genus g — 1. Let ¥ denote the genus g — 1 surface that is used to
define P|;. If (¢,j,J) € P|, then there are precisely 2 points in 3 that have
the same p-image. The map ¢ embeds the complement of these two points,
but embeds only some neighborhood of each. Let P¢, C P|; x ¥ denote the
subset of the form ((¢p,j,J),z) where z is one of these two special points.
This Py is a smooth, 2d — 2-dimensional manifold, and the restriction to Pg,
of the projection from P|; x ¥ to its first factor is a 2-1 covering map.

For each i € {1,...,d — 2}, use &; C Py x (x4—2%) to denote the codi-
mension 2 submanifold of points (((¢,j,J),p), (p1,-..,pd)) Where p = p;.
Since P¢ X (X 4—2X) has dimension 4d — 6, so each i € {1,...,d— 2} version
of X; has dimension 4d — 8. Meanwhile, define ¥: Py X (Xg_2%) — Xg_2X
by the rule

(A.26) (@53, ), ), P15+ - s pa—2) — ((p1), - -, P(Pa—2))-

This is a smooth map. For each i € {1,...,d—2}, let ¥; denote the restriction
of ¥ to &j. Let O C x4_9X denote the open, dense set that is defined two
paragraphs back, and let O C O denote the residual set of points that are
simultaneous regular values for ¥ and for each 9;. In particular, if o € O,
then there are at most a countable set of points ¥~!(tv) that lie in X;, and
these points have no accumulations.

The last remark has the following consequence: Let to € O%. Then there
is at most a countable subset of subvarieties from M, 4_14-2 in 7@_12(1*0)
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that have their singular point at an entry of . Moreover, this subset must
be finite. Indeed, were this set infinite, then any limit point must converge in
M. x (x4-2X) to a point in M, 4_2 4o that lies in the m4_o-inverse image
of v and has a singular point at an entry of tv. But the condition that w € O
forbids this event.

5.6. Proof of Proposition 3.7. The proof has 13 parts. Part 1 proves the
assertion of the first bullet. Part 2 proves item (a) of the second bullet, and
parts 2—7 prove item (b) of the second bullet. With regard to the other items
in the second bullet, part 8 proves item (c), part 9 proves item (d), Part 10
proves item (e) and parts 11-13 prove item (f).

Part 1: This part of the proof considers the first bullet in the proposition.
To this end, fix n € {0,1,2} and let M, gy 24—4 C Meg—n X (Xg-2X) X
(Xg—2X). In the case n = 0, this is a smooth manifold of dimension 6d — 8;
and for n > 0, it is an image variety of dimension 6d — 8 — 2n. Write the map
Mod—4 S Tg_o X Tg—_o. It maps a 6d — 8 — 2n dimensional manifold to one of
dimension 8d — 16. Thus, if d > 4, then there is an open and dense subset of
pairs (to,10') € (Xg_2X) X (X4_2X) such that both are regular points, they
have distinct entries, and such that there is no curve in {Me7g,n}n:071,2
that contains all entries of both v and to’. This the case, it follows from
Proposition 3.1 that there exists x > 1 such that the 0-distance between
any curve in M™ and any curve in M™ is at least £ 1.

Part 2: This part begins the arguments for the assertions that are made
by the second bullet. To this end, remark that item (a) is straightforward,
so the first concern is that of item (b).

Introduce the version of the space P that is defined in part (a) in this
appendix using the cohomology class e and genus g—2. Define ¢1: Px¥ — X
so as to send a given point ((¢,j,J),p) — ¢(p). Introduce next the map
Vg_o: (P X X) X (Xg_22) — Xg_2X that sends any given ((¢,j,J),p),
(P1;-- -, pd-2) to (@(p1), ..., ©(Pd—2))-

Fix J € 9, a regular value for the map from P to J. If = is a regular
value of 91 on P|; x ¥, then 9] *(x) is a submanifold of dimension (2d — 6)
in P|; x ¥ and so the image via 9¥4_» of ¥7 () x (x4_9%) is the image of
a smooth map from a manifold of dimension 4d — 10 into one of dimension
4d — 8. As a consequence, there is a residual set in x4_9X with the property
that there is no subvariety in J’s version of M, ,_o that contains x and all
entries of to. Moreover, if 1o is a regular, value, there are but a finite number
of curves in M, ,_o that contain all entries of tv and so there is a positive
lower bound to the distance between x and the union of all such curves.
These observations establish item (b) of Proposition 3.7 when x is not a
critical value of ¥, on P|; x X.

What follows explains how to deal with critical values of 1. To this
end, suppose that the set of critical points of ¥; on P|; x ¥ is an image
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variety with at least codimension 3. This means that any given critical point
has a neighborhood in this critical locus that is the image of a manifold
with components of dimension 2d — 5 or less. Thus, there is a residual set
¢ C X4_2X with the following property: Let to denote a point from €. Then
75‘;_12(1*0) has no points of the form ((¢,j, J),p, (p1,...,p4—2)) where the point
((¢,j,J),p) is a critical point of ;.

With this last point in mind, suppose that a given point ((¢,j,J),z) €
P|s x ¥ is not in the critical point locus of ©; on P|; X X, but even so maps
via 91 to z. Such a point has a neighborhood in P|;x X that intersects 97 * ()
as a codimension 2d — 6 submanifold. Granted the preceding, it follows that
there exists a residual set in x4_9X with the property that if v is in this
set, then there is point ((¢’, 5, J),2’) from this neighborhood and no point
(p1,...,Dd—2) € X4—2% which maps via J4_2 to w. It then follows from what
was said in the preceding paragraph that if to is also from the residual set €
and is a regular value, then there is a positive lower bound to the distance
from x to any curve in M, 4o that goes through all entries of .

Given the conclusions from these last three paragraphs, item (b) of Propo-
sition 3.7 follows with a proof of the following claim:

There exists a residual set in J such that if J comes from this set,
then the critical point locus of the corresponding version of V1
s a dimension 8 image variety.

(A.27)

By the way, a 3-dimension critical locus is expected given the following
observation: If d is large, then the subset of non-surjective linear maps from
R24=6 to R? is a dimension 3 image variety in the Euclidean space of (2d —6)
by 4 matrices.

Part 3: This part of the proof, and Parts 4-7 set up the machinery to
analyze the critical point structure of the map v for generic J. The con-
structions made here and in Parts 4-7 to analyze the set of critical points
of 91 are also used subsequently with minor modifications to prove items
(¢)—(f) of Proposition 3.7 and to prove Proposition 3.8.

The analysis that follows of 91’s critical locus uses the notation from part
(a) of this appendix, and in particular the spaces &, J™, P™ and the vector
bundle V. Fix n € {0, 1,2, 3} and introduce F,, — P to denote the restric-
tion from (&, x J™ x V1) x 3 of the space of n-dimensional orthonormal
frames in the bundle (T'6, & V) @ TE. Note that this fiber bundle has a free
action of the orthogonal group SO(2d — 4 — n). View F,, and the bundle V
as sitting over P x X.

Define a fiber preserving map over P" x ¥ from the fiber bundle F,
to the vector bundle @944, (V & 977 X) by the following rule: At a given

((907j) J)ap)v this map sends an n tuple (((Sol)jl)a Ul) sy ((w2d—4—n7j2d—4—n)7
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Vod—4-n) to the element whose component in the U7X part of the ith
summand is ¢;[, + ¢4v; and whose component in the V part of the ith
summand is the (;,j;) version of the section of *Tj1 0 X @ Tjo’lZ that is
defined by the left-hand side of (A.6). Use X to denote this map.

By way of motivation for introducing F,, and the map X, note that a
given element ((¢, J,j),p) € P|s x ¥ is a critical point of the map ¥; if and
only if there is a dimension 2d — 7 linear subspace in T'(P|; X X)|((s,,7),p)
with the following property: If ((¢',i’),v) is in this space, then the vector
¢'lp + @v =0 in ¢*TX|,. Here, ¢, denotes the differential of ¢, viewed as
a homomorphism from T3 to ¢*T'X. Keep in mind for what follows that a
given (¢',j") € C®(X,¢*TX) & V lies in the tangent space at (p,j,J) to
P|; if and only if (A.6) holds.

As is explained momentarily, the locus where X hits the zero section is
an m — 3 times differentiable manifold with a free action of SO(2d — 4 —n).
Given that this is true, then the projection induced map from X~1(0) to J™
is a Fredholm map. Furthermore, if m is large, the Sard-Smale theorem can
be invoked to conclude that there is a residual set of regular values in J™.
An argument like that given to prove Proposition A.1 proves that there is a
residual set of regular values in J for the map from X~1(0)|s to J. Let J.
denote such an almost complex structure. The inverse image over J, in Fj,
is empty when n < 3, and it is a manifold with a free action of SO(3) whose
quotient has dimension 3 if n = 3. By construction, the image in P|;, x 3
of this manifold via the projection map is the critical locus of the restriction
to Plj, x ¥ of 9;.

Part 4: The locus X~1(0) is a submanifold near a zero of X if the dif-
ferential of X is surjective at the point. This understood, what follows
analyzes this differential. To start, let ((¢,j,J),p),p = (((¥1,i1),v1) .-,
((p2d—4—n,32d——4—n), V2d—4—n)) denote a given zero of X. A tangent vec-
tor to the SO(2d — 4 — n) quotient at the orbit of this zero lifts to give
the following three-part data set: The first part of the data is an ele-
ment o = (¢',j’,J') € TP™, this a solution to (A.5). The second part
is a tangent vector v to ¥ at p; and the third part is a 2d — 4 — n tuple
7= (((M,81),71), ..+, (M2d—a—n>B2d——4-n); T2d—4-n)) In (TE], x V) xTE|,
that is orthogonal to the span of p.

What follows says what it means for the differential of X at this given
zero in F,, to be surjective: Fix data {(gi, w;)}1<i<2d—4—n, With g; a section
of ¢*Ty1.0X @ TS and w; € (*TX)|,. First,

(A.28) Ailpt+ouxi+Vopilp+(Vops)vi = w; for each i € {1,...,2d—4—n}.

Second, the data {g;}1<i<2d—4—n gives the inhomogeneous term in a system
of differential equations that are described next. To this end, fix a point
p’ € 3, a holomorphic coordinate u for a disk centered at p and coordinates
for a ball in R* centered on ¢(p’). This done, then the image of ¢ appears
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as amap u — ¢(u) from a disk centered at the origin in C to a ball centered
at the origin in R*. Use (;,j;) and (\;, ;) to denote the C°(3; *TX) @&V
components from the respective ith entries of p and g. Write ¢; as a map
u — @;(u) € R* and write \; as a map u — \;(u) € R% Meanwhile write
¢’ as a map u — ¢'(u). Then equation (A.6) for the pair (y;,j;) and for
(A.5) for (¢',j’,J") and the constraint on (\;, %) can be written on these

coordinates as

+J"(5(Pi)J(01) (V') - (09) 50,1
0:id) - (T (9¢") 101,0)) 5 0,1) +3id(00) 50,1) = Gi-

o (&PZ)J(l 0) + (Vg J) - (09) 50,1) +5i(09) 51,00 = 0.
e (9¢") 51,0 + (Ve d) - (09) 50,1y + 3 (0¢) 51,00 + I (99) s00,1) = O
. (3)\ )J(I,O) + (Va,J) - (09) 50,0) + £(09) 51,0) +5i(09") 11.,0)
+3'(00:) 51,00 + (Vi J) - (09") 10,1) + (V) - (99i) 50,1)
(V) - (Ve J) - (0) 11,0)) 500,1) )
T (Ve d) - (Vi D) - (99) 51.0)000.0) T (Vi on?) - (90) 50,1
+(V
(v

(A.29)

Here, (+)s(1,0) and (-)s(0,1) denote the respective (1, 0) and (0, 1) parts of
the indicated vector, this as defined by J.

Part 5: To see about solving (A.28) and (A.29) for a given set
{(9i, wi) h1<i<2d—1—n, note first that the operator that sends (\;, ) to the

section of ¢*T7y1 )X ® T](-ME given near p’ as

(A.30) (OXi) s1,0) T (V. d) - (09) 0,1y + Ei(99) 1(1,0)

has finite dimensional cokernel. Consider first the case where this cokernel is
trivial. Granted that such is the case, then each i € {1,...,2d—4—n} version
of the equation in the third bullet of (A.29) can be solved given any choice of
tangent vector (¢, J',j’) to P at (p,J,j). As a consequence, it is enough to
consider the case of (A.28) and (A.29) when alli € {1,...,2d—4—n} versions
of g; are zero. Moreover, the equation in the second bullet of (A.29) can be
solved given any choice of J’. This understood, the question is whether a
given value for the 2d — 4 — n tuple (Ai]p, ..., A2g—4—nlp) can be obtained
from a solution of solution {g; = 0}1<;<24—4—n versions of the equation in
the third bullet of (A.29) as defined using a suitable choice of J’ and then a
suitable solution (¢', J',j’") to the second bullet in (A.29).

To see that the answer to this question is affirmative, take p’ = p so that
the third bullet in (A.29) describes the constraint on the data set (A;,¥€;)
near p. Fix a small disk D C C in the domain of the coordinate u very near
the origin on which the map ¢ restricts as an embedding. Take D to contain
the origin in C if ¢’s differential there is injective. Note in this regard that
¢ can have at most one critical point. In any event, choose J' so that its
pull-back as an endomorphism of ¢*T'X has support on D and such that it
acts as zero on the tangent space to ¢(D). This implies in particular that
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J'(0p) = 0 and J'(0p) = 0. This the case, then ¢’ and j’ are taken to be
zero also, and so the second bullet in (A.29) is satisfied. Meanwhile, the first
and third read

o (90i)s1,0) + (Ve d) - (09) s(0,1) +3i(99) 51,0) = 0 B
o (OXi)sa +(VaJ) - (9 90) s(0,1) + €(89) 1,0y + I+ (80i) 50,1
—Jl Ve, (0¢) 50,1) = 0.

(A.31)

Part 6: To exploit this last equation, let 0 C X denote the critical point
of ¢ if such a point exists; and let N C ¢*(TX)|x_, denote the local normal
bundle, thus the orthogonal complement to the image of TY|x_, via ¢’s
differential. In the case o exists the subbundle N nonetheless extends over
o as a subbundle in *T'X. This extension is defined by using the n = 1
version of (2.2) near o to extend N over o as the span of %. In any case,
let II: *(T'X)|p — N|p denote the orthogonal projection and let n; denote
IIp;. What follows explains why no constant ¢ > 0 and no unit vector
a = (04)1<i<2d—4-n € R24=4-" exist such that the following is true: Set
a-n=1cicog 4_n@ini- Then |a-n| bounds ¢ times the norm of IT- ((O(c -
1).(0,1)) on a neighborhood of the origin in C if « - n|o = 0. Indeed, suppose
that this assertion were false. Then it follows from the top bullet in (A.31)
that |[][-d(a-n)| < c|la-n| and so « - n vanishes on the whole of D. As a
consequence, the projection of - ¢ = 1, <044, @i to N must vanish
on the whole of ¥ — 0, and so « - ¢ defines a tangent vector on X — o to the
image of . Given the top line of (A.31), this implies that « - ¢ defines a
holomorphic vector field on X. It must therefore vanish identically.

What follows is a direct consequence of the preceding conclusion. There
exists in any given open set in any given neighborhood of the origin a set
of distinct points, none the origin, and with the following property: Let W
denote this set. Let ¢ denote the map from @244 R to Gyew N|, whose
entry in the factor labeled by any given v € W sends (aq, ..., q0q-4—p) tO
the point (O(c - 7))|,. Then this map ¢ is an injection. Fix such a set W,
but one with no element at the origin

Let (u,u') — G(u,u’) denote the restriction to D x D of the Green’s
function for the operator on ¥ that appears on D as in (A.29). Since (A.30)
depicts a first order, elliptic operator with symbol that of 0, so G(-,-) can be
described as follows. Fix adapted coordinates (z,w) centered at ¢(p). Then

(A.32) Gu,u) = &= + O(1).

To continue, suppose that J’ has support in a union of radius A << 1
disks that are centered on the points in the set W. The radius, d, should be
much less than the distance between the points in W and much less than
the distance to the origin. Require in addition that if w € W, then J' on
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the radius A disk centered at u is as follows: Use parallel transport from
the center of the disk along the radial geodesics to identify the fibers of
¢*Hom(T 0,1y X ® Ty(1,0)X) over this radius A disk with its fiber over u.
This done, then

(A.33) J =xad |y

where xa is a positive function with value 1 at the center of the disk, with
integral equal to 1. It follows from (A.32) that the solution to any given
i€ {l,...,2d —4 —n} version of the equation in the second bullet of (A.31)
appears in D as

(A'34) H()\i)J(LO)‘O = AQ (Z %(J/ : (5777J)J(071))‘u + Tz‘)
ueW
where

(A.35) il < ¢ A [ ulsupy)—u<al V(i) s1,0)-
ueW
Here, ¢ > 1 depends on W, but not on A if the latter is small.

Given what was said about the map ¢, it follows from (A.34) and (A.35)
that J’ can be chosen when A is small so that the vector (A1]o, - - -, Ad—2-nl0)
€ ®og—1-n(¢*TX)|, has any desired value.

Part 7: What follows explains how to modify the preceding argument for
the case when (A.30) has a non-trivial cokernel. Again take .J’ so that its pull-
back as an endomorphism of ©*T'X has support on D and such that it acts
as zero on the tangent space to ¢(D). This done, then the second equation
in (A.29) is satisfied with ¢’ = 0 and j* = 0. The third equation in (A.29)
has left side given by the left side of (A.31) but with the inhomogeneous
term g; on the right-hand side. The operator that is depicted in (A.30) is
Fredholm, and so its cokernel is the kernel of its L? adjoint. Let = denote
an element in the kernel of this adjoint with L? norm equal to 1. Such an
element constrains J’ in the sense that

(A.36) (m, J' (5301')J(0,1) -J V%@‘P)J(o,l)b = (z,9:)2.
Here, the notation has (,); denoting the L? inner product on C*(X;
SD*TJ(LO)X ®1—;0’12).

To see how to procede, digress momentarily and let v’ € D denote a given
point. Define a linear functional on C*(X; p*(Hom (79 1); T7(1,0))) by the
rule

(A.37) J" — (x, J" (577i)J(0,1)>|u’
Let ¢ denote the dimension of the cokernel of the operator that is depicted
in (A.30), and let {74 }1<a<q denote an L? orthonormal basis for this cok-

ernel. Given u’ € D, denote the x,, and 7; version of (A.37) by Ly ... Fix
r > 0 but much smaller than the diameter of the disk D. Let A, C D denote
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the annulus with inner radius r and outer radius 2r. Fix a set W C A, as
done previously. Denote this set by W, to distinguish it from a subsequent
choice of another version of W. Fix again A = A, > 0 but much smaller than
the distance between the points in W,. For each v € W, let D, (u) denote
the disk of radius A, centered at u. There exists a set W, (u) C D,(u) of
less than cpq points with the following property The map from the span of
{zati<azq to @u’EWr(u)(QO*TJ(l,O)X@TjO ¥)|or that sends z — @, reWr( x|u
is injective. This understood, it follows that the set of linear functlonals

(A38) {Lpiw:1<a<ql<i<2d—4-n, and v’ € Uyew, W, (u)}

are linearly independent if A, is sufficiently small. Fix next a very small,
but positive number D < A, such that the disks of radius D’ centered on
the points in each u € W, version of W, (u) are disjoint.

With the digression now over, what follows directly explains why it is
sufficient to consider the case of (A.29) where all {g;}1<i<24—4—n are zero.
The key observation in this regard is that the set in (A.38) are linearly
independent. It follows as a consequence that (A.36) can be satisfied for each
index 7 and each cokernel element z with J’ chosen to have support in the
various radius D disks centered at the points in Uyew, Wy (u). In particular,
in the radius D disk centered on a point ' from this set, J’ can be written
as in (A.33) with «’ replacing u and D replacing A. This is because such a
choice for J' allows the left-hand side of (A.36) to be written as

(A?)g) D2 Z Z Z, J/ 87{]i)](071)>‘u’ +¢;

UEWT u EW’I‘

where (,) denotes the inner product on o Tr1,0X @ TJQ’IZ and where ¢;
obeys

(A.40) el <cop > D HJ\UH Vo) so.)l-

UEWT u GWT

Granted such a choice for J’, the obstruction to simultaneously satisfying
the inhomogeneous counterpart to the various i € {2d — 4 — n} versions of
the lower equation in (A.31) vanishes.

Before leaving this topic, note that the choice for J’ as just described can
be made so that

(A.41) 7| < oD ?[|gilhe(r)

where ¢(r) > 1 depends on . Here, ||-||; denotes the L' norm on C(3; ¢*T 1 0) X ®
TJQJZ). It is a consequence of (A.34) that for very small D, such a choice
leads to a collection {\;}1<i<24—4—p that obeys

(A.42) [IXil(0) < collgillir"e(r).
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Now consider solving the lower equation in (A.31) so as to obtain any
given value of ©1<;<2d-4-n9"Ty(1,0)X 0. To do this, fix s < 7 and a set W
as before, but now chosen to lie in the annulus Ag where s < |u| < 2s. Fix
A > 0 as before, but much less than s. Write J’ as a sum of two contributions,
J" = J.+ J. where J. has support in the disks of radius A centered at the
points in W, and where J| has support in the disks of radius D centered
on the points in Uyew, Wy-(u). This J; term is used to cancel the cokernel
obstructions given by (A.36) in the case where

(A.43) gi = —(J. - (0¢i) s01) — Jo - Vi (09) 50,1))-

Meanwhile J! is given by (A.33) as in the case of vanishing cokernel. This
done, it follows from (A.34) and (A.42) that

(A.44) Xi(0) = A% " LI (Om) g0,0) lu + 1) + e
ueW

where r; is given in (A.34) and (A.35); and where e; obeys

(A45)  fes| < cor™e(r)A% D (I(J5 - (Om) s0.1))ul + AL [u| sup [VImi]).
ueW As

What follows is a direct consequence of (A.35), (A.44), and (A.45). With
r fixed, and s chosen so that s < '¢(r), and with A very small, any given
element in the vector space @1Si§2d_4_ngp*TJ(1’0)X|0 can be obtained be
realized as (Ailo,...,A2g—4-nlo) using a suitable choice for the collection

Part 8: This part argues for item (c) of the second bullet of Propo-
sition 3.7. To this end, introduce the version of the space P that is
defined in part (a) in this appendix using the class e and genus g — 1.
Define ¢ : P x ¥ — X by the rule((y,j,J),p) — ¢(p). Meanwhile, use
Vg—o: (P X X)X (xg-2%) — x4-2X to denote the map that sends any given
((¢7j7 J)7p)7 (plv s 7pd72) to (Qo(pl)7 Tt 730(pd72))'

Fix J € J, a regular value for the map from P to J. If x is a regular
value of 91 on P|; x ¥, then 97 *(x) is a submanifold of dimension (2d — 4)
in P|; x ¥ and so the image via ¥4 5 of ¥7 () x (x4_oX) is the image of
a smooth map from a manifold of dimension 4d — 8 into one of dimension
4d — 8. Let 1o € xX4_2X denote a regular value. Then 19(;12(111) is a discrete set
with no accumulation points such that a subvariety, C', that is parametrized
by this set obeys the condition set forth in item (c) on kernel(D¢). It follows
from Proposition 3.1 that 9, ', (1) is finite if tv is a regular point and if there
are no subvarieties in J’s version of M, ,_» that contain x and all entries of
. Given a regular value z, all of these conditions are satisfied by the points
in residual subset of x4_»X. Thus, the requirements of item (c) from the

second bullet of Proposition 3.7 are met if = is not a critical value for ¥; on
P| J X X
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The case when z is a critical value is handled using the same strategy as
that used in Part 2 to handle the critical values for the genus g — 2 version
of 1. To elaborate, note that the genus g — 1 version of (A.27) also holds
in this case. But for minor notational changes, the proof uses the same
arguments that were used to prove the analogous claim in the preceding
Parts 3-7. Granted that J comes from this set, and so the critical locus
of ¥ on P|; x ¥ is a 3-dimensional image variety, there exists a residual
subset € C Xx4_oX with the following property: Take the point tv from €,
and there are no points of the form ((p,j,J),p, (p1,--.,pd—2)) in 19;7120’0)
where ((¢,j,J),p) is a critical point of ;. This understood, the analysis
from the preceding paragraph can also be applied to points in the ¢;-inverse
image of a given critical value x. The conclusions in this case are the same
as those in the preceding paragraph but for the following requirement: The
residual set in x4_2X for item (c) of Proposition 3.7’s second bullet must
be subset of the residual set €.

Part 9: What follows here explains why, given x € X, there exists a resid-
ual subset in x4_2X whose points satisfy the requirements set forth by item
(d) of Proposition 3.7’s second bullet. To this end, first choose J € J, a
regular value for the map from P to J such that items (b) and (c) of the
second bullet hold; and in particular take J from the intersection of the
genus g — 1 and genus g — 2 versions of the residual set that is described
in (A.27).

Reintroduce the space Py, C P|y x ¥ from the proof of Proposition 3.6.
Recall that the projection map to from P|; x ¥ to P| restricts to Py, as a 2-
1 covering map. Define ¥¢1: P, — X so as to send any given ((¢, J,j), po) €
P to o(pey). If x € X and if a given ((¢, J,j), po) € 195%(.%) is not a critical
point of ¥4, then 195%(3:) is a smooth, 2d — 6 dimensional manifold in a
neighborhood of ((¢, J,j), pe). Let U denote such a neighborhood. The map
¥ in (A.26) restricts to U x (X4—2X) as a map from a space of dimension
4d—10 to one of dimension 4d—8. This being the case, there is a dense, open
set of points in X 4_9 X that are not in the image via 941 of U X (X 4_2X). This
observation establishes item (d) when x is not a critical value of the map ;.

Meanwhile, the purely cosmetic modifications to the arguments in Parts
3-7 prove the following: If J € 7 is from a suitable residual set in 7, then
the set of critical points of ¥¢ is 3-dimensional image variety in Pg. Let
C¢ denote the manifold that maps to this image variety and let f¢ denote
the corresponding map. The composition of the map ¥ in (A.26) with the
product of f¢, and the identity map on (x4_2X) gives a map from a manifold
of dimension at most 2d — 1 into a manifold of dimension 4d — 8. As a
consequence, the complement of the image is a residual set. This understood,
if J is chosen from a suitable residual set in 7, then the observations in the
preceding paragraph can be applied to the case when z is a critical value of
¥¢1. For such J, there is, for any given x € X, a residual subset of x4_2X
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whose elements obey the requirements that are set forth in items (b), (c)
and (d) from the second bullet of Proposition 3.7.

Part 10: This part of the proof considers item (e) from the second bullet
of Proposition 3.7. To this end, introduce the versions of the spaces P and
P that are defined in Part a) in this appendix using the class e and genus
g. Define 91 and 94_9 to denote the respective maps from P™ x 3 X (X 4_23)
to X and x4_9X that send a given element ((¢,j,J),p» = (p,p1,---,Pd—2))
to ¢(p) and to (¢(p1), ..., ¢(Pd-2))-

To motivate what is to come, remark that if J is a regular value for
the projection from P to J, and if to € x4_2X is a regular value for the
map g on P|; x ¥ x (x4-2%), then ¥ ', (1) maps onto the space M'T
via the rule that sends ((¢,j,J), (p,p1,-..,pa—2)) to the pair (¢(X2), ¢(p)).
Such a point lies in Z™ if it is a critical point of ;. This is to say that
there is a subspace of the tangent space to 195_120'0) of dimension at least
3 that is annihilated by the differential of ;. Note in this regard that a
tangent vector to ¥ ', (1v) consists of a data set of the form ((¢,i’), p’) where
(¢',3") is a section of p*T'X,j' € V and p’ € (x4_1TX),. The pair (¢',j’) must
obey (A.6). In addition, (¢/,p’) are constrained at each k € {1,...,d — 2}
entry of p as follows: Write p’ = (u,u1,...,ux). Then

(A.46) @' lpy + prur = 0.
The differential of ¢ annihilates such a tangent vector if
(A.A4T7) ¢' () + s’ =0.

To start the verification of item (3), for n = 3 or 4, let G,, — P™ denote
restriction from (€, x J™ x Vi) X (x4-1X%) of the fiber bundle of n dimen-
sional, orthonormal frames in (T€, ® V) @ T'(X4-1%). This bundle has an
action of SO(n). View this bundle as sitting over P™ x (x4-1%). Define
a fiber preserving map from this bundle G,, to the vector bundle @, (V &
(NTX @0 _,T(xq—2X))) as follows: At ((p,J,j),p) € P™ X (xg-1%), the
map sends p = (((¢1,71),71), -+, ((¥n;Jn),¥n) to the element whose com-
ponent in the ith summand has ¥j7TX part equal to ¢;|, + ¢.v; and has
05T (xq—2X) part equal to the d — 2 tuple (;|p, + ©xvi1,- -, Pilpy_o +
4V 4—2) where the notation is such that v; € T(x4_1X) is written as
(vi, Vi1, - ., Vid—2). Meanwhile, the component in the V summand is the
(i, ji) version of the section of ¢*T;(; g) X ® Tjo’lE that is defined by the
left-hand side of (A.6). Use X to denote this map.

Introduce as notation G, o to denote G,,’s restriction as a fiber bundle over
the subspace in P™ x (X4-1%) where the entries in the factor (x4-13) are
distinct. With very minor and mostly notational modifications, the argu-
ments in Parts 3-7 from this part of the appendix prove that the differential
of X along X71(0) in G,, o is surjective. This being the case, X~1(0) N Gy o is
a manifold as is its SO(n) quotient. Note in this regard that the constraint
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that p have distinct entries is needed so as to employ the Green’s function
construction in Parts 6 and 7 near each of the d — 1 entries of p.

The map from X71(0) N Gn,o to P™ that is induced by the various pro-
jections is a Fredholm map when m is large, and so there is a residual
set of regular values when m is large. The arguments used in the proof
of Proposition A.1 can be applied to prove that there is a residual set of
regular values in P as well. Let J € J denote a regular value which is
also a regular value for the map from P to J. Then the space (X~1(0) N
Gn,0)|s is a smooth manifold with a free SO(n) action whose quotient is a
smooth manifold of dimension is 4d — 2 + n(2 — n). Use 3 to denote this
quotient.

Fix such a regular value J € J that is also a regular value for the the
map from P. Let 3 denote the quotient of (X71(0) N G 0)|s by the afore-
mentioned SO(n) action. Use ¥34-2: 37 — X4—2X to denote the map that
is induced from the map ¥4_o. Let to denote a regular value for this map.
The inverse image via U342 of to is empty if n = 4 and it is a smooth,
3-dimensional manifold if n = 3. Denote this manifold by 3'7. This manifold
37 maps to J’s version of M'Y; this is because the space MY is the image of
971 () C Plyx (xq-1%) via the map that sends ((¢, J, ), (0, p1, - - -, Pa—2))
to the pair (¢(2),p(p)) € M™ x X. The latter map is denoted in what
follows by §*: 37 — M%. The image f*(37) C MY is, by design, the
ZY¥ portion of the critical point locus of the map 7% : MY — X. Note in
particular that the composition of this map ™ with the map 7}, from M%
to M™ maps 37 onto Z™ and thus gives Z™ the structure of a 3-dimensional
image variety.

Given that 1o can be chosen from a residual set in x4_oX, it follows that
this last space has a residual set whose points satisfy the conditions that are
set forth in items (b)—(e) from the second bullet of Proposition 3.7.

Part 11: What follows here and in Parts 12 and 13 proves item (f) from
the second bullet of Proposition 3.7. To this end, suppose that J € J is
chosen so as to be a regular value of the maps from X~1(0) N G0, X71(0) N
Guo and P. The space (X71(0) N Gs0)|s x ¥ maps to X by the rule that
sends a point (((¢, J,3), (P, P1,---,Pd—2)),P’) to @(p’). As this map is SO(3)
invariant, so it descends as a map, ¥31: 37 x ¥ — X. Let 37, C 37 x X
denote the inverse image via 971 of a given point x € X. Use ¥ 42 to
denote the map from 3, to x4_oX that sends ((p, J,j), (p,p1,--.,pa—2),p’)
to (¢(p1),- .., ¢(Pa—2)). If z is a regular value for ¥3 1, then 3, is a smooth
manifold of dimension 4d — 7. It follows as a consequence that there is
a residual set in Xg_9X of the following sort: If w is from this set, then

19}1d72(m) is a smooth, 1-dimensional manifold. The image of this manifold

via the composition 7 o f is the space Z (
The case when z is a critical value of ¥z is dealt in manner that is
explained next. The upcoming Part 12 establishes

z,10)
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Lemma A.12. There is a residual set of reqular values in J which is char-
acterized as follows: Take J from this set. Fix x € X. There exists a residual
set of reqular points in X _oX whose points have the properties listed next.
Let to denote such a point. Then the locus ﬁ}?d_z(m) C 35 X X contains no

point of the form (((p,J,7), (p,01,--.,0d—2)), D) with o(p') = x and p' = p.

With Lemma A.12 in hand, introduce (37 x )’ C 35 x ¥ to denote the
set of points of the form (((¢,J,), (p,p1,--.,Pd—2)),p’) with p’ neither p
nor any k € {1,...,d — 2} version of pg. It is proved in the upcoming
Part 13 that there is a residual set in J such that if J comes from the
latter, then the critical locus of ¥;; in (35 x )’ is an image variety of
dimension 3. This being the case, and given Lemma A.12, there exists a
residual set in x4_9X with the following property: If v comes from this
set, then there are no critical points of ¥;; in 19;,572(&)) C 37 x X of the
form (((¢, J,), (p,p1,---,Pd—2)),p’) with p’ = py for any k € {1,...,d — 2}.
For such tv, the analysis employed above can be repeated to see that this
residual subset in x4 5X has the following property: If w is from this set,
then ¥}, ,(1) is a I-dimensional image variety, and thus so is Z (@),

The conclusions of these last two paragraphs imply the following: Given
any x € X, there is a residual set X, C Xg4_o X whose points satisfy the
conditions that are set forth in items (b)—(f) of Proposition 3.7. Granted
the preceding, the upcoming Parts 12 and 13 find the desired residual set
in J.

As a parenthetical remark, note that Lemma A.12 has the following
immediate corollary:

Lemma A.13. There is a residual set of regular values in J which is char-
acterized as follows: Take J from this set. Fix x € X. There ezists a resid-
ual set of regular points in xXg_9X such that x is not a critical point of
% : M% — X if ro comes from this set. In particular, for such v, the space
M) 45 g 2-dimensional smooth manifold.

Part 12: This part proves Lemma A.12. To motivate what is to follow,
digress for a moment for an observation concerning transversality of maps.
To set the stage, suppose that Y is a smooth 4-dimensional manifold and
that {(Zi, ¢i) }1<i<s is a set whose elements have the form (Z, ¢) with Z a
smooth 3-manifold and ¢: Z — Y a smooth map. Dimension counting leads
to the following observation: If the maps {¢; }1<i<5 are suitably generic, then
Mi<i<s$i(Zi) = 0.

To apply this last observation, introduce now 3 to denote (X71(0) N
G3,0)/SO(3). Then use 35 x C x53 to denote the subspace of 5-tuples with
the properties listed below. To set the notation for the upcoming list, write
a given element in the product x53 as {((¢as Jasia), Pa, [Pa)) Hi<a<s. Write
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each a € {1,...,5} version of p, as (pa,qa) With p, € ¥ and g, € Xg_93.
With the notation now set, here are the properties:
o Jo = Jg for each pair o, B € {1,...,5}.
® vo(pa) = ¢s(pg) for each pair o, 3 € {1,...,5}.
o If a, B {l,...,5} are distinct, then q, and qg have no components
mn common.

o If o, B e{l,...,5} are distinct, then o (X) # ¢3(X).
(A.48)

The space 35 x maps to J™ with the image of a given point {(¢q, J,ja),
Pa, [Pa])} being J. It also maps to X with the image of this point given by
the common value of {4 (pa)}i<a<s. The next lemma says what is needed
about 35 x.

Lemma A.14. The space 35 x sits in X53 as a smooth manifold such that
the corresponding map to J™ is a Fredholm map with index 5(4d — 8) — 1.
Moreover, this map has a residual set of reqular values in P.

This lemma is proved momentarily.

Proof of Lemma A.12. Choose J € J to be a regular value for Lemma A.14’s
map to 7, and a regular value for the maps from X~1(0)NGs0, X~1(0)NG4 0,
and P to J. In addition, J must be such that the assertion of the first bullet
from Proposition 3.7 holds. The manifold 35 x|; maps to x5(x4—2X) via
the restriction of x5(34-2). As the range space has dimension 1 greater
than the domain, the inverse image of a regular value is empty. This has the
following implication: Fix z € X and there is a regular point tv € x4 0X
such that 1957572(113) C 37 has no point of the form ((p, J, ), (p, p1,- -, Pd—2))
with ¢(p) = x. Indeed, there must be a residual set of such points. To see
why this is, let U C x4_2X denote the subset of regular points tv such that
195757200) contains a point with ¢(p) = x. Then the set x5U consists of
points (wy,...,15) that are not regular values for the restriction to 35 x|s
of the map x5(¥3,4—2). The complement of this set in x5(x4_2X) consists
of points of the form (toy,...,tv5) such that at least one of them is not in
U. Thus, it is the union of five sets, the first of the form ((x4_2X) — U) X
(x4(X4—2X) and the others obtained from the latter via a cyclic permutation
of its entries. According to Lemma A.14, their union must contain a residual
set. This is possible only if (x4_2X) — U contains such a set. This last
conclusion implies what is asserted by Lemma A.12. O

Proof of Lemma A.14. The space 35 x is a smooth submanifold of x53 as
described by the lemma if the map from X353 to (x5 (J™ x X)) is transversal
to the full diagonal at all points in 35 x. It is argued momentarily that this is
the case, and the argument implies that the map to J" is Fredholm with the
asserted index. The arguments used for Proposition A.1 can be employed
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yet again to see that this map has a residual set of regular values in the
space J.

The transversality proof has three steps. The first two supply some back-
ground.

Step 1: A tangent vector to a given point ((¢,J,j),p,[p]) €3 lifts to
X7H0) N Gno as a data set ((¢,J,i'),p’,q) of the following sort: First,
(¢, J',j") obeys the equation in the second bullet in (A.29). In addition ¢’
and the tangent vector p’ = (u,u1, ..., uq—2) € T(x4—2X)|, are constrained
at each entry of p via (A.46) and (A.47). Second, what is written as ¢ has the
form g = (((A1,81),21), (A2, €2), 22), (A3, €3), 23)) where each ();,€) obeys
the g; = 0 version of the third bullet of (A.29) with it understood that the
corresponding (¢, j;) comes from the ith entry of p. Here, this ith entry of p
should be written as ((y;,i),v;) with v; = (v, vi1, . . .v;4—2) denoting a d — 1
tuple such that any given entry is a tangent vector to X at the corresponding
entry of p = (p,p1,...,pd—2). The pair (¢;,);) obeys the equation in the top
bullet of (A.29), and ¢;,v; are contrained at each entry of p via the version
of (A.46) and (A.47) that has ¢; in lieu of ¢/, and the entries of »; in lieu of
(w,u1,...,uq—2). BEach x; = (zj, z41,. .., 2q—2) from g is a d — 1 tuple where
any given component is tangent vector to X at the corresponding component
of p. The pair (\;, z;) with »; and p’ are constrained at the entries of p to
obey

b >‘i|P + s + vu(pi|p + (VUQD*)’Ui =0
® Ailp + ik +Vu, Pilp,+ (Vo )vi = 0 for each k€ {1,...,d=2}.

(A.49)

The vectors that comprise ¢ must also be orthogonal to the span of p.

Step 2: Fix a point {((‘pavt]omjoz)?pa = (pocapﬁx% [Poc])hgags € X53. Let
J denote their common 7" component and let x € X denote the one
point comprising the set {Yn(Pa)}i<q<5- The map to the full diagonal in
x5(J™ x X) at this given point is transversal provided that the following is
true: Let (J1,...,J4) denote any given 4-tuple in 7| and let (yi1,...,y1)
denote any given 5-tuple in T X |,. There must exist a tangent vector to x53
such that any given « € {1,...,4} entry has J’' component equal to J, +J
where J is the a = 5 entry for the J’ component. Meanwhile the (¢, u) entry
for any o € {1,...,4} must be such that

(A.50) ‘Pl|pa + Qoxt = Yo + Y

where y is given by the o = 5 version of the left-hand side of this last
expression.

Step 3: To see that such a vector can be found, note first that each ¢, is
an embedding, so the component of y, + y along ¢, (X) can be realized as
Yaxt for some u € T'Y|,,. This understood, at issue is the normal projec-
tion of the various versions of (A.50) and the various constraints on the J’
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entries. These can all be met for the following reason: Going back to what
is said in Parts 3-7, the constraints on the J' component and the normal
projections of (A.46) can all be met by a suitable choice of J because the
constraints involve only the restriction of the J’ component to a neighbor-
hood of each ¢, (X) that is disjoint from the point z. As these curves are all
distinct, there is no obstruction to setting J as needed. The Green’s function
construction from Parts 6 and 7 can be used near each p, with the corre-
sponding version of the middle equation in (A.29) so as to satisfy each of

the o € {1,...,5} versions of (A.50). Here again, J is constrained only near
each of the five images of 3, but not at precisely the point, x, where they
intersect. O

Part 12: To motivate the upcoming constructions suppose that J € 7 is
a regular value for the map from X71(0) x G3, X7(0) x G3 and from P.
A tangent vector to a point ((¢,J,i),p,[p),p) € 35 x X lifts to (X~1(0) N
Gs0)ls x ¥ is a data set ((¢',i'),p’,q,7v") such that (((¢',i'),p’,q) are as
described in Step 1 of the proof of Lemma A.14 with the proviso that J' = 0.
Meanwhile, v’ is a tangent vector to p’. The differential of the map ¥ ; sends
such a tangent vector to the vector ¢'(p’) + 0" € (¢*TX)|p. Since 37 x X
has dimension 2d — 3, a point in 37 x ¥ is a critical point of 93 ; if and only
if there is a 2d — 6 dimensional subspace in its tangent space whose vectors
obey (A.47).

To see about the existence of such a space, return to a very large m
version of the space 3 = (X71(0) N Gs0)/SO(3). Introduce (3 x X)p C 3 x X
to denote the subspace of points ((¢, J,j), p, [p], p’) where p’ is distinct from
all entries of p, and where J is a regular value for both the projection from
X750) N G30,X71(0) NGy and from P™ to J™. Note that this is an open
set in 3 x X.

Let K — (3 x X))o denote the bundle whose fiber at a point ((¢,J,j),p,
[pl,p’) is the space of 2d — 6-dimensional, orthonormal frames in T'(3[; x
Y). The latter is a smooth manifold with a smooth action of SO(2d — 6).
Introduce the vector bundle, &, over (3 x X) whose fiber at the given point
is @1<a<2d—6p T X.

Use g to denote the fiber preserving map from K to & that is defined
over the point ((¢, J,j), p, [p],p’) by the rule that follow. Let o € {1,...,2d —
6} and introduce K, to denote the index a component of the given frame.
This component defines the corresponding index o summand ¢*T'X in €.
To continue, write K, as ((¢,i),p’,¢,v’). The index a component of g is
©'(p") + pst'; this the left-hand side of (A.49).

As is argued momentarily, the locus p~!(0) is a manifold such that the
map to J™ is Fredholm with index 3. This the case, then the arguments
for Proposition A.1 can be employed to prove that there is a residual set of
regular values in 7 for this map. The inverse image of such a regular value is
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a 3-dimensional manifold whose image in the subspace (3|7 x X)g of 37 x X
is the intersection of the critical locus of ¥/ ;1 with the subset of elements of
the form (((¢, J,j), p, [p],p’) such that p’ is not an entry of p.

To prove that p~'(0) is a manifold, it is sufficient to prove that the dif-
ferential of p along ©~!(0) is surjective. The arguments to prove this imply
directly that the corresponding map to J™ is Fredholm with index 3. To
see about this surjectivity, note that p’s differential maps a tangent vector
to K at a given point to the fiber of € at the image of this point via the
projection K — (3 x X)g. To say more, write the ¢’ and v' components of
the index o component of the frame over (((¢,J,),p, [p,p') as ¢, and v),.
Note that ¢/, has a corresponding j/, from V. The differential of ¢’ involves
only the component in TK that corresponds to a first order change in ¢/,
and v/,. It also involves a tangent vector, v/, at p’ that gives the first order
change of the latter point. To continue, denote this first-order change in the
data (¢,,j,,) and v/, as (\,,¥,) and «,. Then the index « component of the

(62 ndge
differential of (' gives the element

(A.51) Xaly + szt + Vi + (Vuwps)vg € (¢"TX)|p.
Meanwhile, that data (M\.,¥,) is constrained by the requirement that the

(e2nge’
index o component of the frame over (((¢,J,j),p,[p],p’) define a tangent
vector to 35 X X.

With the preceding understood, here is the key observation: Let J’ denote
the component of the tangent vector to K that comes from a first-order
change in J. The requirement that J be a regular value for both the maps
from P™ and 3 to J™ implies that J’ is not yet constrained by the require-
ment that the domain for the linear map in (A.49) consist of tangent vectors
to K. As a consequence, J' can be chosen so the various 2d — 6 versions of
(A.49) can have any given value in ®1<q<2qd—6(9*TX)|y. The argument for
this employs once again the Green’s function construction from Part 6 to
obtain any desired value for the part of \[,|,y that is normal to ¢(3) at p'.
The details are messy, but in the end straight forward and so omitted.

5.7. Proof of Proposition 3.8. Let J.o denote the residual set from
Proposition 3.6. The proof of Proposition 3.8 starts with the following
lemma.

Lemma A.15. There exists a residual set in Jeo which is characterized by
what follows. Fix an almost complex structure J from this set to define M 4.
There is a residual subset of reqular points vo € x4_o X with the property
that if o comes from this set, and if w is an entry of o, then Y% is a
1-dimensional image variety in M™.

Grant this lemma for the moment. One might expect that a pair of dis-
tinct and suitably generic 1-dimensional image varieties in a 4-dimensional
manifold will have no points in common. The proof of Proposition 3.8 argues
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that this expectation is met for distinct pairs from any given version of {)J%:
w is an entry of v} if M, 4 is first defined using an almost complex struc-
ture from a certain residual set in J.2, and then to is chosen from a certain
residual set in x4 _9X.

The proof of Proposition 3.8 including Lemma A.15 has four parts.

Part 1: To motivate what is to come, fix for the moment, an almost
complex structure J € J which is a regular value for the genus g and class
e version of P. Use J to define the space M, ,. Fix a regular point, w &
X 42X . This guarantees that 9" is a smooth, 4-dimensional manifold. Let w
denote an entry of to. To consider the structure of Y%, let C' € M™ denote
a given curve and let N — C' denote its normal bundle in X. Introduce
the operator D¢ as defined by (2.12). The tangent space at C' consists of
the subspace kercn, = {n € ker(D¢g): n = 0 at each entry of w}. Fix an
adapted coordinate chart, (z,w), centered at w so that the w = 0 locus is
tangent to C at the origin. This identifies the fiber of N at w with the span
of a% and it identifies this same span with the tangent space to CP! at
©w(C). Fix a holomorphic coordinate, u, for C' centered at w with du = dz
at w. The differential of ¢, at C sends a given n € kergn to the vector
Onlw, here viewed using these identifications as an element in TCIP’1|%(C).
Use ¢us to denote this differential. A curve C' € M™ is a critical point of
¢w if and only if the kernel of ¢, contains a 3-dimensional, orthonormal
frame.

Granted the preceding, Lemma A.15 and Proposition 3.8 are proved via
an analysis of the space whose elements consist of data sets (J, (C,w),w,p)
of the following sort: First, J is an almost complex structure. Second (C, v)
are in J’s version of M, 4 4—2. Third, w is an entry of tv. Finally, p consists
of an orthonormal frame (71,72, 73) in the space kerc y, such that each frame
vector is in the kernel of .

Part 2: The space just described is studied by reintroducing the genus g
and bundle e versions of the manifold P™ and P. The use of the latter is
not strictly speaking necessary, but it does allow for direct appeal to various
constructions from the preceding parts of this appendix. In any event, to
make contact with the problem at hand, consider now the open submanifold
of points ((¢, J,j),p) € P™ x (X4—2%) where J is a regular value for the
map from P to J™ and where the point p has distinct entries. For n = 3
and n = 4 define a fiber bundle, Q,,, over this subset of P X (x4_oX)
as follows: The fiber over a given point ((¢,J,j),p) consists of the space
of orthonormal n-frames where each frame vector has the form ((¢',j’),p’)
with (¢',i") and p’ = (u1,...,uq—2) € T(X4_2%)|, such that (A.6) and each
ke {1,...,d— 2} version of (A.46) holds. Note that this fiber bundle has a
free, fiber preserving action of SO(n).
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To connect this with what was said in Part 1, let ((¢,i'),p’) denote a
vector as just described. Then the projection of ¢’ to the pull-back via ¢
of the normal bundle to the curve C = ¢(X) is a vector in kerc y, where
w = (¢(p1), - .-, ¢(Pd-2))-

Fix a€{l,...,d — 2}. Define a vector bundle over this same part of
P x (xg—2%) as follows: The fiber over the point ((¢,J,j),p) is that of
(" Ty0,00X/p+Ti1,00%) @ Tj(l’O)Z at the component p, of P. Use M, to
denote the latter. Define a fiber preserving map

(A.52) fa i Qn — BNy

by the following rule: For i € {1,...,n}, let ((¢,i'),p’) denote the ith frame
vector of a frame in the fiber over a given point ((¢, J,j), p). The latter defines
the entry of f, in the ith summand of the fiber of &,M, over ((¢,J,j),p),
this being the projection at p, to the (¢*T(1,0)X/sTj1,0)%) @ Tj(l’O)E of
the covariant derivative of ¢'.

Proof of Lemma A.15. The locus f;!(0) is a manifold if the differential of f,
is transversal along this locus. It is argued in Part 3 that this is indeed the
case. These upcoming arguments imply directly that the map from f,!(0)
to J™ is a Fredholm map whose index is 4d — 4 when n = 3 and 4d — 6
when n = 4. Granted that such is the case, the arguments used to prove
Proposition A.1 can be used again to prove that there is a residual set of
regular values for this map in J if m is large.

Let J € J denote such a regular value. Then f,1(0)| s is a smooth manifold
with a smooth action of SO(n) that preserves the induced map to P;. Let
) ; denote this quotient. The latter is a smooth manifold of dimension 4d
- 7Tif n = 3 and of dimension 4d - 12 if n = 4. Use ¥ 42 to denote the
map from 917 to X 42X that is obtained by composing first the tautological
map to Py X Y40 with the map ¥4 from the latter space to x 40X . Let to
denote a regular value. In the case n = 4, the inverse image via g 4-2 of tv
is a empty. In the case n = 3, it is a 1-dimensional submanifold of 91;. Let
w denote the index « entry of w. By design, the manifold 19(;1,151—2(“’) c Ny
maps onto V¥,

Part 3: This part explains why f, has transversal differential along its
zero locus. To set the stage, let ((¢, J,j),p) denote a point in P™ X (X 4-2X)
where Q,, is defined. Let p = {((¥4,3i),7 = (vi1, .-, Vida—2)) }1<i<n denote a
point in the fiber of Q,, over this given point. A tangent vector to the point
in Q,/SO(n) defined by p lifts to the frame p as a data set ((¢,J',i),p’,9)
where (¢, J',j’) is tangent to P™ at (p,J,j), where p' = (uq,...,uq42) €
T(Xg4-2X)|p, and where g is as follows. It has n components, with the ith
having the form ((\;, €;),x;). The pair (\;,€) obeys the g; = 0 version of
the third bullet of (A.29) with it understood that the corresponding (;,j;)
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comes from the ith entry of p. Note that the latter must obey the top equa-
tion in (A.29), and ¢; with v;, it must obey the version of (A.46) that has
@; in lieu of ¢’ and the entries of »; in lieu of (uy,...,u42). Meanwhile
xi=(xi1,...,xig—2) €T(Xq—2X)|p. The pair (\;,x;) with »; and p’ are con-
strained at the entries of p via the equation that appears in the second bullet
of (A.49). Finally, each of the n components of ¢ is orthogonal to the span
of p.

lguppose now that ((¢,J,j),p,p) is a zero of f,. The differential of f, is
surjective at this zero if the following is true: Let N denote the normal
bundle to ¢(X). Fix a vector in &, (¢*(N) ® le’02)|ua. Then, there exists
a tangent vector of the sort just described which is such that the projection
to p*(N) ®le’02) at uq of each i € {1,...,n} version of d)\; is equal to ith
component of the given vector in @, (p*(N) ® le’02)|ua.

The proof that such is the case uses a version of the Green’s function
construction from Part 6 of the proof of Proposition 3.7. What follows
gives the details. The first observation is that the assumption that J is
a regular value for the map from P™ to P implies that no constraints
on J' are required to solve the relevant versions of (A.29), (A.49) and
(A.46); this because the operator depicted in (A.30) is invertible. With
the preceding understood, the plan is to chose J’ so as to achieve any
given desired value for the normal bundle projection of (O\;)i<i<n at u,.
To this end, the first step is to restrict J’ so that the equations in the
first and third bullets of (A.29) are given by what is written in (A.31)
and so that the equation in the second bullet of (A.29) is solved by tak-
ing (¢',j) = 0. Take p’=0 to solve (A.46). A choice now for J' must
be made so that the corresponding solution to the equation in the sec-
ond bullet of (A.31) obeys the equation in the second bullet of (A.49)
and is such that the normal bundle projection of OA; has the desired value
at uq.

To achieve the goal just described, fix a j-holomorphic coordinate for X
centered at u,. This coordinate, u, takes values in a small radius disk cen-
tered about the origin. Introduce the notation from Part 6 of the proof
of Proposition 3.7. Note in what follows that the normal bundle pro-
jection in this Part 6 is denoted by II, and 7; is used to denote each
i € {1,...,n} version of the normal bundle projection of ;. Part 6 of
the proof of Proposition 3.7 defines a finite set, W, in the wu-coordinate
disk. Copy what is done there to define here such a set of points, all
very near the origin but none at u = 0. Use Wy to denote this set. Fix
d > 0 but much less then the distance from any point in Wy to the
origin, and much less then the distance between any two distinct ele-
ments in Wy. Let Wy denote the set obtained from Wy by translating
each element a distance d along the direction of the real axis in C. Set
W =WyU Wy.
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Fix A > 0 but much smaller than the distance between any point in W
and 0, and much smaller than the distance between distinct points in W.
Take J as in (A.33). The analysis in Part 6 of the proof of Proposition 3.7
can be repeated in this context to prove that

o TI(Xi)y(1,0)l0 = A (Zuewo ST 0l + g (I - ) |uva + ri) ,

o TI(ONi) 1,0)l0 = — A2 <Zu€WO w2 (I 00w+ gz (7 0 ura + t§>=
(A.53)

where |t;| and [t} are bounded by what is written on the right-hand side of
(A.35).

What is said in Part 6 of the proof of Proposition 3.7 implies the fol-
lowing: Given {J'|,}uew,, then the various uw € Wy versions of J'|,1q
can be chosen so that the following conditions hold when A is small.
First, each i € {1,...,n} version of what is written on the right-hand
side of the top line of (A.53) is zero. Moreover, this can be achieved so
that

1 ) = R PR ' ‘
(A.54) m(J < ONi)|utd = _E(J - ON;)|u + eu,i for each u € Wy,

where [e,i| < cAY o |J'[u] With ¢ a constant that depends on Wy but
not on d nor on A if A is much less than d.

Granted this choice for {J'|,td}uew,, then the right-hand side of the
bottom bullet in (A.53) has the form

d _
(A.55) O saoylo =A% ( D — (" Omi)lu + o5
ueWy

where [0,,;] < ¢(A + d?) > uew, |/ |u] With ¢ again depending only on Wy,
but neither on d nor on A if A < d. With (A.55) in hand, the argument
from the last paragraph in Part 6 of the proof of Proposition 3.7 can be
applied here to see that {J'|,}|uew, can be chosen when d is very small
and A is much less than d so as to make the n-tuple (II(OA;) s(1,0yl0)i=1,....n
equal to any given n-tuple. This last fact implies the asserted surjectivity at

((¢,J,j),p,p) of the differential of f,. O

Part 4: To complete the proof of Proposition 3.8, consider now the open
set of points ((¢, J,j),p) € P™ X (X4-2%) where J is a regular value for the
projections from P and from each n € {3,4} and each a € {1,...,d — 2}
version of the submanifold §,%(0) C Q,. Require also that p have distinct
entries. Use Q2 to denote the fiber bundle over this open set in P™ x (X g-23)
whose fiber over a given ((¢,J,j),p) consists of the product of two copies
of the fiber of Q3. For indices o # 3 from {1,...,d — 2}, set fo3 to be the
fiber preserving map from Q2 to the vector bundle (£3M,) & (©3N3) that
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sends the fiber point (p,p") over the given point ((¢, J,j),p) to (fa(p), fs(#))-
The bundle Q? has a fiber preserving, free action of SO(3) x SO(3), and this
action restricts to an action on f;é (0).

Since the entries of p are distinct, the Green’s function constructions given
in Part 3 above can be applied near the index « entry and the index § entry
of p simultaneously to prove that the differential of f,z is transverse along its
zero locus. This being the case, it follows that f;é (0) is a manifold with a free
action of SO(3) x SO(3). Let Y denote its quotient by this action. The lat-
ter is a manifold also. Moreover, the associated map to J™ has everywhere
Fredholm differential, with index equal to 4d — 10. The arguments used to
prove Proposition A.1 can be used here to prove that there is a residual set
of regular values for this map in 7. Let J denote such a regular value. Then
Dol is a smooth manifold of dimension 4d —10. The manifold 9),3|; maps
to X g4-2X via the composition of the map to P|; X (X4-2X) with the map
¥4-2. The inverse image of a regular value of the latter map is empty since
the domain space has smaller dimension than the range.

Suppose that J € J is a regular value for all oo # 3 versions of f,3. Sup-
pose in addition that 1w € x 49X is a regular point and also a regular value
for all of the associated maps from {9,/ }1<a<p<d-2. Then the conclusions
of the preceding paragraph limply the following: If w # ' are entries of v,

then Y% is disjoint from )% . OJ
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