DEFORMING HYPERSYMPLECTIC FOUR-MANIFOLDS TO HYPERKAHLER
TRIPLES

OPENAI

ABSTRACT. Every smooth normalized positive triple of closed two-forms on a closed connected
oriented four-manifold admits a smooth deformation, with each cohomology class fixed, to a
hyperkéhler triple. This resolves Donaldson’s hypersymplectic deformation conjecture.

1. INTRODUCTION

A hypersymplectic structure on an oriented four-manifold is a triple of closed real two-forms
whose pointwise span is three-dimensional and positive definite for the wedge product. Such a triple
determines a conformal structure, but its forms need not be parallel. After a constant normalization
of their intersection matrix, the question is whether one can deform the forms to a hyperkédhler
triple while retaining their three cohomology classes.

Theorem 1.1. Let X be a closed connected oriented smooth four-manifold, and let w = (w1, w2, ws)
be a smooth hypersymplectic structure normalized by

(1.1) /Xwi/\wj = 0ij.

There is a smooth family of hypersymplectic structures w(t), 0 <t <1, such that
w(0) =w,  [wi()] =[w] (i=123),

and a positive volume form uy with

(1.2) wi(1) Nw;(1) = 28;501.

The endpoint forms are parallel and self-dual for a hyperkdhler metric.

For an arbitrary positive volume form p, write w; A w; = 2Q;;p. There is a unique choice of y for
which det @ = 1, and (1.2) is exactly Q = I3 in this convention. The statement is unaffected by a
constant orthogonal change of the ordered triple.

The normalization also specifies the conclusion for any initial positive closed triple. Let G;; =
S y wiAwj; this matrix is positive definite. Choose a constant invertible real matrix L with LGLT =14
and apply Theorem 1.1 to Lw. Applying L' to the resulting path preserves positivity and each
original class. Its endpoint satisfies

wi(l) VAN w]'(l) = 2Gij,ula

where 11 is the volume form of the normalized endpoint metric. Thus the original basis consists of
parallel self-dual forms for a hyperkéhler metric, with its original Gram matrix G.

Corollary 1.2 (Individual Kéahler realizations). Let X be a closed connected oriented smooth
four-manifold with a smooth positive triple w of closed real two-forms. For every fired ¢ € R?\ {0},
the form a. = > ;ciw; is a Kdhler form for a parallel integrable complex structure J. of some
hyperkdhler metric g. on X:

ac(v,w) = ge(Jov, w).
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The compatible structure is chosen separately for each c; no simultaneous transport of the triple is
asserted.

Proof. Use the fixed-class path for the original basis described above and put oy = >, cjw;(t).
Positivity of the pointwise wedge-product matrix gives oy A oy > 0. Thus o is symplectic, and its
class is fixed because each [w;(t)] is fixed.

For the endpoint metric g, set 7. = (¢! Ge)'/? > 0. The endpoint identities show that ay /7. is
parallel and self-dual with g-norm /2. It therefore defines a parallel integrable complex structure
J with oy /. = g(J" - -). Hence ag is its Kéhler form for the hyperkéhler metric 7.g.

Since X is closed, Moser’s theorem gives an isotopy ¢t with ¢.o = id and ¢, a4 = a,. Pulling
back r.g and Jgnd by ¢..1 gives the claimed hyperkéhler metric and compatible integrable structure
on X. Fine and Yao note this Moser implication for a constituent in [10, Section 1]. u

Corollary 1.3 (Smooth type). Let X be a closed connected smooth four-manifold admitting a
smooth positive triple of closed real two-forms. Then X is diffeomorphic to the standard K3 manifold
or to T*.

Proof. Give X the orientation induced by the triple. The normalization above and Theorem 1.1
give a global hyperkéhler triple on X. Choosing one of its complex structures makes X a compact
Kahler surface with a nowhere-vanishing holomorphic two-form. The compact hyperkéhler surface
classification [2, Section 2, p. 162] therefore identifies X itself as a complex two-torus or a K3
surface. A complex two-torus is smoothly T, while every complex K3 surface is diffeomorphic to a
nonsingular quartic surface in P3, the standard K3 manifold [23, p. 58]. ]

1.1. History and significance. Donaldson’s study of closed two-forms on four-manifolds links their
pointwise wedge-product geometry to nonlinear elliptic equations [5]. His Question 3 in Section 5.3
asks whether a compact oriented four-manifold carrying a positive closed triple admits a hyperkéhler
structure. In the same section he proposes a prescribed-volume continuity argument in the simply
connected case, conditional on a priori estimates and an auxiliary involution. The involution keeps
the evolving form in a fixed cohomology class [5, Section 5.3]. Fine and Yao formulate the normalized
deformation problem, retaining all three cohomology classes, as Conjecture 1.1 of [10]. Theorem 1.1
resolves this deformation conjecture positively. Keeping the classes connects the given triple to
a metric with its prescribed periods, beyond existence of some hyperkéhler metric on the same
manifold.

The main analytic approach has been the hypersymplectic flow. Fine and Yao obtained this flow
by reducing the Ga-Laplacian flow on the product with a three-torus. They proved that a finite-time
solution extends while the associated seven-dimensional scalar curvature, equivalently the torsion,
remains bounded [10, Theorem 1.3]. Their later work gives an integral torsion extension criterion,
global existence near pointwise orthogonality, and subsequential convergence of global solutions
under additional geometric bounds [11, Theorems 4.7, 4.10, 4.15 and 4.16].

Several restricted classes admit complete convergence results. Huang, Wang and Yao proved
convergence, after pullback by diffeomorphisms, for simple-type hypersymplectic structures on the
standard four-torus, a diagonal one-variable class [18, Theorems 3.5 and 3.6]. Picard and Suan
treated Go flows associated with Kéhler Calabi—Yau data; their complex-dimension-two case supplies
a hypersymplectic convergence theorem [39, Theorem 1.3]. Fine, He and Yao extended the simple-
type convergence result, modulo diffeomorphisms, to T3-invariant triples on 7% in symmetric normal
form [8, Theorem 1.5]. They subsequently proved a linear cohomologous isotopy to a hyperkahler
triple when an effective smooth circle action preserves the initial triple [9, Theorem 1.2]. Related
reductions and coflow constructions appear in work of Petcu, Yao and Zhou, and Karigiannis, Picard
and Suan [38, 57, 19]. These results retain their stated symmetry or integrability hypotheses. The
path constructed here starts from an arbitrary positive closed triple; its existence is a separate
question from convergence or uniqueness for the hypersymplectic flow.
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The topology already places strong restrictions on such a triple. Any two of its forms determine
an almost-complex structure whose canonical line is trivial, and the third form tames that structure.
Here a real two-form S tames J if B(v, Jv) > 0 for every nonzero vector v; it is compatible if it is
also J-invariant. A closed tamer is symplectic. Bauer’s bound for symplectic four-manifolds with
torsion first Chern class [1, Corollary 1.2], together with the three positive period classes, gives
b™ = 3, where b is the positive index of the intersection form. The resulting free intersection lattice
is the K3 lattice or three hyperbolic planes. These facts supply the lattice used below; they do not
presuppose a smooth identification of the initial manifold with a K3 surface or torus.

For controlling closed positive forms, Sullivan’s structure currents provide the cone-duality
framework [45]. Harvey and Lawson developed the positive-current characterization of K&hler
geometry [17], and Li and Zhang compared the taming and compatible cones in almost-complex
geometry assuming the compatible cone is nonempty [28]. A separate article proves that every tamed
smooth almost-complex structure on a closed connected real four-manifold admits a compatible
symplectic form [37, Theorem 1.1]. Its current estimates and density-splitting argument are also
used here, with the needed proofs included in Sections 3 and 4. In particular, smooth density-
weight closedness already appears in the proof in Section 6 of that article. Its compatible class is
unrestricted. The additional class criterion below converts closed normalized density thresholds into
curves, using Preiss’s rectifiability theorem and Riviere—Tian’s regularity theorem for integral cycles
[40, 41]. This supplies the prescribed taming class needed along the deformation.

1.2. The main ideas. The proof organizes the deformation around a pair of forms. Write an
ordered triple as (A, C, B), and write products of forms for wedge products. The positive plane
spanned by A, C' determines an almost-complex structure J, with sign chosen so that B tames it. A
pair deformation gives the desired triple deformation provided the original third class continues
to contain a tamer. The argument first proves a criterion for this availability, then constructs a
fibration and an auxiliary equal-square pair, and finally uses two classical Kéahler steps to reach the
endpoint.

Currents and a prescribed class. Separation of the cone of positive forms gives a positive current
obstructing a desired closed form. Quadratic mass estimates bound its mass in a ball of radius r by
K7r? for a fixed constant K. Resolvent regularization also controls how its complex-line directions
vary on that scale. Together these estimates prove closedness after weighting by smooth functions
of the two-dimensional density. The zero-density part can then be handled by the intersection form,
while normalized thresholds of the positive-density part give integral pseudoholomorphic cycles.
Compatibility is proved before the integral-cycle regularity theorem is applied, so that its local
symplectic hypothesis is available.

The output is Theorems 4.1 and 4.2. For the second theorem, let V' be the intersection-orthogonal
complement of [A], [C]. Tt has Lorentz signature because b™ = 3. A positive-square class H € V is a
taming class if it is in the same positive component as a known positive-square taming class U € V
and pairs positively with every irreducible closed J-curve. The criterion will keep [B] available as
the pair changes.

Marked curves and a torus fibration. The initial triple supplies an entire coefficient sphere of
almost-complex structures: for v € 52, the forms a - w with a - v = 0 constitute its anti-invariant
plane (a form ¢ is anti-invariant when &£(Ju, Jw) = —£(u,w)), and v - w tames the corresponding
structure. Compatible forms can be selected smoothly over this sphere by a constant-rank elliptic
correction. After projecting their classes to the original positive period plane and normalizing,
one obtains a degree-one map to its unit sphere. Li proposed using such winding sphere families,
parametrized wall crossing, and Taubes’s curve correspondence to construct elliptic fibrations [26,
Section 7.4.1]. The marked-family construction below carries out this approach for the coefficient
sphere of the initial triple. Li-Liu’s families wall-crossing and index formulas [27], together with
Taubes’s canonical nonvanishing and large-parameter curve extraction [46, 47, 48], then give curves
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through every point in a chosen nonzero integral square-zero class. To impose passage through a
chosen point, the proof requires one component of the Seiberg—Witten spinor to vanish there. As
the parameter moves over the sphere, the line containing that component also varies and has degree
of absolute value one. Its contribution must be retained in the marked wall-crossing calculation,
even though the underlying Spin-c structure is fixed throughout the family.

The integral class is chosen to prevent any such curve configuration from splitting. Eichler’s
criterion supplies the lattice normal form [15, Proposition 3.3(i)]; a further finite-coset argument
works for the arbitrary real positive period plane of the original triple. Pseudoholomorphic adjunction
and positivity of intersections then reduce the possible fibers to tori and rational curves with one
singularity [31, 56]. To obtain ordinary nodes, we prove transversality using exact perturbations of
A, C with B fixed. The first-jet method is related to that of Oh and Zhu [35], but the allowable
closed-form variations require their own cokernel calculation. Relative nodal replacement and local
deformation theory now produce the fibration of Theorem 7.1: a proper map from X to a closed
oriented surface, with torus regular fibers and rational singular fibers having one ordinary node.
An auxiliary volume equation. The fibration supplies classes with small positive fiber area. Near a
nodal fiber we use the Gibbons-Hawking construction [12] and the periodic Ooguri—Vafa model [36].
Gross and Wilson developed the corresponding mathematical collapsing and semi-flat gluing methods
for elliptic K3 surfaces [16]. Here the nodal holomorphic model is constructed independently, since
a global complex structure is not yet available. On fixed annuli the model and regular data agree
up to exponentially small error. Matching the fiber area and the period on the surface swept out by
the monodromy-invariant fiber cycle ensures that the discrepancy has a primitive.

After exact preparation of the pair, these local forms glue to an approximate auxiliary form of
fiber area e. The correction in Theorem 10.1 is solved on exact two-forms. For any Riemannian
metric on the oriented closed four-manifold, let h™ denote the self-dual part of an exact two-form h.
The exact-form identity used in Donaldson’s elliptic formulation [5, Section 2, proof of Proposition 1;
Section 4, Lemma 1]

[R][72 = 2[|hT |72 (h exact)

controls the inverse while the fibers collapse. The remaining finite Sobolev estimates lose only
powers of e, which are absorbed by the exponentially small gluing error. This produces a closed
form D satisfying AD = CD = 0 and D? = A?. The class inequality in Proposition 10.2 holds for
all later curves at one fixed choice of ¢; it transfers positivity from [D] to the original class [B].
Two Kahler steps in the original classes. The closed equal-square pair A, D defines an integrable
complex structure with holomorphic two-form A +iD, choosing the sign so that C tames it. The
compact-surface criteria of Buchdahl and Lamari, and the numerical Kéhler-cone criterion, put [C]
in the Kéhler cone [3, 24, 4]. Yau’s volume theorem [58] gives O € [C] with C? = A2. Interpolate
from C to Ci; the uniform class inequality and the taming criterion keep [B] available throughout.
The pair A, C; is now itself an integrable equal-square pair. A second Kéhler step in [B] gives
By, completing the hyperkahler triple. Smooth selection of the third forms, with both endpoints
prescribed, gives the actual path (A, C}, B;) shown in Figure 1. Every component retains its original
class.

1.3. Organization and conventions. Section 2 establishes the preliminary geometry and topology.
The positive-current results occupy Sections 3 and 4. Sections 5 to 7 construct the torus fibration,
and Sections 8 to 10 construct the auxiliary equal-square pair. The proof of Theorem 1.1 is completed
in Section 11.

We write products of two-forms for wedge products and products of degree-two cohomology classes
for their intersection pairing. Curve classes are identified with their Poincaré duals in cohomology.
Integral lattice statements use

A = H?*(X;Z)/ torsion.
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The original positive period plane is P = span{|wi], [w2], [w3]}. No rationality of this plane is
assumed. All deformations of forms are smooth in the manifold variable; parameter regularity is
stated where it is used. Constants in local estimates may depend on fixed smooth background data
and on the indicated finite differentiation order.
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2. DEFINITE PAIRS AND THE COEFFICIENT SPHERE

We first associate an almost-complex structure to a definite pair and identify the condition on
a third form that makes the triple positive. This converts the later deformation problem into the
choice of taming forms in a prescribed class. We also establish the topological restrictions and the
degree-one sphere of structures needed to produce curves in Section 5.

Definition 2.1. A pair (A4, C) of real two-forms is definite if its wedge-product matrix is positive
definite at every point. A two-form B tames an almost-complex structure J if B(v, Jv) > 0 for
every nonzero tangent vector v. It is compatible if, in addition, B(Ju, Jv) = B(u,v). When these
forms are called symplectic, closedness is included.

Lemma 2.2. A definite pair (A,C) on an oriented four-manifold determines an almost-complex
structure up to sign. Its anti-invariant real two-form bundle is pointwise spanned by A,C, and its
canonical complex line bundle is trivial. A third form B completes a positive triple if and only if it
tames one of the two signs of this almost-complex structure. On a connected manifold the sign is
fized by B.

A real two-plane is Lagrangian for both A and C if and only if it is a complex line, without
specifying its orientation.

Proof. Ratios of positive four-forms are smooth functions. Set
1/2
AC C? 9 C—-zA
Then AT = 0 and 7% = A? > 0. Consequently
Q=A+1T, 0% =0, Q0 =24%2>0.

The form €2 is complex decomposable and its kernel in the complexified tangent bundle is comple-
mentary to its conjugate. Taking this kernel as T%! defines an almost-complex structure with the
given orientation. Replacing y by —y conjugates €2 and changes J to —J. The real and imaginary
parts of €2 span the anti-invariant forms, and €2 is a nowhere-zero section of the canonical bundle.
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Choose any Hermitian metric for J. The invariant two-forms are the wedge-orthogonal complement
of span(A, C') and have signature (1, 3). For the decomposition B = Bl:t+B20+0:2 the positive-triple
condition is exactly (B%1)? > 0. A real (1,1) form in complex dimension two has positive square
precisely when its two Hermitian eigenvalues have the same strict sign. The positive component is
the cone of forms positive on every complex line. The anti-invariant summand vanishes on such
lines, so this is equivalent to taming by B. The other component is positive for —J. Connectedness
fixes the choice continuously and globally.

Finally, for independent real vectors u, v, A(u,v) = C(u,v) = 0 is equivalent to Q(u,v) = 0. In a
complex two-dimensional vector space with a nondegenerate complex volume form, this says that
u, v are complex dependent, equivalently that their real span is a complex line. ]

In particular, for fixed J the space of taming two-forms is an open convex cone. Its intersection
with the closed representatives of any one class is also convex. The associated notion of positivity
will always use the sign of J fixed by a stated tamer.

Proposition 2.3. If X carries a positive closed triple, then
bH(X) =3,  (bi(X),b7 (X)) =(0,19) or (4,3).

The free integral intersection lattice is respectively 3H @ 2(—Eg) or 3H, where H is the hyperbolic
plane. FEvery almost-complex structure obtained from a definite pair in the triple has vanishing
integral first Chern class.

Proof. By Lemma 2.2, one member of the triple is a symplectic form taming an almost-complex
structure whose canonical bundle is trivial. The first Chern class of this symplectic form therefore
vanishes: the space of its tamed almost-complex structures is contractible and contains compatible
structures. Bauer’s bound for a closed symplectic four-manifold with torsion first Chern class gives
bT < 3 [1, Corollary 1.2]. The three independent positive cohomology classes give the reverse
inequality.

The characteristic-number identity ¢? = 2x + 30, obtained from p; = ¢ — 2¢3, the Euler-number
identity and the signature theorem [33, Corollaries 11.12 and 15.5, Theorem 19.4], together with
bt = 3, gives

0=19—4b; —b, o =4b; — 16.
Moreover wy = ¢; = 0 (mod 2), so X is spin [33, Problem 14-B]. Rokhlin’s theorem makes o
divisible by 16 [42]. Since b~ > 0, these relations give b; € {0,4} and the displayed alternatives.
Poincaré duality makes the free intersection form unimodular, and the Wu formula makes it even
[33, Theorem 11.14]. Classification of indefinite even unimodular lattices now gives the two stated
forms [43, Chapter V, Section 2.2, Theorems 5-6]. Only the intersection lattice has been classified
at this stage. ]

The positive three-plane bundle spanned by the triple is the self-dual bundle of a unique oriented
conformal structure. Choose one metric gp in that conformal class. Since the original forms are
closed and self-dual, they are harmonic, and

(2.2) Hg = spang{wi, w2, w3}

by Proposition 2.3. Here the span is the vector space of global forms, with constant coefficients.

For v € S? C R3, let B, = v -w and let A, be the plane of forms a - w with a L v. Choosing the
sign tamed by B, defines an almost-complex structure J,. This construction uses the plane A,
itself and does not require a global choice of its ordered basis over S2.

Lemma 2.4. The family J, is smooth and is Hermitian for gy. At every point of X its map to
the twistor sphere has degree of absolute value one. The closed J,-anti-invariant forms form the
two-dimensional space A, .
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Proof. The first assertion follows from the construction and the self-dual description of Hermitian
almost-complex structures in dimension four. At a fixed point, let K be the positive Gram matrix of
the triple for go. A vector normal to the coefficient plane v+, for this Gram matrix, has coefficients
K~'. Its pairing with B, is positive. Thus, after normalization, the fundamental forms give the
map
K~
Vi ‘K711)|
in radial coefficient coordinates. Positive definite matrices connect to the identity through positive
definite matrices, so this map has degree one. The orientation convention identifying coefficient and
twistor spheres can change only its sign.
A closed anti-invariant form is self-dual for gy, hence harmonic. By (2.2) it is a constant
combination of the original triple. It is anti-invariant for J, exactly when that coefficient vector lies
in v*. This proves the final assertion. O

After a constant orthogonal change of coefficients we will denote a chosen original ordered triple
by (A, C, B). For all later exact deformations of the pair, set

(2.3) V =[Atn[C]t c H*(X;R).

This space has signature (1,b7), and [B] € V is a unit timelike vector. It determines the future
component of the timelike cone.

Lemma 2.5. Let A, D be closed real two-forms with AD = 0 and A%? = D? > 0 pointwise. Then
A+ 1iD defines an integrable complex structure, and is a nowhere-zero holomorphic two-form for it.
If a closed third form C has AC = DC =0 and C? = A%, then the resulting triple is hyperkdhler,
after choosing the sign of the complex structure so that C' is positive.

Proof. Set 2 = A4 iD and use its kernel as T%! as in Lemma 2.2. For vector fields U,V in that
kernel, Cartan’s formula and dQ2 = 0 give

Ly =0, tuv = Ly (v Q) =y (L) = 0.

The kernel is involutive. The smooth Newlander—Nirenberg theorem therefore gives integrability
[34], and closedness of the (2,0) form © gives holomorphicity.

Under the additional assumptions, C' is a positive closed (1,1) form, hence a Kéhler form.
Its metric volume is C?/2 = A2%/2. The ratio Q/C? is constant, so the holomorphic volume
form has constant pointwise norm. The Chern connection of the canonical line then makes 2
parallel. For a Kéhler metric this is the connection induced by the Levi-Civita connection. Thus
A, D, C are parallel; their normalized self-dual algebra gives the hyperkdhler structure. Explicitly, if
(m,n2,m3) = (A, D,C) and p = A%/2, then n; A n; = 28;ju; thus their normalized matrix Q from
the introduction is the identity. U

3. SEPARATION, QUADRATIC MASS, AND ANGULAR ENERGY

The two separation arguments below produce a positive current, possibly with an anti-invariant
correction. We first control its trace measure at the two-dimensional scale. An intersection pairing
then controls the correction and the variation of the complex-line directions. These estimates will
permit the density decomposition in Section 4.

Separation by positive currents follows the framework of Sullivan and Harvey-Lawson [45, 17],
with the almost-complex formulation of Li-Zhang [28, Section 3]|. The closed lift, quadratic mass
estimate and resolvent argument also occur in Taming implies compatibility on four-manifolds
[37, Sections 2-4]. We develop the estimates for both separators together. In the prescribed-class
application, the closed current can have nonzero cohomology class, and its square must remain in
the energy identity.
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3.1. Conventions and separation. Fix a smooth almost-complex structure J on the closed
four-manifold X, give X its complex orientation, and choose a smooth J-Hermitian metric g. Its
fundamental form is

G(u,v) = g(Ju,v).
The pointwise orthogonal decomposition is
(3.1) N=IeE, I=A;=RGaA;, E=A;CA].

Let R denote the orthogonal projection onto E. A unit complex-line bivector is £ = e A Je, where
lelg = 1. We use g to identify bivectors and two-forms. Consequently

(3.2) 0, =1, (F=G/2, G(0) =1, G2 =2.

The bundle of these bivectors is denoted by £L — X.

A two-current is a continuous real linear functional on Q?(X) = C*°(X, A?). Under the metric
identification its coefficient is a distributional two-form, denoted by the same letter: T'(§) = (T, §).
Thus

(3.3) T is closed <= T(da) =0 for all a € Q1(X) = d*T =0 < d(xT) = 0.

The cohomology class dual to a closed current is [*T] € H?(X;R). For smooth coefficients this
convention gives T'(§) = [y € A «T. Inner products between L? coefficients will be written { , ).
Let

Pr={6cQ*X):€() >0forevery L € L},  Z;={6€C®(X,I):d¢ =0}

The set Py is an open convex cone in the smooth topology; openness already holds in the uniform
topology. Its closed elements are precisely the symplectic forms taming J. The elements of Py N Z;
are the compatible symplectic forms.

Lemma 3.1 (The two separators). The following statements hold.

(i) If PyN2Z; is empty, there is a nonzero current N which annihilates Z; and all anti-invariant
forms, and is nonnegative on semipositive invariant forms.

(i) If H € H*(X;R) has no representative in Py, there is a nonzero positive invariant current
N which is closed and satisfies N(H) < 0.

In either case one can normalize N(G) =1 and choose a positive Borel measure A on L such that
(34) NE =[O0, p=Era =1

In particular N has order zero and belongs to H=3(X, A?).

Proof. For (i), apply separation of an open convex set and a disjoint linear subspace in the real locally
convex space C°(X, I). The separating continuous functional vanishes on Z; and is nonnegative
on its positive cone. Extend it to all two-forms by precomposing with 1 — R. Adding a positive
multiple of G and taking a limit proves nonnegativity on every semipositive invariant form.

For (ii), choose a smooth closed representative 5 of H and separate the open cone P; from the
affine subspace 8 + dQ(X) in Q2(X). If N is the separating functional, the unbounded translation
directions in this affine subspace give N(da) = 0. Every positive form can be multiplied by any
positive scalar, so the separation inequalities imply both N(P;) > 0 and N(5) < 0. Adding an
arbitrary real multiple of an anti-invariant form to an element of P; shows that N annihilates
anti-invariant forms. The same limiting argument gives positivity on semipositive invariant forms.

For either functional, comparison of an invariant form with sufficiently large positive multiples of
G gives

IN(€)| < CN(G)||¢]|co-
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If N(G) were zero, this inequality and anti-invariance would make the functional zero. Normalize
N(G) = 1. Locally, the functional is therefore represented by a positive Hermitian matrix of
measures. Its trace is a positive measure u; the Radon—Nikodym matrix relative to u is positive
semidefinite with trace one. A measurable spectral decomposition of this 2 x 2 matrix expresses it
as a convex combination of rank-one Hermitian projections. Borel local frames and a Borel partition
of X give the global measure A in Equation (3.4). Finally H? < C? in real dimension four, so every
such measure coefficient belongs to H 3. O

3.2. A closed lift of anti-invariant forms.

Lemma 3.2 (Closed lift). There is a classical pseudodifferential operator D : C*°(X, E) — Q*(X)
of order zero with

(3.5) dD =0, RD =1d.
It maps distributions to distributions. For the separator in Lemma 3.1(i), define
(3.6) Q) = -N(DERS), T=N+Q.

Then Q is anti-invariant and self-dual, Q,T € H™3, and T annihilates every closed smooth two-form.
In particular T is a closed current and [«T] = 0.

For a smooth family of (J,g) with constant dimension of the space of closed anti-invariant forms,
these lifts can be chosen smoothly in the parameter as operators between the corresponding smooth
bundles.

Proof. On sections of E consider P = Rdd*. If a is self-dual, then the self-dual projection of £ A tca
is |£]%a/2: in a frame with first covector £/|€|, the two self-dual halves of a have equal length. Hence

02(P)(x,6) = 5l€l;1dp,  (Pa,a)z = ||d"all3.

Thus P is elliptic, self-adjoint, and nonnegative. Its kernel consists of smooth sections with d*a = 0.
Since a = *a, these sections also satisfy da = 0, and hence are harmonic. Conversely a closed
anti-invariant form is self-dual and therefore harmonic and in the kernel.

Let Hp be the orthogonal projection onto this finite-dimensional kernel, and let L be the inverse
of P on its orthogonal complement, extended by zero on the kernel. Elliptic Fredholm theory and
the parametrix give L as a classical operator of order —2, with Hy smoothing and PL = Id —Hy;
see [52, Sections 4-5 and 10]. Indeed, if BoP = Id +K is a parametrix identity with K smoothing,
then By(Id —Hy) = L + K L. Elliptic regularity makes KL smoothing, which gives the asserted
order of L. Set

(3.7) D =dd*L + H.

The image of both summands is closed, and RD = PL + Hy = Id. This proves Equation (3.5).

For closed &, the form £ — DR is closed and invariant, so T'(§) = N(§{ — DRE) = 0. The functional
Q only depends on R¢, which proves its anti-invariance and self-duality. Its H 2 membership
follows because an order-zero operator and its adjoint act boundedly on every Sobolev space [52,
Proposition 5.5]. The vanishing on exact forms makes 7" closed. Its pairings with all closed two-forms
vanish, so Poincare duality, or the harmonic projection of 7', gives [*T] = 0.

For the family assertion, identify the varying bundles locally in the parameter and use a smooth
unitary identification of the L? spaces. The elliptic operators then have common domain H? in a
fixed Hilbert space. Choose a spectral contour enclosing only zero at one parameter value. The
resolvent identity and elliptic regularity give a smooth family of resolvents on this contour after
shrinking the parameter neighborhood. Its spectral projection has locally constant rank. Since the
kernel dimension is constant with that rank, the enclosed spectral subspace consists exactly of the
kernel. Thus Hy depends smoothly on the parameter, and so does

L = (P + Hy)~'(1d — Hy)
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on every Sobolev scale. Equation (3.7) gives the required smooth lifts. O

The projected elliptic operator also underlies Lejmi’s local compatibility construction [25, Theo-
rem 2.1]; the related global linear correction appears in [6, Proposition 3.1]. The harmonic projection
in Equation (3.7) records the possibly nonzero kernel. The lift provides closedness and the prescribed
anti-invariant part. The estimates below will address existence of a positive closed invariant form.

From now on we use one of the two following setups:

(A) N is the normalized separator in Lemma 3.1(i), and @, T are given by Equation (3.6);

(B) N is a normalized positive invariant closed current, @ = 0, and 7' = N.
The second setup includes Lemma 3.1(ii). In both cases T is closed, but the obstructions to be
removed are different. In setup (A), we will prove @ = 0: the positive current N = T would then
annihilate every closed form, which is impossible when J has a closed tamer. In setup (B), a class
separator satisfies N(H) < 0; the task is instead to prove N(H) > 0 from the hypotheses on the
proposed taming class. The estimates below apply to both setups. They first put Q in L? and
control nearby line directions; Section 4 will then eliminate the two obstructions.

Constants below can depend on J, g and the fixed operators, but are independent of the center,
the small scale, and the choice of submeasure of \.

3.3. The quadratic mass estimate. We will use the following elementary consequence of the
order-zero calculus. The proof records the dependence on the radial scale.

Lemma 3.3 (Radial order-zero estimate). Let A be a fized classical operator of order zero between
smooth vector bundles on a compact four-manifold. Fix a coordinate radius below the injectivity
radius. Suppose that smooth sections asp, supported in that coordinate neighborhood of p, satisfy,
for 0 < s < s,

[V asp(y)] < Cj(s + dist(p,y)) ", 0<7<6, a €{0,1},
with uniform boundedness on a fized outer annulus. Then, for § = s + dist(p, x) small,
Cé 1, a=1,

C(1+ |logd|), a=0.

Away from a smaller fixed neighborhood of p, the output is uniformly bounded in s and p.

(3.8) |[Aasp(2)] < {

Proof. We use two precise facts of the order-zero calculus: in local left quantization its symbol is
bounded uniformly in the covariable, and its off-diagonal kernel satisfies |K 4(z,y)| < C dist(z,y)
for small positive distance. Smooth remainders have uniformly bounded kernels. These statements
hold for bundle-valued classical operators, after finitely many coordinate localizations; see [52,
Section 2, Propositions 2.1-2.2].

For a fixed evaluation point x, split the input using a smooth cutoff supported in B.s(z) and
equal to one on Bes/s(7), with a fixed small c¢. On its support s + dist(p,y) is comparable to d.
After translation and dilation by ¢, the localized input has derivatives through order six bounded
by C6~¢. Integration by parts in its Fourier transform therefore bounds its Fourier L' norm by
Cd~2, since (1 + [£])7% is integrable in dimension four. The bounded symbol gives the same bound
for the local contribution to Aag,(x).

The remaining part has distance at least ¢d/2 from x. Its portion in Bes(p) contributes at most

cst (s + dist(p, y)) " dVy(y) < C6
Bes(p)
On a shell of radius r = 276 > C§ about z, distance from p is comparable to 7, so its contribution
is at most Cr~4r%r=® = Cr~%. The shells up to the fixed coordinate radius sum to C6~ ' if ¢ = 1,
and to C(1 + |logd|) if a = 0. The rest is uniformly bounded. If = stays away from p, the singular
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input near p has uniformly bounded L' norm and the kernel there is bounded; the remaining input
is uniformly smooth. This proves the final assertion. O

Lemma 3.4 (Quadratic trace mass). In either setup (A) or (B), there is a constant C such that
(3.9) 1(Bs(p)) < Cs* (peX, 0<s<1).

Proof. Fix first a radius pg > 0 for uniform normal coordinates and a smooth radial cutoff which
is one on Bsy,(p) and supported in Bs,,(p). This cutoff will not change when a smaller inner
radius is chosen below. The logarithmic potential will detect the mass of Bs(p), while a square-root
potential will dominate the inverse-distance errors caused by varying J and by the closed lift. With
t = dist(p, -) define the globally smooth cut-off functions

us:X(t)log \/82+t2, hs:X(t)\/32+t2, ?]U:—dqu.

Smoothness at p follows from the dependence on t? and from s > 0. For a function f, put

(f) = (1 -=DR)ddSf, in setup (A),

~ddsf, in setup (B).
In setup (A), 5(f) is closed and invariant, and in setup (B) it is exact. Hence N(B(f)) = 0 in both
cases.

The principal symbol of dd$ on functions is a multiple of £ A J*¢, which is J-invariant. Thus
Rdd$ is a first-order operator. Differentiating the radial functions gives, for 0 < j <6,

VI RAdSu,| < Cj(s+ 1)1, |V/ Rdd5hs| < Cj(s+1)77.

B

On the cutoff annulus these inputs and their derivatives are uniformly bounded. Lemma 3.3 applied
to D therefore bounds the two correction terms by C'/(s +t) and C(1 + |log(s + t)|) respectively.

For clarity, the positive part of the test can be computed in a fixed Hermitian Euclidean space. If
f = f(t) and ¢ is a unit complex line, its Hessian trace is

ddg f(6) =2f'(t)/t + (f'(t) = f'(t)/t)a, 0<a<1,

where a is the squared length of the radial unit vector projected onto the line. For the two functions
without cutoff this gives

¢ 252
(310) dep log V 32 + t2(€) Z m,

1
3.11 dd§ Vs2 +t2(0) > ———.
( ) Jp ( )— m

In normal coordinates g — g, = O(t?) and J — J, = O(t), while the first derivatives of J are bounded.
Replacing the frozen complex line and operator by the actual ones changes these estimates by at

most C/(s +t) for us and C for hs. Indeed the Hessian errors are bounded by Ct|V?f| and the
coefficient-derivative errors by C|V f|. With 6 = s + t, it follows that on B, (p)

(3.12) Blug)(l) > 15264 — C167 1,
(3.13) B(hs)(€) > 671 — Cy(1 + |log d)).

The inequalities include setup (B), where the correction terms are absent.
All constants just obtained use the already fixed cutoff. Now choose 0 < p < pg so small that

Co(1+ |logdl|) < ea/(26) (0 <6 < 2p).

Next choose a fixed multiplier M > 2C /cy. If s < p and t < p, Equations (3.12) and (3.13) give
Blus + Mhg)(£) > ¢15267%. On X \ B,(p) all terms are bounded independently of s, including
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the nonlocal corrections, by the last assertion of Lemma 3.3. Since § < 2s on B4(p), we conclude
globally that

B(us + Mhy)(€) > s *1p ) — C.
Apply N and use N(B(us + Mhs)) =0 and u(X) =1 to obtain Equation (3.9) for s < p. For larger
s the same assertion follows from p(X) = 1. Compactness makes all choices uniform in p. O

3.4. The resolvent kernel and positive pairings. We now have a uniform mass bound at the
two-dimensional scale. The next step is to compare directions of nearby complex lines. Smoothing
allows this comparison through an intersection pairing while keeping the error controlled by the
mass bound just proved.

Let A = dd* + d*d be the nonnegative Hodge Laplacian and set

(3.14) Ss = (1+s2A)73, 0 < s <sp.
It commutes with d,d* and *. At each fixed scale it maps H 2 to H3, which suffices for all the

pairings below. The kernel of S? is continuous, being of order —12 in dimension four.

Lemma 3.5 (Resolvent kernel). Choose a fized radius ro smaller than the injectivity radius, and
let T,y be parallel transport along the minimizing geodesic when dist(y, z) < ro. The kernel K4 of
S? can be written

(3.15) K(y, 2) = ks(y, 2)Tosy + Es(y, 2),

where ks is nonnegative and supported where dist(y,z) < ro. For each integer k > 0 there are
constants such that

(3.16) kq(y,z) > cs™4 if dist(y, 2z) < s,
(3.17) ks(y,2) < Cps™ (1 + dist(y, 2)/s) 7%,
(3.18) |Es(y, 2)| < Crs™?(1 + dist(y, 2)/s) "

The small upper bound on sq is fixed independently of vy, z.

Proof. The spectral theorem gives the operator identity
1 oe]
(3.19) 52 = o / Rie he=s*hA qp,
*Jo
We recall the precise heat-kernel facts being used for the nonnegative Hodge Laplacian on the closed
manifold. Its local small-time kernel has a parametrix

X(d)(47rt)7267d2/(4t) <a0(y7 Z) + tal(y7 Z) + o+ tmam(y7 Z))? d= dlSt(yv Z)v

with arbitrarily high-order uniform remainder after increasing m; see [30, Theorems 1.1 and 3.1].
Here x is supported inside the injectivity radius and equals one near the diagonal. For the Hodge
Laplacian ag(y, z) = j(y,z)*l/QTz_w, with j smooth, strictly positive, and equal to one on the
diagonal [29, Section 3, equation (3.4), author version|. After subtracting the leading term, for
every prescribed L the kernel is bounded, for 0 < t < tg, by

Ct=le= /(O L o 4L,

The local expansion gives the Gaussian part of this bound; away from the diagonal, the global
Gaussian estimate makes the cutoff error smaller than every power of ¢ [30, Theorem 3.5]. For ¢ > ¢,
the heat kernel is uniformly bounded: factor the heat operator through two fixed positive-time
smoothing operators and the L? contraction e~ (%02 This last assertion uses the nonnegativity
and self-adjointness of the Hodge Laplacian.

Take x > 0 and use its leading coefficient to define

X( D)y, 2) 2 4 [ s a2 jaseh
ks(y,z) = WS /O h e /( )dh
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For d < s, integration over 1 < h < 2 gives Equation (3.16). For every fixed k, the elementary
inequality e /(") < Cp.(147)7F(1+ h*/2) shows that the last integral is bounded by Cj(1+d/s) .
This proves Equation (3.17).

Integrating the t~! heat-kernel error in Equation (3.19) gives

05—2/ hle=h=@/(Ch) qp < Cys2(1 4+ d/s) k.
0

For the uniform remainder, integration over s?h < to gives Cps?l. Since d < diam X, this is
bounded by the right side of Equation (3.18) when 2L > k — 2. On s2h > tq, the factor e~ makes
both the heat-kernel contribution and the extended leading term smaller than every power of s.
This proves the claimed error for each k. ]

For any positive submeasure A\; < A, let IV; be its current and p; its projection to X. These
currents need not be closed. Define

(3.20) Bup(:) =57 [ (14 dist(y.2)/9) duly). By = By
X

By Lemma 3.4, a dyadic-shell sum gives

(3.21) 0 < By,,(2) < Bs(z) < C.

Indeed the shell of radius 2/s contributes at most C27%; the estimate for radii above a fixed
coordinate radius follows from p(X) = 1.

Lemma 3.6 (Positive-current pairing). For any A1, Ao < \ and their currents,

(S4Ny, %SsNo)g > cs™4 // |6 — Tz_wm|2 dA1(y, £)dXa(z,m)
dist(y,z)<s
(3.22) ~C [ Boyn(2) dnal2),
(3.23) 18,Nil < Cs.

One can replace By, in the lower bound by Bs.
Proof. Parallel transport preserves the Hodge star. From Equation (3.2), direct expansion gives

For example, the right side equals —(¢,7m) + %<Gy,TGZ>, which is the left side after splitting
into self-dual and anti-self-dual parts. The last squared difference is bounded by Cd?, where
d = dist(y, 2).

Express the pairing using the continuous kernel of S? and Equation (3.4). Its leading scalar
is nonnegative, so Equations (3.16) and (3.24) supply the positive term. The Cd? term, using
Equation (3.17) with exponent at least eight, and the error kernel, using Equation (3.18) with
exponent six, are bounded in absolute value by

Cs™2 //(1 +d/s)"% dp (y)dpa(2).

This is the asserted error. The norm estimate follows by using the absolute kernel bound in the
unstarred pairing:

1S.N:|2 < Cs~4 / / (1+d/s)~0 dpi(y)dpus(2) < Cs~2ui(X) < Cs~2.

The kernel formulas are legitimate for measure coefficients because the kernel is continuous at fixed
s; alternatively they follow by smooth approximation at that fixed scale. O
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3.5. Projection leakage and the topological energy.

Lemma 3.7 (Projection commutator). If Il is a smooth orthogonal bundle projection and IIW =0
for a distributional form W with S;W € L?, then

(3.25) [TLSsW |2 < Cs[|SsW |l
Consequently, for every positive submeasure current N' <\ N and every anti-invariant distribution
Z with SsZ € L?,
(3.26) [(SsN', SsZ)s| < C||SsZ]|2.
Here N' <, N means that N’ is represented by some X < \.
Proof. Set Ay = S;! = (1 +s2A)3 and U = S,W. Since IIA,U = I[IW = 0, the distributional
identity
U = S4[As, U
holds. The commutator expands as a sum of (?)st [AJ,11], 1 < j < 3. Because the principal symbol

of A is scalar, [A7, 1] is a differential operator of order at most 2j — 1. The spectral theorem and
elliptic Sobolev equivalence give

1S5/l 2 ppm < Cms™™, 0 <m <6.
If B; = [AJ,11], its formal adjoint has the same order, so
1S55™ Byll 22 = [|s™ B} Sol| o2 < Cs¥s™ 70 = Cs.

This proves Equation (3.25), including its meaning for distributional W by the bounded extension
of the displayed operator.

Apply this result to RN’ =0 and (1 — R)Z = 0. With u = S;N" and v = S;Z, the orthogonal
splitting gives

[{w, v)2] < [[Rull2f| Roll2 + [[(1 = R)ull2[|(1 = R)vll2 < Cs]lullz][v]]2-
Now use Equation (3.23). O

The topological pairing used next applies to the distributional coefficients just constructed. If
C1,Cy € H™3 are closed currents, Hodge decomposition of the closed distributional forms *C; and
commutation of Ss with d give

(3.27) (S5C1, #55Ch)a = /X (+55C1) A (£55Cs) = [+C1] - [Ch].

For the underlying Green-operator decomposition, see [53, Sections 1-2, equations (1.20)—(1.22)
and (2.1)-(2.2)]. Its extension to distributions follows from the Sobolev mapping properties of
the Green operator. To see the regularity involved, write xC; = h; + da;, with h; harmonic and
a; € H72. Then S;h; = h; and Ssa; € H*. Integration by parts eliminates all terms containing
an exact factor, leaving [y hi A he. Thus no product of the unsmoothed distributions is used in
Equation (3.27).

Proposition 3.8 (Angular energy). In setup (A) or (B), the correction satisfies Q € L*(X, E) and
(3.28) / / 10— 1oyym[2 d(y, O)dA (2, m) < Cs*.
dist(y,z)<s

The estimates in Lemmas 3.6 and 3.7 hold for all the indicated submeasures, and, for every such
fized submeasure current N',

(3.29) liﬁ)l(SsN’, S4Q)2 = 0.

In fact the convergence in Equation (3.29) is uniform over ' < \.
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Proof. Let Ay denote the double integral in Equation (3.28) and put z, = ||SsQ||2. Since @ is
self-dual and Sy commutes with %, Equation (3.27) applied to T'= N + @ gives

[«T]% = (SN, *SsN)2 + 2(SsN, SsQ)2 + 2.
Use Equations (3.21) and (3.22) for the first term and Equation (3.26) for the second. The result is
(3.30) cs A + 2 — Cay < O+ [¥T)2

The right side is independent of s. In setup (A) its intersection term is zero. In setup (B) that
term is bounded uniformly for mass-one IN: its harmonic coefficients are pairings with fixed smooth
forms and are bounded by Equation (3.4). Completing the square in x5 bounds both x; and s~*Aj.

As s ] 0, SsQ converges to ) distributionally. A weakly convergent subsequence of the bounded
L? family therefore has limit @, proving @ € L?. Its anti-invariance is preserved in this limit, and
the spectral theorem now gives S;@Q — @ strongly in L2

Choose smooth anti-invariant @; with ||Q; — Q|l2 — 0; for example apply R to a smooth
approximation. By Equation (3.26) and the L? contraction property of S,

[(SsN', Ss(Q — Q)))2] < CIQ — Q2.
For fixed j, S2Q; — Q; in C*°, whereas N’(Q;) = 0. Therefore

<SSN/7 Sst)Q = NI(SEQ] — Q]) — 0.

The last convergence is uniform over the submeasures, because their trace masses are at most one.
First let s tend to zero and then j to infinity to obtain Equation (3.29). O

4. DENSITY SPLITTING AND THE TAMING CONE

The estimates of the preceding section have two consequences. The first requires no definite
pair and imposes no condition on the cohomology class of the resulting form. It is the fixed-
structure theorem of Taming implies compatibility on four-manifolds [37, Theorem 1.1]. The second
consequence keeps a specified class available, provided that it pairs positively with all irreducible
curves. This prescribed-class statement will be used along the pair deformations in Sections 9
and 11.

Theorem 4.1 (From taming to compatibility). Let X be a closed connected smooth four-manifold
and let J be a smooth almost complex structure, with its complex orientation. If a smooth symplectic
form tames J, then there is a smooth symplectic form compatible with J.

In the following statement, curve classes are identified with their Poincaré dual classes in
H?(X;R). An irreducible J-holomorphic curve means the image of a nonconstant somewhere-
injective J-holomorphic map from a closed connected Riemann surface, endowed with its complex
orientation.

Theorem 4.2 (A curve criterion for taming classes). Let X be a closed connected oriented smooth
four-manifold with b*(X) = 3, and let J be a smooth almost complex structure inducing the given
orientation. Suppose that smooth closed real two-forms A, C span a pointwise definite plane and
form a basis of the J-anti-invariant two-forms at every point. Set

V =[Atn[C)F C H3(X;R).
Suppose U € V' has positive square and contains a smooth form taming J. If H € V' has positive
square, belongs to the same component of {v € V :v? > 0} as U, and satisfies
H-d>0

for every irreducible closed J-holomorphic curve of class d, then H contains a smooth symplectic
form taming J.
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We first combine Proposition 3.8 with the tangent-measure analysis to prove closedness of density
weights in Proposition 4.6. The general splitting argument and its smooth density-weight conclusion
are shared with [37, Theorem 5.1 and Section 6, “Passing to the positive-density set”]; we give the
argument with the conventions used here. The diffuse pairing then proves Theorem 4.1 without
integral-current regularity. Finally, the integral threshold cycles of Lemma 4.9 give Theorem 4.2;
integral-current regularity enters only this last step.

4.1. Densities and almost-everywhere planar tangents. We use the conventions and separator
constructions of Lemma 3.1 and Proposition 3.8. Thus g is a smooth J-Hermitian metric with
fundamental form G,

N© =[O0, n=0rn  T=N+Q

where ¢ ranges over the unit positively oriented complex-line bivectors. The current T is closed, @
is anti-invariant and belongs to L?, and

(4.1) W(By(p) < Cs®, A, = / / 16— rym|? dA(y, )dA(z,m) < Os*.
dist(y,z)<s

The map 7., denotes parallel transport from z to y along the short geodesic. Constants in this
section depend on the fixed geometry and the current bounds, and may increase from line to line.
All radii are smaller than a fixed fraction of the injectivity radius.

Under the metric identification of coefficients, closedness of a two-current means coclosedness of
its distributional two-form. We write ¢(S) = [*S] for its Poincaré dual cohomology class when S is
closed. In particular,

(4.2) ¢(S) - [a] = S(a)

for a smooth closed two-form «. This convention distinguishes the current from its Hodge-dual
differential-form representative.

The radial comparison below follows the Lelong—Jensen method for almost-complex currents [7,
Proposition 1 and Corollary 2]. Here we apply closedness to N + @ and estimate the L? correction
Q directly.

Lemma 4.3 (Existence of the quadratic density). At every p € X, the limit

(4.3) ¥(p) = lim s 1(Bs(p))

exists and is finite. The function ¥ is measurable and bounded, and it is zero almost everywhere
with respect to dV.

Proof. Put v = i+ |Q| dV,. Cauchy-Schwarz and the four-dimensional volume bound give
[, 1@14%a < v0ly(Boo) Qx5 < O
s\P

so v(Bs(p)) < Cs?, uniformly in p. Fix p, identify a normal-coordinate ball with a Euclidean ball,
and freeze J, and G, as constant tensors Jo, Go. If t = || = dist(p, exp,, (), define

bp(s) = S_2T(1Bs(p)G0)-

These evaluations are well-defined because T has measure coefficients. Since G(¢) =1, G—Gy = O(t),
and @ annihilates the invariant form G, we have

(4.4) bp(s) = s> u(Bs(p)) + O(s).
Indeed, both error integrals are bounded by Cs~2sv(Bs(p)).
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Call a radius good if its sphere has zero v-measure. All but countably many radii are good. For
good 0 < r < s, closedness implies

1
(4.5) bp(s) — bp(r) = §T(1{r<t<s} dd, logt), Gou = —du o J.
For completeness, replace logt inside Bs by

t2/(2s%) +logs —1/2, t<s,
oty = {£105) s
ogt, t>s.

The difference ¢s — ¢, is compactly supported and C%!. Inside Bs, the quadratic part has
dds, (t*/(2s%)) = 2Go/s*. Expanding T'(ddS, (¢s — ¢»)) = 0 gives Equation (4.5). This use of C!
tests is justified by smoothing: for fixed positive 7, s, their Hessians are uniformly bounded, converge
away from the two spheres, and the spheres have zero v-measure.

The frozen form ddj logt is semipositive on Jyp-complex lines and has norm at most Ct™2. A
J-complex line at distance t is O(t) from a Jy-complex line. Its evaluation can therefore be negative
only by C/t. Likewise the projection of this form onto the actual anti-invariant summand has norm
at most C'/t, because its frozen anti-invariant projection vanishes. Thus

bp(s) — by(r) > —C t~Ldv.
o<t<s
Quadratic growth, or a sum over the annuli 27171 <« ¢t < 2_js, bounds this integral by Cs. It
follows that

(4.6) bp(r) < bp(s) + C's (0<r<s, rsgood).

The bounded function b, therefore has a limit along good radii. To see this directly, choose good
s; | 0 realizing its limit inferior and apply Equation (4.6) to all smaller good r; the limit superior
is at most the same value. Equation (4.4) gives the same limit for the mass ratio. Squeezing an
arbitrary radius between good radii with ratios tending to one gives Equation (4.3).

Measurability follows by taking a fixed sequence of radii tending to zero, and boundedness follows
from Equation (4.1). For the last assertion, work in a fixed relatively compact coordinate chart,
localizing the measures before extending them to Euclidean space. Apply the differentiation theorem
for Radon measures, with smooth four-dimensional volume as denominator [21, Theorem 4.19]. At
volume-almost every center, the measure-to-volume ratios of sufficiently small Euclidean coordinate
balls are bounded. A geodesic ball of radius s is contained in a coordinate ball of comparable radius,
whose smooth volume is O(s*). Hence u(Bs(p)) = O,(s*) at those centers, and s~2u(Bs(p)) — 0.
A finite chart cover proves the assertion on X. ]

Write N = M, where M is the measurable positive Hermitian bivector of trace one obtained by
disintegrating A. This means M (p) = [ £d),(¢), where ), is a probability measure on complex lines
for p-almost every p.

Lemma 4.4 (Classification of the relevant tangent measures). At u-almost every point p with
d(p) > 0, the matriz M(p) is a single unit complez-line bivector £y, the conditional measure \p is
supported on that line, and

-2 -1 I(p) 2

s (exp,” /8)xp — TH [ P,
locally weakly on T,X, where P, is the plane of {,. The pushforward here is restricted to the
normal-coordinate ball before rescaling.

Proof. Choose a positive-density point where differentiation of the bounded matrix M with respect
to p holds in a fixed Euclidean coordinate chart and smooth local trivialization [21, Theorem 4.33 and
Corollary 4.34]. This excludes a set of zero u-measure. No doubling hypothesis is needed: for fixed
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R, enclose Bgs(p) in a coordinate ball E; of radius comparable to Rs. Quadratic growth bounds
s72u(Ey), while differentiation makes the mean oscillation of M on Ej tend to zero. Therefore

s [ M(y) - M) duty) — 0.
Brs(p)

A smooth change of frame adds a vanishing O(s) error after this normalization. The quadratic mass
bound gives subsequential locally weak limits v of the rescaled scalar measures on all of T, X ~ R4,
The existence of the density, followed by approximation of balls from inside and outside, gives

(4.7) v(Br)=9(p)R* (R >0).

In particular every centered sphere has zero y-measure. The rescaled () mass on that ball satisfies
the sharper estimate

(4.8) 211V, < CRIQl sy — O
Brs (p)

Passing to the limit in closedness of the rescaled T therefore shows that the constant-coefficient
current M (p)~y is closed.

Identify M (p) with a constant skew-symmetric matrix. The equation O(M (p)vy) = 0 says that
all distributional derivatives of v in the column space of that matrix vanish. Equivalently, v is
translation invariant along im M (p). The nonzero positive Hermitian matrix M (p) has real rank two
or four. Rank four would make 7 a nonzero multiple of Lebesgue measure on R*, which contradicts
Equation (4.7). Thus its rank is two. Trace-one normalization then makes M (p) = ¢,, the unit
bivector of a complex line P,. The rank-one positive Hermitian matrix is an extreme point of the
trace-one positive matrices: if its quadratic form vanishes on a vector, positivity forces almost every
matrix in any convex decomposition to vanish there too. Hence A, is concentrated on /.

A locally finite measure invariant under translations in P, has the form H2 | P, ® o, with o a
locally finite measure on PpL. Equation (4.7) now becomes

I(p) = W/PL(l — |21 2/RY) do(z1)  (R>0).
p
Each integrand is nondecreasing in R, and is strictly increasing once R > |z, | > 0. Constancy
for all R forces o to be supported at zero. Its mass is J(p)/m. Every convergent subsequence has
consequently the same limit, proving the asserted convergence. O

Corollary 4.5 (Integrated transverse estimate). With the plane projection taken in T, X, one has
2
(4.9) Ts = /CD\(%K)/B " ‘prgl exp;l(z)/s‘ du(z) = o(s%).
s\Y

Proof. At the positive-density points covered by Lemma 4.4, divide the inner integral by s and
pass to the planar tangent measure. The integrand vanishes on that plane, and the limiting sphere
has zero measure. At zero-density points the same normalized integral is bounded by s~2(Bs(y)),
which tends to zero. These two arguments apply for A-almost every (y, ). The quadratic mass
bound gives a uniform integrable bound, so dominated convergence proves Equation (4.9). (|

4.2. Closedness of density weights. The tangent measures now show that displacement normal
to the local complex line has a vanishing averaged contribution. We combine this with the angular
estimate to control derivatives of a smoothed density. That control will allow the density weights to
preserve closedness.

Proposition 4.6 (Closed density weights). For either separator construction of Lemma 3.1, let 9
be the density in Lemma 4.3. If b: R — R is smooth and bounded with b(0) = 0, then the current
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b(9)N is closed. The currents
(4.10) Nt =1goqN, L= 1{ﬁ>a}%N (a > 0)
are also closed. In particular, if N® = 1r9—0}V, then N4+ Q is closed.

Proof. We first smooth the scalar density. Fix a nonnegative function h € C2°((0,1)), normalized
by fol h(u) du = 1. For small s, put

(4.11) Ful) = 7 [ Bistl,22/5?) dp(z), Ma(z) = (Ba(2).

The function f is smooth: the support lies inside the injectivity radius, and the cutoff vanishes
near its boundary. The mass bound makes f; uniformly bounded. Integration with respect to the
radial distribution of u gives

/ h' (u S\F( ) du — —9(y) /1 uh!(u) du = 9(y).

0
There are no atoms by quadratic growth, so no endpoint term occurs at v = 0. Thus fs — 0
volume-almost-everywhere as well.
Fix a smooth one-form «. To prove that b(¢)N is closed, apply closedness of T'= N + @ before
passing to the density limit:

(4.12) 0 = T(d(b(f.)a)) = T(b(fs)da) + T(¥(f:) dfs A a).
The first term has the required limit. Indeed, dominated convergence gives

b(fs)N — b(I)N,  b(fs)Q — 0
as currents. The second convergence uses b(0) = 0, the volume-almost-everywhere convergence of
fs, and domination by C|Q)|.

It remains to show that the derivative term in (4.12) vanishes. The derivative of b is bounded on
the common bounded range of the f;. Write |dfs|¢ for the norm of the restriction to the plane of
¢. The N contribution is bounded by a constant times ||a|/co [ |dfs|e d\, and the @ contribution is
bounded by a constant times ||a||co [ |Q]|dfs| dVy. We therefore need exactly two estimates:

(4.13) J QU vy =o(1). [ lafiledA.0) = o(1).

The derivative against Q. Differentiating the radial kernel gives |dfs(z)| < C's™3M;(z). Fubini and
the volume bound give

/XMS dVy = /Xvolg(Bs(y))du(y) < Cst.

Moreover M;/s? is uniformly bounded and tends to zero volume-almost-everywhere. Therefore

M 1/2 1/2
3—3/ QM dVy < (/ Q= dvg> <s—4/ Mstg)
X X S X

(4.14) = o(1).

The first factor tends to zero by dominated convergence against ]Q\QdVg, and the second is bounded.
This proves the first estimate in Equation (4.13).

The tangential derivative. Closedness will convert tangential differentiation into normal derivatives.
The radial kernel then supplies a transverse displacement factor, multiplied by the difference between
nearby complex-line directions. The transverse estimate of Corollary 4.5 and the angular-energy
bound will control these two factors together.

Fix a center and line (y,¢). Choose an orthonormal basis of T, X whose first two vectors span
the oriented plane of ¢/, and let (3, ..., (4 be the corresponding normal coordinates. The estimates
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below are uniform in this choice, so a measurable choice of such bases suffices when integrating in
(y,0). Write
K (2) = h(ICP/s?),  ai(z) = 8kY(2),  wia = dGi AdGo.

First variation of squared distance yields

(4.15) dfs(y)(e:) = —s2 / G(2)du(z),  i=1,2.

The sign comes from differentiating the center; the displayed ¢; differentiates the radial expression
in its coordinate variable.
We replace this scalar integral by T'(g;wi12). On Bs(y), normal coordinates and parallel transport
differ by O(s?), and hence
wiza(m) = (€, Tym) + O(s?),
(4.16) 11— wia(m)| < C(s* + | — Toym|?).

The second identity uses that both bivectors have unit length. Since |g;| < C/s, the integrated
replacement error is at most

5_2/‘/%‘ dp — T'(qiwi2)

(4.17) <05 <32 / /d ey )+ AS> 40573 /X QIM, dV, = o(1).

d\(y,?)

Here the double mass is O(s?), the angular integral is O(s*), and the last term tends to zero by
Equation (4.14). The normal-coordinate term is consequently O(s).
For ¢ = 1, closedness of T" on d(kY d(2) gives

4
T(q1w12) = — Z T(Qa dCa A dCQ)

a=3

For i = 2, using d(kY d(;) gives the analogous formula, with an irrelevant overall sign. These are
legitimate smooth compactly supported tests because the cutoff vanishes near the boundary of the
coordinate ball. The mixed forms satisfy, for k = 1,2 and a = 3, 4,

(4.18) (dCa A dCk)(m)| < O(s* + [€ — Toym]).

Their value on the transported center line is zero, accounting for the linear angular bound. The
normal derivative of the radial kernel has the sharper estimate

(4.19) |4a(2)] < Cs™ [pres (/s

Replacing T' by N+Q in these mixed terms, the @) contribution again tends to zero by Equation (4.14);
the s geometric error contributes O(s). Cauchy-Schwarz for the two remaining angular and
transverse factors bounds the rest by

(4.20) CsBAV2TI? = s730(5%)o(s) = o(1).
Combining Equations (4.15), (4.17) and (4.20) proves the second estimate in Equation (4.13).

The closed weighted limit. The two derivative estimates now allow passage to the limit in (4.12).
Its derivative term tends to zero, and its first term tends to b(1) N (da). Hence this last expression
vanishes for every smooth one-form «, proving the first assertion.

The remaining weights are obtained in a separate limit, after this argument has been completed
for each fixed smooth b. Choose a smooth nondecreasing function x: R — [0, 1] which is zero on
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(—00,0] and one on [1,00). The smooth bounded functions x(nt) converge pointwise to 1~y on
[0,00), and vanish at zero. For fixed a > 0, the functions

n(t—a))/t, t>0

bualt) = 7 1T N2

0, t<0
are smooth, vanish near zero, and are uniformly bounded by 7/a. They converge at every t > 0 to
145qym/t, with value zero at ¢ = a. Dominated convergence and closedness of each smooth-weight

current prove Equation (4.10). No derivative bound uniform in n is used: the smoothing limit was
taken first for each n. Finally N4+ Q =T — N7 is closed. O

4.3. The diffuse pairing and compatible forms. We can now subtract the closed positive-
density part of the current. On the remaining zero-density set, the negative kernel error tends to
zero. The resulting intersection pairing first proves compatibility and then gives the nonnegative
square needed for the class criterion.

Lemma 4.7 (Vanishing of the diffuse kernel error). Set

Bo(2) =57 [ (14 dist(y:2)/5) du).

These functions are uniformly bounded, and Bs(z) — 0 whenever ¥(z) = 0. In particular,
(4.21) | Buydit) — 0, it =1y

Proof. For each dyadic shell, quadratic growth gives the summable bound
572 (14 27) " u(Baiy(2)) < C27Y.

The same estimate holds once the radius exceeds a fixed small radius, by increasing C' and using the
finite total mass. This proves uniform boundedness. If ¥(z) = 0, each fixed shell contribution tends
to zero, because s 2p(Byjt14(2)) — 0. The summable bound then proves pointwise convergence. A
second application of dominated convergence proves Equation (4.21). ]

For closed currents S, S” under consideration, the smoothing operator Ss = (1 +32Ag)_3 preserves
their cohomology classes and commutes with the Hodge star. Hodge decomposition therefore gives
(4.22) (SsS, %555 2 = ¢(S) - ¢(S"),

independently of s. Their Sobolev regularity after smoothing is sufficient for this identity; it can
also be obtained by an additional heat regularization and passage to the limit.

Proof of Theorem 4.1. Suppose that no compatible symplectic form exists. The separator in
Lemma 3.1 gives a nonzero positive current N, normalized to have trace mass one, and an anti-
invariant () such that T'= N + ) annihilates all smooth closed two-forms. In particular 7T is closed
and ¢(7") = 0. The preceding results apply to this separator.

By Proposition 4.6, 7% = N% 4 Q is closed. Equation (4.22) gives

0 = (S,T, %S, T9)
(4.23) = (SsN,*SsNY) + (SsN, SsQ) + (S5Q, SsN?) + [|S5Q13

The self-duality of @) accounts for the signs in this expansion. Both mixed terms tend to zero by
Proposition 3.8. The positive-current lower bound of Lemma 3.6, applied with second submeasure
N = 1iy—o A, gives

(SN, %S, Ny > —C/X By du = o(1).

Since S;Q — @ in L?, taking a limit inferior in Equation (4.23) forces ||Q[|3 = 0. Thus T = N is a
nonzero positive current annihilating all closed forms.
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Let n be a taming symplectic form. Compactness of the bundle of unit complex lines and strict
taming give 7,(¢) > ¢, > 0. Consequently

N(n) = epu(X) >0,

contradicting its annihilation property. This proves compatible-form existence. The proof has used
neither rectifiability nor a theorem representing integral cycles by curves. (|

Lemma 4.8 (Nonnegative diffuse square). If Q = 0, then N% is closed and ¢(N%)? > 0.

Proof. Closedness follows from Proposition 4.6. By Equation (4.22) and Lemma 3.6,
(N2 = (S,N%, x5, N) > —C/ B, du.
X
The right side tends to zero by Lemma 4.7. U

4.4. Integral thresholds and positivity of the class. To use the hypothesis on curve classes, we
must turn the positive-density current into integral cycles. The factor /¢ in I, is chosen to make
their multiplicity one. Rectifiability and closedness will be checked before applying the regularity
theorem that produces curves.

Lemma 4.9 (The threshold cycles). For every a > 0, the current I, in Equation (4.10) is an integral
two-cycle with positive J-complex tangent orientation. If J is tamed, it is a finite sum of currents
of integration over irreducible closed J-holomorphic curves, with positive integer multiplicities.
Moreover the identity

1 oo
(4.24) Nt == / I, da
T™Jo
holds as an absolutely convergent integral of currents.

Proof. Put E; = {¢ > 0} and p* = 1g, pu. At pt-almost every p, Euclidean coordinate-ball
differentiation of 1g, gives value one. The coordinate-ball enclosure argument in Lemma 4.4,
applied to this bounded function, gives

s 2(u— p)(Bgs(p)) — 0 (R < oo fixed).

Thus p™ has the same positive finite two-density and the same planar tangent measure as p at
almost every such point. Under a smooth coordinate change its limit is the linear image of the same
plane measure. Thus, in any fixed coordinate chart, the Euclidean two-density exists and is positive
and finite almost everywhere for the pushed-forward measure: every Euclidean sphere has zero mass
for the limiting plane measure. Preiss’s rectifiability theorem therefore makes u™ a two-rectifiable
measure [40]; see also the theorem’s formulation in [20, p. 771, opening paragraph|. On a countably
rectifiable carrier F it has the representation

¥
(4.25) pt = - HolE.

Here 7 is the area of the Euclidean unit two-disk. The density identification follows from differen-
tiation on a rectifiable carrier. Its approximate tangent plane agrees almost everywhere with the
unique plane in Lemma 4.4. Thus N7 is integration over E with that complex tangent orientation
and multiplicity J/m.

Multiplying by the weight defining I, cancels this multiplicity: I, is integration with integer
multiplicity one over E N {J > a}. Its mass is at most mxu(X)/a, and its boundary vanishes by
Proposition 4.6. It is consequently an integral current: it is integer rectifiable, has finite mass, and
has the zero integral current as its boundary.

Suppose now that J is tamed. By the already proved Theorem 4.1, a compatible symplectic
form exists. In particular, the local compatibility hypothesis of the Riviere-Tian regularity theorem
holds. That theorem applies to integer rectifiable almost complex cycles and represents them by
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J-holomorphic curves, with only isolated singularities [41, Theorem I.1]. Integral multiplicity and
complex orientation do not depend on the choice of Hermitian metric, so we may use the metric of
this compatible symplectic form for that application. Normalize the resulting curve by separating its
local branches at the isolated singularities; the local completion is part of the curve representation
[41, Section VIII]. Its normalization components are closed. Compactness and local finiteness give
only finitely many global components; equivalently, small-ball monotonicity gives a uniform positive
lower area for each nonconstant closed component, whereas the total mass is finite. Factoring each
component through its somewhere-injective image gives the asserted finite sum of irreducible closed
curves with positive integer multiplicities.
Finally, pointwise on {9 > 0},

& T
/0 1{79>a}5 da = .

For a smooth two-form «, Fubini is justified by
o0
| (@] da < mlallcont ().

This proves Equation (4.24) with its stated normalization. O

Proof of Theorem 4.2. Assume that the class H has no taming representative. The class separator
of Lemma 3.1 gives a nonzero closed positive current IV, with @ = 0, satisfying

(4.26) H-¢(N)<o.
Its positive-density and diffuse parts are separately closed. The anti-invariance of A, C' implies
C(NY) - [A] = NU(A) =0, (N [C] = NUC) = 0.

Thus w = ¢(N?) lies in V, and w? > 0 by Lemma 4.8.

If N¢ #£ 0, choose a taming form 7 in U. Strict taming on the compact bundle of unit complex
lines gives

U-w= N%n) > 0.

In particular w # 0. Since [A], [C] span a positive two-plane and b™ = 3, the intersection form on
V has signature (1,b7). The conditions w? > 0 and U - w > 0 put w in the nonzero closed time
cone determined by U. Every timelike H in that component has H - w > 0. Explicitly, take a unit

timelike vector w in the direction of U, and write H = hou + h—, w = wou + w_, with orthogonal
negative components. Then

h0>’h_|, w()Z”LU_‘, wgy > 0,
SO
H-w > howy — |h_]| |w_| > 0.
If N¢ = 0, its pairing is instead zero. This distinguishes the nonzero diffuse case required for strict
positivity.
For every a > 0, Lemma 4.9 expresses I, as a positive integral sum of irreducible closed J-
holomorphic curves. The hypothesis on H therefore gives

H-¢(I,) >0,

with strict inequality whenever I, # 0. If N* # 0, the layer identity has positive total mass, so the
set of a for which I, # 0 has positive Lebesgue measure. Pairing Equation (4.24) with any smooth
representative of H then gives H - ¢(N*) > 0. The pairing is zero when N* = 0. At least one of
N4 N7 is nonzero, and hence

H-¢(N)=H-¢(N)+H-c¢(N")>0.

This contradicts Equation (4.26) and proves the theorem. A smooth closed taming representative is
symplectic by pointwise nondegeneracy. O
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5. THE COEFFICIENT SPHERE AND CURVES THROUGH A POINT

The sphere of almost-complex structures associated with a definite triple has one more useful
feature than an individual tamed structure: its symplectic perturbations wind once around the
Seiberg—Witten wall. The use of this winding sphere to construct an elliptic fibration realizes the
program proposed in [26, Section 7.4.1]. We calculate the resulting families invariant, including the
line bundle involved in evaluating a spinor at a point. Only the existence and compactness direction
of Taubes’s theorem is needed.

Throughout this section, curve classes are identified with their Poincare duals. An integral class
written in A = H%(X;Z)/torsion may be lifted to H?(X;Z) when specifying a line bundle. Curve
configurations and their total classes will only be required modulo torsion. By Proposition 2.3,

(5.1) bt =3, (by,0) = (0,—16) or (4,0), 2x + 30 = 0.
Let J,, v € S?, be the coefficient sphere of Lemma 2.4, with sign chosen so that B, = v - w tames
Jy. Write P = span{[w1], [wa], [ws]} for the original positive period plane.

A positive curve configuration is a finite sum of irreducible closed pseudoholomorphic curves with
positive integer multiplicities. The main output of the section is the following existence statement.

Theorem 5.1. Let F € A be nonzero with F? =0, and write F* = prp F. For every p € X, there
exists a finite positive J,-holomorphic configuration of total class F whose support contains p. Its
parameter is necessarily the coefficient direction

Ft

V= —,

[
where P is identified with R® by the normalized ordered period basis. Thus the almost-complex
structure is the same for all prescribed points.

The proof uses the wall-crossing calculation to force a zero of the first spinor component at a
prescribed point, then retains that point in a large-parameter curve limit. It produces configurations;
the choice of class in Section 6 will make each of them one reduced irreducible curve.

5.1. A smooth compatible family.

Lemma 5.2. There is a smooth family of closed J,-compatible forms n,. Orthogonal projection to
the original positive plane P satisfies

prp[n] = a(v)[B.],  a(v) >0.
Consequently the normalized period projection of this family has degree one in the coefficient

coordinates.

Proof. Fix a metric gg in the conformal class determined by the original triple. All J, are orthogonal
for g, and the three closed self-dual forms w; span its self-dual harmonic forms because b = 3.
Denote by R, the projection to the J,-anti-invariant two-forms, and consider

LM = R,dd* on the anti-invariant forms,

where the adjoint is taken with respect to go. This is the nonnegative elliptic operator in Lemma 3.2.
Its kernel consists exactly of the closed anti-invariant forms: its quadratic form is ||d*¢||3, and an
anti-invariant form is self-dual, so coclosedness implies closedness. Its kernel is therefore precisely

3
{Zaiwi:a'vzo},
i=1

a smooth vector bundle of rank two over S2.
Let H, be the projection onto this explicit kernel. In local parameter coordinates, identify the
varying anti-invariant bundles by their orthogonal projections. The kernel projection is then smooth,



DEFORMING HYPERSYMPLECTIC FOUR-MANIFOLDS 25

and L' + H, is invertible from H**? to H®. The inverse identity and elliptic regularity give
smooth dependence on each Sobolev scale, as in the parameter statement of Lemma 3.2. Thus the
generalized inverse is

Gy = (LM + H,)"Y(1d —H,),
and

(5.2) D, =dd*Gy + H,,  R,D,=1d, dD,=0

is a smooth family of closed lifts.

For any vg, Theorem 4.1 supplies a compatible form 7 for .J,,,. For v near vy, set nz(,vo) =n—DyRyn.
These forms are closed and J,-invariant, equal 7 at vy, and remain positive after shrinking the
parameter neighborhood. A finite parameter partition of unity patches these local families. Since
its coefficients depend only on v, this operation preserves closedness on X; positivity and invariance
are preserved by convexity.

The class [n,] is orthogonal to the classes of the two anti-invariant forms, so its projection to
P is a multiple of [B,]. Moreover [y n, A B, > 0: the invariant part of B, is positive, and its
anti-invariant part wedges trivially with 7,. Since [B,]?> = 1, the multiple is positive. O

5.2. The fixed spin-c structure and the equations. Fix the canonical Spin® structure of one
Jy, and denote its isomorphism type by s9. The structures J, form a connected family, so all their
canonical structures have this same fiberwise isomorphism type. For E € H?(X;7Z), let sp = 50® L,
where ¢1(Lg) = E. We use the extension of this fixed structure over the contractible space of
metrics; there is no twist from the parameter base. Its determinant class and dimensions are

4E? —
(5.3) ci(detsp) = 2B,  d(sp)=E%  indc Dp= TU
Fix a homology orientation once and for all.

Given a compatible pair (1, .J), put g(u,w) = n(u, Jw). Then 7 is self-dual and has length /2.
For a fixed Spin® structure with positive spinor bundle W+ and determinant line L, we use the
following normalization of the symplectic Seiberg—Witten equations:

r
(54) /DAT,Z) = Oa FX = rqg(@b) - ZT}’ r Z 1.
Here A is a unitary determinant connection and qq is the quadratic map with the normalization of
[48, Equation (2.9)]. The spinor is normalized by r~1/2 relative to the usual unscaled equations.

Clifford multiplication by 7 splits W+ = £ @ Kjlé' , with ¥ = (a, 8); the first summand is its
—iv/2|n| = —2i eigenspace. Equivalently,

(5.5) o= % (Id +;c+(77)> "

This is the convention of [48, Equation (3.17) and Section 6], which is used in its zero-support
proof. In particular this is an intrinsic projection in a fixed Spin® structure, and its zero set does
not depend on a local identification with the canonical structure.

For the coefficient family J, and the fixed structure sg, the Spin-c twisting action, together with
the actual homotopy of the canonical structures, identifies this first summand on every fiber with
a line of integral Chern class FE. This identification uses the Spin-c structure itself: equality of
determinant Chern classes alone would lose possible two-torsion.

Lemma 5.3 (Compact-family Taubes compactness with incidence). Let (0, Jn, gn) be compatible
symplectic backgrounds on X converging in C*° to (Moo, Joos Goo)s With gn = nn(+, Jp+). Fiz a Spin®
structure. Suppose that r, — oo and that (An,¥y) solves Equation (5.4) for the n-th background.
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If the first eigenline has Chern class E on each fiber, there is a subsequence and a possibly empty
finite positive Joo-holomorphic configuration

C=> myCa, mq€EN, [C]=E in H*(X;R).

Every limit of points p, € a;,'(0) belongs to sptC. In particular, if E = 0 over R, then no such
sequence of zeros exists. Quver any compact smooth family of compatible backgrounds, all first
components in this zero-class case are nowhere zero for sufficiently large v, with one threshold for
the whole family.

The proof, including the passage to the limiting almost-complex structure and retention of the
point constraint, is given in Section 5.7.

Remark 5.4. Equation (5.4) uses no additional bounded curvature term in its perturbation. This
is the exact normalization of [48, Theorem 2.2]. Adding the usual bounded canonical-curvature
term gives the same large-parameter chamber, but such a change is unnecessary here. Canonical
determinant connections will enter the curvature current in the compactness proof; only their
restrictions and curvatures along X occur. No connection in parameter directions is required by the
equations.

5.3. The spherical wall coefficient. For p € X, quotient the irreducible configuration space first
by the gauge transformations equal to one at p. Its remaining circle bundle defines a degree-two
class Up,. Choose its sign so that, on a reducible link given by projectivizing Dirac kernels, it restricts
to ¢1(O(1)). The spinor gauge action has weight one in this convention.
Write
Pic’(X) = H'(X;R)/im(H (X;Z) — H'(X;R))

for the torus of topologically trivial unitary flat line bundles. It is the identity component of the
space of unitary flat line bundles; the universal line over X x Pic?(X) is normalized at p.

Lemma 5.5 (Critical spherical wall crossing). Suppose E? > —2, and put ¢ = (E? 4+ 2)/2. For the
product manifold family over S%, with the fized sp just specified, the difference between two chamber
evaluations of U] is

(5.6) + deg(difference of wall sections)/ . sy, /2(Ind D).

Pic”(X)
Here s denotes the inverse total Chern class, and the Dirac family over Pic®(X) uses the universal
flat twisting line normalized at p. The constant family evaluation is zero. For the large-parameter
family Equation (5.4) associated with n,, the degree difference from a constant family has absolute
value one.

Proof. The critical wall-crossing theorem and its section-class version are [27, Theorem 4.10 and
Proposition 4.11]. We check the normalization and degree relevant here. A transverse homotopy
between two families meets the harmonic wall at isolated parameters in S? x [0, 1], because its
normal rank is bt = 3. Above such a parameter the reducibles form the torus Pic’(X). Represent
the complex Dirac index on this torus as K — O, with ranks k, o, using a stabilization when necessary.
Write 2 = ¢1(O(1)) on the projective bundle of lines 7 : P(K) — Pic®(X). The obstruction bundle
contributes e(O(1) ® O) = 3, 2°~%¢;(O). Projective pushforward therefore gives

(5.7) us (iﬂq Z fﬂo_ici(O)) = Z Sqto—(k—1)—i (K)ci(O)

= sp,/2(K = 0),

since Equations (5.1) and (5.3) imply ¢ + 0 — (k — 1) = b1 /2. The normal crossing signs sum to the
degree difference, giving Equation (5.6).
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The based-gauge normalization makes the universal flat line trivial at p. Thus no Picard-base line
is added to x. Writing a determinant connection as a canonical connection plus twice a twisting
connection does not alter this conclusion: the remaining circle acts on the spinor with weight one,
as used in Equation (5.7).

For a constant regular family, negative ordinary expected dimension gives an empty moduli space.
Otherwise the moduli space is the product of an ordinary E?-dimensional moduli space with 52,
while U is pulled back from the former and has degree E? + 2. Its pairing is therefore zero.

Every maximal positive harmonic plane projects isomorphically to P: the kernel would lie in the
negative definite space P1. This identifies the harmonic-wall bundle with the fixed oriented vector
space P. For the perturbation in Equation (5.4), its wall section has leading term (r/4)[n,], with a
bounded shift from 2F. By Lemma 5.2, it is nonzero for all sufficiently large r and its normalization
has degree one. The same is true after sufficiently small generic family perturbations. (]

All families pairings below are computed with such generic perturbations in the indicated chamber.
The following elementary compactness observation specifies how we return to the exact equations. At
a fixed r, consider a sequence of backgrounds in a compact smooth parameter family and a sequence
of smooth perturbations converging in C'*°. Any corresponding sequence of solutions has, modulo
gauge, a smoothly convergent subsequence solving the limiting equations. This follows from the
spinor Weitzenbock bound, the abelian curvature equation, gauge fixing and elliptic bootstrapping;
see [27, Section 2.1]. Thus nonemptiness for perturbations tending to zero gives a solution of the
exact equations. If all the perturbed solutions chosen satisfy a(p) = 0, that condition is retained.
In using Lemma 5.3 we first take this perturbation limit at each fixed r, and only then let r — co.

5.4. The evaluation line over the coefficient sphere. For E? = 0, write FSW(U,) for the
spherical pairing of U), in the large-parameter chamber, and SW x (E) for the ordinary dimension-zero
invariant of sz. Denote by 7 the projection of the regular family moduli space to S2.

Let h € H%(S?;,7Z) be the oriented generator. The first eigenline in the fixed spin-c family is a
line bundle £z — X x S2, whose restriction to each fiber has Chern class E.

Lemma 5.6. There is an integer e, with |e| = 1, such that
Cl(gE) =F + eh.

If E? = 0, first-component evaluation at p on a regular two-dimensional family moduli space is a
section of a line bundle with first Chern class U, +en*h. Consequently, if that evaluation is nowhere
zero,

(5.8) FSWE(UP) +e SWX(E) =0.
If the left side is nonzero, the exact large-parameter family has a solution with a(p) = 0.

Proof. Since H'(S?) = 0, the Kunneth decomposition shows that c1(£g) = E + eh for some integer
e. At p, deform the compatible metrics to gg through J,-Hermitian metrics. The fixed spin-c
extension over metric space identifies the positive spinor bundles along this homotopy. For gy,
the first eigenspaces give the tautological line in the projective spinor sphere, pulled back by the
coefficient sphere map. The latter has degree of absolute value one by Lemma 2.4, proving |e| = 1.

The evaluation transforms with the same gauge weight as the spinor. Its sign can also be
checked on a reducible link: evaluation on a kernel line ¢ is a map ¢ — &glp, hence lies in
Hom(¢,Ek|p) = O(1) ® Eg|p. On the quotient it is therefore a section of the tensor product of the
based-gauge evaluation line with the pullback of &£ E‘{p}x s2. Its Chern class is U, + en*h. Pairing
7*h with the family moduli cycle gives the ordinary dimension-zero invariant SWx (E); equivalently,
restrict the family to a regular base point. A nowhere-zero evaluation section trivializes its line,
giving Equation (5.8).

For the last assertion, suppose the exact family had no evaluation zero. Fixed-r compactness
would give the same absence for all sufficiently small perturbations: otherwise a sequence of their
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zeros would limit to an exact zero. Apply the preceding identity to a regular such perturbation to
obtain a contradiction. g

The parameter line just computed also explains the globalization of the spinor splitting. The
varying canonical determinant over X x S? has Chern class —2eh, while ¢1(£g) = E + eh. Hence

c1(K1E%) = —2eh + 2(E + eh) = 2F,

as required for the fixed determinant family. Fiberwise canonical identifications may therefore be
used on parameter charts, with their natural transition maps, even though the canonical family
itself is not the pulled-back fixed family. The vertical canonical connections and their curvature
two-forms are globally defined.

5.5. The Picard-torus calculation. For b; = 0, the integral in Equation (5.6) equals one. For by =
4 we must calculate rather than assume a torus cohomology ring. Let u € H'(X;Z)® H' (Pic®(X); Z)
be the mixed Chern class of the normalized universal flat line. The families index theorem, in the
form used in [27, Section 4.2], gives

E+u g Bu? u
(5.9) ch(Ind Dp) = / FHATX), ey = [ 2 by = / v
X x 2 x 24
In degree four on the Picard torus,
1
(5.10) Sy = c% —cy = 3 ch% +chsy .

The real cohomology-ring conclusion is known for symplectic Calabi—Yau surfaces with by = 4;
see [26, Proposition 7.8(4)]. We recover it here from the marked family calculation, which also gives
the Segre pairing needed below.

Proposition 5.7. If by = 4, the quadruple cup product on H'(X;R) is nonzero. The cup-product

map /\2 H'(X;R) — H?(X;R) is an isomorphism, and every spherical homology class vanishes over
R. For every E with E* =0,

[ o s(ind Dg) £ 0.
Pic®(X)

Proof. First take E = 0. Taubes’s canonical nonvanishing theorem [46] gives | SWx (0)| = 1, since
b™ > 1. By Lemma 5.3, the exact symplectic family has no first-component zeros for all sufficiently
large r. Fixed-r compactness transfers this absence to sufficiently small regular perturbations.
Applying Equation (5.8) gives | FSWq(U,)| = 1. On the other hand, Lemma 5.5 and Equations (5.9)
and (5.10) identify this number, up to sign, with

Jr 3
Pic0(x) Jx 24’

because chy = 0 when F = 0. It follows that the quadruple cup product is nonzero.
Here is an explicit calculation of the remaining assertion. Choose a basis ay, ..., a4 of H(X;R),
let t1,...,t4 be the corresponding Picard-torus basis, and write

o= / aiasagay 7 0, u = Zaiti-
X -
(]

The wedge pairing on A2 H'(X;R) induced by this nonzero volume element is nondegenerate. Thus
the cup-product map into H?(X;R) is injective. Both spaces have dimension six, by Proposition 2.3,
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so it is an isomorphism. We may consequently write £ =3, €;;a;a;. The graded-product signs
give

(5.11) chy = 8 tytatsty,
chy = —0(eaatita — egatits + eastity
+ eratats — eigtats + e12tsts),
E? = 25(e1ae34 — e13€24 + €14€23),
ch? = §E? titotsty.

Thus E? = 0 implies ch? = 0, and the Segre integral equals the same nonzero integral of chy found
for £ =0.

Finally, a map S? — X pulls back every class in H'(X;R) to zero, and therefore pulls back every
product of two such classes to zero. These products span H?(X;R), so its homology class is zero by
Poincare duality. O

5.6. Curves through a point and exclusion of roots.

Proof of Theorem 5.1. The projection F'* is nonzero: otherwise F' would be a nonzero square-zero
vector in the negative definite space PL. Lift F' to an integral class and use the fixed spin-c structure
Sp.

Its ordinary invariant is zero. Indeed, choose the opposite coefficient direction w = —F* /|F*|, so
that F[By] < 0. If SWx(F) # 0, ordinary invariance and fixed-parameter monopole compactness
would give solutions of Equation (5.4) for arbitrarily large r at this fixed background. Taubes
compactness would give a nonempty positive J,-holomorphic configuration of class F', contradicting
its negative B,-area.

The spherical U, pairing is nonzero. For b; = 0, this follows directly from Lemma 5.5; for
b1 = 4, use Proposition 5.7 as well. Since the ordinary invariant vanishes, Lemma 5.6 forces a
first-component zero over p in the exact family for each sufficiently large r. Extracting a convergent
parameter subsequence and applying Lemma 5.3 gives a configuration through p in some J,, with
total class F'.

The two closed forms whose coefficients are perpendicular to v are J,-anti-invariant and restrict
to zero on every component of this configuration. Thus F'T is parallel to [B,]. Its B,-area is positive,
so the proportionality factor is positive, which proves the asserted direction. O

The unmarked wall calculation also excludes the square-minus-two classes needed in the lattice
argument. This is a separate consequence of Lemma 5.5.

Proposition 5.8. Ifb; =0, no class E € A with E?> = —2 is orthogonal to P.

Proof. Lift E to an integral line-bundle class. Its ordinary expected dimension is —2, and its
spherical family has dimension zero. By Lemma 5.5, its large-parameter unmarked family invariant
is £1. For each sufficiently large r, take small regular perturbations and then a fixed-r limit to
obtain an actual solution of Equation (5.4) at some parameter v,. Pass to a sequence with v, — v,
and apply Lemma 5.3. The limit is a nonempty positive J,-holomorphic configuration of class E.
Every nonconstant component has positive By-area, since B, tames J,,. This contradicts E[B,] = 0,
which follows from F 1 P. 0

Remark 5.9. The results of this section can be reapplied to any other definite closed triple with the
same ordered periods. The positive plane P, the excluded roots, and the prescribed direction of F'
then remain the same. In particular, the curve-through-every-point conclusion remains available after
the small exact perturbations used below. At this stage the curves may have several components or
multiplicities; their reduction and irreducibility will follow from the choice of F' in the next section.
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5.7. Compactness under varying backgrounds. We now prove the compact-family input used
above. The uniform Seiberg—Witten estimates produce a limiting curvature current and retain the
zero sets. To recognize this limit as curves for J, the remaining task is to construct an integer
intersection assignment and prove its positivity on Js.-holomorphic disks. This is where variation of
the background must be addressed explicitly.

Proof of Lemma 5.3. For a fixed background, this is the compactness and incidence part of Taubes’s
existence theorem. For the equations in Equation (5.4), use [48, Theorem 2.2], with its zero-
support conclusion as proved in Lemma 7.1 and Equation (7.5) for the first component defined in
Equation (3.17) of that paper. The symplectic form has empty zero locus, so the transverse-zero
hypothesis is vacuous. The class formula is

2[C] = e1(L ® Kyy).

The splitting above gives L = K ;15 2 5o this is exactly [C] = F over R. The original fixed-background
symplectic statement also includes incidence with prescribed closed sets [47, Theorem 1.3]; the
curve-recognition argument is understood in its corrected form [49].

Uniform estimates and support convergence. We explain the uniformity needed here. Smooth
convergence provides a common positive normal-coordinate radius, uniform ellipticity, and uniform
bounds on all derivatives of the metrics, forms, and induced canonical connections. It also bounds
the topological terms c;(L)[n,]. In the following estimates, constants are independent of n and r
after these quantities have been bounded. For readability write w = 1 — |a|? and w = max(w,0),
and use the projected spinor covariant derivatives. The estimates used in the compactness proof
include

(5.12) [W? <1+Cr 7t 1812 < Cr~tw, + Cr2,

5.13 < C FIl< ——(14Cr /2 C
(5.13) !A|_2\/§w++, |A|_2\/§(+r Jwy + C,

(5.14)  |Vaal> +r|V4BP < Cruws +C, 7“/ 11— 2] vol, < C.
X

These are the specialization to a nowhere-vanishing symplectic form of [48, Lemma 3.1, Proposi-
tion 3.1, Equation (3.27), and Propositions 3.2-3.3]. The global pointwise bound follows directly
from the spinor Weitzenbock formula and the maximum principle. The remaining bounds use its
two eigenline projections, the curvature equation and its derivative, and the scalar Green kernel.
All the geometric coefficients in those arguments are uniformly bounded on the chosen charts. In
particular, [wy < [|1 — [1|?| + [|B|%. Integrating the bound for 3 and absorbing Cr~! [w, for
large r therefore bounds 7 [w,. The inequality w > —Cr~!, followed by Equation (5.13), then
gives

(5.15) r/ |w| VOlg+/ |F 4| vol, < C.
X X

For the nonnegative energy &.(U) = r [;; |1 — ||| volg, the monotonicity estimate gives uniform
constants ¢, C, so > 0 such that, whenever Cr—1/2 < s < s,

(5.16) &.(Bs(z)) < Cs?, r€at(0) = &(Bs(x)) > cs’

This is [48, Proposition 4.1], with its universal normalizing factor absorbed into the constants.
Consequently the zero sets have covers by at most C's~2 such balls.
Here is also the scale and derivative dependence in the local compactness step. Use normal

/2

coordinates for each individual g,, rescale by 7‘,11 , and compare on a ball of fixed radius R. After
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identifying the center with Euclidean C?, the rescaled coefficients satisfy
(5.17) Ign — 9Bllco(g) < Crry ', 10 gnllcosy) < Crury ™ (k >2),
I, = 1 (0)lcoqs) < Crry /2, 10" llco By < Crar/? (k=1).

The first derivatives of g/, are Og(r;'). The scale in [48, Equation (5.1)] is (r,|n.|)"/? = 214 /ry.
A fixed dilation therefore converts these coordinates to that paper’s flat-model normalization; all
estimates below absorb this fixed factor, and curvature integrals are unchanged by it. These estimates
follow by Taylor expansion in each metric’s own normal coordinates; compare [48, Section 6, Step 4].
For every fixed R, k, the rescaled equations therefore have uniform coefficient bounds through
order k. Gauge fixing and interior elliptic estimates give the rescaled local approximation in any
prescribed C* norm by the flat model, as in [48, Proposition 5.2]. Its quantifiers are: for each
R,k,e > 0, a common lower bound on r makes the approximation error smaller than £. We retain
smooth background convergence, so every derivative order required in this argument is available; no
assertion about a minimal finite regularity threshold is needed.

Let Acann be the canonical connection on Kj_nl. The first eigenline connection a,, has curvature

Fu, = $(Fa, — FA..y,..)- The corresponding closed currents

(5.18) Th(C) = % /X Fa A C

have uniformly bounded mass by Equation (5.15). Their periods on closed test forms are those of
E. On the complement of the first-component zero set, its unit section identifies the determinant
with the canonical determinant. In that identification the further estimate is

(5.19) |A — Acan| + |[Fa — Fa,,| < Cr~t + Crexp(—/r dist(z,a™1(0))/C)

when the distance is at least r—/2 [48, Proposition 6.1].

The ball covers, the lower bound at zeros, and Equation (5.19) now give a subsequence whose
zero sets converge to the support Z, of a weak limit of T},; the support has finite two-dimensional
Hausdorff measure. These are the arguments of [48, Equations (7.1)—(7.5) and Lemma 7.1], using
exactly the uniform estimates just listed.

We give the disk argument needed when the backgrounds vary. Write

i i

= — Fq — F .
f’l’L 27_(_ an 47T< An -Acan,n)
The sharper estimate [48, Proposition 4.2, Equation (4.9)], specialized to |n,| = V2, is
r
—=(1 =)+ C.

2v2

Its constants have the same uniform geometric dependence as the estimates above. If £ is a unit,
positively oriented J,-complex bivector, then £+ =1, /2, [¢(~| = 1/4/2, and the curvature equation
gives

(5.20) [y, | <

. Tn e Tn
O =200+ 18P, iF 02 21— la,) - C.

The leading terms cancel. The canonical curvatures are uniformly bounded, so there is one constant
Coy > 1 such that every J,-holomorphic disk u satisfies

(5.21) u* fr > —CodA,.

Here dA, is the induced area density, counted on the source; the inequality also holds at critical
points. This derives the disk bound directly for our normalization, including the factor one half in
the twisting connection.

The relative integer assignment. First construct the integer assignment independently of positivity.
A smooth disk u is admissible when its boundary misses Z,. For large n, u*«, is nonzero on a
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boundary collar and defines a relative Chern number £, (u) € Z. The unit first component trivializes
the eigenline there, and Equation (5.19) gives

(5.22) /D u fro = kn(u) + o(1).

The error is uniform for disks with bounded first derivatives whose boundary collars have a common
positive distance from Z,. For each sufficiently large n, relative Chern numbers agree along any
fixed admissible homotopy. The same conclusion holds for the varying homotopies below: pointwise
short geodesics between uniformly close boundary maps stay in one fixed zero-free neighborhood of
the original boundary. Thus their pulled-back unit sections extend over the boundary homotopy,
uniformly in large n.

For an immersed disk, take small normal translates, with a smooth averaging function in the
two normal parameters. The normal bundle is taken over the source, so self-intersections cause
no difficulty. All these disks have the same k,. Cut off the source near its boundary collar; the
removed flux tends to zero by Equation (5.19). The averaged remaining flux is the pairing of T,
with a fixed smooth two-form: the normal coordinate map is a local diffeomorphism, and a finite
partition of unity pushes the compactly supported averaging forms to X. Weak convergence of
T, proves convergence of these averages. Thus k,, being integer valued, is eventually constant. A
general admissible smooth disk has an arbitrarily close immersed perturbation, connected to it by
an admissible homotopy, and hence has the same conclusion. Denote the eventual integer by I(u).
It is zero for disks missing Z,, invariant under admissible homotopy, additive under subdivision,
and multiplied by the degree under proper disk maps; these are the corresponding properties of
relative first Chern numbers. This is the Stokes and averaging construction of [47, Proposition 5.6
and Lemma 6.2]. Only positivity for the limiting complex structure remains.

Disk deformations with prescribed incidences. We need the following elementary disk deformation
fact. For a holomorphic map on a slightly larger disk, with no boundary condition, the linearized
Cauchy—Riemann operator has a bounded right inverse even after prescribing values and complex-
linear first derivatives at any finite set of distinct interior source points. Work, for example, in
H* — H*1 k > 4, so these evaluations are continuous. Extend the bundle and operator to a
closed surface, and extend the target sections by a bounded Sobolev extension. The closed-surface
operator augmented by the finite evaluations is Fredholm. Finitely many smooth forcing terms
supported outside the larger disk make it onto. Indeed, an annihilator of all such exterior terms
vanishes there. Away from the specified points it is smooth by elliptic regularity and vanishes
everywhere by unique continuation for the adjoint real Cauchy—Riemann operator [55, Theorem 2.78
and Proposition 3.12]. It is therefore a sum of distributions supported at the specified points. The
invertible principal symbol eliminates derivatives of point masses of positive order: their highest
derivative after applying the adjoint has order at least two, whereas the evaluation constraints have
order at most one. The remaining term at each point is gd. Testing independently the complex-linear
and anti-complex-linear first derivatives eliminates both ¢ and the first-derivative constraint covector;
testing the value then eliminates its covector. The annihilator is zero, proving the assertion about
exterior forcing. A bounded right inverse of this surjective Fredholm operator, restricted to the disk,
proves the claimed right inverse.

The implicit function theorem and interior regularity consequently give nearby holomorphic
disks for nearby almost-complex structures, with those finite values and complex-linear derivatives
prescribed. All domain restrictions are chosen first, and all constraints lie in the smaller disk.
The right-inverse bounds persist for nearby operators. Constants may depend on the chosen finite
set of points and on a fixed neighborhood of the original map; this is harmless because these
choices precede n — oo. In particular, while retaining finitely many incident values, one may
choose the tangent line at each of them independently in a nonempty open cap. At a critical point
one first chooses a sufficiently small nonzero complex-linear derivative. This gives a fixed small
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Joo-holomorphic perturbation of the original disk; its .J,-holomorphic transfers converge smoothly
to that perturbation on the smaller closed disk. They need not converge to the unperturbed disk,
and admissible boundary homotopy is what identifies their integers.

Positive flux at a retained incidence. Here is the positive contribution at each retained incidence.
Choose actual zeros pj, tending to the finitely many specified values in Z,. After a joint subsequence,
rescaling at these zeros gives centered flat models on all fixed balls. Their first components vanish at
the origin. The quadratic energy bound excludes the identically zero first component. Each limiting
model has a polynomial divisor by [48, Proposition 5.1]. For any nonempty open cap of complex
lines through the origin, choose a direction where the highest homogeneous part of that polynomial
is nonzero; only finitely many directions are excluded. Along the chosen line, distance from the
divisor grows linearly at infinity. The exponential off-divisor estimate in [48, Proposition 5.1] makes
the boundary connection term tend to zero. Stokes’ theorem therefore identifies the total line flux
(i/2m) [ Fy, with the positive degree m; > 1 of the restricted divisor, which contains the origin. The
determinant connection in [48, Proposition 5.2] converges to 2ag, so this is precisely the limiting
normalization of f,, with the bounded canonical curvature disappearing under rescaling. Choose a
fixed large radius R; so that the boundary is zero-free and the flux differs from m; by less than 1/8.
These are the polynomial-model and line-selection steps in [47, Proposition 5.6, Steps 3—4], using
the flat limits of [48, Proposition 5.2].

Prescribe those good tangent directions in the disk deformation just constructed. Choose a
fixed approximation tolerance making the flux error on each model disk less than 1/8; only then
take n large. Because the prescribed derivatives are nonzero and the disk maps have uniform
higher derivative bounds, the rescaled maps on microscopic source disks converge to the chosen
complex-linear maps. Each resulting source core therefore contributes more than m; —1/4 > 3/4 to
the flux. The finitely many core radii tend to zero, so the cores are source-disjoint. Distinct source
incidences may have the same target value: the flux is integrated on the source, and this does not
affect the argument. The nonzero derivative sizes, the caps, the models, R;, and the approximation
tolerances are all fixed before the final lower bound on n is imposed.

Positivity for the limiting complex structure. We now prove positivity for any admissible Jo-
holomorphic disk u meeting Z,, allowing critical points and self-intersections. Shrink its domain
inside a slightly larger disk so that every incidence lies in its interior and its boundary collar has a
fixed positive gap from Z,. First fix a small C' neighborhood in which this gap persists and all disk
areas are bounded by a number A,. Put S = u~1(Z,).

If S is finite, retain all its points. Choose disjoint fixed neighborhoods of them whose total
induced area, for all sufficiently close disks, is less than 1/(4Cp). On the compact complement the
original disk has a positive distance from Z,; shrink the allowed disk neighborhood to preserve
half that distance. Choose the good tangent caps and the fixed small holomorphic perturbation
within this neighborhood, and transfer it to J,, retaining the chosen zeros. The cores contribute at
least 3/4 each. Their complement inside the selected neighborhoods contributes more than —1/4
by Equation (5.21). On the remaining compact domain the flux tends to zero by Equation (5.19).
Thus the limiting integer in Equation (5.22) is positive.

If S is infinite, choose a finite number N of distinct source points in it with 3N/4 > CyA, + 1.
The area bound was fixed before N. Apply the same finite-constraint construction at these points,
keeping the perturbed disks in the chosen area neighborhood. The N source-disjoint cores contribute
more than 3N /4, whereas their full complement contributes at least —CyA,. The flux is therefore
bounded below by a positive number. Its limit is the unchanged integer I(u), so again I(u) > 0.
Every choice was finite and fixed before the last passage to large n; no rate relating J, — Jo, and
rn, — o0 has been imposed.

Curve recognition and retention of the marked point. In particular the positivity axiom for embedded
holomorphic test disks holds. The resulting positive cohomology assignment permits the corrected
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recognition theorem to be applied to the fixed structure J, as in [48, Lemmas 7.2-7.3 and
Proposition 7.1] and [49]. The recognized normalization map is proper. Since X is compact, its
source is compact and has finitely many components; its locally finite exceptional set is finite as
well. The multiplicity of a resulting curve at a smooth point is the integer I of a small transverse
disk there. The averaging construction identifies this same integer with the transverse coefficient of
the weak curvature current: on each smooth branch, a closed current of order zero supported there
is a constant multiple of its oriented integration current. The remaining difference is supported on
the finite singular set, where a closed two-current of order zero must vanish. Thus the recognized
configuration has current equal to the weak limit of T,,, as in [48, Proposition 7.1 and Equation (7.12)
in the proof of Lemma 7.4]; in particular its class is E.

The support convergence retains every limit of first-component zeros. If £ = 0, a retained zero
would give a nonempty positive configuration with [, 7. = E[ne] = 0, which is impossible. Failure
of the final uniform assertion would supply a sequence with r,, — oo; compactness of the parameter
space would reduce it to the situation just proved. (]

6. AN INTEGRAL NULL CLASS WITH A UNIFORM CHAMBER

The curve-existence result of Theorem 5.1 applies to every nonzero integral null class. We now
choose one for which a positive curve configuration cannot split. The choice depends only on the
original period plane, so the resulting restrictions on curve classes persist under later deformations
of the definite pair that preserve its two periods. The arithmetic step is to find a primitive null
class whose projection direction avoids a finite set of obstructions. Adjunction then relates this
arithmetic choice to curve classes. Taming and the resulting class alternatives rule out splitting or
multiplicity in a positive configuration in the chosen class; positivity of intersections makes distinct
curves in that class disjoint.

We use the free lattice

A= H*(X;Z)/torsion, Ag=A®zQ, Ar=A®zR.

A curve class will mean the image in A of its integral Poincaré dual, with the complex orientation of
the curve. Equalities of integral classes in this section are therefore equalities modulo torsion. This
convention does not affect intersections or integrals of closed real forms. The original positive period
plane is denoted by P, and d denotes the orthogonal projection of d € Ar to P. By Proposition 2.3,

A~3U ®2E3(—1) or A~3U,

where U is the hyperbolic plane. In particular, P* is negative definite. No rationality of P is
assumed.

Proposition 6.1 (Choice of chamber class). There is a primitive class F € A with F? =0 such
that the following implication holds for every d € A and every real number ¢ > 0:

(6.1) d > -2, dt =cFT, d-F<0 = c¢¢€Zso, d-F=0.
Moreover, FT # 0.

Proof. We first construct a rational null subspace with enough integral directions, and then exclude
finitely many of those directions.

A positive integral vector and a null lattice. Set
Wo =AgN PL, Wr = spang Wg.

The subspace Wy is rational and negative definite. Hence its orthogonal complement is rational and
contains P. Positive square is an open condition, so density of rational vectors in this complement
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gives a positive rational vector in Wﬂé. Clearing denominators and dividing out the common integral
divisor produces a primitive vector [ € A satisfying

(6.2) 2 >0, 1-Wg=0.

Write 12 = 2n, where n € Z-o. We use the following form of Eichler’s criterion: in an even
lattice containing two orthogonal hyperbolic planes, the orbit of a primitive vector under the stable
orthogonal group is determined by its square and its normalized class in the discriminant group [15,
Proposition 3.3(i)]. Here the lattice is unimodular. Thus its discriminant group is zero, and every
primitive vector has divisibility one. The criterion sends [ to e; + n fi, where

622:fz2:0) e’bfz:]-

are standard bases of the three mutually orthogonal copies of U. In these coordinates the lattice
generated by f1, es, e3 is primitive and totally null. Pulling it back gives a rational three-dimensional
totally null subspace Ly and its lattice L = A N Lg, with an element fy € L such that

(6.3) l-fo=1.
Consequently
F={FeL:l-F=1}
is an affine lattice of rank two. Every F' € F is primitive in A, since a nontrivial integral divisor of

F would divide [ - FF = 1. It is also nonzero and null. Its projection to P is nonzero by negative
definiteness of P.

Only finitely many cosets can obstruct a direction. The set
K={repPt:r?>_-2}

is compact. Suppose temporarily that F' € F, d € A, and ¢ > 0 satisfy the three conditions on the
left side of Equation (6.1). Then

(6.4) r=d—cF e P, 2 =d* - 2¢c(d-F) > -2,

sor € K.

Let ¢ : Ag — Ar/Lgr be the quotient map. Because Ly is rational and L is saturated, a basis
of L extends to an integral basis of A; the remaining basis vectors project to a lattice basis in the
real quotient. Thus ¢(A) is discrete and ker(q|y) = L. Since ¢(d) = ¢(r) € ¢(K), only finitely many
cosets d + L can occur in Equation (6.4). This finite set is independent of F.

Avoiding irrational points in a torus. Orthogonal projection restricts to an isomorphism
m:Lr — P

its kernel is null and lies in the negative-definite space P+, and both spaces have dimension three.
Hence 7(L) is a lattice in P. Each of the finitely many cosets just found determines one point of

T = P/x(L),

because adding an element of L changes the projection by an element of w(L).
For a primitive F' € L, let

Sp={tn(F)+n(L):teR}CT.

Two such circles with different directions intersect only in torsion points. Indeed, if ¢t (F) —sw(F') €
(L) and F, F" are not collinear, choose an integral linear functional on L which vanishes on F and
is nonzero on F’. Applying it to tF — sF’ € L shows that s € Q, so the common point is torsion.
In particular, any non-torsion point of T lies on at most one primitive direction circle.

The elements of F have distinct directions: two collinear elements with [-pairing one are equal.
Since F is infinite, we can choose F' € F whose circle contains none of the non-torsion points among
the finitely many possible coset points.
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For this F, every d, ¢ satisfying the hypotheses of Equation (6.1) gives a torsion point
dt + (L) = crn(F) + 7(L).
There is therefore an integer k > 0 with kcF € L. Pairing with [ shows that kc € Z, so c € Q. It
follows that r = d — cF' € Wy, and Equation (6.2) now gives
(6.5) c=1-d e Zsy.
If m =d-F <0, then m is a negative integer and
2 =d?>—2em > -2+ 2¢ > 0.

Negative definiteness of Pt forces r = 0, which would imply m = 0. This contradiction proves
d-F =0, and completes the proof. ]

Fix F as in Proposition 6.1. Make a constant orthogonal change of the coefficient basis of the
original triple and denote the result by (A, C, B), choosing

Ft
[B] = 7171
IE* ]l
Here the norm is the positive intersection norm on P. The three classes remain orthonormal, and
V=[An[C]

has signature (1,b7). The following conclusion is deliberately stated for arbitrary later definite pairs
with these two periods.

(6.6) [A]-F=[C]-F=0, f=I[B]-F=]|Ft|>o0.

Corollary 6.2 (Curve-class alternatives). Let ﬁ, C be any smooth closed definite pair on X with
[A]=1[4], [C]1=]c),

and let J be either of its associated almost complex structures. For every monconstant irreducible
closed J-holomorphic curve whose class d € A is nonzero, there is a real number ¢ # 0 with d* = cF™*.
Ezxactly one of the following alternatives holds:

(i) d- F #0, and sgn(d - F') = sgn(c) = sgn([B] - d);
(ii) d =cF in A, with c € Z \ {0}.

If J admits a closed taming form, every nonconstant irreducible closed J-holomorphic curve has
nonzero real class, so the nonzero-class hypothesis is automatic.

Proof. Represent the irreducible image by a somewhere-injective J-holomorphic map w : ¥ — X,
with its covering multiplicity factored out. The standard adjunction and singularity theorems for
simple curves in real dimension four give

(6.7) d? =c (TX,J) -d+29(2) — 24+ 25(u),  6(u) € Zso,

where 0(u) is the weighted singularity defect and is zero precisely for an embedding; see [56,
Theorem 2.8], using the numbering of the cited prepublication version throughout. Positivity of
intersections of distinct simple images is [56, Theorem 2.3 and Corollary 2.4]. The critical points are
isolated, and a simple curve is locally injective, including at critical points [56, Propositions B.26
and B.41]. These facts prevent accumulation of distinct double-point pairs at the diagonal of the
product of the source with itself. Local intersection isolation, unique continuation, and simplicity
prevent accumulation off the diagonal. Compactness therefore makes the critical and noninjective
sets finite. The definite pair trivializes the canonical bundle by Lemma 2.2, so ¢;(T'X, J) = 0 for
either sign of J. In particular, d?> > —2.

Both members of the pair vanish on complex lines. Integrating their pullbacks gives [A] - d =
[C] - d = 0; hence

dt =cFT, [B] -d = pc
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for a real number c. If ¢ = 0, the nonzero integral class d lies in PL. Evenness, negative definiteness,
and d?> > —2 force d> = —2. When b; = 0, this contradicts Proposition 5.8. When b; = 4,
Equation (6.7) gives g(X) = d(u) = 0, so d is the class of an embedded sphere. This contradicts the
vanishing of spherical real classes in Proposition 5.7. Thus ¢ # 0.

Suppose first that ¢ > 0. By Proposition 6.1, d - F' < 0 is impossible. If d - F' > 0, alternative (i)
holds. If d - F' = 0, the same proposition gives ¢ € Zwq, so r = d — c¢F is integral and lies in P*.
Moreover 72 = d? > —2. Either r = 0, or negative definiteness and evenness give > = d> = —2. The
latter is excluded by Proposition 5.8 when b; = 0; when b; = 4, it would make the original curve u
an embedded sphere by Equation (6.7), again contradicting Proposition 5.7. Therefore d = cF'.

If ¢ < 0, apply the same lattice argument to —d, whose square is still at least —2. This use of
Proposition 6.1 is purely arithmetic and does not require a J-holomorphic representative of —d. It
gives d- F < 0 or d = cF with ¢ € Zg. Indeed, a nonzero residual in P+ would again have square
d?> = —2. In the by = 4 case, adjunction is applied to the original curve in class d, making it an
embedded sphere and giving the same contradiction to Proposition 5.7. The two alternatives are
disjoint because F? = 0.

Finally, the integral of a closed taming form over any nonconstant curve is strictly positive. Its
real homology class, and hence its image in A, cannot vanish. O

Proposition 6.3 (No splitting in the fiber class). Let (A,C, B) be any smooth closed positive triple
with the same three cohomology classes as (A,C, B), and let J be the structure associated to its first
two members and tamed by B. Then:

(i) Every positive J-holomorphic curve configuration whose total class is F' in A consists of one
reduced irreducible component of class F.

(ii) Through every point of X there is such a component, and distinct components of class F are
disjoint.

(iii) Every simple parametrization of such a component is either an embedded torus or a rational
curve with total adjunction defect one. If the rational parametrization is immersed, its image
has exactly one transverse positive double point and no other singularity.

These statements in particular hold after any exact perturbation of the triple that preserves positivity.

Proof. Write a positive configuration as
T

F = andl in A, n; € Zso,
i=1

where the d; are the classes of its distinct irreducible images. Taming excludes zero real component
classes. In the notation of Corollary 6.2,

O</ B =[B]-d; = Be;,
d;
so ¢; > 0. The corollary gives m; = d; - F' > 0, whereas

'

i=1

Every m; therefore vanishes. Again by the corollary, d; = ¢;F' with ¢; € Z~(, and comparison of the
total classes yields

(6.8) Znici =1.
=1

There is exactly one summand, with n; = ¢; = 1. This proves (i), including the exclusion of a
nontrivial covering multiplicity.
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Apply Theorem 5.1 to the present triple. Its period plane is still P, and Equation (6.6) forces the
direction of the conﬁguratlon to be precisely the one whose anti-invariant plane is span(A C’) and
whose tamer is B. Thus the theorem gives a positive J-holomorphic configuration in F' through any
prescribed point. Part (i) makes it a single reduced component. Two distinct components of class F
cannot meet: their intersection number is F2 = 0, while any intersection of distinct simple images
has positive local intersection number. This proves (ii).

For the remaining assertion, adjunction becomes

0=F?=2g(%) — 2+ 20(u), or equivalently g(X)+d(u) =1

If g(¥) = 1, the defect is zero and the curve is embedded. If g(¥) = 0, the total defect is one; critical
points of the parametrization have not yet been excluded. When the map is immersed, its singular
defect is the sum of positive intersection multiplicities between distinct local branches. Total defect
one then forces exactly one pair of branches meeting with multiplicity one, which is a transverse
positive double point. A tangency has larger multiplicity, and a point with three or more branches
contributes at least three. There can be no additional singularity. O

7. A TORUS PENCIL WITH ORDINARY NODES

We keep the notation of Proposition 6.3. In particular, curve classes are identified with their
Poincaré duals modulo torsion, and F is primitive, F? = 0, [A]F = [C]F = 0, and [B]F > 0. The
form B will remain fixed throughout the construction. There is already a unique curve image
through every point. To turn these images into the fibers of a smooth map, we first remove critical
points of their sphere parametrizations using exact pair variations. The normal equation will then
supply foliated neighborhoods of the embedded tori. Finally, exact local changes near the remaining
nodal spheres will supply the corresponding charts at singular fibers.

Theorem 7.1 (The pencil). There are smooth one-forms as, ¢, 0 <t <1, with ag = c¢o = 0, such
that
A = A+ day, Cy=C+dg

and (A, Cy, B) is a positive closed triple for every t. For the structure J determined by (A1, Ch)
and tamed by B, the irreducible curves of class F' are precisely the fibers of a smooth proper map

px X — 8

to a closed connected oriented surface. Each reqular fiber is an embedded torus. The singular fibers,
if any, are finitely many immersed rational curves, each with one transverse positive double point.

Every singular fiber has a neighborhood identified with a proper holomorphic elliptic fibration
py Y — A with smooth total space, a section, and one ordinary nodal central fiber. In this
identification there are constants x; € R, y; € R\ {0} such that

(7.1) A1 = ReX, Ci=z;ReX; +y; ImX;.

Here ¥; is a nowhere-zero holomorphic two-form, and the model can be chosen with punctured-disk
presentation

log s

(72) z=a+7(s)b (mod Z+ 7(s)Z), T(s) = Y, =hidsAdz, h; € C\{0}.

27
Both A1 and C1 vanish on every fiber.
Only the qualitative existence of the holomorphic model in Theorem 8.1 is needed in this section.

Its construction is local and independent of the pencil; none of the estimates involving the collapsing
parameter is used here.
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7.1. Curve compactness in the primitive class. We use closed pseudoholomorphic curve theory
for smooth almost complex structures tamed by a symplectic form. The particular inputs are
factorization of nonconstant maps into a simple map and a branched cover [31, Proposition 2.5.1],
positivity of intersections in dimension four, and the adjunction formula with its nonnegative
weighted singularity defect [56, Theorem 2.3, Corollary 2.4, and Theorem 2.8]. For compactness
we use the genus-zero theory, including marked spheres and their stable limits [31, Theorems 5.3.1
and 5.5.5]. These results do not require regularity of the moduli space. Our later genericity argument
must instead work within the allowed exact variations of the pair, with B fixed.

For every triple used below, Proposition 6.3 gives a curve of class F through every point, and
every positive configuration of total class F' consists of one simple image with multiplicity one. Two
different such images are disjoint: an intersection would contribute positively to their intersection
number F? = 0. A simple parametrization u : L — X has

(7.3) g(L) +6(u) = 1.

Consequently it is an embedded torus or a rational curve of defect one. The latter may initially have
a critical point. The singularity theorem for a simple curve implies that its critical and noninjective
points on the normalization form a finite set [56, Propositions B.26 and B.41 and Theorem 2.3]. If
it is immersed, Equation (7.3) says that it has exactly one double point, and that its two branches
meet transversely.

Lemma 7.2 (Compactness without bubbling). Let (A,,C,, B,) converge smoothly to a positive
closed triple, with all three cohomology classes equal to [A],[C], [B], respectively. Let u, : S* — X be
simple curves of class F' for the structures determined by (A,,C)) and tamed by B,. After passage
to a subsequence and reparametrization, u, converges smoothly to a simple sphere of class F'. The
same statement holds with one marked point. In particular, the absence of critical points on all such
spheres is open in a sufficiently high finite differentiability topology.

Proof. Let By be the limiting third form. It tames the limiting structure with a positive lower
bound on the unit tangent bundle of a fixed metric. Smooth convergence therefore makes this same
fixed form tame every sufficiently late structure. Its area on each sphere is [By|F = [B]F. The
fixed-tamer hypotheses and uniform energy bound in the cited Gromov compactness theorem are
consequently satisfied. The nonconstant components in the stable limit give a positive configuration
of total class F' for the limiting triple. By Proposition 6.3, there is exactly one simple image and its
total multiplicity is one. In particular, the surviving map is not a nontrivial cover.

The domain of a genus-zero stable limit is a tree of spheres. With only one nonconstant vertex, a
nonempty tree of constant vertices would have a constant leaf with at most one node and the one
permitted mark. It would have at most two special points and hence would be unstable. There are
therefore no constant components. Gromov convergence is now smooth convergence on the whole
sphere after reparametrization, and the marked points converge as well. The same argument gives
convergence in the corresponding finite differentiability orders when the backgrounds converge in a
sufficiently high finite order.

If the limiting triple had no critical spheres but nearby triples had such spheres, mark a critical
point on each. The conclusion just proved would give a critical point on a limiting sphere. This
contradiction proves openness. This argument applies uniformly on any compact parameter set of
positive triples with the stipulated periods. ]

7.2. Transversality using exact variations of the pair. The two closed pullback equations
have two unavoidable integral constraints. We include the coefficient sphere in the universal problem
to account for them explicitly.

Lemma 7.3 (Restricted first-jet transversality). An arbitrarily small smooth exact perturbation of
(A, C), with B fized and the triple positive, makes every simple sphere in class F' immersed. The
same assertion holds for a path of such pairs, relative to immersed endpoints.
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These perturbations may preserve any finite set of specified immersed F-spheres that are common
Lagrangians throughout the path. At an endpoint they may also leave fixed closed model subdisks
already foliated by F'-curves.

Proof. We prove universal surjectivity in the allowed space of perturbations. We reduce an annihilator
to two constants arising from the pullback periods and a distribution supported at the marked point.
The elliptic symbol and first-jet tests remove the point-supported part; variations of the coefficient
sphere remove the two constants. Fix the complex structure j on S2. Write vy = (0,0,1) for the
coefficient direction of B. For v close to vg, a convenient closed anti-invariant pair for the structure
Jy is

(7.4) A,=A-2B,  o,=c-2B.
U3 U3

For any map w in class F, the two pullback periods are

</ u* Ay, u*C’U) = —[B|F (vl, 1)2) .
2 2 vs’ U3

Both pullbacks vanish when wu is J,-holomorphic, so every F-curve forces v = vg. Exact changes
of A, C leave the two periods unchanged, whereas varying v supplies both period directions in the
universal linearization. Thus this auxiliary parameter removes the period constraints without adding
solutions in other coefficient directions. We retain it in the section

(7.5) (u,z,v; A, C) —> (gjyt]vu,ﬁj”]vu(z)) .

The second component is valued in the real rank-four bundle of complex linear maps 7,5 — T, u(z)X -
On the zero set of the first component, its vanishing is exactly du(z) = 0.

Use W*P maps with p > 2, k > 8, and backgrounds of finite class C”, with » > k + 8. The first
target is W*~LP. Sobolev embedding gives W*? ¢ C*~1.¢ for some a > 0, so first-jet evaluation
at the moving mark is at least C*¥~2, hence C%. The background regularity gives the same C®
regularity for the composition maps in the first component. Perturbing forms are dg4, dS¢c, where
the primitives belong to the C"*! closure of smooth one-forms in the indicated support class. This
gives separable Banach spaces. We use the ordinary Banach bundle construction for Equation (7.5);
compare the first-jet framework in [35, Sections 2-3]. The surjectivity argument for our restricted
perturbations is given next.

Suppose (1, \) annihilates the derivative of Equation (7.5) at a simple critical sphere. Here 7 is a
distribution dual to the Cauchy—Riemann target and A is a covector on the jet target. Testing map
variations supported away from z gives D;n = 0 there. Elliptic regularity makes 7 continuously
differentiable away from z, with the further finite regularity supplied by the coefficients. The choice
of r gives more derivatives than are needed for all distributional products and integrations by parts
below.

Remowal of tangential coefficients. Although the index uses a fixed j, we may test every
infinitesimal variation j of the domain complex structure. On S? the map & — Le¢j is onto: its
cokernel is H%!(T'S?) = 0, by the line-bundle surjectivity criterion since deg7'S? = 2 > —2 [55,
Theorem 3.23]. Naturality under a domain diffeomorphism, with the marked point moved by the
inverse diffeomorphism, expresses the j test as a combination of the already allowed map and mark
tests. The direct variation of the jet with respect to j vanishes at z, because du(z) = 0. Thus

n (%Jduj) =0 for every j.

At an immersion point these variations span the tangential Cauchy—Riemann residuals. Hence n
annihilates that tangential subbundle away from z.
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The two pullback coefficients. There are bundle maps L 4, Lo, with the regularity of the coefficients,
from Cauchy—Riemann residuals to real two-forms on the domain such that, at a solution,

(7.6) S(u*Ay) = Lad(@u),  6(u*Cy) = Lo 5(u).

These identities hold also for variations of the background pair and of v. To see that they extend
without loss of regularity at a critical point, choose jOs = 0y and put e = (us+Ju;)/2. Anti-invariance
gives the exact identity
Ay (us,up) = —2A,(us, Je),

and the same identity holds for C,. Differentiation at e = 0 proves Equation (7.6). In particular
the maps L4, L¢ contain du, not its inverse, and extend continuously across every critical point.
At an immersion point they vanish on tangential residuals and identify the real two-dimensional
normal residual with the two pullback values: contraction with a nonzero complex tangent vector
by a nonzero complex volume form pairs the complex normal line isomorphically with C.

Consequently, on the injective immersion locus away from z, there are unique continuously
differentiable real functions f4, fo such that

(7.7) ne) = [ (falae + foLoe)

for tests supported in that locus. Let U be a relatively compact injective disk in the locus. A
neighborhood of its image can be chosen to meet no other part of the curve. Restrictions of smooth
ambient one-forms supported in this neighborhood are dense in Q%(U) in the C! topology. Indeed,
the available regularity of u gives a compactly supported C? ambient extension of any such source
one-form in tubular coordinates. Approximate this extension in C' by smooth ambient one-forms,
keeping their supports in the same isolated neighborhood. Their pullbacks converge in C'. Testing
the variations df4 for these smooth primitives with u fixed and passing to the limit gives

/ fadd =0 for every 8 € QL(U),
U

since f4 is continuous on the compact source support. The jet contribution of this background
variation is zero because du(z) = 0. Integration by parts proves dfs = 0 on U; independent
variations of C' prove dfc = 0. The complement of the finite exceptional set in S? is connected, so
these functions are global constants k4, ko on that locus.

Define on the whole source the distribution with continuous coefficients

no(e) = k’A/ Lye+ k‘c/ Lce.
S2 S2

Continuity of the L’s and elliptic regularity away from z show that 1 —mnyg is supported at z, including
when there are other critical or double points. For every map variation w, closedness of the two
forms gives

no(Dyw) = ka /52 d(u*tpA) + ke /52 d(u*e,,C) = 0.

Elimination of the point-supported remainder. Set R = 1 — ng. The annihilator equation for map
variations is

(7.8) DiR=—J'\

where 7, is the linearization of the complex-linear first jet, with the mark fixed. The right side has
distributional order at most one and is supported at z. A point-supported distribution is a finite
sum of derivatives of the Dirac delta. If its largest nonzero order were m > 1, its homogeneous
coefficient polynomial R,,(§) would satisfy

a(Du)*(€)Rm(§) =0 (€ € T7S?).

There are enough coefficient derivatives for this comparison: a point-supported functional on W*=1.»
in real dimension two has order at most k¥ — 2 when p > 2, while » > k + 8. The first-order
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Cauchy—Riemann symbol is invertible for every real £ # 0, so this polynomial must vanish identically,
a contradiction. Hence R = ¢d, for a single covector ¢q. Test Equation (7.8) on variations with
w(z) = 0. Since du(z) = 0, the values of D,w and J,w at z are respectively the complex-antilinear
and complex-linear parts of Vw(z). These parts can be specified independently by a smooth
variation supported near z. It follows that ¢ = 0 and A = 0.

Finally, variation of v in Equation (7.4) gives

(7.9) 6(/FAU,/FC’U> — _[B|F (01, ).

This map is onto R%. Applying the remaining annihilator 7y to these tests yields ks = k¢ = 0. Thus
the universal derivative is onto. Its range is closed: the map-and-jet operator with background fixed
is Fredholm and has finite-codimensional closed range, and adding parameter directions preserves
this property.

Index and allowed genericity. The parametrized sphere operator has real index 4, since ¢1 (u*T X ) =
0 [55, Theorem 3.22]. Adding v and the mark and imposing the first-jet constraint gives

(7.10) 442+2-4=4

For a path, allowing its parameter adds one and gives index 5. The projection from the universal
zero set to the space of perturbing primitives is therefore Fredholm of index 4, or 5 for paths. The
projection is C®, and 6 > 5, so Sard-Smale applies with the chosen regularities [44, Theorem 1.3].
For a regular parameter its fiber would be a manifold of that dimension. But the six-dimensional
group PSL(2,C) acts freely on simple parametrized spheres, with the marked point transformed
contragrediently, and preserves the fiber. Freeness follows because a reparametrization fixing a
simple map fixes its injective locus and hence is the identity. A manifold of dimension 4 or 5 cannot
contain this six-dimensional orbit. The fiber is empty.

For a path, the local perturbations just used may be multiplied by arbitrary bumps in the path
parameter, supported away from its endpoints. If finitely many immersed F-spheres are retained, a
critical simple F-sphere cannot have one of those images. It is therefore disjoint from all of them by
positivity of intersections, so every injective disk needed in the proof still admits the allowed local
variations. Use the closure of smooth primitives supported off the retained images; this preserves
them exactly without requiring a fixed forbidden tubular neighborhood. At a fixed model subdisk,
every point already lies on a model F-curve. A competing critical sphere is disjoint from the whole
subdisk for the same reason. The endpoint assertion follows with perturbations supported in its
complement.

There are countably many map-space charts and homotopy components, so the regular parameter
choices can be made simultaneously for all of them. The conclusions are open by Lemma 7.2.
Approximation in the defining closures by smooth primitives therefore gives smooth perturbations
with the same conclusion and the same support restrictions. For paths with immersed endpoints,
openness allows fixed small parameter collars at both ends. Smallness ensures positivity with B
fixed; the straight segment realizes the initial small perturbation by an exact positive-pair path. [
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7.3. Deforming immersed curves. The identification of normal deformations with one-forms
follows the approach of McLean’s deformation theory for compact special Lagrangians [32, Theo-
rem 3.6 and Corollary 3.9]. Here the definite pair leads to a variable-coefficient operator, which we
solve directly.

Lemma 7.4 (The normal operator). Let u : L — X be a closed connected common Lagrangian
immersion for a definite closed pair (A,C), with the complex orientation chosen by B. Nearby
common Lagrangian immersions represented as normal graphs over u form a smooth manifold of
real dimension by(L). Its linearized kernel is naturally isomorphic to H'(L;R). If u is simple, this
also describes the local unparametrized moduli. These descriptions hold with smoothly varying pairs
whose periods on [u(L)] remain zero.

An immersed F-sphere is isolated and continues uniquely under small pair variations. Near an
embedded F-torus the nearby F-curves form a smooth foliation of an open neighborhood.

Proof. Represent nearby immersions by normal graphs over w, removing the infinitesimal
reparametrizations. If u is simple, its stabilizer under reparametrization is trivial: an auto-
morphism fixing the map fixes its injective locus and hence is the identity. The normal-graph slice
then also parametrizes the local unparametrized moduli. For a multiply covered immersion we
make the smoothness assertion only for this slice. The symplectic form A identifies the real normal
bundle with T*L by w — a = u*1,A. Write along the source

C—-zA _ ANC , C? 9
(711) Hziy , Q:A—}—z[—L T = Tz Y :ﬁ_x’
where the nonzero sign of y is the one giving J tamed by B. Let *1, be the star on one-forms for the
induced conformal structure and orientation, with x;o = —a o0 j. The complex volume identity gives

w1, C = xa + y *p, .
Cartan’s formula now gives the normal derivative
(7.12) Da = (da,d(za + y *1 «)) .

The nonlinear pullbacks and their derivatives take values in pairs of exact two-forms: their integrals
are the two fixed zero periods.

For completeness we solve Equation (7.12). Given exact two-forms (1, (2, choose ag with dag = (3.
Adding df changes only the second equation, by

(7.13) Pf=d(zdf +y=*p df) =da Adf +d(y =1 df).

After division by a positive area form its principal part is the nonzero signed multiple yAf of the
scalar Laplacian. Its sign is constant on connected L, it has no zeroth-order term, and the strong
maximum principle shows that its kernel consists exactly of constants [22, Chapter 1, Theorem 1.6].
Here one first adjusts the overall sign of the operator and then applies the principle at a maximum
on the connected closed surface. It has index zero, by homotopy through scalar elliptic operators
to the signed Laplacian, with the sign of y held fixed; the Fredholm index is constant along this
homotopy [51, Section 7, Propositions 7.3-7.4]. Its image has integral zero by Stokes’ theorem. Its
cokernel has dimension one, so its range is exactly the integral-zero two-forms. We can therefore
solve
Pf=¢ —d(zao +y *L ao).

This proves surjectivity onto the asserted target, with bounded elliptic right inverses in the usual
Sobolev or Holder spaces.

If Do = 0, then « is closed. Every class in H'(L;R) has a unique representative of this kind:
start with any closed representative and solve Equation (7.13) for an exact correction. Uniqueness
follows from the constant kernel of P. Thus

(7.14) kerD — HY(L;R),  a+— [q]
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is an isomorphism. The implicit function theorem applied to the pullback equations, with exact
two-forms as target, proves the first assertion and its parameter version. For L = S? the derivative
is an isomorphism, giving isolation and unique continuation.

For an embedded torus, the kernel has dimension two. In complex normal notation its elements
solve the real-linear normal Cauchy—Riemann equation. Indeed, the normal projection of a linearized
map equation is unchanged by variation of the source complex structure, and the two maps in
Equation (7.6) identify that normal equation with Equation (7.12). The complex normal line has
degree F? = 0. The similarity principle says that a nonzero solution has isolated positive zeros,
whose total number with multiplicity is the degree; in the closed case this is the zero formula
of [54, Section 2.2, Equation (2.7)]. Therefore every nonzero kernel section is nowhere vanishing.
Evaluation at each point of the torus is consequently an isomorphism from the two-dimensional
kernel to its real normal plane.

Let ug, q € R? small, be the family supplied by the implicit function theorem. The derivative of
(x,q) — ug(x) is an isomorphism at every (x,0). Compactness of the torus gives a common small
parameter disk on which this is a local diffeomorphism. The individual maps remain embeddings;
different images cannot meet by F2 = 0 and positivity. The immersion slice distinguishes the images,
so evaluation is injective after shrinking the disk. It is thus a diffeomorphism onto an open tube,
foliated by the uy(L). O

Corollary 7.5 (The number of nodes along a path). If all F-spheres for a triple are immersed,
there are finitely many of them. Along a compact smooth path of triples with the original periods
and with all F'-spheres immersed, their number is constant.

Proof. The unparametrized sphere space is compact by Lemma 7.2 and discrete by Lemma 7.4,
so it is finite. Over a path, the total space of such spheres is compact and, by the parameter
version of Lemma 7.4, its projection to the path interval is a local diffeomorphism, also in relative
half-interval charts at the endpoints. Hence it is a finite covering of the interval. Equivalently, each
isolated sphere has a unique local continuation, and compactness prevents any additional sphere
from entering those local descriptions. The number is constant. ([l

7.4. Exact insertion of holomorphic nodal neighborhoods.

Lemma 7.6 (Insertion while retaining the sphere). Let K be the image of an immersed F-sphere
with one transverse positive double point. Inside an arbitrarily small neighborhood of K, an exact
path of the pair, with B fized, makes the pair equal near K to Equation (7.1) for a model satisfying
Equation (7.2). The triple stays positive and the same immersed sphere is a common Lagrangian
throughout. The construction may be performed in disjoint neighborhoods of finitely many such
spheres.

Proof. Denote the node by p and its two preimages on the normalization by p4,p_. We first identify
the model with a neighborhood of K so that straight interpolation of the two pairs stays positive.
We then localize this interpolation by two exact changes. At the node, equality of the forms as
tensors makes the radial cutoff correction small. Along the rest of the sphere, the difference of the
pairs need not be small; a logarithmic transverse cutoff makes its cutoff error small while retaining
the positive interpolation.

Use z,y,$ from Equation (7.11) on a neighborhood of K. Choose the qualitative model of
Theorem 8.1; write its normalization as uy : S — Y with node preimages ¢y, ¢_. Uniformization
supplies a biholomorphism f of the normalized spheres carrying p+ to ¢i.

Matching the derivative and the complex volume. At p, the two complex tangent lines of the
branches are transverse. Their prescribed tangent maps, obtained from f, define one complex linear
isomorphism

T:T,X —1T1,Y.
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Choose the nonzero complex scale h of the model volume so that 7*Xy = Q(p). Along each smooth
point of the normalization, the tangent map and equality of complex volumes determine the map on
the normal quotient. More explicitly, a nonvanishing complex volume identifies the complex normal
line with the dual of the tangent line. The prescribed tangent map therefore gives the required
normal-line isomorphism globally. The possible lifts to a map of the two ambient complex plane
bundles form an affine bundle with fiber the complex-linear maps from the normal line to the target
tangent line. A smooth section exists by partitions of unity. Its values at both preimages of the
node can be chosen to equal the single map 7.

These prescribed first derivatives need only be realized to arbitrary accuracy along K, with exact
realization at the node. Here is a construction that addresses the crossing. First straighten the two
transverse branches by smooth ambient charts in the source and target. Writing the restrictions of
f in these charts as f(u) and f_(v), the product map ®¢(u,v) = (f+(u), f—(v)) is a genuine local
diffeomorphism carrying the branches by f and having derivative T" at p. Its derivative along either
branch and the prescribed complex-linear derivative have the same tangent restriction and agree
at p. They are consequently arbitrarily close on sufficiently short branch collars. On those collars
interpolate their normal derivative data, keeping ®g near p and the prescribed data away from the
collars. The interpolated derivatives remain invertible when the collars are sufficiently short.

Away from the crossing the normal tubular construction realizes these jets: in normal coordinates
send the zero section by f and use the prescribed normal derivative on the normal coordinate. This
can be patched to @y where the jets already agree; a partition in normal coordinates preserves the
prescribed first jets. Shrinking the tubes gives a diffeomorphism ® of neighborhoods of the nodal
images. To check injectivity, any hypothetical pair of coincident images in arbitrarily shrinking
neighborhoods would limit to two points of K with the same image. The map on the nodal image
is a homeomorphism, and the map is a local diffeomorphism at every point, including the crossing.
These facts rule out such a pair. We have arranged that

(7.15) O*Yy =Q  at p, ®*Yy is arbitrarily close to 2 along K.

Both volumes vanish when pulled back to the normalization.
Put z, = z(p), yp = y(p) and set on this neighborhood

A, =Re®*'Ty,  C.=1z,Re®*Ty + 3, Im &*Ty.

These forms are closed. If the volume matching along K were exact, their pointwise relation to the
old pair would be

(7.16) A=A, C.= <xp - yp;) At %Pc.
The ratio y,/y is positive. Thus every straight interpolation of the two pairs in Equation (7.16)
has the same positive anti-invariant plane and remains in the same component relative to B. In
particular its triple Gram matrix has a uniform positive lower bound along K, with the interpolation
parameter in [0, 1]. Choose the approximation in Equation (7.15) small compared with this bound.
The actual straight interpolation between (A, C) and (A, C) is then positive along K, and on a
smaller neighborhood by compactness and continuity. The biholomorphism f uses the complex
orientation selected by B, so B is positive on the transported model’s complex tangent line at
each smooth point of K. Together with positivity of the triple, this selects the model complex
structure as the sign tamed by B. That sign persists on a smaller connected model neighborhood,
independently of whether y,, is positive or negative.

The first exact correction, at the crossing. For either closed difference £ = A, — A or £ = C, — C,
one has £(p) = 0 as a tensor, and the pullback of £ to each branch vanishes. In a crossing chart
with p = 0, the radial homotopy primitive is

1
(7.17) B.(v) = /0 tea(z0)dt,  dB =&
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It satisfies |3(2)| < C|z|?. Since radial contraction preserves each straightened branch, 8 pulls back
to zero on both branches. Choose y; equal to one on the ball of radius r, supported in the ball of
radius 2r, and satisfying |dx,| < C/r. The exact change d(x, ) has norm O(r): the two terms x,&
and dy, A 8 both have that bound. For sufficiently small r its scalar multiples preserve positivity
with B fixed. They preserve the common Lagrangian sphere because the primitive restricts to zero
there. Do this for both differences. The resulting pair (A’, C") equals (A, Cy) on the ball of radius
r and differs from (A, C') by O(r) near that ball.

The ezact correction along the rest of the sphere. The remaining differences ¢ = A, — A’ and
& = C, — C" are closed, vanish on a neighborhood of the crossing, and pull back to zero on the
source. QOutside a smaller crossing ball, take normal tubes of the embedded part of the source.
Normal contraction h¢(s,n) = (s,tn) gives a relative primitive 5’ satisfying

(7.18) dg' =¢, 18| < Cd, d=|n|.

This is the homotopy identity dg’ = ¢ — 7*u*¢’. Choose the tubes in the inner collars so that the

contraction stays where £ = 0. Then 3’ = 0 on those collars and extends by zero into the crossing

ball. The two branch tubes are disjoint outside that ball after shrinking. This gives a single smooth

relative primitive on the required tubular region, without a compatibility condition left at the node.
Choose a transverse cutoff equal to one for d < rj, and zero for d > ro,t, where the outer tube is

already small. Using a fixed smooth function of log(d/rin)/10g(rout/rin) gives

(7.19) d|dx| <

log(Tout/Tin) ’
The inner radius can be made sufficiently small that the right side is any prescribed n > 0. For
0 <t <1, the exact change is

A" +td(xBy) = A+ tx (A — A) +tdx A By,

and likewise for C’. The last terms have norm at most C'n by Equations (7.18) and (7.19). The first
terms are pointwise straight interpolation with parameter ty € [0,1]. Taking r small in the first
correction preserves the positive margin already established along K. Shrinking the outer tubes
preserves that margin throughout them. Finally take n small compared with the margin. These
choices prove positivity along the entire exact path.

The final pair agrees with the model on a neighborhood of the whole nodal image, and its
primitives have compact support in the original chosen neighborhood. A sufficiently small complete
model subdisk lies in this region: properness of py and compactness of its central fiber imply that
p;l(A ») lies in any chosen neighborhood of that fiber when p is sufficiently small. Every modification
restricts to zero on the normalization, so the same sphere is retained. Disjoint supports prove the
last assertion. O

7.5. Retaining the nodes and forming the base.

Proof of Theorem 7.1. First apply Lemma 7.3 to make a small exact perturbation with B fixed so
that all F-spheres are immersed. Connect it to the starting pair by a small straight segment of
positive pairs. There is no assertion about immersion along this initial segment. By Corollary 7.5
the perturbed pair has finitely many nodal spheres K7, ..., Ky, all disjoint. If N = 0, the torus
argument below already applies.

For N > 0, use Lemma 7.6 at all the K;, keeping B fixed and retaining every K; along the
resulting path. Choose smaller closed model subdisks at its endpoint. Make the endpoint generic by
an arbitrarily small exact perturbation outside those subdisks. The relative assertion of Lemma 7.3
applies because any competing F-curve is disjoint from every model fiber. The endpoint now has
no critical spheres, and the smaller model neighborhoods remain unchanged. Extend this endpoint
perturbation a short distance into the path using a parameter cutoff; all retained K; are still common
Lagrangians.
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The two ends of this latter path have only immersed spheres. Apply the path version of Lemma 7.3,
keeping its endpoints and every K; fixed, to remove all critical spheres from its interior. The resulting
smooth path stays positive with B fixed. By Corollary 7.5, its endpoints have the same number of
nodal spheres. All the original N spheres were retained, so they exhaust the endpoint spheres. This
argument is needed to exclude additional immersed spheres outside the inserted model regions.

We now work at the endpoint. By Proposition 6.3, every point of X lies on a unique simple
F-curve image. Each is an embedded torus or one of the K;. Define S as the set of these images,
with quotient map px. For a torus, Lemma 7.4 supplies an open tube diffeomorphic to T2 x A. It
is saturated: any other F-curve meeting a torus in this tube must equal it by intersection positivity.
For a nodal sphere choose an open model subdisk. Its fibers also represent F', since they are
homologous to its central fiber. The same argument makes this open subset saturated. Its quotient
is its base disk, since the proper holomorphic model projection is open and has connected fibers.
Thus the torus tubes and the model subdisks give disk neighborhoods in S and cover it.

These saturated neighborhoods can be chosen arbitrarily small around an entire fiber. For tori
this follows by shrinking the parameter disk in the tube; for nodes it follows from properness of
the model projection. Two distinct fibers are disjoint compact subsets of X, so they admit disjoint
ambient neighborhoods. Choose saturated neighborhoods inside them. Their images are disjoint
open neighborhoods of the two points of S. The quotient is therefore Hausdorff.

The disk charts have smooth transition maps. To verify this even at a singular value, choose a
smooth point of the corresponding fiber. Near that point both local quotient projections are smooth
submersions with the same fibers. A local section of either submersion expresses the other base
coordinate as a smooth function of it; interchanging the two gives its smooth inverse. The charts
therefore make S a smooth surface without boundary and px a smooth map. They also make px
open. Since X is second countable, images of a countable open basis under this open surjection form
a countable basis for S. Compactness and connectedness of X give compactness and connectedness
of S.

On regular fibers use their complex orientation and the complex orientation of the normal plane
to orient the base. Evaluation along a connected torus preserves this choice, and the holomorphic
model gives the same orientation on its regular part. Hence the orientation extends across each
singular value. The map is proper because its domain is compact and its base is Hausdorff. Its
singularities are precisely the ordinary holomorphic nodes of the models (locally s = 2129 after
complex coordinate changes). The pair vanishes on every fiber by construction, and the prescribed
model identities hold on the unchanged smaller neighborhoods.

All paths used above consist of exact changes to A, C and keep B fixed. Their finitely many joins
can be made smooth by reparametrizations constant to infinite order at the join times. Concatenating
them proves the theorem. O]

8. THE COLLAPSING NODAL MODEL

We construct a holomorphic elliptic fibration over a disk with one ordinary node, together with a
fixed holomorphic symplectic form and Kéhler forms of decreasing fiber area. This local construction
supplies the model used in the insertion argument of Lemma 7.6; it starts independently of the
global pencil. We use the Gibbons-Hawking ansatz [12] in the periodic form of Ooguri—Vafa [36],
with the collapsing and semi-flat comparison developed by Gross—Wilson [16, Section 3].

There are two further requirements for its later use. The holomorphic family and its symplectic
form must stay fixed as the area decreases, and the local Kéhler form must have the same two
annular periods as its translation-invariant approximation. We first normalize the periodic potential
and complete its node. We then identify the completed complex families and prove the annular
comparison and intrinsic metric estimates needed in Section 10.
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Write Agp = {s € C: |s| < R}, where 0 < R < 1, and set

1 1
(8.1) T(s) = %log s, T2(s) =Im7(s) = —glog |s].

The period 7 is understood on branches, with its integral monodromy.

Theorem 8.1 (The nodal model). There are a smooth complex surface Y, a proper holomorphic
map p: Y — Ag, and a holomorphic section disjoint from its critical point, with the following
properties. The central fiber is a reduced irreducible rational curve with one ordinary node, and
every other fiber is a smooth elliptic curve. On the reqular part there are coordinates, relative to the
section,

(8.2) z=a+7(s)b (mod Z+ 7(s)Z), (a,b) € R?/Z?,

and ds A dz extends as a nowhere-zero holomorphic two-form. The real group Ho(Y;R) is generated
by a regular fiber.

Fiz h € C\ {0}, put ¥ = hds ANdz, and fir 0 < r < R. For every sufficiently small € > 0 there is
a Kdihler form DI°° on Y, with metric g., such that

DF*AReX = DI AIm ¥ = 0, (D%)? = (ReX)?,

(83) /p_l(s) Dioc — ¢ (S 7& 0)

These three forms are parallel, mutually orthogonal and of equal square, and vol,, = (Re ¥)2/2.
Moreover:

(i) On each fized closed annulus K = {r_ <|s| <ry} C Ar\ {0}, the form

h 2
(8.4) DEf =eda ANdb+ uTg(s) dx1 A dzs, s =x1 + 1290,
€
is well-defined and closed. For every integer m > 0, in fixed smooth charts on this annular
bundle,
(8.5) D¢ — D || cm < Crpe™m/€, Cipyem > 0.

(ii) These forms have the same real cohomology class on p~*(K). Their periods are € on a fiber
and zero on the torus sweeping the invariant a-circle at b = 0 around the base annulus. That
swept torus bounds in'Y .

(iii) On p~Y(A,), for every fived m there is a finite coordinate cover with smaller concentric
domains still covering this set, such that the number of charts, the reciprocals of their radi
and interior margins, and the C™ bounds for the metric coefficients and their inverses are
at most CrpeNm . All intrinsic curvature derivatives of fized finite order have polynomial
bounds as well.

All disks, annuli and h are fixed before € tends to zero. The charts in (iii) may depend on e.
Thus, for fixed real xg, yo, yo # 0, the pair
A=ReX, C=29ReX+yoImX

is orthogonal to D°¢. Its span with this form is positive, and its metric in volume A2/2 is g.. No
normalization of A, C relative to one another is required.
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8.1. The periodic potential. The normalization follows the periodic-potential construction in
[16, Lemma 3.1 and Proposition 3.2]. First take h = 1, and denote the area parameter by p. On
(Ar xR/pZ)\ {(0,0)} use coordinates (x1,z2,t). For a precise choice of the additive constant define

1 1
Vi, v) = 47r{\/|v\2+u2

1 1 2
+Z<¢rv|2 arn?  ViET >_n>}'

The paired summands are O(n~3) locally, with locally uniformly convergent differentiated series
away from the poles. The resulting function is smooth, harmonic, and periodic with period one in u.
Its mean is

(8.6)

1/2 log[v] | log2 -k
. du = —
(8.7) p V(u,v)du = + o

where g is Euler’s constant. Indeed, the integral of the sum truncated at |n| < N, before the factor

1/(4r), is

N+1/2 X1
2arsinh—‘:}’/ - 2; i 2log(2/|v]) — 2yE.

Consequently

1 t s log p 7E—10g2}
8.8 Vo(s,t) = — e
(88) (5:) p{v<p’p) or T on
has a positive unit monopole 1/(47+/]s|? + t2), and

1 (r To(s)
8.9 f/ V,(s,t)dt = .
89) > [ ts. =2

The term —(log p)/(27) in the scaled potential is essential for keeping the periods fixed.
For s # 0, its Fourier expansion is

7-2( ) 2mint/ <27T‘TLS’)
8.10 V,(s,1) = §j PKy, .

It follows by the Gaussian integral representatlon of the Newton kernel and integration in the
periodic variable. The nonzero Fourier coefficient is proportional to

2
/ I exp( ls/p|* - 7Tn)dﬁ.

Alternatively Ko(a) = [;" e~ coshu gy, These representations, including their differentiated versions,
give for each fixed annulus and each m

< Cmprmef27rr_/p.
Cm({r_<|s|<r4 }xR/p2)

(8.11)

p

Derivatives in ¢ are taken on periodic local lifts. Differentiation introduces powers of p~! and |n/;

the exponential decay makes the corresponding sums convergent. Any smaller positive exponential
rate absorbs the polynomial prefactors.

The function V), is positive on the whole punctured solid torus when p is sufficiently small. Choose
L > 1 large enough that the Fourier tail of pV, on |s|/p > L is less than —(log R)/(4). Its mean
is at least —(log R)/(27) > 0, proving positivity there. On the remaining compact scaled region
|s|/p < L, the function V is bounded below, including near its positive pole. The additive term
—(log p)/(27) then proves positivity there also. This argument gives a positive lower bound for pV,,
off a fixed scaled pole neighborhood.
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8.2. The metric and the smooth nodal fiber. The Euclidean Hodge star uses the orientation
dxi A dxa A dt. The form xdV, has integral —1 on a small positively oriented linking sphere. That
sphere generates the second homology of the punctured solid torus. Hence it is the curvature of a
real connection # on a principal R/Z-bundle, normalized by integral one on its circle fibers:

(8.12) df = *dV,.

In this period-one convention the curvature itself represents the first Chern class. We may change 6
by a closed basic one-form.

With z3 = t, set, for cyclic (i, j, k),
(8.13) 9p = Vp(da + dx + dt*) + V,716%,

' vi = dx; N0+ V,dx; A dxy,.

The signs follow directly from
Cl(d&?Z A (9) = —8¢Vp dx1 A dxo A dxsg, d(Vpdl'j VAN d.%'k) = @-Vp dxy N dxo A dzs.

Thus all three forms are closed. In the coframe Vpl/ dez-, Vp_l/ %9 they form the standard orthogonal
equal-square self-dual frame, with the induced four-dimensional orientation. To check parallelness,
write the connection on this frame in terms of three real one-forms a;. After a consistent choice of
frame signs, the equations for closedness are

IQCL3 — IgCLQ = 0, Igal — I1a3 = 0, Ilag — Igal = O,

where ;oo = *(a A 7y;), with an overall sign chosen so I1ls = I3. The first two equations give

a3 = —Ilas and a1 = —Isa3 = —I3ao. The third then gives 2I1as = 0, so all a; vanish. The frame
is parallel. In particular
(8.14) Q=7 +iy2=dsA (0 —iV,dt).

It is decomposable and has positive product with its conjugate. Its kernel defines the complex
structure for which ~3 is Kéahler. This kernel is involutive: closedness and Cartan’s formula give
tuw§lp = 0 whenever U, W annihilate 2,. The function s is holomorphic.

Here is the completion and the quantitative information at its pole. In scaled coordinates
X = (z1,x9,t)/p, write

(8.15) W =pV,=W,, + H,, Wi = ﬁ, r=1X]|.
On a fixed ball of radius less than 1/4, H, = Ho — (log p)/(27), where Hy is smooth harmonic and
independent of p. A local gauge gives 6 = 6,,, + 3, where df,, = *dW,, and § is smooth basic with
df = xdHy. Its derivatives on a smaller ball are bounded independently of p.

The charge-one Hopf chart completes Wi, dX? + W, 162, to a flat smooth four-dimensional ball.
In this chart X and r are smooth quadratic expressions, and 6, is smooth. The coefficient 1/(47),
with connection period one, is the smooth Hopf normalization. Now

(8.16) welo 4w WEL-WRD o (dn)H,
1+4nrrH,’ r2 1+4nrH,

It follows that
Gplp =W dX> 4+ W0, + B)°
is smooth at the added point. In particular, the coefficient of the apparently singular squared-
connection difference is smooth by the second identity in Equation (8.16). Subtracting the flat Hopf
triple in
’}/Z'/p =dX; A (Hm —|—ﬂ) + Wde A dXp,
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shows that the forms also extend smoothly. At the added point their values are the flat triple,
so they remain nondegenerate. We obtain a smooth hyperkahler surface Y,, and its holomorphic
function s extends over the added point.

At that point ds = 0. The quadratic term of s is the nondegenerate holomorphic quadratic of
the Hopf map; in linear complex coordinates it is a nonzero multiple of wjws. The holomorphic
Morse lemma therefore gives an ordinary node. Away from this point the central fiber is a circle
bundle over (R/pZ) \ {0}. Completing its two ends at the pole gives a reduced irreducible nodal
curve with spherical normalization. The fibers for s # 0 are two-tori, and their relative holomorphic
one-form from €2, has no zeros; they are elliptic curves. The projection p, : Y, — Apg is proper:
over a compact base set its complement of a pole neighborhood is a circle bundle over a compact
set, and the missing part is a compact subset of the completed Hopf chart.

The potential is invariant under ¢ — p — ¢, so the curvature restricts to zero on t = p/2. The flat
circle connection over this disk has a horizontal section S,. It is holomorphic: its tangent space
has dt = 0 = 0, so (2, vanishes there, while ds is an isomorphism to the base tangent. It avoids the
critical point.

Integrate the relative holomorphic differential from this section to obtain the Abel coordinate z
on each smooth fiber. The connection circle has period one. Orient the other cycle in the negative
t-direction. Its period 7, then satisfies

Im7,(s) = /Opr(s,t) dt = 15(s).

The periods are holomorphic on each branch of the regular base. Thus 7, — 7 is a real constant.
Adding a real multiple of dt/p to § changes exactly this real period; we choose it to make 7, = 7.
An integral change only changes the cycle basis. This does not affect curvature or the horizontal
section in the midpoint slice. In the resulting coordinates €1, = ds A dz.

8.3. The fixed complex surface across the node. The common periods identify the regular
elliptic families, preserving their sections and relative differentials. The following argument extends
the identification across zero.

Lemma 8.2. The preceding identifications extend to holomorphic symplectic isomorphisms of the
completed families Y, — Apg.

Proof. We compare the families through the degree-three divisors given by three times their sections.
Their line bundles embed the fibers as plane cubics. Laurent coefficients at the section, measured in
the normalized Abel coordinate, will identify the three-dimensional spaces of sections across the
puncture; taking closures will then identify the completed families.

Each p, is a flat proper family of connected reduced curves. For flatness, the local ring of the
smooth total surface has no torsion over the local ring of the one-dimensional smooth base, since
Pp — So is not a zero divisor. Torsion-free modules over this discrete valuation ring are flat. The
fibers have arithmetic genus one, and S, is a Cartier divisor in the fiberwise smooth locus.

Set L, = Oy,(3S,). This line bundle is flat over the base, since it is locally free on the flat
family. Its restriction to each fiber is a degree-three very ample line bundle, with 2° = 3 and h' = 0.
For the complex-linear Dolbeault operator on a line bundle of degree d over a closed connected
Riemann surface of genus g, the complex index is d + 1 — g, and d > 2g — 2 gives surjectivity [55,
Section 3.4, Theorems 3.22-3.23]. On a smooth genus-one fiber this gives the asserted dimensions.
After imposing any length-two subscheme, the remaining degree is one and the first cohomology
still vanishes. This proves very ampleness on those fibers. For the nodal curve one can check the
assertion explicitly. Normalize it by P!, with the two preimages of the node at 0, 00. A degree-three
line bundle pulls back to Op1(3), with a nonzero gluing parameter \ for its fibers at these points.
Its sections are degree-at-most-three polynomials with constant coefficient A times the leading
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2

coefficient. The basis w, w?, w? + X gives the map

2

w s [w:w? w4 A

It identifies exactly 0 and oco; away from these points the ratio of the second coordinate to the first
is w. At 0 and oo the two tangent lines are distinct, as is seen in the affine chart about [0: 0 : 1].
Thus it embeds the nodal curve as a nodal cubic. To compute its cohomology directly, let N denote
the nodal fiber, v : P! — N its normalization, and L = L,|n. The gluing condition gives the exact
sequence

evpg —A eVeo
e

0 — L — v.0Opi(3) Chode — 0,

where the last sheaf is supported at the node and its fiber is C. In the polynomial trivializations
just used, the map on global sections is the constant coefficient minus A times the leading coefficient.
It is surjective. The normalization is finite, so the cohomology of its direct image is that of Op:(3).
The latter has h° = 4 and h! = 0. The cohomology exact sequence therefore gives h%(N, L) = 3 and
hY(N, L) = 0.

We use the following proper holomorphic base-change theorem: for a proper holomorphic map to
a reduced base and a coherent sheaf flat over that base, constancy of the fiber dimensions h? implies
that the ¢-th direct image is locally free and its restriction to each base point is the cohomology of
that fiber; see [13, Section 7, Satz 5] and the correction [14]. Our map is proper and surjective, the
disk is reduced, and £, is flat over it. Applying the theorem with ¢ = 0 and the constant value
hY = 3 gives a holomorphic rank-three bundle

EP = (pp)*ﬁp

with those spaces as fibers. Evaluation gives a relative closed embedding in P(E}). Indeed the
fiberwise embeddings and base change give the evaluation and separation properties locally over the
base. At the nodal point, the fiber’s Zariski tangent space is the whole tangent space of the smooth
total surface, so tangent separation there also gives an immersion of the total surface. Properness
then gives the closed embedding.

Near the section p, is a submersion. Write 2, = f(s,w) ds A dw, with w = 0 on the section. The
coordinate

z(s,w) = /Ow f(s,u)du

is holomorphic, has nonzero relative derivative, and is zero on the section. It extends the normalized
local Abel coordinate also across s = 0. Regard sections of £, as meromorphic functions with poles
of order at most three on S,. Their Laurent coefficients in degrees —3, -2, —1,0 define

(8.17) E, — O4,,.

This map is fiberwise injective. A function in its kernel has no pole and hence is constant on the
compact connected reduced fiber; its zero constant coefficient makes it zero. Thus its image is a
rank-three subbundle, including over zero.

The images agree on the punctured disk by the regular elliptic identifications. Continuity of
their Grassmannian-valued maps makes them agree also at zero, identifying the bundles £,. Their
relative cubic images agree as well: each is the closure of its image over the punctured disk, and
both are reduced analytic subspaces. This gives an isomorphism of the completed families. The
holomorphic two-forms agree on the regular part and therefore everywhere. O

Fix one small reference parameter and take its surface as Y. Using Lemma 8.2, the form
Yo = dsAdz is fixed on Y, while the transported forms 3 are its varying Kéahler forms. In particular
the qualitative model existence used to insert nodes does not assume a global fibration.
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8.4. Comparison and periods on fixed annuli. The complex family is now fixed. To glue
its Kéhler forms later, we need estimates in the same smooth annular coordinates for every area
parameter, together with equality of their annular classes. Work over a fixed annulus with positive
inner radius and on bounded branches relative to the midpoint section. The imaginary part of the
Abel coordinate is

p/2
(8.18) ¢g=Imz = Vo(s, u) du.
t
Consequently Equation (8.11) gives
2—t _ _
(8.19) T N O R o

The interval of integration has length O(p); differentiated endpoints cost only powers of p~1. Since
q = mob and 7y is bounded above and below,

2 - t / /
(8.20) b= P22t oy, g g — pb+O(e~¢/?)

p
with all fixed finite-order derivatives in the corresponding coordinates. For the inverse statement,
0¢b = —V,, /5 has absolute value bounded below by a constant times p~ L. Successive differentiation

of the inverse relation introduces only polynomial factors, absorbed by reducing ¢’ > 0.
There is a complex function k on each branch such that
(8.21) dz — (0 — iV,dt) = kds.
The difference gives zero relative differential and has zero wedge with ds, by Equation (8.14). Its
imaginary part says
Im(kds) = dsq = bdr + O(e=¢/?),
where t is held fixed. Since 7 is holomorphic, Im(b7/(s) ds) = bdre. The real-linear map taking k to
Im(k ds) is an isomorphism onto real base one-forms. Thus k = b'(s) + O(e~¢/?). Substituting
dz = da + 7db+ b7'(s) ds in Equation (8.21) gives
(8.22) 0 = da+ Rerdb+ O(e /7).
All the errors here have their fixed finite-order derivative bounds in the fixed (s, a, b) charts. Therefore
Y3 =dt N0+ Vpdxl A dxo

(8.23) 72(s)

= pda A db+ dxl/\da:2+0(e_cl/p).

The fiber sign follows from (— pdb) A da = pda A db. Its exact area is p, since on a fiber v3 = dt A 0,
and the two periods are p and one, with this complex orientation.

Under monodromy 7 — 7 + 1, the angle change is (a,b) — (a — b,b). It preserves da A db, and 75
is single-valued. Hence the invariant comparison form and the finite-chart estimates descend to the
annular bundle.

To identify the periods that test exactness on the annular bundle, we first determine the topology
of the completed disk neighborhood. A one-critical-point Lefschetz fibration over a disk has the
homotopy type of a regular fiber with its vanishing thimble attached. Here this description follows
by trivializing over a slit disk: the circle over a path to the critical value collapses to the Hopf point
and gives the one attached disk, while the complement of that path is a trivial smooth fibration. The
vanishing circle is the primitive connection circle a. Thus the cellular description is a torus with one
additional two-cell attached along a. Collapsing that cell together with a leaves a one-cell b and the
torus two-cell with trivial attaching map, so the homotopy type is S'V S2. More precisely its cellular
boundary sends the additional two-cell to a and sends the torus two-cell to zero. Consequently its
second real homology is generated by the original torus fiber, as asserted.
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Lemma 8.3. The two forms in Equation (8.23) have the same real cohomology class on the annular
bundle: their periods are p on a fiber and zero on the invariant-cycle sweep.

Proof. We use the two-cycle comparison from [16, proof of Lemma 4.3]. The annular bundle retracts
to the mapping torus of one shear. Its homology exact sequence is

0 — Hy(T%:R) — Hao(p Y(K);R) — ker(Ty — 1: Hi(T*R) — Hy(T%*R)) — 0.

The first term is generated by a fiber, and the last by the invariant a-circle. This circle has a sweep
at b = 0. These two cycles thus test all real two-periods.

The fiber periods were computed above. The sweep is the connection circle bundle over a base
circle in t = p/2. The connection circle bundle over the full base disk in this slice is a solid torus
bounding it in Y. On the sweep dt = 0, and the base has only one tangent direction, so the
restriction of dt A 8 + V,dx1 A dxo is zero. The invariant comparison form also has zero restriction,
because db = 0 and the same dimensional observation applies. ]

8.5. Polynomial intrinsic geometry. The annular estimates use a fixed smooth atlas, as the
gluing requires. For the remaining metric estimates the charts may instead vary with p: we transport
each metric together with its own controlled charts. This is enough to bound intrinsic derivatives
on the model cores in Section 10. We prove these bounds on a fixed smaller disk.

Near the pole use the Hopf chart of Equation (8.15). For small p, the function H), is positive
on this chart; its positive-order derivatives are bounded and |H,| < C(1 + |log p|). The formulas
Equation (8.16) show that the coefficients of g,/p and their derivatives have polynomial bounds in
1+ |log p|. For the inverse bounds compare

WdX2 + W0, +6)* with W, dX*+W,,162.

The ratio W/W,,, = 14 4nrH, and its reciprocal have polynomial bounds. Replacing 6, by 6., + 8
is a shear with smooth bounded coefficients in the flat Hopf metric, because 3 is basic and smooth
in the quadratic base coordinates. This gives upper and lower polynomial metric comparisons.
Differentiation of the matrix inverse gives its derivative estimates. Restoring the factor p yields
polynomial bounds in p~!.

Off a smaller scaled pole neighborhood, use fixed-radius balls in scaled coordinates (s/p,t/p). On

such balls over A, the periodic sum and the Fourier formula give, for every multi-index,
(8.24) c<W, W < C(1+|logpl|), |0“W| < Co(1+ |logpl).

The lower bound follows from positivity on the fixed larger disk. Bounded scaled distance uses the
periodic sum; large scaled distance uses the mean and Fourier tails. The curvature is *dW in these
coordinates, so radial local gauges give connection coefficients with the same finite-order bounds.
Cover the period-one connection circle by fixed coordinate intervals. The metric in these charts is

p{W dX? + W (d9 + B)?}.

Equation (8.24) gives polynomial bounds for its coefficients, inverse and all fixed derivatives.

There are polynomially many charts with the required margins. The scaled base disk has radius
O(p~1), and its periodic direction has length one. A grid of fixed-radius balls, with a fixed number
of circle charts above each, uses at most Cp~2 charts off the pole. Refining the grid by a fixed
factor makes smaller concentric balls still cover. Use similarly smaller circle intervals. The fixed
gap R — r supplies room at the outer boundary, and the Hopf chart covers the omitted pole region.
Coordinate formulas for the connection and curvature, with the inverse metric estimates, also give
polynomial bounds for each fixed intrinsic curvature derivative.

These bounds survive transport to the fixed complex surface. If I, : Y — Y, is the isomorphism
from Lemma 8.2, transport the charts by I ! and the metric by I7. Their metric coefficients are
exactly the coeflicients already estimated, and

I3 (11 +iv2) = Zo.



DEFORMING HYPERSYMPLECTIC FOUR-MANIFOLDS 55

Thus the fixed real and imaginary parts of ¥y and the transported 3 are parallel, and the volume is
the fixed form (Re ¥0)?/2. No bound for derivatives of I, in a separately fixed smooth atlas is used.
On annuli, where a fixed atlas is needed for gluing, Equations (8.18) and (8.22) give that distinct
estimate.

Completion of the proof of Theorem 8.1. The construction and Lemma 8.2 give the fixed holomor-
phic nodal disk. For general h = ]h|ei¢, rotate v, 4 iy2 by €'?, scale the full triple and the metric by
|h|, and take

p=c/lhl, D& =|hlys,  ge=I|hlg,.
The holomorphic two-form becomes > = hds A dz, the fiber area becomes ¢, and the equal-square
identities give Equation (8.3). The scaled annular expression is precisely Equation (8.4), with
coefficient |h|?/e. The exponential comparison and both period identities follow from Equation (8.23)

and Lemma 8.3. The polynomial estimates persist because h is fixed and nonzero. This proves all
assertions. O

9. PREPARING THE REGULAR FIBERS

The torus fibration gives a way to average the pair along its regular fibers. We use this averaging
to construct an invariant pair and a closed form of unit fiber area orthogonal to both members.
These are the data needed for the auxiliary volume equation in Section 10. Every change to the
pair is exact, and the curve criterion keeps a taming form in the original third class throughout the
preparation.

Write p: X — S for the fibration of Theorem 7.1, and let A C .S be its finite set of critical values.
Put

S°=S5\A, X° =p1(s°).
The fiber and base orientations are the complex orientations supplied by that theorem. We identify
the class of an oriented fiber with its Poincaré dual F' € H?(X;Z)/torsion. In particular, if vg is a
positive area form with [gqvg = 1, then

(9.1) [p*vs] = F.
For example, this follows by first taking a representative of the unit class supported near a regular

value, whose pullback is a Thom form for the corresponding fiber.

Proposition 9.1. Let (Ay, Co, By) and p: X — S be the positive triple and fibration obtained in
Theorem 7.1. Retain the normalized original periods and the class F' of Corollary 6.2. On disjoint
disks U; about the critical values, use the models of Theorem 8.1, with

(9.2) Y =h;ds Adz, Ay = %Ej, Cy= xﬂ%Zj + ngzj, Yj #0,

where hj # 0, x;, and y; are constants and z = a + 7(s)b modulo the elliptic period lattice.
There are smaller disks U]’- € Uj and a smooth path of positive closed triples (A, Cy, By), 0 <t <1,
starting at (Ao, Co, By), with the following properties.

(i) Fach of the three cohomology classes is constant. The restrictions of A, Cy to the fibers
vanish, and the pair equals (Ao, Cp) on pfl(U]/-) for every t.

(ii) The endpoint pair A = A1, C = C} is invariant under the torus group bundle acting on X°
by the action-angle translations of Ag. This is also the torus action determined by A.

(iii) There is a smooth closed invariant two-form ¥ on X° such that

(9.3) /1 =1, TAA=UAC=0 onX°.
p~1(s)

On each punctured p_l(U]’- \ {s;}) it equals da A db. In particular, ¥? vanishes there.
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The fibration and its smaller nodal models remain fixed. All of these choices are made before
introducing the parameter € in the auxiliary-volume construction.

We first describe averaging and the positive pair paths it permits.

9.1. Fiber translations and exact averaging. The regular torus fibration is a torsor: there are
local choices of an origin in each fiber, but a global choice is unnecessary. Here is a direct description
of its translations. If as € T7S°, the equation

ty,Ap = —p*a

defines a unique vertical vector field along p~!(s), since the fibers are Lagrangian for Ag. Locally
take o = df on the base. The fields Yy; are Hamiltonian; their brackets vanish because their
Hamiltonians are pulled back from the base and their fields are vertical. Their complete flows on
each compact fiber therefore give a transitive 7T, S°-action with a rank-two stabilizer lattice £;. The
lattices vary smoothly locally: choose a local origin section and apply the implicit function theorem
to the return equation for each member of a lattice basis. The derivative in the orbit parameter is
an isomorphism onto the vertical tangent plane, so the two periods continue smoothly and remain a
lattice basis after shrinking the base chart.

A local smooth section « of L is a closed one-form. Indeed, its vertical flow ¢, has ¢; = Id,
whereas Cartan’s formula gives

QS:AO = A[) - tp*(d()é).

Putting t = 1 proves da = 0. A local lattice basis thus consists of closed one-forms, and these are
differentials of local base coordinates. The corresponding period-one flows define translations by
constant angles in R?/Z2, and each such translation preserves Ag. In two overlapping choices of
angle coordinates the change has the form

(9.4) 0 = MO+ g(s), M € GL(2,Z) locally constant.

Thus translation by u in one chart is translation by Mwu in the other, independently of the base-
dependent change of origin g.

On a model disk, the translations are exactly z — z + ag + 7(s)bg for constant real ag, by modulo
integers. They preserve XJ;, since the extra term in dz is a multiple of ds. Equivalently, contraction
of Ay with the period-one fields d,, 0) gives the closed base one-forms —¥(h;ds) and —R(h;7(s)ds).
They form the period basis just described. Both model forms in Equation (9.2) are consequently
invariant.

Lemma 9.2. There is a well-defined averaging projection Av: Q*(X°) — Q*(X°) onto forms
invariant under these local translations, and it commutes with d. If a closed form & satisfies AvE = 0,
then £ = dpB for a smooth form g with Av 3 = 0. The primitive can be chosen without enlarging
support over the base: if & vanishes over an open set in S°, then so does (5.

In particular, a closed form and its average represent the same class on X°. If their difference is
supported over a compact subset of S°, the primitive extends by zero over the nodal neighborhoods
and gives exactness on X.

Proof. In a local translation chart define the average by integrating pullbacks against normalized
Haar measure on R?/Z2. The conjugacy in Equation (9.4) and invariance of Haar measure make
the definitions agree on overlaps. Each pullback commutes with d, which proves the assertion about
differentiation.

For exactness, choose a translation-invariant horizontal splitting of T X° — p*T'S° and a smoothly
varying invariant flat metric on the vertical tori. Such choices exist: make them locally and patch
horizontal lifts and vertical inner products by partitions of unity pulled back from the base. The
transition rule above preserves invariance, and the relevant sets of choices are affine or convex.
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Filter differential forms by horizontal degree. On the associated graded complex the leading
differential is the vertical exterior derivative d,. For each horizontal degree, fiberwise Hodge theory
[53, Equations (1.11)—(1.22)] provides a homotopy H, = d}G,, on the vertical complex, with the usual
sign for its horizontal degree. Here G, is the inverse of the vertical Laplacian on the complement of
its kernel. Its harmonic forms are precisely the translation-invariant forms. On the zero-average
subspace, therefore,

(9.5) doH, + Hyd, = 1d.

These operators act smoothly in the base: in a local torus chart they are the inverses on nonzero
Fourier modes for a smoothly varying flat metric. They preserve zero average and use no values at
other base points.

Suppose the smallest horizontal degree of the closed zero-average form £ is r, and denote its
component of that degree by .. Closedness gives d,&, = 0. By Equation (9.5), subtracting d(H,&,)
removes &, and the remainder is closed, has zero average, and has horizontal degree at least r + 1.
Repeat this step. The horizontal degree is at most two, so the procedure terminates. A component
of vertical degree zero that is vertically closed and has zero average is already zero. The sum of the
primitives gives 8. Every operation is local in the base, including the differentiations used in the
successive remainders. Hence the support assertion follows. Applying the construction to & — Av ¢
proves the remaining claims. O

9.2. The positive cone and the third class.

Lemma 9.3. Fiz a symplectic two-form A with A2 > 0 and a Lagrangian two-plane L in an oriented
four-dimensional vector space. Among two-forms C satisfying C|r = 0, each component of the
condition that (A, C) be a definite pair is convex. Adding a two-form pulled back from the quotient
by L to either member of the pair does not change its wedge-product matriz.

Consequently the path from C to its translation average, with A fized, preserves definiteness for a
fiber-Lagrangian pair on X°. Basic additions to either member do so as well. Along these paths the
fiber complex orientation and the quotient complex orientation remain the ones fixed at the start.

Proof. Choose covectors e1, ea vanishing on L and complementary covectors fi, fo so that
2
A=e  Afi+e A fo, CZZMijei/\fj—i-Cel/\ez.
ij=1
Direct wedge multiplication yields
ANC = Str(M)A?,  C? =det(M)A%
Writing h = tr(M)/2 and T'= M — h1d gives

(9.6) (rA+tC)* = ((r +th)* + t* det T) A%.
Thus the pair is definite exactly when detT" > 0. Set
u v
T = (w —u)’ q=3(v—w), ro = 3(v+w).

Then det T = ¢ — 7’8 —u?. Its two positive components are ¢ > \/73 +u? and ¢ < —y/73 + u?, both
convex; h and c¢ are unrestricted. This proves the first assertion. A quotient two-form wedges to
zero with both members of a fiber-Lagrangian pair, and its own square vanishes. This proves the
assertion about basic additions, also when both members change.

At a fixed point all translated pullbacks of C lie in one of the two components: translations
preserve A and can be connected to the identity within the torus. Their compact average remains
strictly inside that convex component, as does the segment to the average. The common Lagrangian
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plane is a complex line by Lemma 2.2. Continuing the choice of sign of the almost complex structure
along the path keeps its orientation on this plane, and hence the quotient orientation, fixed. ]

The next lemma separates the smooth choice of representatives from the pointwise question of
whether a class contains a tamer. It will also be used when the final endpoint representatives have
been chosen.

Lemma 9.4. Let J;, 0 <t <1, be a smooth family of almost-complex structures on a compact
manifold. Suppose each J; admits a closed tamer in one fized class H. Given such representatives
Bo and By at the endpoints, there is a smooth family of closed tamers B; € H with those endpoints.

Proof. A fixed tamer for J;, remains a tamer on a parameter neighborhood of ¢y, by openness and
compactness of X. Choose finitely many such neighborhoods and corresponding fixed representatives.
Near 0 and 1 use the prescribed representatives. Choose a subordinate smooth nonnegative partition
of unity in the parameter, with the endpoint representative having weight one sufficiently near its
endpoint. Their weighted sum is closed on X and represents H, because all coefficients depend only
on t and sum to one. It tames J; by convexity of the taming cone. g

Lemma 9.5. Suppose (A, Cy) is a smooth compact path of definite closed pairs with the original two
periods. Suppose the fibers of p remain common Lagrangians with the original complex orientation,
and the pair equals (Ao, Co) on smaller nodal neighborhoods. Then the class [By| contains a taming
form for the associated almost complex structure at every parameter. If the initial pair is (Ao, Cy),
these representatives can be chosen smoothly starting at By; an endpoint representative can also be
prescribed whenever it tames the endpoint structure.

Proof. Let J; be the structures defined by the pair, with the continued sign. First produce a
convenient taming class. On the regular region, J; preserves the vertical tangent planes and induces
an oriented complex structure on each quotient 7, X/ ker dp,. This quotient structure need not be
independent of the point in the fiber. Nevertheless the positive base form satisfies

ps(C, Ji¢) > 0 whenever dp(¢) # 0,

and it vanishes on vertical vectors. The restriction of By to the oriented vertical planes stays
positive.

On a compact regular region containing the supports of the pair changes, use a smooth splitting
¢ = v+ h into vertical and horizontal vectors and any fixed background norm. Compactness in
space and parameter gives positive constants a,b and a finite M such that

Bo(¢, Ji¢) = alv* — M|v||h| — M|h|* > &[v]* — M'||%,
P s(C, Ji¢) > blh)?.

Thus By + Kp*vg tames for one sufficiently large K > 0. On the unchanged nodal neighborhoods,
By already tames and p*vg is semipositive. Indeed, the model matching in Lemma 7.6 chooses its
complex structure with the sign tamed by By, and its projection is holomorphic for that sign. The
same K therefore works on all of X and at every parameter.

Put Hx = [Bo]+ KF and V = [A¢]* N[Co]*. By Equation (9.1), Hg is the class just constructed.
It belongs to V, and

H% =1+2K[Bo)F >0,  Hg[Bo]| =1+ K[By]F > 0.

Consequently Hg and [By] lie in the same timelike component of V. To apply Theorem 4.2, let d be
the class, identified with its Poincaré dual, of a nonconstant irreducible J;-curve. It has Hxd > 0.
By Corollary 6.2, either F'd # 0 and its sign is the sign of the coefficient ¢ in d* = ¢F'*, or d = cF.
Also [Byld = ¢[By)F, with [By]F > 0. If [Bp]d were nonpositive, the alternatives would give ¢ < 0
and F'd <0, so Hxd = [Bygld + KFd < 0, a contradiction. Thus every such curve pairs positively
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with [By]. The hypotheses of Theorem 4.2 hold with the already tamed class Hy, and that theorem
supplies a tamer in [By].

When the initial pair is (Ao, Cy), apply Lemma 9.4 to the family J; and the fixed class [By],
using By at the initial endpoint and any prescribed endpoint tamer. This gives the asserted smooth
representatives. By Lemma 2.2, their triples with (A, C;) are positive. ]

9.3. Construction of the prepared pair. We have established that averaging and basic additions
preserve the definite pair, and that the original third class remains available along the resulting
paths. It remains to arrange the two orthogonality equations for the unit-fiber-area form without
changing the nodal data.

Proof of Proposition 9.1. We first average the pair and construct a closed invariant form of unit
fiber area. We then adjust its two total pairings so that exact basic changes of the pair can impose
pointwise orthogonality. Throughout, disks may be replaced by smaller nested disks, with closures
inside the original model disks.

Averaging the second form. On X° set C = Av (. It is closed and equals Cy on every model
disk, so it extends smoothly over X. The difference C' — Cj is supported over a compact subset of
S° and is exact on X by Lemma 9.2. The path

(Ag, (1 —t)Cy +tO)

is a definite pair path by Lemma 9.3, with the same periods and the same oriented fiber planes.
It admits a completion in [By] by Lemma 9.5. For the remaining construction write A = Ay and
C = C. Both are invariant.

A closed form of unit fiber area. The positive number gy = [By|F' is the common integral of By
over the regular fibers. Start with

0O = Av(By/q0) on X°.

This is closed and invariant, and its restriction to every fiber is the invariant two-form of integral
one.

We next make it equal to da A db near every puncture. On a punctured model disk, the two real
two-homology generators are the fiber and the torus obtained by sweeping the invariant a-cycle
around a base circle at b = 0. One can see this from the homology sequence for a torus mapping
torus: the monodromy is one shear, so the fiber contributes one generator and the invariant part
of its first homology contributes one more. The second generator bounds a three-chain in the full
nodal neighborhood, as described in Theorem 8.1. The smooth closed form By/qp consequently has
periods 1 and 0 on these generators. Averaging does not change them, by Lemma 9.2. The form
da A db has the same periods: its fiber integral is one, and its restriction to the sweep at b = 0 is
zero. It is a well-defined closed form under the shear transition of the angular coordinates.

It follows that U — da A db = df; on the punctured neighborhood. Replace 3; by its average,
so it is invariant. Choose a basic cutoff x; that is one on a smaller punctured disk and zero near
the outer boundary, and replace ¥ there by

v —d((p*x;)B;)-

These disjoint modifications give a smooth closed invariant form ™) on X°, equal to da A db
near the punctures. Its fiber restriction is unchanged: the two invariant forms being compared
already have the same restriction of integral one, and a differential of a basic cutoff has zero vertical
restriction.

The obstruction to an exact orthogonality correction. The form ¥() has the required fiber
restriction and nodal behavior. It remains to arrange orthogonality to the pair while preserving the
pair’s cohomology classes. Invariance reduces these pointwise equations to a calculation on the base.
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Let ® be an invariant two-form on X° whose restriction to each fiber has integral one. For any
invariant four-form =, we have the pointwise identity

(9.7) O A p*(p=E) =E.

Indeed, only the vertical restriction of ® contributes to its wedge with a basic two-form. Invariant
top forms have constant vertical density on each fiber and are therefore determined by their fiber
integral; both sides of Equation (9.7) have the same integral on every fiber after fixing two base
tangent vectors.

In particular, replacing A by A — p*p.(® A A) makes it orthogonal to ®, and the same holds
for C. On the closed oriented surface S, a smooth two-form is exact precisely when its integral is
zero. We therefore first adjust W(}) so that both resulting base two-forms have zero integral. Their
vanishing near the punctures will allow us to regard them as smooth forms on all of S.

Removing the two total pairings. There are smooth closed invariant forms A, C on X, representing
[A], [C], supported over a compact subset of S°, and vanishing on vertical planes. To construct
them, observe that a full one-node neighborhood has the homotopy type of a torus with its primitive
vanishing cycle collapsed; its real second homology is generated by the fiber. Hence A, C' are exact
there, since their fiber integrals vanish. Subtract differentials of local primitives multiplied by basic
cutoffs equal to one near the nodal fiber. This gives global cohomologous forms that vanish on
smaller model neighborhoods. Their restrictions to vertical planes remain zero, because both the
original forms and the differentials of the cutoffs have that property in the required restriction.
Averaging these forms, and extending by zero near the nodes, gives A, C. Their cohomology classes
are unchanged by Lemma 9.2.

On a punctured model disk, ¥; = hjds A (da + 7db): the term b7’(s)ds in dz disappears after
wedging with ds. Thus A, C have only mixed base—fiber terms there, and

(da Adb) A A= (daAdb)AC =0.

Consequently the integrals
In=[ ¥WAA k:/&WMC
XO o
are well-defined: their integrands vanish over smaller punctured disks. The matrix of pairings of
A, C with A, C is their cohomology Gram matrix, hence the identity under our normalization. Set

(9.8) =0 1,4 -IC.

The form ¥ remains closed, invariant, of unit fiber area, and equal to da A db near the punctures.
By construction,

(9.9) / vnd=[ wac=o

Without the normalization one would solve the same two equations using the positive invertible
period Gram matrix.
Remowving the pointwise pairings. Fiber integration of the invariant four-forms gives base two-forms

CA:p*(\Il/\A)a CC:p*(‘II/\C)‘

They vanish near the punctures and so extend by zero to smooth forms on S. Their integrals are
zero by Equation (9.9). Since S is a closed connected oriented surface, there are smooth one-forms
KA, ko on S with (4 = dka and (¢ = dke.

Now make the simultaneous basic deformation

(9.10) AL = A —tp*(a, Cy=C —tp*(c, 0<t<l.

Both changes are globally exact, since the primitives are the smooth pullbacks of k4, kc. The
changed forms are invariant, have zero vertical restriction, and agree with the original pair on
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smaller model neighborhoods. Their wedge-product matrix is unchanged by Lemma 9.3, so the path
remains definite. Equation (9.7) shows that its endpoint satisfies

UAA, =UAC, =0,

Moreover, contraction of a basic two-form with a vertical vector is zero. Hence the vertical
Hamiltonian fields of base functions for A} are the same as those for A, and their period lattice and
torus translations are unchanged.

Finally concatenate the two pair paths, making their parameters flat at the join. They preserve
the original pair periods, oriented fibers, and smaller nodal models. Lemma 9.5 gives a smooth
completion by forms in [By|, with initial value By. This proves all the assertions. We henceforth
denote the endpoint pair again by A, C' and its chosen third form by B. U

10. AN AUXILIARY PRESCRIBED-VOLUME SOLUTION

We retain the fibration and prepared forms supplied by Proposition 9.1. Thus the closed definite
pair (A, C) has the original periods, both forms vanish on the fibers, and on the regular locus they
are invariant under the fiber torus translations. The closed invariant form W has fiber integral one
and satisfies

(10.1) UAA=TAC=0.
Near each punctured nodal fiber it is the form da A db of Theorem 8.1. All the model disks, smaller
disks, and annuli in this section are fixed before the parameter ¢ is chosen. We write F' for the
Poincaré dual of an oriented fiber and

V =[Atn[C]t.
In particular F € V, F? =0, and [B]F > 0.
Theorem 10.1 (Auxiliary volume equation). For every sufficiently small € > 0 there is a smooth
closed real two-form D, such that
(10.2) AND.=CAD. =0, D? = A%

and (A,C, D.) is a positive triple. Its sign agrees with positive area on the oriented fibers. The
construction uses an auziliary cohomology class, whose relation to the required class [B] is stated in
Proposition 10.2.

The form D, supplies a known taming class for the later pair deformation. To recover the original
third class, we need the following comparison, with one choice of € valid for every curve that may
appear along that deformation.

Proposition 10.2 (Class and chamber of the auxiliary form). Fiz a norm on the finite-dimensional
space V. The forms of Theorem 10.1 can be chosen so that

[De] = A\ F + cue, us €V,
(10.3) Jue|l < K, ucF > ag > 0,
C05_1 <A< 015_17
for fized positive constants and all sufficiently small €. Moreover [D.] and [B] belong to the same
component of the positive cone of V.
There is a single sufficiently small choice of € with the following property. For every definite

closed pair with periods [A], [C], with either associated almost-complex sign, and every irreducible
closed curve for that structure with class d € H*(X;Z)/torsion,

(10.4) [Dcld >0 = [B]d>0.

The choice depends only on the prepared construction and its period data, and is independent of the
later pair or curve.
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We first glue an invariant solution on the regular region to the exact nodal models and impose
three cohomological moments. The remaining errors are exponential in e !, whereas the inverse and
multiplication estimates needed to correct them have only polynomial losses. This balance between
exponential gluing error and polynomial analytic loss follows the collapsing strategy of Gross—Wilson
[16, Sections 4-5]. Here the correction is an exact two-form: a global complex structure, needed
for a scalar complex Monge—Ampeére equation, is not yet available. The final subsection proves
Proposition 10.2 by computing [D;] from the prepared fibration and excluding all curve classes with
negative fiber pairing at once.

10.1. The invariant solution and its gluing. On the regular part define

_ i 2y € 2
os) B = 5opa(A%) = Spa (W),

D' = £V + p*B..

Here p, is integration along the oriented torus fibers. Every two-form on the two-dimensional base
is closed, so sz is closed. Since A and C have zero vertical restriction, their products with a basic
two-form vanish. Thus Equation (10.1) gives

DSANA=DFAC =0.
For any invariant top form ¢ on the regular part,

(10.6) ¢ =V Ap*(p«().

This is the invariant fiber-integration identity (9.7) for the prepared form ¥. Expanding the square
in Equation (10.5) and using Equation (10.6), we obtain

(D5)? = 202 + 260 A p* e

10.7
(10.7) =202 L U AP (p*(A2) — 52p*(\112)) = A2,

The resulting triple is positive, and the sign of its third form is specified by its vertical restriction,
which has integral € > 0.
In a nodal disk with holomorphic volume form ¥ = hds A dz, the prepared data are

A =ReX, C=x29ReX +ygImX, yo # 0,

with g,y constant. On its regular part ¥ = da A db, so ¥2 = 0. Consequently Equation (10.5) is
precisely
| 2

(10.8) eda ANdb+ Im7(s)dzy A dxa, 5 =x1 +1ix2.

€
The form D!°° of Theorem 8.1 has the same two periods on a regular annular torus bundle and
differs from Equation (10.8) exponentially in every fixed finite number of derivatives.
Here is an explicit bounded primitive construction for this gluing. After choosing a radial
trivialization, a fixed annular bundle is M X [rg,r1], where M is its compact three-dimensional
mapping torus. If  is an exact closed two-form on this annulus, radial homotopy gives

C=TirClarnr) +AKC G = [ 106w du,

The restriction at 7, is exact. For a fixed metric on M, let Gj; be the Green operator on the
complement of harmonic forms. Then d},;G({]r,) is a primitive of that restriction. Adding its
pullback to K¢ produces a primitive on a slightly smaller annulus. Fixed-geometry elliptic estimates
on M and the radial integral bound its C7 norm by finitely many C* norms of ¢. All these operators
and domains are independent of ¢.
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Apply this construction to Déoc — D;f. Exactness follows from the two annular period equalities
in Theorem 8.1. We obtain a primitive . with exponential finite-order bounds. For a fixed cutoff y
equal to one at the inner edge and zero at the outer edge, replace DS on the annulus by

Dgf + d(xae).

It equals D¢ at the inner edge and D! at the outer edge. Filling the inner disk with D¢ gives a
smooth closed form E. on X. The differences from the exact equations are supported on the fixed
gluing annuli and have exponential finite-order bounds there. In particular the wedge Gram matrix
remains positive for small e. When there are no nodal fibers, simply take F. = Dgf on all of X.

The remaining correction will be exact. It therefore cannot change [y AA D, [y C A D, or [y D?
for a closed form D. We must first impose the values required by the three target equations: zero
for the first two integrals and one for the third. Set

aE:/Eg/\A, bE:/EE/\C,
X X
(10'9) Ee =F. —aA— beca e = / E?,
X
Te = qg_1/27 Dg = TaEa-

The period normalization gives [ A2 = [C? =1 and [ AAC = 0. Thus
(10.10) / AANDY = / C ADY =0, / (D%)? =1.
X X X

The approximate equations give a.,b. = O(e~%%) and ¢. = 1 + O(e~/¢), after reducing ¢ > 0
if necessary. Hence ¢. > 0 and 7. = 1 + O(e~%/?). Subtracting constant multiples of A,C and
multiplying the third form by a positive constant do not change the pointwise three-plane spanned
by the triple.

10.2. Polynomial geometry and Sobolev bounds. Let g. be the metric whose self-dual three-
plane is span(A, C, DY) and whose volume form is

2
(10.11) v= %

The preceding span observation allows us to use E. in this definition as well. In particular
volg, (X) = 1/2. Sobolev norms in the rest of this section are intrinsic norms for g., using its
covariant derivative and volume.

Lemma 10.3 (Bounds for the approximate triple). For every fized nonnegative integer k, the
following statements hold for sufficiently small .

(i) The metric has a finite coordinate cover whose cardinality, inverse coordinate radii, inverse
interior margins, metric and inverse-metric comparisons, and coefficient derivatives through
any prescribed finite order are bounded by powers of e~ 1.

(ii) The frame (A,C, DY) and the inverse of its pointwise Gram matriz have polynomial intrinsic
derivative bounds through order k. The Gram matriz itself is uniformly positive and bounded.

(iii) Sobolev embedding and multiplication at a fized sufficiently large order have polynomial
constants. In particular, for an integer k > 6 there are constants C,q such that

(10.12) 1h AR e < O Al |||

for two-forms h, h.
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(iv) The three free residuals

A2 _ (DY)2
(10.13) R. = (—A ADY —C A DY, 2(5)>

satisfy, for some C,s,c > 0 depending on the chosen finite order,
(10.14) |Rel| e < Cese¢/5.

Proof. We first check the three types of region in the construction. On a model core, A and C are
fixed constant linear combinations of the two parallel real components of ¥, and E. is the local
parallel Kihler form. The model metric has volume A?/2. Consequently it is exactly g. there. The
intrinsic charts and bounds of Theorem 8.1 therefore apply. This argument transports the metric,
forms, and charts together through the holomorphic identification of the model disks. It requires no
bound on derivatives of that identification in a separate fixed smooth atlas.

On the complement of smaller nodal disks, use finitely many fixed regular bundle charts. The
coefficients in Equation (10.5) and all their fixed-order derivatives grow at most polynomially in 1.
Its products with A, C vanish and its square is A%2. The remaining two-by-two wedge block is that
of the fixed definite pair. It is uniformly positive on this compact region, and the same assertion
holds on the cores because there its coefficients are fixed constants. The exponential annular gluing
errors preserve these bounds on all of X.

For completeness, the passage from these form bounds to metric bounds is algebraic. Normalize the
frame by the positive square root of its wedge Gram matrix, obtaining ©1, ©2, ©3 with ©;A0,; = 26;;v
and with the frame orientation chosen for a positive metric. In oriented coordinates, the identity

1 3
(10.15) 9= (v, w)v = & Y cije(t®) A (1wO;) A Oy
ij=1

follows by evaluating on a standard self-dual orthonormal frame. In the fixed regular charts this
gives polynomial coefficient and derivative bounds for g.. Its determinant in these charts is fixed by
v, so the adjugate formula gives polynomial bounds for the inverse metric as well. The core metric
and inverse bounds were already supplied by the transported model charts. Matrix square roots and
inverses have bounded derivatives on the uniformly positive Gram matrices in question. This also
proves the claimed frame bounds. On the fixed annuli all comparisons remain polynomial after the
exponential changes. Curvature and any fixed number of its covariant derivatives are consequently
polynomially bounded.

We spell out why local chart control gives a polynomial global cover. Shrink the charts uniformly
by powers of € so that every point has a chart containing an intrinsic ball of radius p. > ¢1e®. In
that chart both the coordinate domain radius and the upper and lower metric eigenvalue bounds are
controlled by powers of €. A coordinate ball of polynomial radius lies in a fixed smaller intrinsic ball,
and its volume density has a polynomial lower bound. It follows that every intrinsic ball of radius,
say, p-/8 has volume at least coe?2, after a further common polynomial shrinkage if needed. A
maximal disjoint collection of these balls has at most (2coe?2)~! members because the total volume
is 1/2. Their enlarged balls cover X and still fit in controlled charts. Coordinate cutoff functions
and a normalized partition of unity have polynomial derivative bounds. Even the crude overlap
bound by the number of charts is polynomial. This proves (i) with the asserted global control.

Euclidean Sobolev estimates on this cover, followed by the polynomial coordinate and covariant-
derivative comparisons, give polynomial intrinsic Sobolev constants. Since the dimension is four and
k > 6, derivatives of order at most |k/2] are bounded in L by the H* norm with such a constant.
Apply the intrinsic product rule to each derivative of h A E, placing the factor with fewer derivatives
in L> and the other in L2. This proves Equation (10.12).

Before normalization the residuals vanish on the cores and outside the gluing annuli. On the
annuli their fixed-coordinate derivatives are exponentially small; all conversions just described cost
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only powers of e~!. The constant corrections in Equation (10.9) introduce exponentially small

coefficients multiplying forms with polynomial intrinsic bounds. The fixed total volume then gives
Equation (10.14) and proves (iv). O

10.3. An inverse on exact two-forms. The three moment equations now allow us to invert the
linearized wedge equations on exact two-forms. Stokes’ theorem will control their full L? norm by
their self-dual part. Estimating the exact two-form itself in this way avoids a spectral estimate for
its one-form primitive in the collapsing metrics. The exact-form elliptic framework and the Stokes
identity occur in Donaldson’s study of closed two-forms [5, Section 2, Proposition 1, and Section 4,
Lemma 1]; the estimates below track the constants through the collapsing family.

Lemma 10.4 (Exact-form inverse). For fized e, let f = (f1, fa, f3) be top forms with [y f; = 0.
There is a unique exact two-form h = L. f satisfying

(10.16) ANh = fi, C Ah = fo, DYA B = fs.

For each fixed integer k > 0, this inverse extends to the corresponding Sobolev spaces and satisfies
(10.17) 1L fllme < Pell fllge,  Pe < Cre ™.

No lower bound for the first positive eigenvalue on one-forms is required.

Proof. Put E; = A, By = C, and E3 = DY, and let M be their pointwise inner-product Gram
matrix for g.. The equations uniquely specify the self-dual part ¢ = h™: if f; = t;v, then

3
(10.18) ¢ = (M 't);E;.
j=1
Moreover
(10.19) (6. B2 = [ fi=0.

Each F; is closed and self-dual, hence harmonic. Proposition 2.3 gives b™(X) = 3, so these three
linearly independent forms are a basis of the harmonic self-dual forms. Thus Equation (10.19) is
exactly the solvability condition for d*a = ¢.

One may see existence directly from the Hodge Green operator G for g. [53, Equations (2.1)—(2.2)].
Since ¢ is orthogonal to the harmonic self-dual forms and the Hodge Laplacian commutes with the
star, G¢ is self-dual and AG¢ = ¢. For a self-dual two-form 1), 2(dd*y)* = Atp. Therefore

(10.20) h = 2dd*G¢

is exact and has self-dual part ¢. This formula proves existence for each fixed metric; we will not
estimate the Green operator itself.
If h is exact, Stokes’ theorem gives

(10.21) 0= /X hah=REIE = R7N5, Ikl = V2B

In particular an exact anti-self-dual two-form is zero, proving uniqueness. This identity is also the
required L? estimate, independent of any positive spectral gap.
For higher derivatives use

(10.22) dh =0, d(xh) = 2d¢, d*h = —2 % do.
The integrated Weitzenbdck identity for two-forms gives

IVA[I3 < 4lldgll + Ol Rm [|oo | 2]]3-
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To iterate, apply the same identity to the tensor-valued form V7/h. Commuting covariant differentia-
tion with alternating derivative and divergence produces only curvature derivatives multiplied by
lower derivatives of h. Using Equation (10.22), this yields, for fixed 7,

||vj+1h||2 < Cj||¢||Hj+1 + Kj,z—:HhHHj’

where K. is a polynomial in finitely many suprema of curvature and its derivatives. Those suprema
are polynomially bounded by Lemma 10.3. Induction starting with Equation (10.21) thus bounds
||| 7= by a polynomial multiple of ||@|| zx, without losing derivatives. Finally Equation (10.18) and
the frame and inverse-Gram bounds give the same estimate in terms of f. Smooth approximation,
or the fixed-metric Green formula, gives the Sobolev version. Uniqueness is always asserted for h,
rather than for its one-form primitive. ([l

10.4. The nonlinear correction.

Proof of Theorem 10.1. Fix once and for all an integer £ > 6. Every constant and exponent in the
following argument uses only finitely many derivatives at this order. Let Sf be the closed subspace
of H* two-forms consisting of exact forms. Equivalently, its elements are distributionally closed and
have zero harmonic projection; they possess H**1 primitives for this fixed metric.

Writing D, = DY + h, the desired equations become the fixed-point equation

A? — (02)2—hAh>
; .

(10.23) h="T.(h):= L. (—A ADY —C A DY,

This map is defined on all of £F. Indeed, the first two data have integral zero by Equation (10.10), as
does the free term in the third slot. For each exact iterate, including Sobolev iterates, [y h A h =0
by approximation and Stokes’ theorem. Thus every iteration satisfies precisely the three mean
conditions of Lemma 10.4.

Let 0. = ||Re|| g, let P- be an inverse bound from Equation (10.17), and let Q- be a multiplication
bound from Equation (10.12). Increasing them if necessary, write

(10.24) P. < Ce7P, Q. < Ce 1, 5. < CeSec/e.
On the ball of radius R, = 2P.6, in Ef,

(10.25) ITe() || g < Pd: + 5 P-Q-R2,
(10.26) ITo(h) = Te(B) g < PoQRe [ = ol g
Choose € so small that

(10.27) 2P2Q.6. < %

This is possible because its left side is at most Ce~(2Pta+5)e=¢/¢ which tends to zero. The ball
is invariant and the Lipschitz constant is less than 1/2. The contraction theorem gives an exact
solution with

(10.28) 2| g < 2P0

If the residual is zero, the same conclusion follows directly by taking h = 0. Polynomial losses can
always be absorbed by replacing ¢ with any fixed smaller positive exponent. Thus the correction is
exponentially small also in C, by the polynomial Sobolev embedding bound. The uniformly positive
Gram matrix of the approximate triple stays positive, with the same choice of sign. Equation (10.23)
gives Equation (10.2) exactly.

We finish by proving spatial smoothness; no simultaneous estimate over infinitely many derivative
orders is needed. For the now fixed ¢, choose a Coulomb primitive a € H**! of h, so da = h and
d*a = 0. The three equations for DY + da, together with this gauge, form a first-order nonlinear
system for the four components of a. At the solution the principal symbol of its linearization
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sends a covector-valued unknown b at a nonzero covector £ to the three wedge slots of £ A b against
A, C, De, together with ¢¢;b. If the three wedge slots vanish, § A b belongs to the negative-definite
wedge-orthogonal complement of the positive three-plane. But (£ Ab)? =0, so £ Ab = 0. It follows
that b is a multiple of £, and the gauge slot then forces b = 0. The symbol is square, hence invertible.

Since k > 6 in real dimension four, the initial Sobolev order gives a € C*“ and at least C*
coefficients for this elliptic linearization, for some 0 < a < 1. Differentiate the system in a smooth
coordinate chart. The derivative of a satisfies the linearized elliptic system, with right-hand side
involving only smooth background derivatives and already controlled first derivatives of a. These
coefficients and the right-hand side are C*%, so local first-order elliptic estimates with finitely
differentiable coefficients [50, Section 4, Theorem 4.3] give da € C** and hence a € C>“. Repeating
this argument gives smoothness. All constants in this bootstrap may depend on the fixed €. The
resulting D, is therefore smooth and proves the theorem. O

10.5. The auxiliary class and a uniform chamber estimate. We now prove Proposition 10.2.
The prepared fibration lets us compute the class modulo RF'. The resulting estimate will apply to
every later definite pair with the same periods, even when the fibers are no longer complex lines for
that pair.

Proof of Proposition 10.2. We identify integral curve classes with their Poincaré duals. Choose
disjoint closed nodal neighborhoods N; whose boundaries lie outside all gluing cutoffs, and put
U = X \ U; int N;. The restriction of E. to U is DS, If there is at least one node, U fibers over a
compact surface with nonempty boundary, whose second real cohomology is zero. Thus the basic
term in Equation (10.5) is exact on U, and

(10.29) [Dlv = re(e[]ly — aclAlly = b [C|v).

In particular its restriction divided by ¢ is bounded.
When there is a node, the kernel of the restriction map H?(X;R) — H?(U;R) is exactly RF.
To verify this assertion, excision and Poincaré—Lefschetz duality identify

H*(X,U;R) ~ @ H*(N;, 0Ny R) ~ €D Ha(Ni; R).

A one-node neighborhood has the homotopy type of a torus with its primitive vanishing cycle killed,
and its second homology is generated by the fiber. Under the map to H?(X;R) these generators
give the Poincaré dual fiber classes, all equal to the nonzero class F'. The long exact sequence of the
pair gives the assertion. Hence restriction induces an injective map from H?(X;R)/RF onto its
image. Its inverse on that finite-dimensional image is bounded. Equation (10.29) proves that the
class [D?] modulo RF is O(g).

The nonlinear correction is exact, so [D.] = [DY] € V. Choose a fixed linear complement of
RF in V and use it to lift the quotient class divided by & to a bounded vector u.. This gives
[D] = A\ F + eue. Choose any regular fiber outside the gluing region. The original glued form has
integral e there; the subtracted forms A, C' have zero fiber integrals, and the correction is exact.
Therefore

(10.30) [D:)F = ree, wF=r.=1+ O(efc/s),

The square normalization and F? = 0 now give
1= e2u?
~ 2e(ueF)’

Boundedness of u. and Equation (10.30) prove Equation (10.3).

If there are no nodal fibers, ¥ is defined on all of X and the basic term in Equation (10.5) is a
multiple of F' in cohomology. The form Df already solves the equations, so one takes it for D.; the
same conclusions follow with u. = [¥], 7. = 1, and the coefficient computed by Equation (10.31).

(10.31) Ae
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It remains to establish the uniform implication. By Corollary 6.2, every curve class under
consideration with [D.]d > 0 satisfies d> > —2 and the following exhaustive alternatives: either
m = Fd # 0 has the same sign as [B]d, or d = ¢F for a nonzero real number c. The latter alternative
has no sign difficulty, since both [D,]F and [B]F are positive.

Choose a null vector G; € V with FFG1 = 1. Such a choice is obtained from any vector pairing to
one with F' by subtracting half its square times F'. The orthogonal complement of span(F,G1) in
the Lorentzian space V is negative definite. Decompose

d=mG1+nF + z, ue = G + B F + we,

where z,w. lie in that complement, and use the Euclidean norm [z|?> = —2z? there. We have
ae = uF > ag and uniform bounds for ag, 5e, we.
Suppose that m < 0. Integrality of F' and d means m = —a for an integer a > 1. The square
bound gives
2 — |2

(10.32) —2an — |z|? = d* > -2, n < YR
a

Complete the square in the negative-definite component:

2
(0% Qe |2
wed < %2 27 8l
a 2a
2
(10.33) < ia ('“’ + \&I) < Ka.
a 20,

The constant K is independent of a, z, d, and of the future almost-complex structure. It follows that
(10.34) [D:]Jd = —Xca+eu.d<a (—CEO + Ké) <0

whenever £2 < ¢/ K (with no restriction from this inequality if K = 0). This contradicts [D]d > 0
and excludes every negative integer m simultaneously. The remaining alternative m > 0 gives
[B]d > 0, proving Equation (10.4).

Finally, both [D.] and [B] have positive square and pair positively with the same nonzero null
vector F'. In a Lorentzian space the two components of the positive cone are distinguished by the
sign of pairing with a fixed nonzero null vector: no positive vector is orthogonal to it. Thus the
two classes are in the same component. All restrictions on ¢ in this proof depend only on fixed
construction data and the original periods. They can therefore be imposed before choosing any later
pair deformation. ]

11. THE HYPERKAHLER ENDPOINT

We now use the auxiliary form D to construct the endpoint while the actual triples retain the
three original classes. The first Kéhler step produces C; € [C]; the uniform chamber estimate keeps
[B] available along the segment from C to C7; and the second Kéhler step produces its prescribed
endpoint B; € [B]. We then choose the third form smoothly along that segment with both endpoint
values fixed, using Lemma 9.4. We first record the classical class and volume criteria used in the
two Kéhler steps.

Lemma 11.1. Let (X, J) be a compact connected complex surface with even first Betti number.
Suppose a real (1,1) class H has H?> > 0 and contains a closed form (3 taming J. Then H is a
Kabhler class. If v is a smooth positive four-form with [y v = H?, there is a Kihler form 3 € H
with 32 = v.

Proof. The compact-surface Kéhler criterion gives a Kéhler form x because b; is even [3, Theorem 11];
see also [24, Corollaire 5.7]. Taming gives

H -[D] >0 for every nonzero effective curve D, H-[k] > 0.
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For the second inequality, pointwise Bx = Bk > 0, since the invariant part of a tamer is positive
definite. Together with H? > 0, these inequalities are the numerical Kéhler-class criterion on a
surface [3, Corollary 15]. Equivalently, the segment from [k] to H has positive square and remains
positive on every curve, so the component condition in the numerical characterization of the Kéhler
cone is satisfied [4, Theorem 0.1].

Choose a Kihler representative ky € H and set f = log(v/k%). The volume hypothesis
says [y ef /{%{ = [x /@%I. Yau’s theorem produces a smooth cohomologous Kéhler form (; with
B? = e/ k% = v [58, Section 4, Theorem 1]. O

Lemma 11.2. Let X be a compact connected Kihler surface with a nowhere-zero holomorphic
two-form Q. A real degree-two class H is of type (1,1) if and only if it is intersection-orthogonal to
[RQ] and [39)].

Proof. Every holomorphic two-form is f(2 for a global holomorphic function f, hence is a constant
multiple of Q. Thus H>°(X) = C[Q]. The real plane generated by its real and imaginary parts
is nondegenerate and positive for the intersection form: their squares are equal and positive and
their mixed product vanishes. Hodge decomposition and type considerations make its orthogonal

complement exactly H'!(X;R). O
Ct € [C] prescribed
B; € [B] endpoint
Prepared triple Moving triple Hyperkahler triple
Aa C7B AaCt7Bt A701731

T A A

| | Kahler step for A +£4iD | using C1 and

! !in [C]; taming criterion for [B] ta tamer in [B]:

| | | Kahler step for

1 N Auxiliary closed form D ”””””J A+iC

small fiber area | AD = CD =0, D? = A2

FIGURE 1. The final deformation. Solid arrows trace the deformation; dashed
arrows indicate auxiliary dependencies. The upper row consists of actual triples in
the original classes. The auxiliary form supplies the first integrable pair and the
numerical control that keeps [B] available along the moving pair. After both Kéhler
steps, the tamers B; are chosen with initial value B and final value Bj.

Proof of Theorem 1.1. We trace the actual form paths and then construct the endpoint; Figure 1
summarizes the final stages. All coefficient changes below are constant orthogonal changes, and will
be undone at the end.
The prepared pair. Choose the primitive null class F' of Proposition 6.1 and rotate the coefficient
basis so that [B] points in the direction of F'* and the pair [A], [C] spans its orthogonal plane in P.
The rotated initial triple is denoted (A, C, B); its cohomology Gram matrix is still the identity.
The families result and Proposition 6.3 and Theorem 7.1 give an exact pair deformation to a
torus fibration with the stated standard nodal neighborhoods, keeping B fixed. Proposition 9.1 then
gives a further path of positive closed triples to invariant regular data with the auxiliary form W.
Both stages preserve the three individual classes and start at the actual representatives supplied by
the preceding stage. Retain the notation (A, C, B) for the resulting triple. In particular

(11.1) [AP =[C]?=[B =1,  [A]lC]=[A]lB] = [C][B] = 0.
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The auxiliary solution. Fix a sufficiently small € > 0 for Theorem 10.1 and Proposition 10.2, and set
D = D.. The form D is closed and smooth and satisfies

(11.2) AD=CD=0, D?*=A>>0.

The triple with forms A, C, D is positive. The same choice of € gives the numerical conclusion of
Proposition 10.2 for every later definite pair with the classes [A], [C]. These choices precede the
Kahler constructions that follow.
The first Kdhler step. By Lemma 2.5, A & ¢D is a nowhere-zero holomorphic two-form for an
integrable complex structure I; choose the sign so that C' tames I. This is possible by Lemma 2.2
and positivity of (A, D,C). Proposition 2.3 gives even by, so the surface is Kéahler. The period
relations (11.1) and (11.2) give [C][A] = [C][D] = 0. Therefore Lemma 11.2 puts [C] in real type
(1,1).

Apply Lemma 11.1 with H = [C] and v = A2. Its integral condition holds by (11.1). We obtain
a Kéhler representative C; € [C] satisfying

(11.3) ACy =DCy =0, C}=A%

Let C; = (1 —t)C + tC;. Both endpoints tame I, so the entire segment does. Thus (A, D,C}) is
positive, and (A, Cy) is a definite pair in the original pair classes. Moreover D tames its associated
almost-complex structure with the continuously chosen sign. Indeed D is wedge-orthogonal to both
pair forms by (11.2) and (11.3), and has positive square.

Keeping the third class. Let J, now denote the structure associated with the moving pair (A, Cy)
and tamed by D. For every irreducible J; curve, its class d has [D]d > 0. Proposition 10.2 implies
[B]d > 0, and places [B] and [D] in the same open timelike cone of the fixed space V' from (2.3).
The hypotheses of Theorem 4.2 therefore hold with U = [D] and H = [B]. Thus [B] contains a
tamer for every J;.

At t = 0 this sign of J; agrees with the sign previously tamed by the actual third form B. To
check this pointwise, take a regular fiber with its prepared orientation. Both B and D restrict
positively to its tangent planes, which are complex lines for the prepared pair. They therefore select
the same sign there. On the connected manifold X this choice of sign cannot jump, so B tames Jy
everywhere. We will choose the family of tamers after fixing its final representative in the next step.
The second Kdahler step. The final pair (A, C) is orthogonal with equal square by (11.3). Thus
the structure J; already selected by D is integrable, with holomorphic volume form A + iC; for
the corresponding sign. The preceding step supplies a representative of [B] taming this same J;.
Even by gives Kéhlerness again, and (11.1) together with Lemma 11.2 puts [B] in type (1,1). Apply
Lemma 11.1 with H = [B] and v = A2. This yields a Kihler representative B; € [B] such that

(11.4) AB, =CB; =0, B?=A*=C%

Now apply Lemma 9.4 to the family J;, prescribing the actual prepared form B at t = 0 and the
newly constructed By at t = 1. It gives closed tamers B, € [B] with these two endpoint values.
Thus (A, Cy, By) is a path of positive closed triples in the original classes, joining the prepared triple
to (A, C1, By) itself.

Concatenate the finitely many triple paths, reparametrizing each to be constant to all orders at
its endpoints. This produces a smooth path on [0,1]. Each component is closed and remains in
its original class, and positivity holds at every parameter. By (11.3) and (11.4), if (n1,72,73) =
(A,C1, By) and u; = A?/2, then

ni A nj = 20541
By Lemma 2.5, these forms are parallel and self-dual for a hyperkédhler metric with volume p;.

Finally undo the initial orthogonal change of coefficients. Orthogonality preserves the displayed
identity and restores the original ordered classes, proving the theorem. O
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