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Abstract. We give a general construction of extremal Kähler metrics on the total space of
certain holomorphic submersions, extending results of Dervan-Sektnan, Fine, and Hong. We
consider submersions whose fibres admit a degeneration to Kähler manifolds with constant
scalar curvature, in a way that is compatible with the fibration structure. Thus we allow fibres
that are K-semistable, rather than K-polystable; this is crucial to moduli theory. On these
fibrations we phrase a partial differential equation whose solutions, called optimal symplectic
connections, represent a canonical choice of a relatively Kähler metric. We expect this to
be the most general construction of a canonical relatively Kähler metric provided all input
is smooth. We use the notion of an optimal symplectic connection and the geometry related
to it to construct Kähler metrics with constant scalar curvature and extremal metrics on the
total space, in adiabatic classes.

1. Introduction

Let π : (X,H)→ (B,L) be a holomorphic submersion of a relatively polarised compact Kähler
manifold onto a compact Kähler base. We address the problem of finding conditions under which
the total space X admits an extremal metric in the adiabatic classes

c1(H) + kc1(L) for k ≫ 0.

In general, one expects that such conditions reflect the geometry of the fibres and the geometry
of the base, taking into account possible automorphisms and moduli of the fibres. When all the
fibres of π admit a constant scalar curvature Kähler (cscK) metric, the problem was solved by
Dervan and Sektnan in [66], building on previous results by Hong [2222] and Fine [1414] in more special
situations. Here we extend their result to more general fibrations, whose fibres are K-semistable
analytic deformations of cscK fibres. We expect ours to be the most general situation where it
is possible to construct extremal metrics in an adiabatic limit, provided all data considered is
smooth. In particular, the condition we phrase on the fibration, called the optimal symplectic
connection condition, should mirror the Hermite-Einstein condition for vector bundles, and lead
to the construction of a moduli space of holomorphic submersions and to a link with an algebro-
geometric notion of stability.

The easiest and most instructive case to understand the ingredients involved is indeed the
construction of constant scalar curvature Kähler metrics on the total space of projectivised vector
bundles, studied by Hong in [2222]. Let E → (B,L) be a holomorphic simple vector bundle, endowed
with a Hermitian metric h. Let P(E) → B be its projectivisation, obtained by taking over each
b ∈ B the projective space P(Eb). Then h induces a Hermitian structure h∨ on the hyperplane
bundle OP(E)(1); the curvature form Fh∨ is such that ωh := iFh∨ restricts to the Fubini-Study
metric on each fibre of P(E), which is cscK (in fact Kähler-Einstein).

If the Hermitian metric h satisfies the Hermite-Einstein condition

ΛωBFh = λI,
1
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then it is uniquely determined by the equation, which implies that there is a canonical choice
of the Fubini-Study metric on the fibres of P(E) → B. This choice allowed Hong to construct
constant scalar curvature Kähler metrics on P(E) in each adiabatic class OP(E)(1) + kL for all
k ≫ 0.

Optimal symplectic connections. In the more general case of a polarised fibration with cscK
fibres, π : (X,H) → (B,L), Dervan and Sektnan introduced in [66] a condition analogous to the
Hermite-Einstein condition for projectivised vector bundles: the optimal symplectic connection
condition. Let ωX ∈ c1(H) be a relative symplectic form on X which restricts to a Kähler metric
on each fibre. Such a 2-form is called a symplectic connection in the language of symplectic
fibrations because it determines a splitting of the tangent bundle of X into a vertical and a
horizontal part

TX = V ⊕HωX ,
where HωX is defined using orthogonality with respect to ωX . If one assumes that the fibres have
a cscK metric, then these metrics can be used to construct a relatively cscK metric ωX on X, but
such an ωX is not unique if the fibres have non-trivial automorphisms. An optimal symplectic
connection is then a preferred choice of ωX , defined in terms of a solution to a second-order
elliptic PDE on the real vector bundle E → B of relatively cscK metrics. This choice allows one
to consider a canonical relatively cscK metric on the fibres.

In this work we extend further their result to the following setting. Let (Y,HY ) → B be a
holomorphic submersion and assume that the fibres are analytically K-semistable manifolds, i.e.
they each admit a degeneration to a cscK manifold. We assume also that these degenerations
vary holomorphically in B, so that we have a degeneration (X ,H)→ B × S of (Y,HY )→ B to
a fibrewise cscK fibration (X,H)→ B parametrised by S ⊆ C, with a C∗-action on B×S which
lifts equivariantly to (X ,H). Using a relative version of Ehresmann’s theorem (Proposition 4.64.6)
we take the perspective of varying the complex structure of the underlying symplectic fibration,
from a relatively cscK complex structure J0 to small compatible deformations Js which keep
π holomorphic. We also assume that the complex structure JB of the base is fixed, so the
deformations we consider are just vertical.

Thus we can start by focusing on a single fibre, for which we rely on the deformation theory of
cscK manifolds developed by Székelyhidi [3535] and Brönnle [11], based in turn on the moment map
interpretation of scalar curvature introduced by Fujiki [1717] and Donaldson [1111]. More precisely,
let (M,ω, J0) be a cscK manifold and let J be the infinite-dimensional complex manifold of
(almost) complex structures on M which are compatible with ωX . The scalar curvature map

J 7→ Scal(ω, J)− Ŝ

is an infinite-dimensional moment map for the pull-back action of the group G of Hamiltonian
symplectomorphisms on J . In [3535], Székelyhidi proves an analogue of Luna’s slice theorem for
the action G ↷ J : he considers the Kuranishi space V of compatible (almost) complex struc-
tures close to J0, which is an open ball in a finite-dimensional vector space and it parametrises
the complexified orbits of G via an embedding Φ : V ↪→J . He proves that, in a neighborhood
of the K-polystable point J0, the scalar curvature can be reduced to a finite-dimensional moment
map for the action of K = StabG (J0) on V . Its second derivative is the moment map for the
linearised action of K on T0V

ν : T0V → k. (1.1)
Going back to the fibration setting, for each b ∈ B the Lie algebra kb can be identified with the

fibre Eb of the vector bundle of fibrewise cscK metrics. Since the deformations we are considering
are vertical, in (3.73.7) we define a smooth section ν of E → B which on each fibre is the map
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(1.11.1), which therefore encodes the deformation of the complex structure. We say that ωX is an
optimal symplectic connection on (Y,HY ) if

pE(∆V(ΛωB (m∗FH)) + ΛωBρH) + λ

2 ν = 0.

In this expression FH and ρH are curvature quantities which depend on ωX and J0, pE is the
projection onto the global sections of the vector bundle E → B computed with respect to J0, and
λ > 0 is a constant. The vanishing of the first term is the condition for an optimal symplectic
connection in the sense of [66], i.e. where all the fibres are cscK, so our notion generalises their
notion. This seems to be the first geometric PDE in complex geometry which involves both
curvature quantities and the change in complex structure.

We expect optimal symplectic connections to be unique, as happens in the relatively cscK
case [99, 2020], up to the action of a suitable subset of the automorphisms of Y which preserves the
projection πY . In this way, one can genuinely call an optimal symplectic connection a canonical
choice of a relatively Kähler metric on a relatively K-semistable fibration.

Extremal metrics on the total space of holomorphic submersions. We make use of
optimal symplectic connections to prove the existence of cscK and extremal metrics on the total
space Y . In order to choose an appropriate metric on the base manifold, we will need some
moduli theory (developed in [1818, 55]). Let M be the moduli space of cscK manifolds and let
q : B →M be the moduli map induced by the central family (X,H)→ B, which fibres are cscK.
M can be endowed with a Weil-Petersson Kähler metric, and we denote by αWP the pull-back
of it via q. This is a smooth semi-positive (1, 1)-form on B.

We first consider the case where the group of automorphisms of (Y,HY ) and of (B,L) (or
rather of the map q) are discrete. Thus we require that the base admits a twisted cscK metric
with twisting form αWP :

Scal(ωB)− ΛωBαWP = c.

Theorem 1.1. Let ωX be an optimal symplectic connection and ωB be a twisted cscK metric
with twisting αWP . Then there exists a constant scalar curvature Kähler metric on Y in the
class c1(HY ) + kc1(L) for all k ≫ 0.

If we allow the moduli map q of the central fibration and the total space (Y,HY ) to have
automorphisms, the adiabatic limit method produces extremal metrics on the total space. In
this case, we have to modify our hypothesis on ωX and ωB as follows: we require that ωB is
twisted extremal, i.e.

Scal(ωB)− ΛωBαWP

is a holomorphy potential on B and that ωX is an extremal symplectic connection, i.e.

pE(∆V(ΛωB (m∗FH)) + ΛωBρH) + λ

2 ν

is a holomorphy potential on Y . We also need some technical assumptions which we will explain
in Section 5.55.5: the group of automorphisms of πY acts equivariantly on the family X → B × S
and ωX is invariant under the flow of the extremal vector fields.

Theorem 1.2. Suppose that (B,L) admits a twisted extremal metric ωB and (Y,HY ) admits an
extremal symplectic connection ωX . Suppose also that all automorphisms of the moduli map q
lift to (Y,HY ). Then there exists an extremal metric on Y in the class c1(HY ) + kc1(L) for all
k ≫ 0.

Our result generalises previous works by many authors which consider more special situa-
tions: we already mentioned Hong’s paper [2222] about cscK metrics on the projectivisation of
holomorphic vector bundles, in the case of discrete group of automorphism. When the fibres
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admit moduli, Fine [1414] proved the existence of cscK metrics on the total space of a fibration
where all the fibres and the base are Riemann surfaces of genus g ≥ 2. In this case, the choice
of a relatively Kähler metric on the total space falls naturally on the hyperbolic metric, and
the optimal symplectic connection condition is vacuous. Again on the projectivisation of vector
bundles, Brönnle [22] proved the existence of extremal metrics in the presence of automorphisms.
In both the cases of projectivised vector bundles, the relevant condition to require in order to
produce such special metrics is the Hermite-Einstein condition on the corresponding vector bun-
dle. It has been proved by Dervan-Sektnan [66] that the optimal symplectic connection condition
reduces to the Hermite-Einstein condition on projectivised vector bundles, thus being a genuine
generalisation. Moreover, they prove Theorems 1.11.1 and 1.21.2 in the case of a relatively cscK fi-
bration. Our notion of an optimal symplectic connection on a relatively K-semistable fibration
should be the most general condition to ask in order to produce cscK or extremal metrics with
an adiabatic limit technique, provided all data is smooth and the aforementioned hypotheses on
the lifting of the automorphism groups hold.

The proof of the theorems is carried out using the adiabatic limit technique, a strategy which
originates in Kähler geometry in the work of Fine [1414]. Even if the situation he considers is less
general, some of the analytic results apply to the general case. In the prior work, the adiabatic
limit strategy consists of expanding the scalar curvature of ωX + kωB in inverse powers of k,
with the idea that if k is large the base becomes very big and the curvature is concentrated
in the vertical direction. In the easiest case of discrete automorphisms, the optimal symplectic
connection condition and the twisted cscK equation on the base allow one to find a relatively
Kähler metric which is constant to order k−1. Then one proceeds inductively, adding at each
step r a potential i∂∂̄φr in order to make the scalar curvature constant up to the k−r−1-term.
The implicit function theorem then allows one to deform the approximate solution to a genuine
solution.

Our approach is a version of the one just described, except with two parameters. We consider
a degeneration X → B × S of the fibration Y → B to the relatively cscK fibration X → B and
we expand the scalar curvature of the Kähler metric (ωX + kωB , Js) in inverse powers of k and
powers of s. Then we relate the parameters k and s by imposing λk−1 = s, for some λ > 0. We
understand the linearisation of the optimal symplectic connection equation by proving a relative
version of Kuranishi’s Theorem (see 4.74.7), then we can apply the adiabatic limit technique as in
previous works.

Outlook. The optimal symplectic connection equation has a deep algebro-geometric meaning,
coming from the fact that it can be viewed as a generalisation of the Hermite-Einstein condition
for vector bundles, as well as a way to study how polarised varieties vary in families. So a natural
question one could ask is whether optimal symplectic connections are linked to moduli problems
of polarised varieties.

In the case of vector bundles, one can form a moduli space of stable holomorphic vector
bundles, and the Hitchin-Kobayashi correspondence of Donaldson-Uhlenbeck-Yau [1010, 3838] states
that a holomorphic vector bundle on a compact Kähler manifold is stable if and only if it admits
a Hermite-Einstein connection.

For polarised Kähler manifolds, there is an algebraic notion of stability, K-stability, which is
conjecturally equivalent by the Yau-Tian-Donaldson conjecture to the existence of cscK metrics
[3939, 3737, 1313]. It has been proved that it is possible to form an analytic moduli space of cscK
manifolds [1818, 55]; see also [2727].

Motivated by these results, Dervan, Sektnan [88] and Hallam [2020] introduced and studied a
notion of stability of fibrations which on the one hand is a generalisation of slope-stability for
vector bundles, and on the other hand is a generalisation of K-stability for Kähler manifolds.
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Though they only consider the case of stability of fibrations when the fibres admit cscK metrics,
the notion of stability also makes sense in the case where the fibres are just K-semistable. This
is sharp: the notion is not reasonable when the fibres are K-unstable, giving more evidence of
the fact that the situation we consider is the most general possible in the smooth case.

One can also take the analytic perspective, and try to form a moduli space of fibrations that
admit an optimal symplectic connection. We conjecture that our generalisation of the optimal
symplectic connection condition leads to the existence of such moduli space. In particular,
we expect that the optimal symplectic connection condition is open in families of holomorphic
submersions with discrete automorphisms.

Conjecture 1.3. There exists a Hausdorff complex space which is a moduli space for holomorphic
fibrations which admit an optimal symplectic connection.

When deforming a fibrewise cscK fibration one cannot expect the fibres to remain cscK,
unless one requires that the fibres are rigid, so the setting considered by Dervan-Sektnan is
not the right one to be related to moduli theory. Our construction, though, allows the fibres
to be K-semistable, which is an open condition, thus it should be possible to study the local
behaviour in families of fibrations with optimal symplectic connections without restricting to
the rigid case. The first step in this direction would be proving the openness of the optimal
symplectic connection condition. This should also lead to new examples, produced by starting
with a relatively cscK fibration admitting an optimal symplectic connection and applying the
implicit function theorem to obtain an optimal symplectic connection on a deformed relatively
K-semistable fibrations. We plan to return to this in future work.

New examples could also be obtained by relating our work to a recent result of Sektnan-
Spotti [3434], who prove the existence of extremal metrics in an adiabatic class on the total space
of certain compactified test configurations, where the central fibre is cscK and the general fibre
is just K-semistable. Such a test configuration can be viewed as a deformation of a compactified
product test configuration for the central fibre. Their proof, however, does not need the extremal
symplectic connection condition but it requires that the vector bundle E of relatively cscK
metrics is trivial. It is reasonable to expect that this in fact implies that the extremal symplectic
connection condition is satisfied (though it seems challenging to actually prove it), thus relating
the two constructions.

While our work settles the problem in the case all input is smooth, open questions remain in the
presence of singularities. For instance, one could consider holomorphic fibrations where the total
space is smooth but some fibres are singular. In [1515, §9] Fine explains a possible way to obtain a
similar existence result for special Kähler metrics on holomorphic Lefschetz fibrations, where a
finite number of fibres are singular, but the problem is still mostly open. Moreover, denoting hb
the Lie algebra of holomorphic vector fields admitting a holomorphy potential on the fibre Xb of
the relatively cscK degeneration, an important technical hypothesis in our approach is that its
dimension is independent on b. This is a smoothness hypothesis that allows defining the vector
bundle E → B of relatively cscK metrics on X → B, and removing it would require a different
approach to our problem. Finally, a key assumption in Theorem 1.21.2 is that all automorphisms
of the moduli map on the base lift to the total space. When this assumption does not hold,
existence results for special Kähler metrics were proved by Hong [2323] in the case of projectivised
vector bundles and extended by Lu-Seyyedali [2929], but the problem is open on a general fibration,
and even for projective bundles sharp results are not known.

Outline. In Section 22 we give preliminary definitions and results about the moment map inter-
pretation of scalar curvature, due to Fujiki [1717] and Donaldson [1111]. Then we recall the relevant
definitions and results on deformations of a cscK manifold, following [3535]. In Section 33 we recall
the definition of an optimal symplectic connection in the relatively cscK case and we extend
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it to the relatively K-semistable case. In Section 44 we extend the theory of deformations of
a cscK manifold to the fibration setting and we prove a relative version of Kuranishi’s Theo-
rem. In Section 55 we prove the existence of a cscK metric on the total space of the relatively
K-semistable fibration: we derive the optimal symplectic connection equation by expanding the
scalar curvature, then we study its linearisation and we use an adiabatic limit as in [1414] to prove
the existence of cscK metrics.

Acknowledgments. I am very grateful to my supervisors: to Ruadháı Dervan for encouraging
me to study this problem and for sharing his insights with me, and to Jacopo Stoppa for many
helpful discussions and constant support. I also thank Carlo Scarpa and Lars Martin Sektnan
for enlightening comments and suggestions. Part of this work was performed while visiting
the University of Cambridge, funded by Ruadháı Dervan’s Royal Society University Research
Fellowship, and I thank him and the department for their hospitality.

2. Preliminaries

Let (M,L) be a polarised compact Kähler manifold of dimension n, and let ω ∈ c1(L) be a
Kähler form. The scalar curvature of ω is the function on M defined as the contraction of the
Ricci curvature:

Scal(ω) = ΛωRic(ω, J),
where

Ric(ω, J) = − i

2π∂J ∂̄J log ωn.
We will be interested in Kähler metrics with constant scalar curvature, where the constant is
given by the average scalar curvature, is a topological constant and it is given by

Ŝ = n c1(M) · c1(L)n−1

c1(L)n .

In this section, we quickly recall some basic definitions and results on Kähler manifolds and the
scalar curvature map. See [3636, Chapter 4] for exhaustive discussions. For details and proofs
about the moment map picture of the scalar curvature see [3232, Chapter 1].

2.1. Extremal Kähler metrics. Let (M,L) be a Kähler manifold with Kähler structure (ω, J).
Denote by gJ the Riemannian metric on M induced by J and ω: gJ(·, ·) = ω(·, J ·). Recall that
a function h ∈ C∞(M) is called a holomorphy potential if the (1, 0)-part of the Riemannian
gradient of h, denoted ∇1,0

g h, is a holomorphic vector field.

Definition 2.1. A Kähler metric (ω, J) on M is extremal if
∂̄∇1,0

g Scal(ω) = 0,
i.e. if the scalar curvature of g is a holomorphy potential.

We denote by h the set of holomorphy potentials and by h0 the set of holomorphic vector fields
which admit a holomorphy potential. We denote by D : C∞(M,C)→ Ω0,1(T 1,0M) the operator

D(φ) = ∂̄∇1,0
g φ.

The Lichnerowicz operator is the composition D∗D, where the adjoint is defined with respect to
the L2(g)-inner product. It can be written explicitly as follows:

D∗D(φ) = ∆2
g(φ) + ⟨Ric(ω), i∂∂̄φ⟩+ 1

2 ⟨∇Scal(ω),∇φ⟩.

The Lichnerowicz operator is a 4th-order elliptic operator, and its kernel kerD∗D = kerD
coincides with holomorphy potentials on M . In particular ω is an extremal metric on M if
D(Scal(ω)) = 0.
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Let L be the linearisation of the scalar curvature function. Then L can be written in terms
of the Lichnerowicz operator:

L(φ) = −D∗D(φ) + 1
2 ⟨∇Scal(ω),∇φ⟩.

In particular, if the scalar curvature is constant, the linearisation is exactly the Lichnerowicz
operator. Solving the extremal equation means requiring

Scal(ω)− f = 0

for some holomorphy potential f . If we change ω to ω+ i∂∂̄φ, then the holomorphy potential f
changes to f + 1

2 ⟨∇f,∇φ⟩. Thus to find an extremal metric in the class [ω], we need to find a
zero of the operator

C∞(M,R)× h→ C∞(M,R)

(φ, f) 7→ Scal(ω + i∂∂̄φ)− 1
2 ⟨∇f,∇φ⟩ − f.

(2.1)

The linearisation G of this operator at a solution is given again by the Lichnerowicz operator
itself: G(φ, 0) = −D∗Dφ.

2.2. Scalar curvature as a moment map. Let (M,ω) be a symplectic manifold, and consider
the infinite-dimensional manifold

J = {J : TM → TM almost complex structure compatible with ω}.

The tangent space at a point J is given by
TJJ = {A : TM → TM |JA+AJ = 0 and ω(u,Av) + ω(Au, v) = 0}.

Fix J ∈J an integrable complex structure and A ∈ TJJ . Since AJ+JA = 0, Amaps T 1,0M
to T 0,1M and T 0,1M to T 1,0M , where the splitting is considered with respect to J . Since A is
real, it is uniquely determined by one of its restrictions. Identifying A with A : T 0,1M → T 1,0M
induces an identification

TJJ ←→ T 0,1
J J =

{
α ∈ Ω0,1(T 1,0M)

∣∣ω(α(u), v) + ω(u, α(x)) = 0
}
. (2.2)

Now, if A ∈ TJJ then JA ∈ TJJ , so J has an almost complex structure which is formally
integrable [1919, §9.2]. Moreover, it has a Hermitian inner product

⟨A,B⟩J :=
∫
M

⟨A,B⟩gJ
ωn

n! ,

and the two combine to give a Kähler form, given at the point J by
ΩJ(A,B) = ⟨JA,B⟩J .

So J is an infinite-dimensional Kähler manifold. We consider the complex submanifold J int

of integrable almost complex structures of J . Its tangent space is given by those α ∈ T 0,1
J J

such that ∂̄α = 0.
Recall that a vector field ξ is Hamiltonian with respect to ω if there exists h ∈ C∞(M,R) such

that ω(ξ, ·) = −dh. On a Kähler manifold ξ = J∇g(h), where ∇gh is the Riemannian gradient
of h. We will denote a Hamiltonian vector field with Hamiltonian h by ξh.

Consider the group of Hamiltonian symplectomorphisms of (M,ω), denoted by G . This is the
infinite-dimensional Lie group of time-one flows of Hamiltonian vector fields on M , and it acts
on J by pull-back: for J ∈J and ϕ ∈ G the action is given by

ϕ∗J := dϕ−1 ◦ J ◦ dϕ.
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The Lie algebra of G can be identified with C∞
0 (M), the smooth functions on M with ω-

average zero. The following theorem is due to Fujiki [1717] and Donaldson [1111].

Theorem 2.2. The action G ↷ J is Hamiltonian with moment map
µ : J −→ Lie(G )∗

J 7−→ Scal(ω, J)− Ŝ.
(2.3)

Therefore cscK metrics on M correspond to J ∈J int such that µ(J) = 0. A few comments:
(1) If J is integrable, S(ω, J) is the scalar curvature of the metric gJ . Otherwise, it is the

Hermitian scalar curvature of the Chern connection on TM , which is not the same as
the Levi-Civita connection in general.

(2) S(J) − Ŝ is viewed as an element of C∞
0 (M)∗ by identifying Lie(G )∗ with its dual via

the L2(ω)-product on M .
Let J be an integrable compatible complex structure on (M,ω), and denote with KJ(ω) the

set of Kähler metrics in the same Kähler class of ω with respect to J , i.e. those metrics which
can be written as ω + i∂J ∂̄Jϕ for some ϕ ∈ C∞(M,R). The following proposition (see also [3636,
§6.1]) justifies the fact that instead of moving the Kähler metric inside the Kähler class with
respect to a fixed J , one can think of ω as fixed and move the complex structure.

Proposition 2.3. [1212, p.17] For every ωϕ ∈ KJ(ω) there exist f ∈ Diff0(M) such that f∗ωϕ = ω
and (M,ωϕ, J) is isomorphic to (M,ω, f∗J).

Thus if we fix J ∈J integrable, we can define a map
F : {ϕ ∈ C∞(M,R) |ωϕ ∈ KJ(ω)} −→J

ϕ 7−→ FϕJ := f∗J.
(2.4)

The differential at 0 of F is given by
d0F (ϕ) = JLξϕ(ω)J.

We can think of the image of the map F as an infinitesimal complexified orbit of G ↷ J ,
even if a complexification of G does not genuinely exist. Proposition 2.32.3 says that a variation
of the Kähler form in a given Kähler class for J fixed corresponds to a variation of the complex
structure J in the same G c-orbit, for ω fixed.

2.3. Deformation theory of cscK manifolds. In this subsection we follow Székelyhidi [3535,
§3]; similar results were obtained also by Brönnle [11, Part 1]. We fix an integrable complex
structure J0 ∈J on (M,ω) such that Scal(ω, J0) is constant.

Definition 2.4. For J ∈J fixed we define the operator
P : C∞

0 (M) −→ TJJ

h 7−→ LξhJ,

where ξh is the Hamiltonian vector field with Hamiltonian function h.

Remark 2.5. P is the infinitesimal action of G on J and one can show that P (h) = 2J∂̄ξ1,0
h +

2J(∂̄ξ1,0
h ). Thus, through the identification of Equation (2.22.2), an equivalent operator is P (h) =

∂̄ξ1,0
h .

The deformations of the complex structure are encoded in a complex

C∞
0 (M,C) P

C

→ TJ0J
∂̄→ Ω0,2(T 1,0M),
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where PC is defined on a complex function f+ih as P (f)+JP (h). Denote by H̃1 the cohomology
of the complex:

H̃1 =
{
α ∈ Ω0,1(T 1,0M)|∂̄α = 0 = P ∗α

}
. (2.5)

This is a finite-dimensional vector space, since it is the kernel of the elliptic operator [1818, §2]

□ := PP ∗ + (∂̄∗∂̄)2 (2.6)

on TJ0J . Consider the space of Hamiltonian isometries

K := StabG (J0) =
{
φ ∈ G

∣∣dφ−1 ◦ J0 ◦ dφ = J0
}

= Aut(M,J0) ∩ G .

The Lie algebra of K, denoted k, can be identified with the kernel of P ; it consists of smooth
functions over M whose Hamiltonian vector field is holomorphic. The complexification of k is
then given by the kernel of the Lichnerowicz operator, and KC = Aut(M,L). The group K acts
naturally on H̃1 by pull-back and 0 is a fixed point of the action. The following theorem is a
symplectic version of Kuranishi’s theorem [2828].

Theorem 2.6. [2828, 3535] There exists a ball around the origin V ⊂ H̃1 and a K-equivariant map

Ψ : V →J (2.7)

such that Ψ(0) = J0 and
(1) the G c-orbit of every integrable complex structure near J0 intersects the image of Ψ;
(2) If x, x′ ∈ V are in the same orbit for the complexified action of K, and Ψ(x) is integrable,

then Ψ(x),Ψ(x′) are in the same G c-orbit.

Remark 2.7. The Kuranishi space V is called a local slice of the G c-action near the reference
complex structure J0, and Theorem 2.62.6 is an infinite-dimensional version of Luna’s slice theo-
rem [3030]. Since we allow also non integrable almost complex structure, the slice is an actual
ball. Instead, the Kuranishi space described in [2828], which parametrises only integrable complex
structures, is an analytic subset of our V .

Let Ω be the symplectic form on V given by pulling back via Φ the Kähler form Ω on J .
Then the scalar curvature induces a moment map for the K-action on V ,

µ : V → k

x 7→ pk (Scal(ω,Ψ(x))) , (2.8)

where k is identified with its dual via the L2-product of functions and pk is the orthogonal
projection.

Corollary 2.8. [3535, §3] Possibly after shrinking V , the map Ψ can be perturbed to a map

Φ : V →J (2.9)

such that for all x ∈ V , S(ω,Φ(x)) ∈ k.

Hence the moment map (2.82.8) can be defined as µ(x) = S(ω,Φ(x)).
By identifying T0V with H̃1, we consider on H̃1 the linear symplectic form

Ω0(·, ·) = ΩJ0(d0Φ·,d0Φ·),

and the linear action of K induced by the one on V . Fix f ∈ k, and define an endomorphism of
H̃1 by

Af (t) = d0 (y 7→ exp(tf) · y) ,
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where y ∈ V and by exp(tf) we denote the 1-parameter subgroup of K defined by the element
f ∈ k (which corresponds via Φ to the flow of the Hamiltonian vector field gradωf on M). Let

Af := d
dt

∣∣∣∣
t=0

Af (t). (2.10)

We have the following properties:
(i) Af is a skew-hermitian endomorphism of (H̃1, J0) and Af (t) = exp(tAf );
(ii) For v ∈ H̃1, denote by v a vector field on V such that v|0 = v. Then

Af (v) = ∂t|t=0Af (t)v = ∂t|t=0

(
(Φft )∗(v)

)
0

= −(Lξfv)0 = [v, ξf ]0. (2.11)

Definition 2.9. We define a map ν : H̃1 → k by

⟨ν(v), f⟩ = 1
2Ω0(Afv, v).

It can be characterised as a moment map by relating it to the scalar curvature (2.82.8) as follows
(see [2727, §3] for the proof).

Proposition 2.10. The map ν is a moment map for the linear K-action on H̃1 and if vt is a
path in V with ∂t|t=0vt = v,

µ(vt) = t2

2 ν(v) +O(t3).

3. Optimal symplectic connections

Let (X,H) π→ (B,L) be a holomorphic submersion, where:
(i) X and B are compact Kähler manifolds;
(ii) L→ B is an ample line bundle, so we have a Kähler metric ωB ∈ c1(L);
(iii) H → X is a relatively ample line bundle, i.e. H|b → Xb is ample. This means that

we can consider ωX ∈ c1(H) relatively Kähler, i.e. a closed 2-form which restricts to a
Kähler metric on each fibre of π.

By Ehresmann’s fibration theorem all the fibres are diffeomorphic. We denote dim(B) = n,
dim(Xb) = m, so that dim(X) = n+m. We assume further that the complex dimension of the
Lie algebra h(Xb) of holomorphic vector fields on the fibre Xb is independent of b.
Remark 3.1. Although in the following we consider only polarised Kähler classes, this is not
essential. Indeed all the results hold if c1(H) and c1(L) are replaced respectively by a relative
Kähler class and a Kähler class that do not come from holomorphic line bundles.
3.1. Splitting of the function space. Assume that ωX restricts to a constant scalar curvature
Kähler metric ωb on each fibre Xb. Let

D∗
VDV : C∞(X,R)→ C∞(X,R)

be the vertical Lichnerowicz operator, defined fibrewise as (D∗
VDVφ) |Xb = D∗

bDb φ|Xb . It is a
real operator since the fibrewise metric is cscK. By integrating a function φ ∈ C∞(X,R) over
the fibres of π, we define a projection

C∞(X,R) −→ C∞(B,R)

φ 7−→
∫
X/B

φωmX .

Its kernel is given by the space C∞
0 (X,R) of functions that have fibrewise mean value zero. A

key step in the study of optimal symplectic connections is that we can further split this space as
follows.



OPTIMAL SYMPLECTIC CONNECTIONS 11

Consider a real vector bundle E → B [66, §3.1], whose fibre over b ∈ B is the real finite-
dimensional vector space ker0(D∗

bDb) of holomorphy potentials on the fibre Xb with mean-value
zero with respect to ωb. E is well defined as a vector bundle since we are assuming that the
complex dimension of the Lie algebra h(Xb) of holomorphic vector fields on Xb is independent
on b. Its smooth global sections are

C∞(E) = ker0D∗
VDV .

In [2020, Lemma 2.7], Hallam showed - using the Cartan decomposition for the space h(Xb) of
holomorphic vector fields of the fibre - that Eb can be also viewed as the vector space of all
Kähler potentials φb on Xb of mean-value zero for which ωb + i∂∂̄φb is still cscK. We can split
C∞

0 (X) as
C∞

0 (X,R) = C∞(E)⊕ C∞(R),
where C∞(R,X,R) is the fibrewise L2-orthogonal complement with respect to the fibre metric
ωb, i.e. for all φ ∈ ker0D∗

bDb, ψ ∈ C∞(R)

⟨φ,ψ⟩b :=
∫
Xb

φψωmb = 0.

In the end we obtain
C∞(X,R) = C∞(B)⊕ C∞(E)⊕ C∞(R). (3.1)

We denote by pE : C∞(X)→ C∞(E) the projection.
Since we are interested in deformations of the complex structure of X, sometimes we will

denote the vector bundle E as E(ωX , J0). Notice that if we change just the relatively Kähler
metric ωX to ωX + i∂∂̄φ, for φ ∈ C∞(X), the vector bundles E(ω, J0) and E(ω + i∂∂̄φ, J0) are
isomorphic.

3.2. Optimal symplectic connections in the relatively cscK case. The relative symplectic
form ωX determines a splitting of the tangent space

TX = V ⊕HωX , (3.2)

where Vx = TxXπ(x) is the tangent space to the fibre, and

HωXx = {u ∈ TxX|ωX(u, v) = 0 ∀v ∈ Vx}.

In this context ωX is called a symplectic connection [3131, Chapter 6] and it determines the following
curvature quantities:

(i) the symplectic curvature is a two-form on B with values in the fibrewise Hamiltonian
vector fields defined as, for v1, v2 ∈ X(B), as

FH(v1, v2) = [v♯1, v
♯
2]vert,

where v♯j denotes the horizontal lift. Let m be the map which associates to a fibrewise
Hamiltonian vector field its fibrewise Hamiltonian function with fibrewise mean value
zero. Thus we consider m∗(FH), which is a two-form on B with values in C∞

0 (X,R),
and we pull it back on X. It is related to the symplectic connection as follows [66, §3.2]:

(ωX)H = m∗(FH) + π∗β,

where β is a two-form on B.
(ii) the curvature ρ of the Hermitian connection induced on the top wedge power

∧m V. We
will consider its purely horizontal part ρH.
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Definition 3.2. [66, §3.3] A relatively cscK metric ωX is called an optimal symplectic connection
if

pE (∆V(ΛωBm∗(FH)) + ΛωBρH) = 0. (3.3)
This is a second order elliptic equation on the vector bundle E → B. In the following, we will
use the notation Θ(ωX , J) = ∆V(ΛωBm∗(FH)) + ΛωBρH.

The linearisation of the equation at a solution is given by the operator R∗R [66, §4.3], where

R(φE) = ∂̄B∇1,0
V φE (3.4)

and the adjoint is computed with respect to ωF +ωB . Here∇1,0
V φE is a section of the holomorphic

tangent bundle; the vertical part of ∂̄∇1,0
V φE vanishes since φ ∈ C∞(E) and the horizontal part

is denoted by the expression (3.43.4). The operator (3.43.4) can be described as follows [66, §4.3]: let
D∗
kDk be the Lichnerowicz operator with respect to the Kähler metric ωk. It can be written as

a power series expansion in negative powers of k:
D∗
kDk = L0 + k−1L1 +O

(
k−2)

,

where L0 is the vertical Lichnerowicz operator D∗
VDV . Then for φ,ψ fibrewise holomorphy

potentials ∫
X

φL1(ψ)ωmX ∧ ωnB =
∫
X

⟨Rφ,Rψ⟩ωF+ωBω
m
X ∧ ωnB .

This means that the operatorR∗R can actually be seen as pE◦L1 restricted to C∞
E (X). The kernel

of R, thus of R∗R, consists of fibrewise holomorphy potentials which are global holomorphy
potentials on X with respect to ωk.

3.3. Optimal symplectic connections in general. Let πY : (Y,HY )→ (B,L) be a holomor-
phic submersion where all the fibres are K-semistable. Let (X ,H)→ S×(B,L) be a degeneration
of the fibration (Y,HY )→ (B,L) to a relatively cscK fibration π : (X,H)→ (B,L), where S ⊆ C.
In particular, all the fibrations Xs → B are biholomorphic to Y → B for s ̸= 0.

Let J0 be a complex structure on X such that (ωX , J0) is relatively cscK. Let ωF denote the
vertical part of ωX . Through the fibrewise analogue of Ehresmann’s fibration theorem 4.64.6, we
can take the perspective of fixing ωX and seeing X → B × S as a family of compatible complex
structures {Js} which keep π a holomorphic submersion and are all biholomorphic except for J0.
Let

Jπ = {J almost complex structure compatible with ωX and s.t. dπ ◦ J = JB ◦ dπ}.
Compatibility with ωX means that ωX(J ·, J ·) = ωX(·, ·) and that ωb ◦ J |Xb is non degenerate
and positive definite. The tangent space at J0 to Jπ can be identified with

T 0,1
J0

Jπ =
{
A ∈ Ω0,1(V1,0)

∣∣ωF (A·, ·) + ωF (·, A·) = 0
}
, (3.5)

where A vanishes on the horizontal vector fields. This follows from requiring that the deforma-
tions preserve the holomorphic projection.

As in Section 2.32.3, for any fibre Xb let Vb be the Kuranishi space, Kb the group of Hamiltonian
isometries and Ψb the Kuranishi map (2.72.7) of the fibre. Let xs,b ∈ Vb be such that Ψb(xs,b) =
Js|Xb . Let µb be the moment map (2.82.8). Then we can define a section of C∞(E) as

µs(b) = pE (SXb (ωb,Ψb(xs,b))) . (3.6)
Here and in what follows C∞(E) is the space of fibrewise holomorphy potentials with respect to
the relatively cscK structure (ωX , J0). Note that Ψb may not vary smoothly with b, but when
applied to xs,b it gives the complex structure Js|Xb . Since Js is a complex structure defined on
the whole X, it varies smoothly with the base, so µs is a smooth section. For each fibre Xb we
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can linearise the action to the tangent space to Vb at 0 as in Section 2.32.3, so we can define another
section ν of E by

ν(b) = νb(vb). (3.7)
Here νb is the moment map defined in Definition 2.92.9 for the linear action of Kb on H̃1(Xb), and
vb ∈ H̃1(Xb) is tangent at 0 ∈ Vb. Even if νb does not necessarily vary smoothly with b, ν is a
smooth section because there is an expansion

µs(b) = s2

2 ν +O(s3) (3.8)

as explained in Proposition 2.102.10, and µ is smooth.

Definition 3.3. We say that the relative Kähler form ωX is an optimal symplectic connection
(Y,HY )→ B if it satisfies the equation

pE (∆V(ΛωBm∗(FH)) + ΛωBρH) + λ

2 ν = 0 (3.9)

for some constant λ > 0.

The first term is the left-hand side of the optimal symplectic connection equation (3.33.3) for
fibrewise cscK metrics, and it involves only the complex structure J0. The second term represents
the deformation of the complex structure, in terms of the first order deformation of the fibres.
In Section 5.35.3, we will prove that the linearisation of the equation at a solution is given by an
operator

L̂ = R∗R+A∗A,
where R is the operator (3.43.4) and A is obtained by extending the map (2.102.10) to a fibrewise map.
As shown in Proposition 5.85.8, its kernel is given by the fibrewise J0-holomorphy potentials which
are global holomorphy potentials with respect to Js.

The definition of an optimal symplectic connection can be generalised as follows.

Definition 3.4. ωX is an extremal symplectic connection on Y if

L̂
(
pE(Θ(ωX , J0)) + λ

2 ν
)

= 0.

In particular, the fibrewise J0-holomorphy potential

h1 := pE (Θ(ωX , J0)) + λ

2 ν (3.10)

is a holomorphy potential for the complex structure of Y .

4. Deformations of fibrations

In this section, we study more in detail the deformations of a holomorphic fibrewise cscK
fibration. In particular, we prove a relative version of Ehresmann’s fibration theorem in Propo-
sition 4.64.6, which allows us to view families of fibrations as families of complex structures in Jπ

on the same underlying smooth fibration. In Section 4.24.2 we then prove a relative version of
Kuranishi’s Theorem 2.62.6, which will be needed in Section 55 to describe the linearisation of the
optimal symplectic connection equation (3.93.9).

We start by giving a description in local coordinates of a first-order deformation A ∈ TJ0Jπ.
We fix a local trivialisation of X → B and we make the following notation conventions:

{w1, . . . , wm} are vertical holomorphic coordinates; indices are denoted with the letters
a, b, c, . . . ;
{z1, . . . , zn} are holomorphic coordinates on the base; indices are denoted with the letters
i, j, k, . . . .
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We can then write A ∈ TJJπ locally as

A = Aa
b̄
dw̄b ⊗ ∂wa +Aaj̄dz̄

j ⊗ ∂wa ,

since A takes values in the vertical vector fields. The following lemma explains the relation
between Aa

b̄
and Aa

j̄
.

Lemma 4.1. For A ∈ TJ0Jπ we have that:
(i) A vanishes on horizontal vector fields;

(ii) Aa
j̄

= Aac̄(ωF )dc̄(ωX)dj̄.

Proof. As for the first claim, if u ∈ V, v ∈ H, then

ωX(u,Av) = ωF (u,Av) = −ωF (Au, v) = 0. (4.1)

Indeed, the first equality comes from the fact that Av is vertical and ωX coincides with ωF
on a pair of vertical vector fields. The middle equality follows from the compatibility of the
deformation with the fibrewise symplectic structure (3.53.5). The last equality follows from the fact
that v is horizontal. So Av is horizontal, since the relation (4.14.1) holds for any u ∈ V; but Av is
also vertical. Thus Av = 0. This proves the first claim.

We prove the second claim. While ∂wa , ∂w̄a are vertical vector fields on X, ∂zj , ∂z̄j are not
horizontal in general. So we have a splitting

∂z̄j = εj̄ + ηj̄ with εj̄ ∈ HωX , ηj̄ ∈ V.

Then from ωX(∂wa , εj̄) = 0 it follows that

(ωX)ab̄ ηbj̄ = (ωX)aj̄ .

So ηj̄ = (ωF )ac̄(ωX)aj̄∂w̄c . Thus we can write the horizontal part of ∂z̄j as

εj̄ = ∂z̄j − (ωF )ac̄(ωX)aj̄∂w̄c .

Since A takes value in the vertical vector fields, A(εj̄) = 0, so

0 = −Aac̄(ωF )dc̄(ωX)dj̄∂wa +Aaj̄ ∂wa ,

hence the claim. □

The following lemma explains the relation between a J ∈ Jπ and the splitting (3.23.2) of the
tangent bundle of X induced by ωX , by showing that the elements of Jπ in a neighborhood of
J0 differ from J0 only on the vertical vector bundle.

Lemma 4.2. Any J ∈Jπ preserves the splitting of the tangent space TX = V⊕HωX . Moreover,
J(u) = J0(u) for all u ∈ HωX .

Proof. For the first fact to hold, we have to prove that J(V) ⊆ V and J(HωX ) ⊆ HωX .
(i) Let v ∈ V. Then

dπ(Jv) = JB(dπ(v)︸ ︷︷ ︸
=0

) = 0,

so Jv ∈ V.
(ii) Let u ∈ HωX . Then ωX(u, v) = 0 for every v ∈ V. So

ωX(Ju, v) = −ωX(u, Jv) = 0,

since Jv is vertical by the previous step.
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We now prove that indeed J(u) = J0(u) for all J ∈Jπ and all u ∈ HωX . Consider for instance
a first order deformation J0 + εA. Since A vanishes on horizontal vector fields by Lemma 4.14.1, if
u ∈ HωX , (J0 + εA)(u) = J0(u). Let now Js be a path in Jπ which joins J0 to J . Then

∂sJs(H) = As(H) = 0,

so for all s we have Js(u) = J0(u), for all u ∈ HωX , from which the claim follows. □

In particular, the last part of the proof shows that the horizontal parts of the operators ∂, ∂̄
with respect to J0 remain the same for any J in Jπ.

Remark 4.3. Let k ≫ 0 be such that ωX + kωB is a Kähler form on X. Then Jπ embeds into
J (ωX + kωB). Indeed for J ∈Jπ

ωk(J ·, J ·) = ωX(J ·, J ·) + kπ∗ωB(J ·, J ·)

and π∗ωB(J ·, J ·) = ωB(dπJ ·,dπJ ·) = ωB(JBdπ·, JBdπ·) = π∗ωB(·, ·).

4.1. Families of holomorphic submersions. In this section, we give a more rigorous defini-
tion of a family of fibrations and we prove a relative version of Ehresmann’s fibration theorem.
Families of fibrations are in particular families of holomorphic maps, for which a deformation
theory has been developed by Horikawa [2424, 2525], under the assumption that H2(X,TX) embeds
into H2(X,π∗TB).

Definition 4.4. Let B be a smooth manifold. A family of holomorphic submersions onto B
with central fibration π : X → B is defined as the data of (X , π̂, p, S), where:

(i) X is a compact complex manifold, and S is a complex manifold;
(ii) p : X → S and π̂ : X → B × S are holomorphic submersions and p = pr2 ◦ π̂;
(iii) we can pick a distinguished point 0 ∈ S such that π̂0 induces π : X → B.
We say that a family of holomorphic maps (X , π̂, p, S) onto B is complete if for any other

family (X ′, π̂′, p′, S′) with the same central fibre, there exists a map h : S′ → S, defined locally
on neighbourhoods of the distinguished point, such that the family (X ′, π̂′, p′, S′) can be obtained
by (X , π̂, p, S) via pull-back using h.

For a smooth proper morphism p : M → N with N connected, Ehresmann’s fibration theorem
[2626, Proposition 6.2.2] says that the fibres of p are all diffeomorphic, and more precisely that
M is locally diffeomorphic to a product. To generalise it to fibrations, we need the following
definition.

Definition 4.5. Let F : M → N be a smooth map, u a vector field on M , u′ a vector field on
N . We say that u and u′ are F -related if

F ◦ ϕtu′ = ϕtu ◦ F.

Then we can extend Ehresmann’s theorem to our setting as follows.

Proposition 4.6 (Relative Ehresmann’s theorem). Let (X , π̂, p, S) be a family of holomorphic
maps onto B with S connected. Then there exists a diffeomorphism τ : X ∼→ X × S which
commutes with the projections to B, i.e.

X X × S

B × S

τ
∼

π̂
π×id
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Proof. Up to restricting to a segment, we can assume that S is a small open neighborhood of
the origin in R. We can then consider the vector field u = ∂s, and view it as a vector field in
B×S, denoted by u′. This means that, denoting by ϕtu′ its flow and pr2 : B×S → S the second
projection, u′ is pr2-related to u. It is a consequence of the implicit function theorem that if
F : M → N is a smooth submersion of manifolds, then for any vector field on N there exists a
vector field on M which is F -related to it. Let then v be a vector field on X which is π̂-related
to u′, i.e.

π̂ ◦ ϕtv = ϕtu′ ◦ π̂.
Then, using p = pr2 ◦ π̂, we obtain

p ◦ ϕtv = ϕtu ◦ p,

thus v is p-related to u. Hence we can define a map
τ : X −→ X × S

z 7−→ (ϕ−t
v (z), p(z)),

which is a diffeomorphism with inverse

(x, s) 7−→ ϕsv(x).

Since v is π̂-related to u′, this diffeomorphism commutes with the projections to B, as required.
□

Let now (X,H) → (B,L) be a polarised holomorphic submersion with ωX ∈ c1(H) a sym-
plectic form which restricts to a Kähler metric on the fibres. Then we consider the following
setting:

(i) (X ,H, π̂, p, S) is a smooth polarised family of maps ontoB with central fibration (X,H)→
B, where we assume for simplicity that S is a disk in C. In particular the line bundle H
on X restricts to a relatively ample line bundle Hs on each fibration Xs → B;

(ii) We assume to have an action of C∗ on S × B which lifts to (X ,H) such that π̂ is C∗-
equivariant, so for s ̸= 0 the fibrations (Xs,Hs)→ B are all biholomorphic.

Ehresmann’s theorem implies that we can locally trivialise the family in such a way that all
Xs are diffeomorphic, so we can interpret the family as a family of almost complex structures
{Js} on X which preserve the projection onto B.

Moreover, since (Xs, Hs) is a small deformation of (X,H), we have that c1(HY ) = c1(H).
Then by Moser’s theorem [33, Theorem 7.2] we can assume that ωX is relatively Kähler with
respect to the complex structures Js, up to modifying (Xs, Hs) by a small diffeomorphism. So
we can view a family X → B × S as a family of complex structures on X which keep π a
holomorphic submersion and ωX a relatively Kähler metric.

4.2. Relative Kuranishi’s Theorem. As in the previous section, we consider a holomorphic
submersion π : (X,H) → (B,L) with a relative Kähler metric ωX and a complex structure J0
which is fibrewise cscK. We require a relative version of Székelyhidi’s and Brönnle’s deformation
theory described in Section 2.32.3. Consider the map

PV : C∞
0 (X,R) −→ T 0,1

J0
Jπ

φ 7−→ ∂̄V(gradωFφ)1,0,

which is the relative version of the map defined in Definition 2.42.4. Let H̃1
V be the kernel in T 0,1

J0
Jπ

of the operator
□V = PVP

∗
V + (∂̄∗∂̄)2



OPTIMAL SYMPLECTIC CONNECTIONS 17

inside T 0,1
J0

Jπ, where the adjoint is computed with respect to any Kähler metric on X which
restricts to ωF vertically. The operator □V is fibrewise elliptic because PVP

∗
V is elliptic in the

fibre direction, and globally elliptic because (∂̄∗∂̄)2 is. Its kernel can be described as

H̃1
V =

{
α ∈ T 0,1

J0
Jπ

∣∣∣P ∗
Vα = 0 = ∂̄α

}
,

so it is a finite-dimensional vector space. Fibrewise, □V restricts to the operator (2.62.6) and H̃1
V

restricts to the vector space described in Equation (2.52.5). In particular, H̃1
V depends only on the

vertical part of the metric ωF .
Consider the smooth fibre bundle K → B, whose fibre Kb = Isom(Xb, ωb) is the stabiliser

of J0|Xb for the Gb-action. Notice that, thanks to our hypothesis, the groups Kb are finite-
dimensional with dimension independent of b. The group of global sections of K is

K := Isom(π, ωX) = {f ∈ Aut(X)|f∗ωX = ωX and π ◦ f = π}. (4.2)
We next prove a relative version of Kuranishi’s Theorem, adapted from Chen-Sun [44, §6].

Theorem 4.7 (Relative Kuranishi’s Theorem). There exists a neighborhood of the origin V ⊂
H̃1

V and a K-equivariant holomorphic map
Ψ : V →Jπ

such that:
1) Ψ(0) = J0;
2) If v1, v2 ∈ V and v1|b ∈ KC

b · v2|b for all b, and if Ψ(v1) is integrable, then Ψ(v1)|Xb is
in the same G c

b -orbit as Ψ(v2)|Xb ;
3) For any J ∈Jπ integrable close to J0, there exists J ′ in the image of Ψ such that, for

all b, J ′
b is in the same G c

b -orbit as Jb.

Proof. We can identify any J close to J0 with an element α ∈ T 0,1
J0

Jπ, i.e. with a (0, 1)-form
with values in the vertical holomorphic tangent bundle, plus the compatibility condition with
ωF . So we have an embedding from an open subset in T 0,1

J0
Jπ into Jπ:

f : U(T 0,1
J0

Jπ) ↪→Jπ.

Given b ∈ B, we denote by ρb the restriction Jπ →J (Xb). Then fb(α|Xb) = ρb ◦ f(α). We
define now a new embedding f̂ : U(T 0,1

J0
Jπ) ↪→Jπ as follows:

f̂(α) =
∫

K/B
g−1f(g · α)dµK/B(g) i.e. f̂(α)|Xb =

∫
Kb

g|−1
b f(g|b · α|Xb)dµXb(g|b),

where dµK/B is the fibrewise Haar measure on K → B. Then f̂ is such that

f̂(k · α)|b = k|b · f̂(α)|b.
Now, J is integrable if and only if the corresponding α satisfies [2626, Lemma 6.1.2]

N(α) = ∂̄α+ [α, α] = 0. (4.3)
An element J in Jπ preserves the projection as a holomorphic map, so if J is integrable its
restriction to each fibre is also integrable. Therefore equation (4.34.3) holds also fibrewise. For
any b ∈ B, let Hb : T 0,1

J0
Jπ|Xb → H̃1

b be the L2
k-orthogonal projection and let Gb be the Green

operator of □b:
I = Gb□b +Hb = □bGb +Hb.

For α integrable, a simple computation starting from (4.34.3) leads to the identity
α|b +Gb∂̄

∗
b ∂̄b∂̄

∗
b [α|b, α|b] = Hbα|b.
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Then we can define a map

F : B × T 0,1
J0

Jπ → T 0,1
J0

Jπ

(b, α) 7→ α|b +Gb∂̄
∗
b ∂̄b∂̄

∗
b [α|b, α|b],

where both spaces are endowed with the Sobolev L2
k-norm. The differential of F in the second

component at the origin is the identity, since Gb∂̄∗
b ∂̄b∂̄

∗
b [α|b, α|b] is quadratic in α. Hence by the

implicit function theorem we can locally invert F and the inverse varies smoothly with b. We
consider the inverse restricted to an open ball in H̃1

V , which we define to be V , and for x ∈ V we
denote it by α(x). Thus we have a family

U := {α(x)|x ∈ V } ⊂ T 0,1
J0

Jπ, (4.4)

and we can define
Ψ : V →Jπ

x 7→ f̂(α(x)).
We begin by proving that this map satisfies the required properties. Denoting

U int = {α(x)|N(α(x)) = 0}

and
U int

V = {α(x)|Nb(α(x)|b) = 0 ∀b ∈ B},
we want to prove that Uint is an analytic subset of U . We begin by showing that U int

V is an
analytic subset of U . On each fibre Xb, α(x)|b is integrable if and only if Hb[α(x)|b, α(x)|b] = 0.
Indeed

Nb (α(x)|b) = ∂̄bα(x)|b + [α(x)|b, α(x)|b]
= 2Gb∂̄∗

b ∂̄b∂̄
∗
b [N(α(x)|b), α(x)|b] +H [α(x)|b, α(x)|b] .

(4.5)

The map
B × V → H̃V

(b, v) 7→ Hb[α(x)|b, α(x)|b]

is holomorphic, so U int
V is an analytic subset of U . Then, denoting U int the analytic family given

by the Kuranishi Theorem [44, Lemma 6.1] applied to X, we see that U int is the intersection of
U

int and U int
V , so it is itself an analytic family. Moreover, when restricted to the fibre Xb, both

maps f and F are Kb-equivariant and holomorphic, so (2) is also proved.
We prove (3). Let Jx = Ψ(x) ∈Jπ, and fix b ∈ B. Given ξ ∈ Γ(X,V) a vertical vector field,

define
Fξ : X → X

p 7→ expp(ξp, gπ(p)),
where gπ(p) is the Riemannian metric on the fibre Xπ(p) with respect to Jx. Following [44, Lemma
6.1], we fix v ∈ Vσ ⊂ V , interpreted as a tangent vector at x in V , and we define a map

Rb : U(L2
k+2(Xb,C))→ L2

k+2(Xb, TXb)
φb 7→ ξb(φb, v|b)

such that Rb(0) = 0 and
(i) d0Rb(φb) = gradωb(Re(φb)) + Jv|Xbgradωb(Im(φb));
(ii) F ∗

ξb(φb,v|b)Jx|Xb ∈ G c
b · Jx|Xb .
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Since this map is defined via the implicit function theorem, the vector field ξb(φb, v|b) varies
smoothly with b, thus defining a global vertical vector field on X (more details about this
technique of using the implicit function theorem to prove smooth dependence on b are given in
the proof of Proposition 4.94.9 below). So we can define a global map

R : U(L2
k+2(X,C))→ L2

k+2(X,V)
φ 7→ ξ(φ, v) s.t. ξ(φ, v)|Xb = ξ(φ|b, v|b).

The complex structure F ∗
ξ(φ,v)Jx on X satisfies the following properties:

(1) is compatible with ωX . Indeed
ωX(F ∗

ξ(φ,v)Jx·, ·) + ωX(·, F ∗
ξ(φ,v)Jx·) =

ωF (F ∗
ξ(φ,v)Jx·, ·) + ωF (·, F ∗

ξ(φ,v)Jx·) + ωX,H(Jx·, ·) + ωX,H(·, Jx·).

The first two terms sum to zero because the complex structure F ∗
ξ(φ,v)Jx is fibrewise

compatible with the fibrewise Kähler form. The last two terms sum to zero since Jx ∈
Jπ.

(2) preserves π, since the differential commutes with pull-back.
(3) satisfies property (ii)(ii) above for every b ∈ B.

Let now α(φ, v) be the (0, 1)-form with values in the holomorphic vertical tangent space which
is the pre-image of F ∗

ξ(φ,v)Jx via Ψ. Then from (4.54.5) it follows that α(φ, v) fibrewise satisfies an
elliptic equation of the form

□VT (φ, v,N(α)) = 2∂̄∗
V ∂̄V ∂̄

∗
V [T (φ, v,N(α)), S(φ, v, α)] , (4.6)

where T (0, v,N) = N and S(0, v, α) = α.
Let now J ∈ J int

π be close to J0 in L2
k. The proof now goes exactly as in [44, Lemma 6.1],

and we report it here for completeness. Since J is integrable, the corresponding vector-valued
(0, 1)J0 -form αJ satisfies (4.64.6) for all (φ, v). Consider the L2

k-projections

Π1 : L2
k

(
T 0,1
J0

Jπ

)
→ Im(PV), Π2 : L2

k

(
T 0,1
J0

Jπ

)
→ H̃1

V

and consider the map χ : U(L2
k+2(X,C))× Vσ → Im(PV)× H̃1

V defined by

(φ, v) 7→
(

Π1

(
F ∗
ξ(φ,v)Jv

)
,Π2

(
F ∗
ξ(φ,v)Jv

))
.

Remark that if α, β ∈ T 0,1
J0

Jπ satisfy (4.64.6) and they are such that (Π1α,Π2α) = (Π1β,Π2β),
then by ellipticity it follows that α = β. The differential of the map χ is d(0,0)χ(φ, v) =
(PV(φ), v): it is surjective and the kernel corresponds to fibrewise holomorphy potentials, so it
is finite-dimensional fibrewise. Thus again by the implicit function theorem, there exist (φ, v)
such that (Π1(αJ),Π2(αJ)) = χ(φ, v), hence by the ellipticity argument αJ = F ∗

Y (φ,v)Jx. □

Remark 4.8 (Versal deformations). The proof of the relative Kuranishi Theorem guarantees
the existence of versal deformations. A deformation X → B × V with central fibre (X,J0) is
called versal if any other family X ′ → B × V ′ (centred at J0) is obtained by pullback via a map
f : V ′ → V , which might not be unique but whose differential is uniquely determined. This is
proven in the third step of Theorem 4.74.7, where a single complex structure J is considered instead
of a second family {Jt′}. The pullback is given by the exponential map Fξ, where ξ = ξ(φ, v) is
uniquely determined by the vector v tangent to the complex structure J .

Proposition 4.9. Possibly after shrinking V , we can perturb the map Ψ to

Φ : V →Jπ (4.7)
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such that
SV (ωX ,Φ(x)) ∈ C∞(E).

Remark that the claim holds fibrewise as a consequence of Theorem 2.62.6, so we just need to
check that the complex structure we find on each fibre Xb varies smoothly with b. This relies on
the fact that the proof involves the implicit function theorem.

Proof of Proposition 4.94.9. For every b ∈ B, the Lie algebra of Kb is kb = kerD∗
bDb, which is

exactly the fibre Eb of the vector bundle E defined in Section 3.13.1. Let Ul be a small ball around
the origin of L2,l(R). Define a map

G : B × V × Ul → L2,l−4(R)
(b, x, φ) 7→ πL2,l−4(R)S (ωb, Fφb(Ψ(x)|b)) ,

where Ψ(x)|b defines an element in Jπ from Theorem 4.74.7, and the map F is the one defined in
(2.42.4). The derivative along the third component of G at 0 of a function φ is given by P ∗

VPV(φ),
which is an isomorphism L2,l(R) → L2,l−4(R). By the implicit function theorem, for every b,
Ψ can be perturbed to Φb : Vb → J (Xb) in such a way that S(ωb,Φb(x)) ∈ kb, and Φb varies
smoothly with b. Thus we find a map

Φ : V →Jπ

such that SV(ωX ,Φ(x)) ∈ C∞(E). □

Let us return now to considering a holomorphic submersion π : X → B with a relatively
cscK metric (ωX , J0). By viewing ωX as fixed and varying the complex structure, we consider a
family {Js} such that (ωX , Js) are relatively Kähler metrics on X → B. Theorem 4.74.7 allows us
to extend definition of the sections µs (3.63.6) and ν (3.73.7) of C∞(E) to the following maps.

Definition 4.10. Define the maps

µπ : V → C∞(E)
x 7→ ScalV(ωX ,Φ(x))

and
νπ : H̃1

V → C∞(E)
v 7→ νπ(v)

where νπ(v)|b = νb(v|Xb), for νb defined in Definition 2.92.9.

Remark 4.11. If xs ∈ V corresponds to Js via the relative Kuranishi map (4.74.7), we have that
µπ(xs) = µs, where µs ∈ C∞(E) is the section defined in Equation (3.63.6). Similarly, if v ∈ H̃1

V
is the deformation of the family {Js}, then νπ(v) is the section ν ∈ C∞(E) defined in Equation
(3.73.7). By applying Proposition 4.94.9 we can perturb µπ to end up in C∞(E), so we do not see the
projection as in Equation (3.63.6).

From the definition (3.63.6), the perturbation given by Proposition 4.94.9 and the expansion (3.83.8)
of µs ∈ C∞(E) it follows that, if v ∈ H̃1

V is the deformation of the family {Js},

ScalV(ωX , Js) = µπ(xs) = Ŝb + s2

2 ν(v) +O(s3). (4.8)
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5. Extremal metrics on the total space

As before, let πY : (Y,HY ) → (B,L) be a holomorphic submersion where all the fibres are
K-semistable. Let (X ,H) → S × (B,L) be a degeneration of the fibration (Y,HY ) → (B,L) to
a relatively cscK fibration π : (X,H) → (B,L), where S ⊆ C. In particular, all the fibrations
Xs → B are biholomorphic to Y → B for s ̸= 0. For k ≫ 0, consider the Kähler form

ωk = ωX + kπ∗ωB ,

where ωB is a fixed Kähler metric on B. We will omit the pull-back in the notation, and write
just ωX + kωB .

We will later need to choose ωB appropriately, to produce cscK and extremal metrics on Y .
To do so, we need the following definitions from the moduli theory of cscK manifolds [1818, 2727, 55].
In [55] it is shown that there exists a complex space M which is the moduli space of polarised
cscK manifolds and that there exists a Kähler metric on M called the Weil-Petersson metric.
Moreover, since our central fibration π : X → B has cscK fibres, there is an induced map
q : B →M. The pull-back via q of the Weil-Petersson metric, denoted αWP , is a closed smooth
(1, 1)-form on B, and it has the following expression [55, 1818]:

αWP = Ŝb
m+ 1

∫
X/B

ωm+1
X −

∫
X/B

ρ ∧ ωmX , (5.1)

where ρ is the relative Ricci form defined in Section 3.23.2 and m is the dimension of the fibres.
Notice that αWP is positive semi-definite in general.

Definition 5.1. We say that ωB ∈ c1(L) is
(1) twisted cscK with respect to α if Scal(ωB)− ΛωBα = cB ;
(2) twisted extremal with respect to α if Scal(ωB)− ΛωBα ∈ kerDB , where DB is the Lich-

nerowicz operator on B.

Definition 5.2. We define the group of automorphisms of the moduli map to be
Aut(q) = {f ∈ Aut(B,L)|q ◦ f = f}.

If we denote by hB the twisted extremal holomorphy potential, then the linearisation of the
twisted extremal operator at a solution is given by the map [2121, §2], [77, §3.2]

Lα(φ) = −D∗
BDBφ+ 1

2 ⟨∇ΛωBα,∇φ⟩+ ⟨i∂∂̄φ, α⟩. (5.2)

Moreover, in [77, Proposition 3.5] it is proven that kernel of this operator is given by the holo-
morphy potentials of those vector fields whose flow lies in Aut(q).

In what follows we will also need the groups of automorphisms of the projections π and πs.

Definition 5.3. For π : X → B we define
Aut(π) = {f ∈ Aut(X,H)|π ◦ f = π},

and similarly for πs : Xs → B.

5.1. Expansion of the scalar curvature. In this subsection, we derive an expansion of the
scalar curvature Scal(ωk, Js), in powers of s and inverse powers of k, from which we deduce the
optimal symplectic connection equation (3.93.9). Recall from [66, §4.1] that

Scal(ωk, Js) = ScalV(ωX , Js) + k−1 (Scal(ωB) + ∆V(ΛωB (ωX)H) + ΛωBρH) +O
(
k−2)

.

Clearly, the k−1 term - denoted Tk−1 - depends on s, so we can write
Tk−1(ωB , ωX , Js) = Tk−1(ωB , ωX , J0) +O(s).
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Proposition 5.4. By choosing s2 = λk−1 for λ > 0 and using the expansion (4.84.8) for the
vertical scalar curvature we obtain

Scal(ωk, Js) = Ŝb + k−1
(
ψB + pE(∆V(ΛωB (ωX)H) + ΛωBρH) + λ

2 ν(v) + ψR

)
+O

(
k−3/2

)
where:

(i) ψB is a function on the base given by

ψB = Scal(ωB) +
∫
X/B

(ΛωBρH)ωmX .

(ii) ψR ∈ C∞(R).

Proof. For the first item, in [66, §4.1] based on [1616, Lemma 2.3] it is shown that∫
X/B

(ΛωBρH)ωmX = −ΛωBαWP,

where αWP is the Weil-Petersson metric defined in (5.15.1). Moreover, the k−1-term depends only on
J0 because the O(s)-part ends up in O

(
k−3/2)

. Its expression is obtained following [66, §4.2]. □

Thus the optimal symplectic connection equation implies that the C∞(E)-part of the k−1-
term of the expansion of the scalar curvature vanishes. Note that Ŝb is a topological constant
independent of b, since all the fibres are diffeomorphic.

5.2. Linearisation of the fibrewise map ν. We restrict our attention to a single fibre, so we
consider a manifold (M,ω), where J0 is a cscK complex structure and v ∈ H̃1 is a deformation
of J0. We wish to linearise the map ν defined in Definition 2.92.9.

Let φE ∈ kerR(D∗
0D0). Then 1

2∇
gφE is a real holomorphic vector field, where g is the Rie-

mannian metric induced by ω and J0. Let ρ(t) be the flow of the vector field
YφE := ∇gφE = −J0gradωφE .

We wish to study how ν(v) changes when changing ω to ρ(t)∗ω, so we must compute
∂t|t=0νt(vt) = ∂t|t=0νt(v) + dvν(∂t|t=0vt). (5.3)

In this expression, νt is the moment map for the action of KC defined in Definition 2.92.9 computed
with respect to the Kähler form ρ(t)∗ω, and vt = ρ(t)∗v.

Remark that ρ(t) is a 1-parameter group of diffeomorphisms in KC because it is the flow of a
holomorphic vector field that admits a holomorphy potential.

As in Section 2.32.3, let Φ : V →J be the Kuranishi map (2.92.9) which maps 0 to J0, and H̃1 the
deformation space, which we identify with the tangent space T0V . The map Φ is K-equivariant,
hence locally KC-equivariant. In particular

Φ (ρ(t)∗x) = ρ(t)∗Φ(x) for x ∈ V.
Hence the pair (ω, ρ(t)∗x) corresponds via Φ to a compatible pair (ω, ρ(t)∗Φ(x)) and this also
holds for our v ∈ H̃1, which is itself an element of V . We have that

∂t|t=0ρ(t)∗v =
(
LYφEv

)∣∣∣
0
, (5.4)

where v is a vector field on V such that v|0 = v. By abuse of notation, we will often denote this
derivative by LYφE v.

Lemma 5.5. For v ∈ H̃1, νt(v) = ν(vt).
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Proof. Again, this follows from equivariance. Consider again the moment map µ(x) = S(ω,Φ(x))
and denote by µt the map

µt : V → k

x 7→ S(ω, ρ(t)∗Φ(x)).
Because Φ and µt are (locally) KC-invariant, and in light of the above computation, we obtain

S(ω, ρ(t)∗Φ(x)) = S(ω,Φ(ρ(t)∗x)) = µ(ρ(t)∗x) = ρ(t)∗µ(x).

Now let v ∈ T0V = H̃1. Then

µt(sv) = ρ(t)∗µ(sv) = ρ(t)∗
[
s2

2
d
ds

∣∣∣∣
s=0

ν(v) +O(s3)
]
.

But also
µt(sv) = s2

2
d
ds

∣∣∣∣
s=0

νt(v) +O(s3).

Thus νt(v) = ρ(t)∗ν(v) = ν(ρ(t)∗v), as claimed. □

Using this lemma and equation (5.45.4), the derivative (5.35.3) becomes

∂t|t=0νt(vt) = 2 dvν
(
LYφE v

)
.

Thus using the definition of moment map we can compute the linearisation of the map ν as
follows. Letting ψ ∈ k,

dv⟨ν, ψ⟩(LYφE v) = Ω0

(
LYφE v,LXψv

)
,

where Xψ = gradωψ. Recall the linearised infinitesimal action induced by ψ ∈ k defined in (2.102.10),
and denoted Aψ. We showed in (2.112.11) that

Aψv = −
(
LXψv

)
|0.

Thus using the definition of Ω0,

dv⟨ν, ψ⟩
(
LYφE v

)
=

∫
M

⟨J0d0Φ
(
LYφE v

)
,d0Φ

(
LXψv

)
⟩ω ωm

=
∫
M

⟨d0Φ
(
LXφE v

)
,d0Φ

(
LXψv

)
⟩ω ωm

=
∫
M

⟨d0Φ (AφEv) ,d0Φ (Aψv)⟩ω ωm,

(5.5)

where ⟨·, ·⟩ω is the inner product induced by the Riemannian metric g(ω, J0).

5.3. Linearisation of the optimal symplectic connection equation. Let us now return to
the fibration setting. Letting φ,ψ ∈ C∞(E), by applying (5.55.5) and the fact that the map νπ
defined in 4.104.10 is defined fibrewise, we obtain

⟨dvνπ(LYφv), ψ⟩ =
∫
X

⟨d0Φ (Aφv) ,d0Φ (Aψv)⟩ωF ωmF ∧ ωnB . (5.6)

Here, the map Aψ acts vertically, because it is induced by the infinitesimal action of the group
of holomorphic isometries of every fibre. By using equation (5.65.6), we obtain the following result.

Lemma 5.6. Let L̂ be the linearisation of the equation (3.93.9) at a solution, composed with the
projection pE. Then

⟨L̂(φ), ψ⟩ =
∫
X

⟨Rφ,Rψ⟩ωF+ωBω
m
F ∧ ωnB + λ

∫
X

⟨d0Φ (Aφv) ,d0Φ (Aψv)⟩ωF ωmF ∧ ωnB ,
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where R is the operator (3.43.4), which gives the linearisation of the optimal symplectic connection
equation at a solution.

From this expression it follows that L̂ is self adjoint.
We now study the kernel of L̂. Since v is fixed in our setting, we can define the maps

A : C∞(E)→ H̃1
V and A : C∞(E)→ T 0,1

J0
Jπ

ψ 7→ Aψv ψ 7→ d0Φ (Aψv) .
(5.7)

Lemma 5.7. A function ψ ∈ C∞(E) is in the kernel of A if and only if ψ is a fibrewise
holomorphy potential with respect to all Js, i.e. ψ ∈ C∞(E, Js).

Proof. Let ψ ∈ kerA and take xs ∈ V is such that x0 = 0 and ẋ0 = v. Then

0 = Aψ(v) = d
dt

∣∣∣∣
t=0

d0(x 7→ exp(tψ) · x)(v)

= d
dt

∣∣∣∣
t=0

d
ds

∣∣∣∣
s=0

exp(tψ) · xs

= d
ds

∣∣∣∣
s=0

d
dt

∣∣∣∣
t=0

(
ρξψ (t)

)∗
xs

= d
ds

∣∣∣∣
s=0
LξψJxs ,

where by ρξψ (t) we denote the flow of the vertical vector field ξψ = gradωFψ, and all the equalities
hold fibrewise since the Hamiltonian action we consider is a fibrewise action. So LξψJxs is
fibrewise constant, i.e. (

LξψJxs
)

V =
(
LξψJ0

)
V = 0

for all s. This can be rephrased as
∂̄s,Vξψ = 0

for all s, where ∂̄s,V is the vertical ∂̄-operator computed with respect to Js. Notice that ξψ is a
real vector field which corresponds (under the isomorphism between real vector fields and (1, 0)s
vector fields) to Js∇1,0

s,Vψ, where ∇s,Vψ denotes the vertical vector field which on each fibre is
the Riemannian gradient with respect to the fibrewise metric induced by (ωF , Js). Since Js is
integrable, (

LXψJs
)

V =
(
LJs∇1,0

s,Vψ
Js

)
V

=
(
JsL∇1,0

s,Vψ
Js

)
V

= 0,

so ψ is a fibrewise holomorphic potential for Js. □

Proposition 5.8. The kernel of L̂ is given by

kerL̂ =
{
ψ ∈ C∞(E) | ∂̄s(∇1,0

s,Vψ) = 0 ∀s
}
,

i.e. the functions in the kernel are those fibrewise J0-holomorphy potentials which are global
holomorphy potentials with respect to all Js.

Proof. Since Φ is an embedding, d0Φ is injective, so for ψ ∈ C∞(E), ψ ∈ kerL̂ if and only if
ψ ∈ kerR and ψ ∈ kerA.

As seen in Section 3.23.2, the kernel of R consists of fibrewise holomorphy potentials which are
also global holomorphy potentials. Thus ψ ∈ C∞(E) lies in kerL̂ if and only if

∂̄B∇1,0
V ψ = 0 and ∂̄s,V∇1,0

s,Vψ = 0,
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as shown in Lemma 5.75.7. From these two conditions, and in light of Lemma 4.24.2, which implies
that ∂̄B does not depend on s, we have

∂̄sgradωFψ = ∂̄s,VgradωFψ + ∂̄BgradωFψ = 0,
as claimed. □

Remark 5.9. In [99, §4.1] it is explained that the kernel of the operator R is given by the Lie
algebra of the group Aut(π) of automorphisms of the projection, described in Definition 5.35.3. In
our case, the kernel of the linearisation L̂ is the intersection

ker L̂ = Lie(Aut(πs)) ∩ Lie(Aut(π)),
where we denote by π : X → B the central fibration and we view {Js} as a family of complex
structures on the same underlying smooth manifolds, compatible with the projection and with
ωX (see the end of Section 4.14.1).

We wish to see that L̂ is elliptic as a differential operator on the global sections of E → B.
Let us split A in (5.75.7) as the composition of the two operators

A1 : C∞(E)→ Γ(V)
φ 7→ gradωFφ

and
A2 : Γ(V)→ TJ0Jπ

Y 7→ −(LY v).
To give a local expression, let {w1, . . . , wm} be holomorphic coordinates on the fibres, {z1, . . . , zn}
be holomorphic coordinates on the base. We index the vertical coordinates with the letters
a, b, c, . . . and the horizontal coordinates with the letters i, j, k, . . . , as in Section 44. We write
wa = xa + ixm+a for the associated system of real coordinates on the fibres and zj = yj + iyn+j

for the associated system of real coordinates on the base. Locally in the smooth coordinates
{xa, yi} we have the following expression:

(A2(Y ))ab = − (LY v)ab = −Y c∂cvab − vac∂bY c + vcb∂cY
a

(A2(Y ))aj = (A2(Y ))ac(ωF )dc(ωX)dj

where the second expression follows from Lemma 4.14.1. Thus when φ ∈ C∞(E) and Y = ωdeF ∂eφ∂d,

(A(φ))ab = −vac∂b(ωcdF ∂dφ) + vcb∂c(ωadF ∂dφ) + T1(φ)
(A(φ))aj = −vac∂b(ωcdF ∂dφ)(ωF )eb(ωX)ej + vcb∂c(ωadF ∂dφ)(ωF )eb(ωX)ej + T ′

1(φ),

where T1(φ) and T ′
1(φ) are terms involving first order vertical derivatives of φ. Thus we see that

A is a second-order differential operator, and all the derivatives of φ involved are vertical.
The adjoint of A1 is given by

A∗
1(Y ) = div(J0Y ).

Indeed, we can compute the divergence with respect to any Kähler metric g whose Kähler form
restricts vertically to ωF , and the result depends only on the vertical part:

⟨A1φ, Y ⟩L2 =
∫
X

gac ω
ab
F ∂bφ Y c dV olg =

∫
X

−igacgab (∇bφ) Y c dV olg

=
∫
X

−i(∇cφ) Y c dV olg =
∫
X

φ ∇c(iY c) dV olg = ⟨φ,A∗
1Y ⟩L2 .

To compute the adjoint of A2 we make use of the following lemma.
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Lemma 5.10. Let Q ∈ H̃1
V and let gF be the vertical Riemannian metric induced by (ωF , J0).

Then
gF (LY v,Q) = gF (Q,∇v(Y )) + gF (vQ−Qv,∇Y ).

The proof of the lemma is obtained by computing the different quantities in smooth coordinates
[3333, §4.2].

In light of the lemma, the adjoint to A2 can be formally written as
A∗

2(Q) = −(∇v)∗Q−∇∗([v,Q]).
If Q = A(φ), the first term is of order 3. So we have:

A∗A(φ) = −div
(
J0∇∗

V(v(LXφv)V − (LXφv)Vv)
)

+ lower order terms.
From this expression, we see that all the quantities involved are vertical. This means that, as an
operator on the global sections of the vector bundle E, the operator

A∗A : C∞(E)→ C∞(E)
is of order 0. Indeed, let us denote by r the rank of E and consider a local frame h1, . . . , hr of
E. Then we can write a local section h =

∑
i fihi, with fi ∈ C∞(B). Then

A∗A(h) =
∑
i

fiA∗A(hi).

Thus, as an operator on the global sections C∞(E), the operator L̂ is elliptic, since R∗R is from
[66, §4] and A∗A is of lower order. We have established the following:

Theorem 5.11. Let L̂ be the linearisation of the optimal symplectic connection equation (3.93.9).
Then L̂ is an elliptic operator of order two on the global sections of E which is self-adjoint and
whose kernel consists of fibrewise J0-holomorphy potentials which are also global Js-holomorphy
potentials for all s.

5.4. Approximate solutions in the case of discrete automorphism group. Let (X ,H)→
B×S a family of submersions with central fibre the fibration (X,H)→ (B,L) as before. In this
section we construct approximate constant scalar curvature Kähler metrics on the total space of
πs : (Xs,Hs)→(B,L), where (Xs,Hs) is a deformation of a fibration π : (X,H)→ (B,L) whose
fibres are cscK and where we assume that (Xs,Hs) admits an optimal symplectic connection.
We do so by using an adiabatic limit, such as in [1414, 66].

We make the following assumptions:
(i) The base form ωB ∈ c1(L) is twisted cscK with respect to the pull-back via the moduli

map q of the Weil-Petersson metric, as in Definition 5.15.1;
(ii) The group Aut(q) defined in Definition 5.25.2 is discrete. As recalled in the discussion

following Definition 5.25.2, this implies that the linearisation at a solution of the twisted
cscK equation on the base is invertible;

(iii) Aut(Xs,Hs) is discrete. Thanks to Proposition 5.85.8, this guarantees that the operator L̂
is invertible and also that the global Lichnerowicz operator on Xs with respect to ωk is
invertible.

Let k ≫ 0 be such that
ωk = ωX + kωB

is a Kähler metric on X, and let s2 = λk−1 for λ > 0.

Theorem 5.12. With the assumptions listed above, let ωX be an optimal symplectic connection
for the family X → B × S. Then for all k ≫ 0 there exists a constant scalar curvature Kähler
metric on Xs for s ̸= 0, in the class [ωX ] + k[ωB ].
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In the proof of Theorem 5.125.12, we will relate s and k as above, namely s2 = λk−1, so we
will sometimes denote also the corresponding complex structure by Jk. Since all the Js are
isomorphic, Theorem 5.125.12 still gives the existence of a cscK metric in each adiabatic class for all
Js. The adiabatic limit technique consists in constructing inductively approximated solutions,
which have constant scalar curvature up to a certain order in k−1/2, then using the implicit
function theorem to perturb an approximate solution to a genuine solution. The following result
establishes the approximate solution.
Proposition 5.13. With the assumptions listed above, for all k ≫ 0 and for each r there exist
functions

fB,2, . . . , fB,r ∈ C∞(B) fE,2, . . . , fE,r ∈ C∞(E) fR,2, . . . , fR,r ∈ C∞(R)
and constants

Ŝ2, . . . , Ŝr

such that the Kähler potentials

hBk,r =
r∑
j=2

fB,j
kj−2 hEk,r =

r∑
j=2

fE,j
k(j−1)/2 hRk,r =

r∑
j=2

fR,j
kj/2

satisfy

Scal
(
ωk + i∂∂̄

(
hBk,r + hEk,r + hRk,r

)
, Jk

)
= Ŝb +

r∑
j=1

Ŝj
kj/2 +O

(
k(−r−1)/2

)
.

Proof. With the hypotheses of ωX being an optimal symplectic connection and ωB being a
twisted cscK metric on the base, we have

Scal(ωk) = Ŝb + k−1 (cB + ψR,1) +O
(
k−3/2

)
, (5.8)

where ψR,1 ∈ C∞(R). In order to make the k−1-term constant we add a potential k−1f ∈ C∞(R)
to ωk. Then

Scal(ωk + k−1i∂∂̄f) = Ŝb + k−1 (cB + ψR,1 −D∗
VDVf) +O

(
k−3/2

)
,

where the linearisation of the scalar curvature to order 0 in k coincides with (minus) the Lich-
nerowicz operator with respect to the complex structure J0, since the scalar curvature is constant
in order 0, and the higher order terms fall into O

(
k−3/2)

. Since D∗
VDV is a fibrewise elliptic

differential operator and C∞(R) is orthogonal to its kernel, we can find a solution fR,1 of
ψR,1 −D∗

VDVf = constant. (5.9)
Summing up, we have proved step r = 2 of Proposition 5.135.13, with fB,2 = 0 = fE,2. We define

ωk,2 = ωk + k−1i∂∂̄fR,2

such that
Scal(ωk,2) = Ŝb + k−1Ŝ2 +O

(
k−3/2

)
.

To proceed with the approximate solutions, we need the linearisation of the scalar curvature at
a metric (ωk,r, Jk).
Lemma 5.14. The linearisation of the scalar curvature of ωk,r satisfies

Lk,r = −D∗
VDV + k−1D1 + k−3/2D3/2 + k−2D2 +O

(
k−5/2

)
,

where
(1) D∗

VDV is the vertical Lichnerowicz operator with respect to the complex structure J0;
(2) If f ∈ C∞(B), Dj+1/2(f) = 0 for j;
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(3) If f ∈ C∞(B), D1(f) = 0 and∫
X/B

D2(f)ωmX ∧ ωnB = −Lα(f),

where Lα is the linearisation of the twisted cscK equation on the base, with twisting the
Weil-Petersson form αWP , at a solution, defined in (5.25.2).

(4) If f ∈ C∞(E), then
pE ◦D1(f) = −pE ◦ L̂(f).

Proof of the Lemma. Let us distinguish the parameter s of the deformation of the complex struc-
ture from the parameter k of the polarisation. Consider the case n = 0, so that we compute the
scalar curvature of the metric (ωk, Js). Then

Lk = Lk,0 +O(s), (5.10)
where Lk,0 is the linearisation of the scalar curvature of (ωk, J0). In [66, Proposition 4.11] it is
proven that

Lk,0 = −D∗
VDV + k−1D′

1 + k−2D′
2 +O

(
k−3)

,

from which we see that the term of order zero is indeed the vertical J0-Lichnerowicz operator.
This proves claim (1). By imposing the relation s2 = λk−1/2 we see that the O(s)-term in (5.105.10)
admits an expansion in powers of k−1/2:

k−1D′′
1 + k−3/2D′′

3/2 + k−2D′′
2 +O

(
k−5/2

)
.

Claim (2) follows from the fact that the deformation of the complex structure is vertical, thus
all the terms involved in the expansion of the scalar curvature coming from the deformation do
not have a C∞(B)-component.

Claims (3) and (4) follow as in [66, Proposition 4.11]. □

The proof of Proposition 5.135.13 now goes by induction, using Lemma 5.145.14. We explain in detail
steps r = 3 and r = 4. We start from the expansion

Scal(ωk,1) = Ŝb + k−1Ŝ2 + k−3/2(ψE,3/2 + ψR,3/2) +O
(
k−2)

.

We add a potential k−1/2fE to ωk,2. Thus we have

Scal
(
ωk,1 + k−1/2i∂∂̄fE

)
= Ŝb + k−1Ŝ2 + k−2/3 (

ψE,3/2 +D1(f) + ψR,3/2
)

+O
(
k−2)

.

Using Lemma 5.145.14, our hypothesis on the automorphism group of (Xs,Hs) and the fact that the
linearisation L̂ of the optimal symplectic connection equation at a solution is elliptic, as proved
in Theorem 5.115.11, we can find a smooth fE,3 such that

ψE,2/3 + pE ◦D1(fE,3) = constant.

This makes the C∞(E)-term constant to order k−3/2. We next add a potential k−3/2fR ∈ C∞(R)
and we obtain

Scal
(
ωk,2 + i∂∂̄

(
k−1/2fE,3 + k−3/2fR

))
= Ŝb + k−1Ŝ2+

+ k−3/2
(
cE,3/2 + ψ′

R,3/2 −D
∗
VDVfR

)
+O

(
k−2)

.

Once again, using the fibrewise ellipticity of D∗
VDV and the fact that C∞(R) is orthogonal to its

kernel, we obtain a solution fR,3 of the equation
ψ′
R,3/2 −D

∗
VDVfR = constant.
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Thus we have constructed a Kähler metric on Xs constant up to order k−3/2:

ωk,3 = ωk,2 + i∂∂̄
(
k−1/2fE,3 + k−3/2fR,3

)
.

As for the step r = 4, we explain how to deal with the C∞(B)-term. We add a potential fB to
ωk,3, which amounts to adding a potential k−1fB to ωB . Since the scalar curvature of the base
affects the order k−1-term and not the order zero term, the combined effect on the linearisation
is of order k−2. This allows us to write

Scal(ωk,3 + i∂∂̄fB) = Ŝb + k−1Ŝ2 + k−3/2Ŝ3+

+ k−2 (ψB,2 −D2(fB) + ψE,2 + ψR,2) +O
(
k−5/2

)
.

Thanks to Lemma 5.145.14 and to our hypothesis on the automorphism group of the moduli map,
ψB,2 − pB ◦D2(fB) = constant

admits a solution, which we denote fB,2. This makes the C∞(B)-term constant to order k−2.
The corrections to the C∞(E)-term and to the C∞(R)-term now work exactly as in the case

r = 3. □

Notice that the order is important: one can make the C∞(E)-term constant without affecting
the C∞(B)-term, but it cannot work the other way around, and similarly for the C∞(R)-term.

Remark 5.15. The very first step of the approximate solution procedure, which is given by
the expansion (5.85.8), uses the fact that in Proposition 4.94.9 we have modified the Kuranishi map
in order to meet the requirement that ScalV(ωX ,Φ(x)) is a section of E, for x ∈ V . This
modification simplifies the exposition and is closer to Székelyhidi’s deformation theory [3535, §3],
but it is not essential. Indeed, if we did not deform the Kuranishi map, we could write the vertical
scalar curvature as the sum of the projection onto C∞(E) and the projection onto C∞(R). The
C∞(E)-part is the map µπ defined in Definition 4.104.10, while the C∞(R)-part introduces a term
of order k−1/2 in the expansion (5.85.8), which then becomes

Scal(ωk) = Ŝb + k−1/2 ψR,0 + k−1 (cB + ψR,1) +O
(
k−2)

.

We can get rid of this term by adding a potential k−1/2i∂∂̄φR,0 to ωk, as in equation (5.95.9).
Indeed, the linearisation given by Lemma 5.145.14 of the scalar curvature acquires an extra term
k1/2D1/2, which is non-zero only on C∞(R), so it does not affect the C∞(E) and C∞(B) parts
in the k−1-term.

5.5. Approximate solutions in the presence of automorphisms. In this section, we allow
the base and the total space to have automorphisms. As before let π̂ : (X ,H) → (B,L) × S be
a degeneration of the fibration πY : (Y,HY ) → B to π : (X,H) → B. Let ωX ∈ c1(H) be a
relatively cscK metric on X; since Y is a small deformation of X, c1(H) = c1(HY ), so we can
assume that ωX is relatively Kähler on Y (as explained in the end of Section 4.14.1).

Recall from Definition 3.43.4 that ωX is an extremal symplectic connection on Y if

L̂
(
pE(Θ(ωX , J0)) + λ

2 ν
)

= 0,

so that the function
h1 := pE(Θ(ωX , J0)) + λ

2 ν

is a holomorphy potential for the complex structure of Y .
We make the following hypotheses concerning the groups of automorphisms Aut(πY ) and

Aut(q) defined in Definitions 5.35.3 and 5.25.2:
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(i) There is an action of Aut(πY ) on (X ,H) which is equivariant with respect to the pro-
jection onto S, meaning that it acts on each Xs as a subgroup of automorphisms of
(Xs,Hs). Since the action extends to the central fibration, this assumption allows us
to view Aut(πY ) as a subgroup of Aut(π). In particular, recall from Remark 5.95.9 that
kerL̂ = Lie(Aut(πY )) ∩ Lie(Aut(π)). With this assumption, we obtain

kerL̂ = Lie(Aut(πY )),
and h1 is a holomorphy potential also on X.

(ii) All automorphisms of the moduli map q lift to (Y,HY ).
The first hypothesis is motivated by the analogous definition of test configurations which are
equivariant with respect to the automorphisms of the fibres, which are used to test K-polystability
of polarised manifolds.

As a Kähler metric on the base, we require that B admits a twisted extremal metric, with
twisting form the Weil-Petersson form αWP (5.15.1), i.e.

Scal(ωB)− ΛωXαWP = b1 ∈ kerDB ,
where DB is the Lichnerowicz operator on the base.

Theorem 5.16. With the assumptions listed above, let ωX be an extremal symplectic connection
for the family X → B × S. Then for all k ≫ 0 there exists an extremal Kähler metric on Xs for
s ̸= 0, in the class [ωX ] + k[ωB ].

Remark 5.17. Let ĝ be a lift of an automorphism of q to (Y,HY ). We claim that ĝ lies in
Aut(X,H). Indeed, denoting by J the complex structure of Y and J0 the complex structure of
X, we have

dĝ ◦ J = J ◦ ĝ.
But since ĝ is an automorphism in the base direction, it is equivalent to say that

dĝ ◦ JH = JH ◦ ĝ,

where JH is the horizontal part of J . Now, JH = (J0)H, since the deformation of the complex
structure which we are considering is only in the vertical direction. Thus ĝ is a lift of an
automorphism of B to X as well.

Definition 5.18. We denote the group of automorphisms of (Y,HY ) which are also automor-
phisms of (X,H) as Aut(Y/X,HY ).

In light of this definition we have the inclusion Aut(πY ) ⊆ Aut(Y/X,HY ) and, if Âut(q) is
a lift of Aut(q) to (Y), then Âut(q) ⊆ Aut(Y/X,HY ). Thus we can recover the following result
from [66, Proposition 3.14].

Lemma 5.19. Suppose that all automorphisms of q lift to Y . Then there is a short exact
sequence

0→ Lie(Aut(πY ))→ Lie(Aut(Y,HY ))→ Lie(Aut(q))→ 0.

Remark 5.20. Let us denote by ξE the holomorphic vector field on Y which arises from the
extremal symplectic connection condition:

ξE = Js∇V

(
pE(Θ(ωX , J0)) + λ

2 ν
)
,

and ξq the holomorphic vector field on B which arises from the twisted extremal condition:
ξq = JB∇B(Scal(ωB)− ΛωXαWP ).
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By our assumptions, ξE is a holomorphy potential on X, and ξq lifts to a holomorphic vector
field ξ̂q on Y (and on X). Nonetheless, the holomorphy potential of ξ̂q on Y with respect to ωk
is a function b̂1 such that

b̂1 = kπ∗b1 +O(1).
Again from Remark 5.175.17, b̂1 is holomorphic potential for a lift of ξq also on X. As in [66], we
need to assume the following invariance properties: ωX is invariant under the flow of ξE and
of ξ̂q. More precisely, we consider a maximal torus TE in Aut(πY ) which contains the flow of
ξE , and a maximal torus Tq in Aut(B,L) which contains the flow of ξq. The pull back T̂q lies
in Aut(Y/X,HY ). Then we fix a maximal torus T in Aut(Y,HY ) which contains TE and T̂q,
and we require that ωX is invariant with respect to T . From Lemma 5.195.19, we obtain a splitting
Lie(T ) = Lie(TE) + Lie(T̂q), so indeed we have T ⊂ Aut(Y/X,HY ) as well.

Moreover, an analogous splitting holds also for the complexification TC, so we can write every
vector field ξ ∈ Lie(TC) as ξE + ξ̂q. We call a horizontal holomorphy potential a holomorphy
potential for ξ̂q on Y with respect to ωk. Thus the leading order in k of a horizontal holomorphy
potential is the pull-back of a holomorphy potential on the base for ξq.

Define the extremal symplectic connection operator

P : C∞(Y,R)× C∞(E)→ C∞(Y,R)

by

P(φ, h1) = pE
(
Θ(ωX + i∂∂̄φ, Js)

)
+ λ

2 νφ − h1 −
1
2 ⟨∇h1,∇φ⟩ωF .

The linearisation at (h1, 0) applied to (h1, ψ) is obtained, as for the extremal operator described
in (2.12.1), as follows:

L̂(ψ)− h1 −
1
2 ⟨∇h1,∇ψ⟩ωF ,

where L̂ is the real operator of the linearisation of the optimal symplectic connection equation
described in Lemma 5.65.6 and the map sending φ to ⟨∇h1,∇φ⟩ωF is linear. We can write

⟨∇h1,∇ψ⟩ωF = 1
2∇h1(ψ) + 1

2 iJ∇h1(ψ),

so if we assume that ψ is invariant under the torus T , the second term vanishes and linearisation
is a real operator.

With all of these assumptions in place, we can obtain approximate solutions to the extremal
equation much as in Section 5.45.4.

Proposition 5.21. Let (X ,H)→ B×S be a degeneration of a smooth fibration πY : (Y,HY )→
B to a smooth relatively cscK fibration π : (X,H) → B, equivariant with respect to Aut(πY ).
Let ωX be an extremal symplectic connection on Xs, invariant under the torus T described in
Remark 5.205.20. Let ωB a twisted extremal metric on the base, and assume that all automorphisms
of q lift to Y . Then for each r > 1 there exist functions

fB,2, . . . , fB,r ∈ C∞(B)T , fE,2, . . . , fE,r ∈ C∞(E)T , fR,2, . . . , fR,r ∈ C∞(R)T ,

horizontal holomorphy potentials

b1, . . . , br ∈ C∞(B)T ,

fibre holomorphy potentials
h1, . . . , hr ∈ C∞(E)T
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and a constant c such that, letting

hBk,r =
r∑
j=2

fB,j
kj−2 , hEk,r =

r∑
j=2

fE,j
k(j−1)/2 , hRk,r =

r∑
j=2

fR,j
kj/2

and

ηk,r = c+
r∑
j=1

(
bjk

(−j−1)/2 + hjk
−j/2

)
,

the Kähler metric
ωk,r = ωk + i∂∂̄

(
hBk,r + hEk,r + hRk,r

)
satisfies

Scal (ωk,r, Jk) = ηk,r + 1
2 ⟨∇ηk,r,∇

(
hBk,r + hEk,r + hRk,r

)
⟩ωk +O

(
k−(r+1)/2

)
.

5.6. Solution to the non-linear equation. In order to have genuine solutions, we perturb ωk,r
to a genuine extremal metric by using a quantitative version of the implicit function theorem, as
in [1414, 22, 77, 66]. In particular, all the cited works rely on Fine’s paper [1414], though the difference
with Fine’s setting is that we are considering the base and the total space to have automorphisms,
so the linearised operators will have a non-trivial kernel to deal with.
Theorem 5.22. [22, Theorem 29] Let F : B1 → B2 be a differentiable map of Banach spaces
such that D0F is surjective with right-inverse P . Let

(i) δ′ > 0 be such that the non-linear operator (F−D0F ) is Lipschitz in Bδ′(0) with constant
1

2∥P∥ , i.e. for x1, x2 ∈ Bδ′(0) ⊆ B1, we have

∥(F −D0F ) (x1)− (F −D0F )(x2)∥B2
≤ 1

2∥P∥∥x1 − x2∥B1
;

(ii) δ = δ′

2∥P∥ .
Then for all y ∈ B2 such that ∥y − F (0)∥ < δ, there exists x ∈ B1 such that F (x) = y.

To apply the theorem to the extremal operator, one should bound both the right inverse of
the linearisation and the non-linear operator. Denote by L2

0,p the Sobolev spaces of functions on
Y computed with respect to ωk,r. These spaces contain the same functions for different values
of k, since the Sobolev norms are equivalent for different values of k, although the constants of
equivalence depend on k [22, Remark 30].

Let t be the Lie algebra of T , where T is the torus of automorphisms described in Remark
5.205.20. Let t be the set of holomorphy potentials whose flow lies in T . We denote by (L2

0,p)T the
space of T -invariant functions in L2

0,p.
For each k, r denote by γk,r the Kähler potential defined in Proposition 5.215.21, such that the

approximately extremal metric ωk,r is given by ωk + i∂∂̄γk,r. For each k, r we define the map
τk,r : t→ C∞(X,R)

ξ 7→ kπ∗
Y hB + hq + 1

2 ⟨∇γk,r,∇(kπ∗
Y hB + hq)⟩ωk ,

where hB and hq are the holomorphy potentials defined in Remark 5.205.20. The map τk,r associates
to a T -invariant holomorphic vector field the correspondent holomorphy potential with respect
to ωk,r.

We apply the theorem to the operators
Fk,r : (L2

0,p+4)T × t→ (L2
0,p)T

Fk,r(φ, h) = Scal(ωk,r + i∂∂̄φ)− 1
2 ⟨∇ηk,r,∇γk,r⟩ − ηk,r −

1
2 ⟨∇(τk,r(h)),∇φ⟩ − τk,r(h),
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where ηk,r is the Kähler potential which makes ωk,r approximately extremal. The linearisation
of Fk,r is the operator

Gk,r : (L2
0,p+4)T × t→ (L2

p)T

(φ, h) 7→ −D∗
k,rD(φ) + 1

2 ⟨∇(Scal(ωk,r)− τk,r(h)),∇φ⟩ − τk,r(h).

The proof requires two steps: the first one is to ensure that the linearisation is an isomorphism
with bounded inverse Pk,r. Theorem 5.225.22 then gives δk such that if ∥Fk,r(0)∥ < δk, a zero of Fk,r
exists. Since we want to find a zero for all k, the second step is to find a value of r for which the
norm ∥Fk,r(0)∥ converges to zero quicker than δk. The first step is contained in the following
lemma [77, Lemma 6.6], based on [1414, Lemmas 6.5,6.6,6.7].

Lemma 5.23. There exists a constant C independent of k such that Gk,r has a right inverse
Pk,r such that

∥Pk,r∥ ≤ Ck5/2.

The second step relies on the following result [77, Lemma 6.6], which is a consequence of the
mean value theorem.

Lemma 5.24. Let Nk,r = Fk,r − d0Fk,r be the nonlinear part of the extremal operator. Then
there are constant c, C such that for all r sufficiently large, if fi ∈ (L2

p+4)T × t for i = 1, 2 satisfy
∥fi∥ ≤ c, then

∥Nk,r(f1)−Nk,r(f2)∥L2
p
≤ C

(
∥f1∥L2

p+4(ωk,r) + ∥f2∥L2
p+4(ωk,r)

)
∥f1 − f2∥L2

p+4(ωk,r).

By applying the implicit function Theorem 5.225.22, we can now complete the proof of Theorem
5.165.16 as follows. Lemma 5.245.24 implies that Nk,r is Lipschitz on any ball of radius ρ sufficiently
small, with Lipschitz constant ρC. Thus the radius δ′ on which Nk,r is Lipschitz with constant
(2∥P∥k,r)−1 is bounded below by some multiple of k−5/2. Hence δ = δ′(2∥P∥)−1 is bounded
below by a multiple of k−5. In order to apply the implicit function theorem, it remains to
bound Fk,r(0, 0). The point-wise bound Fk,r = O(k(−r−1)/2) is provided by Proposition 5.215.21.
Results of Fine [1414, Lemma 5.6, 5.7] can be applied directly to our situation in order to have
a L2

p(ωk,r)-bound on Fk,r(0) of order k5− 1
2 , when r > 5. Thus the hypotheses of the implicit

function theorem are satisfied and ∥Fk,r(0)∥ converges to zero quicker than δk.
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