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EXTREMAL METRICS ON FIBRATIONS

RUADHAI DERVAN AND LARS MARTIN SEKTNAN

ABSTRACT. Consider a fibred compact Kéhler manifold X endowed with a
relatively ample line bundle, such that each fibre admits a constant scalar
curvature Kéhler metric and has discrete automorphism group. Assuming the
base of the fibration admits a twisted extremal metric where the twisting form
is a certain Weil-Petersson type metric, we prove that X admits an extremal
metric for polarisations making the fibres small. Thus X admits a constant
scalar curvature Kéhler metric if and only if the Futaki invariant vanishes.
This extends a result of Fine, who proved this result when the base admits no
continuous automorphisms.

As consequences of our techniques, we obtain analogues for maps of various
fundamental results for varieties: if a map admits a twisted constant scalar
curvature Kahler metric metric, then its automorphism group is reductive; a
twisted extremal metric is invariant under a maximal compact subgroup of
the automorphism group of the map; there is a geometric interpretation for
uniqueness of twisted extremal metrics on maps.

1. INTRODUCTION

A basic question in complex geometry is whether or not a given Ké&hler manifold
admits an extremal Kéhler metric. A special case of an extremal K&ahler metric
is one that has constant scalar curvature (henceforth cscK), as the extremal con-
dition simply means that the ((1,0)-part of the) gradient of the scalar curvature
is a holomorphic vector field. One motivation for this question is the link with
moduli theory: it is expected that one can form well-behaved moduli spaces of such
manifolds. The goal of the present work is to give a new construction of extremal
Kéhler manifolds, using some ideas from moduli theory.

To motivate our work, we first review some older constructions of extremal
Kahler metrics. The first general construction of such metrics is due to Hong
[19], who considered fibrations w : P(E) — B, where P(E) denotes the projec-
tivisation of a vector bundle F on a compact complex manifold B. Suppose B
admits a line bundle L with a cscK metric, and suppose in addition that E admits
a Hermite-Einstein metric. Assume moreover that the data involved does not ad-
mit continuous automorphisms, i.e. Aut(X, L) is discrete and E is indecomposable.
Then Hong proves that P(E) admits a cscK metric in the class rL + Opg) (1) for
r > 0 [19], where we have used additive notation for the tensor product of line
bundles, and suppressed pullbacks. In later work Hong relaxes the assumption on
the automorphisms, showing that provided E is Aut(X, L)-invariant then the class
rL + Opg)(1) still admits a cscK metric provided the so-called Futaki invariant
vanishes on P(E) [20]. Most recently Hong has proved that the analogous result
holds even if E is not Aut(X, L)-invariant, however in this case F is required to
satisfy a certain finite-dimensional stability condition [2I]. The latter result was
extended to the case that B instead admits an extremal metric by Lu-Seyyedali
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2 RUADHAI DERVAN AND LARS MARTIN SEKTNAN

[27], and related results have also been proven in the case that E is no longer
indecomposable [0, 2].

Projective bundles as above form one extreme of the types of fibrations. The
other extreme is a fibration 7 : X — B such that each fibre is a smooth projective
manifold with discrete automorphism group, but with possibly varying complex
structure (thus the map 7 is a holomorphic submersion). This is the situation
considered by Fine [14]. Assume that X admits a relatively ample line bundle H
such that the fibre (Xj, Hp) has discrete automorphism group and admits a cscK
metric for all b € B, and that B admits an ample line bundle L with a unique
twisted cscK metric, i.e. one satisfying S(w) — A,a = const, for « a closed (1,1)-
form which is determined by the geometry of the fibration. Then Fine proves that
X admits a cscK metric in the class rL+ H for » > 0. In fact Fine’s proof contains
a gap in the case the base of the fibration has complex dimension at least two, in
that the uniqueness assumption he makes is not enough guarantee that the linear
operator he utilises is invertible, as we discuss further in Remark

Our main result is the following:

Theorem 1.1. Suppose (X,H) — (B, L) is a fibration, with B and X compact,
such that each fibre (Xp, Hy) has discrete automorphism group and admits a cscK
metric for all b € B. Suppose in addition that (B, L) admits a twisted extremal
metric with twist a a closed (1,1)-form as above, and that the extremal vector field
on B lifts to X. Then (X,rL + H) admits an extremal metric for all r > 0.

Here a twisted extremal metric satisfies the condition that the gradient of S(w)—
A, is a holomorphic vector field, called the extremal vector field. In the cscK case
we obtain:

Corollary 1.2. With all notation as above, (X,rL + H) admits a cscK metric for
all ¥ > 0 if and only if the Futaki invariant vanishes.

We remark, though, that it may very well be that the Futaki invariant does not
vanish for any Kéhler classes on X, see e.g. [II, Section 3]. Thus it seems important
to allow extremal metrics on X in general.

In particular we are not assuming w is a unique solution of the twisted extremal
equation. We shall see in Remark that the uniqueness assumption in Fine’s
result is analogous to Hong’s assumption that the base has no automorphisms
in Hong’s first result [I9], and thus the corollary above is analogous to Hong’s
second result [20]. Surprisingly, while Hong had to assume that the vector bundle
E he considers is Aut(X, L)-invariant in [20], we do not need to make any such
an assumption on the fibration X — B. Thus our main result proves also the
analogous result of Hong’s most recent work described above [21], and also that
of Lu-Seyyedali [27]. Moreover, our result fixes the gap in Fine’s work in the case
that the base of the fibration has dimension at least two, and also shows that his
uniqueness assumption is essentially unnecessary.

The starting point of our result is the perspective of [10], that twisted cscK and
extremal metrics are best understood when « is the pullback of some Kéhler form
from a map p : B — M. Indeed in this case, through [I0, 2], the existence of a
twisted cscK metric is conjecturally equivalent to a notion of K-stability for the map
p: B — M (with one direction of this conjecture proven in [12]). To view « in this
way, we first observe that a can be identified with a Weil-Petersson metric induced
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from the cscK metrics on the fibres (X;, Ly), as introduced by Fujiki-Schumacher
[16].

In order to see « as the pullback of a Kdhler form through a morphism, we wish
to use a moduli space which parametrises the fibres. As this is rather fundamental
to our approach, we do this in two ways. The first is to directly appeal to the
construction of Fujiki-Schumacher of a moduli space of cscK manifolds [16], on
which they show the Weil-Petersson metric is Kéhler with a € ¢1(Leoas), where
L¢ay is the CM-line bundle of [16] [33]. The second is a more direct construction of
the moduli space via algebro-geometric methods, by using Donaldson’s fundamental
result that a projective manifold which admits a cscK metric, and with discrete
automorphism group, is asymptotically Chow stable [I3]. We can then construct
an appropriate moduli space as a subvariety of a quotient of a moduli space of
certain Chow stable varieties, on which the Weil-Petersson metric is shown to have
the desired positivity properties.

The next step in the proof is to understand the properties of the linearisation of
the twisted extremal operator £, at a twisted extremal metric. This is the key step
in forming an approximate solution to the extremal equation on X itself. We show
that when « is the pullback of a Kdhler form through p as above, the kernel of L,
can be identified with the vector fields whose flows induce automorphisms of the
map p : B — M. Since we have realised M as a moduli space parametrising the
fibres, using some moduli theory we show that these automorphisms are precisely
those which lift to X (this is clearest working with the moduli space as a quotient
of a Chow variety), and therefore that all holomorphic vector fields on X can be
identified with lifts of holomorphic vector fields on B preserving p. The proof of
this crucially uses that the fibres have discrete automorphism group: as one can
see in the example of projective bundles and which we explain in Remark the
analogous result does not hold for arbitrary fibrations. While L, is not invertible
in our situation, by searching for extremal metrics on X instead of cscK metrics we
show that one can adapt Fine’s technique in the automorphism-free case to produce
an approximately extremal metric. An implicit function theorem argument then
gives a genuine extremal metric, proving Theorem Corollary is then a
simple consequence of the fact that an extremal metric is cscK if and only if the
Futaki invariant vanishes.

1.1. The geomtery of maps. As mentioned above, twisted cscK metrics are con-
jecturally linked to stability notions for maps between polarised varieties, and hence
to the moduli theory of maps [10, 12]. One of the fundamental aspects of the rela-
tionship between (genuine) cscK metrics and stability is the link between the scalar
curvature operator and the geometry of the polarised variety (X, H) (here H is an
ample line bundle on X). The basic result along these lines is that the kernel of
the Lichnerowicz operator (the linearisation of the scalar curvature at a cscK met-
ric) can be identified with the Lie algebra of the automorphism group Aut(X, H).
We shall show in Section [3| that an analogous result holds for maps, namely the
kernel of the “twisted” Lichnerowicz operator on a map p : (B,L) — (M, L)
can be identified with the Lie algebra p of the automorphism group of the map
p. Our first concrete consequence of this identification is the following analogue of
Matsushima’s theorem:

Theorem 1.3. Suppose the map p admits a twisted cscK metric. Then the Lie
algebra p is reductive.
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We further give a detailed description of the automorphism group on a map
admitting a twisted extremal metric. Similar ideas give the following.

Theorem 1.4. A twisted extremal metric is unique up to the action of the au-
tomorphism group of the map. Moreover, a twisted extremal metric is invariant
under a mazimal compact subgroup the same automorphism group.

For the first statement our main contribution is the geometric interpretation
rather than the uniqueness result per se. Deep work of Berman-Berndtsson [5]
proves uniqueness of extremal metrics, and uniqueness of twisted extremal metrics
when the twisting form « is positive (so from our perspective p is an embedding). In
fact their techniques apply to a broader class of equations without change, provided
one understands the Hessian of the appropriate log norm functional. For us this
functional is the twisted Mabuchi functional, and we show the Hessian of this
functional degenerates precisely along the automorphisms of the map p, leading to
the above statement. In particular, it follows (see Remark[3.23) that the uniqueness
assumption in Fine’s work [I4] is equivalent to demanding that the total space of
the fibration (X, rL+ H) admit no continuous automorphisms. The automorphism
invariance of a twisted extremal metric is a consequence of the structure theory of
the automorphism group of the map that we develop, in a similar way to Calabi’s
results for extremal metrics. We hope these results demonstrate clearly that the
natural geometric setting for the study of twisted cscK metrics is on maps between
polarised varieties.

Twisted extremal metrics play an analogous role to extremal metrics for polarised
varieties, for example they are critical points of the twisted Calabi functional. It is
thus natural to expect that there is a stability notion associated to the existence
of twisted extremal metrics, extending the notion introduced by Székelyhidi for
extremal metrics [30] and building on his finite dimensional stability interpretation
for critical points of the norm squared of a moment map. The link between critical
points of moment maps and moduli theory was elucidated by Atiyah-Bott [4], and
thus it is natural to expect twisted extremal metrics similarly play an important
role in the moduli theory of maps. We refer to [29] 1] for results linking extremal
metrics to stability notions.

1.2. Moduli. Asremarked above, we give a construction the moduli space parametris-
ing the fibres as a quotient of a certain Chow variety. This technique allows us to
give new, simple proofs (though perhaps known to experts) of two deep results of
Fujiki-Schumacher [I6] regarding the properties of the moduli space cscK mani-
folds: such a moduli space is automatically separated, and any proper subspace of
such a moduli space is projective.

1.3. Examples. While our main interest in Theorem|1.1}is in the interplay between
the existence theory for extremal metrics and the moduli theory of the fibres, it is
an important problem to give new explicit examples of extremal Kahler manifolds.
One way of constructing such examples from our main result, at least modulo a
result regarding the existence of twisted extremal metrics on blowups, is as follows.
We begin with a fibration = : (X,H) — (B,L) with B a Riemann surface of
genus two and such that all fibres are Riemann surfaces of genus at least two.
Such examples were considered by Fine [I4], who showed that such B admit a
solution of the twisted cscK equation for all L for the relevant twisting induced by
the moduli map. Consider the product (Y = B x P!, Ly = piL ® p3O(1)), and
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the pullback family 7’ : (X', H') = (X,H) xp (B,H) — (Y,Ly). Then (Y, Ly)
admits a twisted cscK metric with respect to the induced Weil-Petersson metric
on Y. A well-known result of Arezzo-Pacard-Singer states that if one blows-up
an automorphism invariant point on an extremal K&hler manifold (Z, Lz), then
the blow-up (Bl,Z,L; — ¢E) admits an extremal metric with E the exceptional
divisor and for ¢ sufficiently small [3]. Given our linearisation results, it is natural
to expect that the same is true in the twisted setting (with the automorphism group
of the Kahler manifold replaced by the automorphism group of the map), and hence
blowing-up an automorphism invariant point on our Y should produce a twisted
extremal metric on (Bl,Y, Ly — eE) with respect to the relevant twisting. Finally,
applying our main result would then prove the existence of an extremal metric on
the total space of the induced Riemann surface fibration over (Bl,Y,Ly — ¢E),
which is a projective 3-fold. We emphasise that this is a different construction
to producing an extremal metric on the natural fibration over (Y, Ly) and then
blowing-up.

Furthermore, we expect situations to which our construction applies to be rather
abundant, since stability of p (and hence the existence of twisted cscK or extremal
metrics) is expected to be a very common property. In fact, through the link
with stability, we hope to produce new examples in the following situation. Sup-
pose p : B — M is a Fano map, which means that L = —Kp — Loy is ample.
The analogue of the Yau-Tian-Donaldson conjecture described in [10, [12] predicts
that the existence of a twisted Kéhler-Einstein metric (hence twisted cscK) on p
is equivalent to the map p being equivariantly K-stable. There are now several
ways of producing explicit examples of (equivariantly) K-stable Fano varieties, for
example the threefolds with a two-dimensional torus action of Ilten-Siiss [22], which
admit K&hler-Einstein metrics by the work of Chen-Donaldson-Sun [§] and Datar-
Székelyhidi [9]. Thus by analogy, assuming an analogue of the Yau-Tian-Donaldson
conjecture for Fano maps can be proved, we hope to produce cscK metrics on fi-
brations, where the base is a Fano map. We leave this for future work.

Outline: We begin in Section [2| with preliminaries detailing the geometry of fi-
brations and giving some basic information on twisted extremal metrics. Section
calculates the linearisation of the twisted extremal operator, and gives an interpre-
tation of its kernel as vector fields preserving the map. The moduli theory is also
discussed in Section [3] leading to the fact that the vector fields in the appropriate
kernel are precisely those that lift to the total space of the fibration. Section [ con-
tinues with general theory of maps, proving that the existence of a twisted extremal
metric imposes certain constraints on the automorphism group of the map, prov-
ing Theorems and We prove the existence of an approximately extremal
metric in Section 5] and use an implicit function theorem argument to conclude the
existence of a genuine extremal metric in Section [6}

Acknowledgements: RD received funding from the ANR grant “GRACK”. LS
received funding from CIRGET.

Notation: For a holomorphic submersion 7 : X — B, the fibres will be denoted X,
for b € B and are always assumed to have fixed dimension m. We suppress pullbacks
of line bundles under this map, and use additive notation for line bundles, so that
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if H is a relatively ample line bundle on X and B is an ample line bundle on B
then rL + H denotes the line bundle (7*L)®" @ H on X.

We will often have a map p: B — M, and will let b denote the Lie algebra of
Aut(B, L), with p the Lie subalgebra of holomorphic vector fields that also preserve
p (in a sense that we shall define). We denote h the Lie algebra of holomorphic
vector fields on X which have a zero (hence lift to one, and so any, ample line
bundle). We shall see that when M is a moduli space, one can identify b and b
naturally. Fixing a maximal compact torus t of p will then induce a maximal torus
[ of h. Given a Kéhler metric, the potentials for these vector fields will be denoted
with a bar, for example . The extremal vector field on B will be denoted v.

2. PRELIMINARIES

2.1. Fibrations. We recall the setup which is largely the same as considered by
Fine [14]. Let = : X — B be a holomorphic submersion. We denote by H = n*T'B
the horizontal tangent bundle, and denote by V the vertical tangent bundle. The
fibration structure induces a short exact sequence of holomorphic vector bundles
on X

0—-V—>TX —-H—0.

Suppose now that H is a relatively ample line bundle on X, endowed with a
relatively Kéhler metric wy € ¢;(H). The main example is when each fibre (X3, Hyp)
admits a cscK metric and has discrete automorphism group, as then these metrics
glue to a relatively Kéahler metric on H. This in turn induces a metric on V and
hence one obtains a metric on det V*, which is simply the fibrewise Ricci curvature
of wy [I4, Section 3.1]. Denote this form by p € ¢1(V) = ¢1(det V). Note that the
determinant det V is simply —K x, g, the relative anti-canonical class.

Since wy restricts to a non-degenerate metric on each fibre, one obtains a splitting
in the smooth category TX =V @& H by

H, ={u € T, X | wo(u,v) =0 for all v € V}.

This further defines splittings in the smooth category of any tensor on X and,
following [I4l, Section 3.1], to any tensor we shall refer to the components purely
from V and H as the vertical and horizontal components, respectively. We will also
let wp, denote the metric on V induced by wy.

Given a function ¢ on X one obtains a function [ X/B pw™ by integrating over

the fibres, i.e.
( / @wm> O = [ lxoi
X/B Xp

where m is the fibre dimension. One can generalise this as follows. For a (p, p)-form
7 on X one obtains a (p—m,p—m) form fX/B 1 on B by first using the submersion

structure to write n = ¢ An*k for k a (p —m,p —m)-form on B, and then defining

L= (L)

As in Fine’s work [14] [T5], applying this to the horizontal component of p gives a
(1,1)-form « on B, which is closed. Setting pg to be the horizontal component of
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p, explicitly we have
fX/B(pH A ng)

fx/BWgT

From this one obtains a splitting
C*(X) =5 (X) & C=(B),

where C§°(X) denotes the functions which integrate to zero over the fibres (i.e.
e C(C))O (X) is equivalent to fX/B @wm _ 0).

2.2. Twisted extremal metrics. Let B be a Kahler manifold endowed with an
ample line bundle L. We say that a Kéhler metric w € ¢;(L) is a constant scalar
curvature Kahler (cscK) metric if
S(w) = A, Ricw = ¢,

where
~Kx.L"™'  [¢RicwA w1

Lr - Jxwr
is the only possible topological constant and n = dim B. We say further that w is
extremal if OVH0S(w) = 0.

c=n

Remark 2.1. If 7 : X — B is a holomorphic submersion and H is a line bundle
on X with restriction H, = H|x, to a fibre Xj, then the intersection number

—Kx,.H™!
Hy

is actually independent of b. There are various ways of seeing this, one of which
is to note that H]' and fKXb.Hg’_1 are coefficients of the Hilbert polynomial
h(r) = x(Xp, HZ") and to use that the Hilbert polynomial is constant in flat
families. More directly, one could similarly note that intersection numbers are also
constant in flat families. Another more differential-geometric proof is to note that,
if w € ¢ (H) is relatively Kéhler, then [ x, Wy 1s continuous as one varies b € B, but
since it is also an integer it must be independent of b. In particular, if wy, is a cscK
metric on X, for all b € B, then the scalar curvature of wy, is independent of b.

Suppose in addition that « is a semipositive (1,1) form on B. The typical case
we shall consider is when « is the pullback of a Kahler metric from a map B — M.
We say that w € ¢y (H) is a twisted cscK metric if

S(w) — Apa =c¢,

where c¢ is the appropriate topological constant. In this form these metrics were
first studied by Fine [14], though the study of the special case of twisted Kéhler-
Einstein metrics goes back at least to Yau. More generally we say that w is twisted
extremal if OV (S(w) — A a) = 0. Clearly a twisted cscK metric is extremal, and
conversely we shall see that a twisted extremal metric is twisted cscK if B admits
no holomorphic vector fields.

For a Kéhler manifold manifold (X, A) with an ample line bundle A, we define
Aut(X, A) to be the automorphisms of X which lift to A. Tts Lie algebra h con-
sists of holomorphic vector fields whose flows lift to L. By a well known result of
LeBrun-Simanca [26, Theorem 1], these vector fields are precisely those which van-
ish somewhere, and in particular are independent the choice of ample line bundle



8 RUADHAI DERVAN AND LARS MARTIN SEKTNAN

A. Fixing a metric w € ¢1(A) with induced Riemannian metric g, each element
¢ € b can be written in coordinates, and using the obvious notation, as

& = g*oLf,
for some f € C*°(X,C), unique up to the addition of a constant, called a holomor-
phy potential for £. We denote by h the holomorphy potentials of the holomorphic
vector fields in b.

The isomorphism 71X = T X between the holomorphic and real tangent bun-
dles gives a correspondence

7 1
g]ka,;f — i(Vu + JVv),

where f = u+iv is the decomposition of f into real and imaginary parts and J is the
complex structure. We also denote by t C h the vector fields in h which correspond
to Killing vector fields under this isomorphism, which by above are vector fields
with purely imaginary holomorphy potential.

Denote by

D, : C*°(X,C) - T(T"°X ® Q" (X)),
D, = 0Vh0,
and recall the Lichnerowicz operator is defined as D} D,. We shall use two key
facts regarding this operator: firstly, it is the linearisation of the scalar curvature
if w is a cscK metric; secondly, the kernel ker DD, = kerD,, consists precisely
of holomorphy potentials f, see [7]. Denoting kero D} D,, the kernel restricted to

functions which integrate to zero with respect to the volume form induced by w, it
follows that this operator induces an isomorphism

kero D: D, — b,

= g% ot
Using this operator one sees that a Kahler metric is extremal precisely if its scalar
curvature is a holomorphy potential, or equivalently D,S(w) = 0. Similarly a

Kéhler metric on B is a twisted extremal metric if and only if S(w) — A, is a
holomorphy potential, i.e. it lies in b and so corresponds to an element of the Lie
algebra b of Aut(B, L).

The twisted extremal equation can therefore be written

S(w) — Apya— f =0,

where f is the potential of some holomorphic vector field v € b with respect to the
Kihler metric w. If we consider a perturbation w+i09¢ of w within its Kihler class,
then the potential for v changes by v(p) = %(Vf, V), where the inner product
and gradient is taken using w (see for example [31, Lemma 12] or [3]). Writing the
twisted extremal equation as an equation for ¢ gives

T 1
S(w + i00p) — Aw+i85<pa — §<Vf, V) —f=0.
Thus to solve the extremal equation, we must find a zero of the map

P:C%(B) x b — C"*(B),

P(p, f) = S(w+i0dp) — 5(Vf, V) — f.

1
2
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A standard elliptic regularity argument then implies a C*“-extremal metric is
actually smooth.

3. LIFTING VECTOR FIELDS

3.1. Linearising the twisted extremal operator. One of the key links between
cscK metrics and the geometry of Kahler manifolds is through the Lichnerowicz
operator, whose kernel is precisely given by the holomorphy potentials of the Kahler
manifold. The goal of this section is to prove an analogous result for twisted cscK
and extremal metrics. We begin with the following calculation of the linearisation
of the twisted extremal operator:

Proposition 3.1. The linearisation of the twisted extremal operator P is given as

(31)  dPop(eh) = ~DiDu(p) + 3 (V(SW) ~ f), Vo) + (180, ) — h.

Proof. Recall that the linearisation of the extremal operator Q : C*%(B) x h —
CO,a (B)

(32) Q. ) = Sl +i0Bg) — 5 (V1. V) - f

is given by
. 1
dQq0.5) (s 1) = =DiDu(p) + 5(V(S(w) = f), Vi) = I,
Thus all that remains is to subtract the linearisation of the operator ¢ — Ay, a,
where w, = w +100p. Writing

Ay, 0wy = na A wZ_l

and expanding one sees that the linearisation is given by
n(n — 1)iddp A o A w™ 2
_, 1n —1)idd¢

wn

— Ay Ap).

We claim that

_ LAY n—2
(i0Bp, oy = n(n —1)i00p A a A w ~Ava Ay).

wn

Using the formula
n(n—1)B1 A B Aw" 2 = (AuBiAufBz — (B1, B2)w)w”
for (1,1)-forms B, B2 [32, Lemma 4.7], together with A(p) = A, (i00yp), gives
(3.3) — (100, ) ,w™ = n(n — 1)iddp A a Aw™™? — Aya - Alp)w"™,
as required. 0

While the above results holds without any assumptions on «, it will now be useful
to assume « is semipositive. Recall from Section that D*Dp = 0 if and only if
© is a holomorphy potential, and so the kernel of the linearisation of the extremal
operator at an extremal metric consists precisely of holomorphy potentials.
The analogue of this statement for the twisted extremal operator is the following,
which is the operator obtained by choosing f = S(w)— A, « and restricting to h = 0

in the operator (3.1]).
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Proposition 3.2. Define an operator
1 _
Lalg) = ~DLDulp) + 5 (VAua, Vo) + (10D, a).

Suppose a is semipositive. Then the kernel of L., consists of holomorphy potentials
satisfying |Vl = 0.

Proof. First note that £, (¢) = 0 if and only if for all ¢ € C*°(X) we have
0= /Bﬁa(go)l/)w" = /B ( — D D,(p) + %(VAwa, V) + (100, a>)z/Jw”.
The Lichnerowicz operator D} D, is self-adjoint and hence satisfies
| Peoutrinn = [ Do) Dt

Using equation (3.3), the remaining part of the integral equals
* n 1 n n
84) [ (cale)+ DI = [ SVA0 Ve + [ wA(IA0w"-

—n(n—1) / Yiddp Ao A w2,
B
Applying the Leibniz rule for V*, we see that

/(VAwa,wV@w" :/ Apa - V¥ (V)"
B B
= / Aypa - (YV* Vo — Vi - Vo)
B

= —2/ YA (p)A,ow™ —/ Vi) - VpA,aw™
B B

since V*V = —2A on functions. Thus in equation (3.4]), the two first terms equal
—3 5 VU - VoA,aw™.
For the remaining term, we begin with

n(n — 1)/ Viddp AN Aw" "2 = —n(n — 1)/ i0Y NOp A Aw" 2,
B B
As above using [32] Lemma 4.7] gives
nn—1)idop NOp Aa Aw" ™2 = (Ay (10 A Bp) - Ay — (i0Y A D, ) ) w™.
For the first term, note that
. = - 1
Ao (i0 A Tp) = g0, 0050 = 5 (V9, Vi),
Similarly for the second term
(109 N Dp, ) = gP1g" 05 pasg = (V)" (Vi) Tang = (Vh, Vo) a.
So
= 1
n(n —1)i0p ANdp ANa Aw™ 2% = (2<V1/), Vp)w - Awa — (V, V‘P>a> w".
It follows that

—n(n—1) /B Yiddp Ao Aw" ™2 = /B (;<w, Vo)o - Ao — (V, Vs%) w",
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and summing up gives

(3.5) /B Lalp)pu" = — /B (Do), D ()" /B (V4), Vphat".

Setting 1) = ¢, we see that [, ¢¥La(p)w™ = 0 implies [ [Dy(p)[?w™ = 0 and
[ IV@l2w™ = 0. These respectively imply D,,(¢) = 0 and |V|q = 0; remark that
the first is equivalent to ¢ being a holomorphy potential.

Conversely suppose Dy, (¢) = 0 and [Vi|, = 0. Since « is semipositive, one has
|[Vile = 0if and only if (V, Vi), = 0 for all ¢ € C°°(X). But this clearly implies
Jp¥La(p)w™ =0 for all ¢, proving the result. O

Remark 3.3. It seems unlikely that there is any reasonable interpretation for the
kernel when « is not semipositive.

3.2. Automorphisms of maps. As described in the introduction, the most nat-
ural situation in which to study twisted extremal metrics is when one has a map
of Kéhler manifolds p : (B,w) — (M, «). Specialising to this case, we relate the
relevant kernel to automorphisms of p.

Definition 3.4. We say that g € Aut(B, L) is an automorphism of p : B — M
if p(g(b)) = p(b) for all b € B. We write the subgroup of automorphisms of p as
Aut(p), and denote its Lie algebra by p.

Proposition 3.5. Suppose p(t) € Aut(B) is the flow of a holomorphic vector field
w € b. Then p(t) € Aut(p) if and only if the holomorphy potential ¢ of v is in the
kernel of L. The same result holds if « is a smooth (1,1)-form which is Kdhler
on a Zariski open locus of M.

Proof. A holomorphy potential is, in particular, a smooth function. Thus a holo-
morphy potential ¢ is in the kernel of £, if and only if £,(p) = 0 holds on a
Zariski open locus of B. Similarly for a given g € Aut(B), by definition g € Aut(p)
if p(g(b)) = p(b) for all b € B, which is true if and only if p(g(b)) = p(b) for all b
in a Zariski open subset of B, since g is a holomorphic map, and Zariski open sets
are dense in the analytic topology.

Thus to prove the result we can work on a Zariski open subsets of B and similarly
M. By replacing M with its image we assume p is surjective. The Stein factorisation
of themapp: B— M is B 25 M 22 M where p1 is a contraction and ps is finite.
Note that the automorphisms of p are equivalent to the isomorphisms of p;. As po
is finite, it is unramified in codimension one, hence the pullback p5a is positive on
a Zariski open locus of M’. Thus we may assume p is actually a contraction.

We next work on the Zariski open locus of B on which p : B — M is a holo-
morphic submersion, which exists by [I8], p106]. In fact working first on the Zariski
open locus of M which is smooth, it is then clear p is a submersion on a Zariski
open locus as the condition is simply that the Jacobian of the derivative of the map
has its largest rank. Let B® C B be such a Zariski open submanifold.

As p: B° — M is a submersion, locally around any point there are holomorphic
coordinates such that p is a projection onto some of the subset of the coordinates.

In a neighbourhood of b € B°, pick coordinates z1,...,z;,€;41,...,%, such that
P(T1y oy Ty Tig 1y ey Tn) = (Tig1,...,2Tn). Since « is pulled back from M, « is
strictly positive in the coordinates (x;11,...,%,) and zero in the other directions.

Thus |[Ve|o = 0 if and only if the flow of ¢ acts only on (z1,...,2;). But this
happens for all b € B° if and only if p(t) € Aut(p), as required. O
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Remark 3.6. It should come as no surprise that one only needs « to be positive
on a Zariski open locus of M in the above result. The typical situation in which
this occurs is when g : M — M’ is a birational morphism, so that ¢*a’ is positive
away from the exceptional locus of q. But in this situation, the automorphisms of a
map p : B — M are equal to the automorphisms of po ¢, justifying the expectation.

Slightly more generally, Proposition holds in the situation that one has a
map p : M° — B° where M° C M and B° C B are Zariski open loci of M and B
respectively, with o a Kahler metric on B° which extends to a continuous metric
on M.

Remark 3.7. Using these ideas, one can give a geometric interpretation of the
uniqueness of twisted cscK and extremal metrics. It is proven by Berman-Berndtsson
that an extremal metric is unique up to isometries [5, Section 4]. In Section {| we
shall see that a twisted extremal metric automatically has isometry group which
is a maximal compact subgroup of Aut(p). Thus it is natural to ask if the same
uniqueness holds for twisted extremal metrics. Absolute uniqueness is proved by
Berman-Berndtsson in the case that « is positive, which is the case that p is an
embedding.

In fact, the techniques of Berman-Berndtsson apply more generally. We consider
first the (twisted) cscK case. The key tool used in [5] is the Mabuchi functional,
which is a functional on the space of Kihler metrics w + i90¢, and has a natural
twisted analogue as follows. Consider a path w; = w + i00¢; with wy = w. The
twisted Mabuchi functional is then

Malp) = — / 1 | St = vy = O

Berman-Berndtsson show that, in a suitable sense, this functional is convex along
geodesics in the space of weak Kahler metrics with L>-coefficients (this is proven
when « is strictly positive, but the same result holds by approximating « by positive
forms, or by an examination of the proof in the positive case). One calculates, using
the same ideas as Proposition [3.1] that the Hessian H (¢, 1)) of the twisted Mabuchi
functional is given as:

H(pu0) = /B Do ($)Du ()" + /B (Y4, Vighai™

Thus from Proposition [3.5| one sees that the Hessian of the Mabuchi functional is
non-negative, and degenerates precisely along the holomorphy potentials p which
preserve the map p. This infinitesimal non-degeneracy, together with convexity
along geodesics, is exactly what Berman-Berndtsson use to obtain uniqueness of
cscK metrics up to automorphisms. Then the same argument applies to give unique-
ness of twisted cscK metrics in the following sense: if w,w’ are two twisted cscK
metrics, then there is an element g € Aut(p) such that w = g*w’.

The argument for uniqueness of twisted extremal metrics is similar, the main
difference is one works only on Kéhler metrics invariant under the imaginary part
of the extremal vector field, and modifies the Mabuchi functional by adding an
extra term. We refer to [5 Section 4] for further details in the untwisted case,
which apply in a straightforward manner in the twisted setting.

Using this allows one to give a geometric interpretation to Fine’s uniqueness
assumption [I4]. Indeed, we shall see in Remark that wp is the unique twisted
cscK metric if and only if Aut(X, kL + H) is discrete.



EXTREMAL METRICS ON FIBRATIONS 13

Corollary 3.8. If w,w’ € ¢1(L) are both twisted cscK, then there is a g € Aut(p)
with g*w = w'. If w,w’ are twisted extremal metrics with the same extremal vector
field v, then denoting by Aut,(p) the automorphisms of p which commute with the
flow of v, there is a g € Aut,(p) with g*w = w'.

Since, as we will later show in Corollary [f.2] , twisted extremal metrics are
invariant under a maximal compact subgroup of Aut, (p), it follows that one could
take a g € Aut,(p) to be in the connected component of the identity.

3.3. The Weil-Petersson metric. We consider to a fibration X — B such that
H is a relatively ample line bundle with wy € ¢1 (H), such that each fibre (X3, Hp) is
a smooth projective manifold with discrete automorphism group and the restriction
wp of wy to each fibre is cscK with scalar curvature S(wp) (which is independent of
b). For the moment we allow B to be non-compact. As in Section the metric
wo form p € c1(Kx/p) in the relative anticanonical class.

Definition 3.9. [16, Theorem 7.8] Denote by [wy|™ = be wy” the volume of the
fibres. We define the Weil-Petersson metric of X — B to be the (1,1)-form on B
given as

S(wp) fX/B wm B fX/B pAW™
m+1) fX/B w™ fX/B W™
where m is the dimension of the fibres, and the fibre integrals are simply the push-

forwards of Section |2l Note that fX/B w™ is independent of b € B and is simply
the volume of any fibre.

)

wwp =

Remark 3.10. Similarly one can define the Weil-Petersson metric over a submer-
sion X — B where X and B are reduced complex spaces; we refer to [16] for further
details.

Remark that wyy p is closed since the differential d commutes with pushforward,
see e.g. [16]. Since the pushforward is of an (m + 1,m + 1)-form and each fibre
is m-dimensional, the resulting form on B is a (1,1)-form. The above is not the
main representation of the Weil-Petersson metric used by Fujiki-Schumacher, but
is equivalent by their results [16].

Lemma 3.11. The form « is the Weil-Petersson metric induced from the fibration
X = B.

Proof. This is essentially proved in [I5, Lemma 2.3]; we recall Fine’s argument for
the reader’s convenience.

Recall that « is defined by first taking the horizontal component py of p and
defining

_ fX/B(pH Aw™)
fX/B w™

On each fibre, the vertical component py of p is the Ricci curvature of w;, [14]
Lemma 3.3]. Since wy, is cscK we therefore have

mpy Aw)" "t = S (wp)wp
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From here the result is a simple computation. Indeed

/ PV /\wmz/ mpv/\wgnfl/\wH,
X/B X/B
:/ wy' A wm,
X/B

_ S(Wb)/ wm-‘rl
m + 1 X/B '

[ wnwm= [ (vt pu) nam,
X/B X/B

=— / w™ a+S(wb)/ w™
X/B m+1 Jx/p

giving the result. U

But then

Remark 3.12. When the fibres X} are curves, Lemma [3.11] was noticed by Fine
[T4, Theorem 3.5]. In general Fine remarks in [I5] that [o«] = [ww p|, what we wish
to point out here is that even the forms themselves are equal.

The first result of Fujiki-Schumacher regarding the Weil-Petersson metric we
shall use is the following.

Theorem 3.13. [16, Theorem 7.4] The Weil-Petersson metric is semi-positive. If
the fibres of X — B are pairwise biholomorphically distinct, then wwp is Kdhler.

Remark 3.14. Fujiki-Schumacher prove the above under the somewhat more gen-
eral hypothesis that the family is effective, which means that the Kuranishi map is
injective (i.e. the fibres locally have distinct holomorphic structures).

The second result of Fujiki-Schumacher we shall use concerns the existence of a
moduli space of polarised manifolds admitting cscK metrics. We remark that while
it is expected that such a manifold is a quasi-projective variety, this is far from
known.

Theorem 3.15. [16] Theorem 6.6] There exists a reduced complex space M which
18 a moduli space of polarised manifolds which admit cscK metrics and have discrete
automorphism group. The Weil-Petersson metric is a Kdhler metric on this space.

The result above should be understood as follows. A given point x € M rep-
resents a polarised manifold which may have discrete, non-trivial automorphism
group. Using this, Fujiki-Schumacher give M the structure of an analytic Deligne-
Mumford stack (also called “orbi-spaces” or “V-spaces”). That is, around each
x € M there is an open set U C M, a group G and a quotient V/G = U, where
V is a (genuine) analytic space. In our case G is the automorphism group of the
polarised manifold which x represents. Morphisms of such spaces of are defined to
be ones which lift to the finite covers locally. The Weil-Petersson metric is then a
Kéhler orbi-metric on M (i.e. a G-invariant metric on the covers), which is possi-
ble since a cscK metric is invariant under the (finite) automorphism group of the
polarised manifold. We refer to [16, Definition 1.5] for further details on this con-
struction, including a discussion of Kéhler geometry on analytic spaces (the main
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point being that a K&hler metric is one which, under a local embedding in some
C¥, locally extends to a Kihler metric on CV).

Since our techniques allow one to restrict to Zariski open subsets, one can typi-
cally ignore the orbi-structure on M by restricting to a subset. In any case we shall
give another construction of the moduli space relevant to our work using algebro-
geometric techniques, which in particular make the universal properties of such a
moduli space that we shall require more transparent.

Remark 3.16. From moduli considerations, we expect in Proposition that the
situation that « is merely positive on a Zariski open locus is rather fundamental
in the study of twisted cscK metrics. For example, a typical situation in algebraic
geometry is a fibration X — B where the fibres X} are only smooth on a Zariski
open locus of B, and the other fibres can be very singular. In this case there is no
hope to extend a Weil-Petersson metric as a Kahler metric over a relevant moduli
space (as the map to the moduli space exists only on a Zariski open locus of B), and
the Weil-Petersson metric may only extend to a current on X. Nevertheless for our
proof above we need the Weil-Petersson metric to at least extend to a continuous
metric over B, which happens for example when X — B is a fibration where the
general fibre is a smooth curve but where a special fibre may be nodal.

The existence of the moduli space, together with Lemma allow us to view
the fibration X — B as induced from a map p : B — M, with M endowed with
the Weil-Petersson metric.

3.4. Chow stability and lifts. The goal of this section is to give another con-
struction of a moduli space which parametrises the fibres of the fibration X — B.
This construction uses Geometric Invariant Theory (GIT), and from this construc-
tion we will obtain some useful properties from the general theory of GIT [28].
More precisely, we will construct the moduli space as a quotient of a Chow variety,
which parametrises certain subvarieties in projective space.

We begin with a brief discussion of the Chow variety, referring to [24, Section
1.3] for more details. Fixing some Y C P* = P(V), we only show how to associate
a point in another projective space. When this is done in families, this yields a
moduli space, namely the Chow variety, which can be compactified naturally by
adding certain cycles at the boundary. We denote by m the dimension of Y and
d the degree of Y, which means (Opn(1)|y)™ = d. The set Z of (n — m — 1)-
dimensional planes intersecting Y nontrivially is by definition a subvariety of the
Grassmanian Grass(n—m,n+1). One shows that Z is a codimension one subvariety
of this Grassmanian, and hence Z = V(f) is the vanishing locus of some section
f € H°(Grass(n —m,n+ 1), O(d)) unique up to scaling. Thus associated to Y, we
have a section f € H?(Grass(n — m,n + 1),0(d)) unique up to scaling, and so a
corresponding point [f] € P(H?(Grass(n—m,n+1),0(d))), called the Chow point.
We denote by Ch(P™) C P(H°(Grass(n—m,n+1),O(d))) the Chow variety induced
from this construction, and note that it admits an ample line bundle induced from
the line bundle Ocy(1y on P(H®(Grass(n —m,n + 1), 0(d))).

For any Y C P™, for any g € G := SL(m) the variety g - Y C P™ is clearly
isomorphic to Y. Thus to obtain a moduli space which parametrises subvarieties
of P™ we wish to take a quotient of Ch(P™) by the group SL(m + 1), which acts
on P(H%(Grass(n — m,n + 1)) in a natural way. In order to do this, we use the
machinery of GIT, for which we refer to [2§] for an introduction. This general



16 RUADHAI DERVAN AND LARS MARTIN SEKTNAN

theory then produces a moduli space (M, L) = (Ch(P™),Ocn(1)) / SL(m + 1),
which is a projective variety. In fact, this quotient is constructed by taking M =
Proj @,>1 H°(Ch(P™), Ocy(r))¢, where for a vector space W, we denote by W
the G-invariant sections. Clearly the induced rational map Ch(P™) --» M is only
defined on points z € Ch(P™) for which there exists an r and a G-invariant section
of HY(Ch(P™), Ocy(r)) which does not vanish at x; let us call x Chow stable if this
holds and further the stabiliser of z is finite. The fundamental result of GIT is that
M is a coarse moduli space when restricted to the stable locus of Ch(P™), which
is Zariski open (of course this holds for any projective variety, not just the Chow
variety) [28]. We denote by M** the quasi-projective scheme which parametrises
Chow stable varieties in P™.

Remark 3.17. M*! being a coarse moduli space means that a map B — M is
associated to each family X — B where each fibre X}, corresponds to a Chow stable
variety in P*. Remark that in general no universal family U — M?*¢ can exist owing
to the presence of points 2 € M** which have finite but non-trivial stabiliser. If one
restricts to the locus of M*! for which the stabiliser is trivial, then such a universal
family exists (which means that on this locus, M*! is a fine moduli space).

Definition 3.18. We say that a polarised variety (Y, H) is asymptotically Chow
stable if Y is Chow stable under the Kodaira embeddings Y — P(H°(Y, H")) for
7> 0.

The key result we need linking the moduli theory of cscK manifolds and polarised
varieties is the following, due to Donaldson [13].

Theorem 3.19. [13] Suppose (Y, H) is a smooth polarised variety which has dis-
crete automorphism group. If (Y, H) in addition admits a cscK metric, then (Y, H)
is asymptotically Chow stable.

The situation we are interested in is that of a holomorphic submersion X — B,
with a relatively ample line bundle L, such that (X, L) admits a cscK metric
for each b € B. Thus by the above, each X is Chow stable when embedded in
projective space using global sections of kL, for some k = k(b) which a priori
depends on b. We claim that in fact & can be chosen independently of b (which is
well known to experts). This follows since k is a function of the “geometry bounds”
of (X, Ly) which are bounded independently of b since B is compact and the cscK
metrics and complex structures vary smoothly among the fibres (see [13] for the
notion of R-bounded geometry which we are using).

Corollary 3.20. There exists a projective space P such that each Xy is embedded
in P™ using global sections of kL, with X, Chow stable for all b € B.

We now take the GIT quotient of Ch(P™) by SL(m + 1) as above to obtain a
coarse moduli space M*! which parametrises Chow stable varieties in P™. The
family X — B then corresponds to a morphism p : B — M. We set M = p(B) to
be the image of B under p, which is a variety.

We wish to endow M with a Weil-Petersson metric. Since a given fibre (X, Lp)
may have non-trivial automorphism group, there is no universal family U — M in
general. Instead of endowing M with an orbifold Weil-Petersson metric, analogous
to Fujiki-Schumacher’s construction, we give a simpler and more direct argument
as follows. We first replace M with the image p(B) of B in M. While in general



EXTREMAL METRICS ON FIBRATIONS 17

there is no universal family over M, by a result of Kollar [25] Section 2] there is a
universal family after passing to a finite cover M’ — M. Denote by U’ — M’ this
universal family. Since M’ — M is finite, there are codimension one subschemes
D’ and D of M’ and M respectively, such that M’ — M is étale. Let B° be the
Zariski open locus of B which maps to M’.

The universal family U’ — M’ induces a Weil-Petersson metric on M’ by Remark
which is Kahler on M'\D’. Picking a connected component Z of M'\D’, the
map p : B — M induces a map p : B — Z. The Weil-Petersson metric is now
a positive Kahler metric on Z, and by the construction of Section [2| extends to a
smooth (1, 1)-form on B. Of course, one can think of Z as a subvariety of M.

This is all we need to obtain the main result of this section.

Proposition 3.21. With all notation as above, ker L, corresponds to the holo-
morphic vector fields on B which lift to holomorphic vector fields on X, i.e. induce
elements of b. In particular there is a natural identification b = p, and the extremal
vector field on B lifts to X if and only if its flow preserves the map, or equivalently
is an element of p.

Proof. We first show that elements g € Aut(p) lift to an automorphism of X. Just
as above, we obtain a map on a Zariski open locus B? of B to a moduli space M’
with a universal family &/ — M’. We begin with the case that B® = B, so that we
may assume M’ = M. Then the moduli map

p:B—- M

satisfies p o g = p, by definition of an automorphism of p. Since M is a fine moduli
space, the family X — B is isomorphic to the pullback family p*U/ — B. We also
obtain a pullback family ¢*X — B by the fibre product construction, so that the
following diagram commutes:

X 25 X

| L

BB
But since p o g = p, it follows that ¢*p*U = p*U, so that gx is an isomorphism of
X covering 7.

In the general case, we still obtain a fibre product morphism gx : ¢* X — X
constructed in the same manner as above. On B?, we obtain that 7—!(B%) 2 p|5U.
Similarly, after perhaps replacing B° with a Zariski open subset, we obtain that
g% X — B is given as the pullback g*p*U = p*U. Thus the morphism gx : g* X —
X is an isomorphism on B?, so in particular it is a birational morphism. The same
construction gives a birational morphism (¢~ !)x : X — ¢* X, with (¢71) xogx = Id
on BY perhaps again after replacing B® with a Zariski open subset. In summary,
we have produced a birational morphisms gx : ¢*X — X and (¢ Y)x : X —
¢* X, which are isomorphisms over B?. But this is impossible unless these maps
are isomorphisms by elementary reasoning: a morphism which is birational must
extend to a codimension two locus in the target, and strictly codimension one in
the domain. More precisely, consider the map gx o (¢7')x : X — X. Then
gx o (¢g71)x must be the identity, as it is the identity on a dense set in X. Hence
if gx is an isomorphism away from a codimension at least two subscheme Z of X,
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the preimage g5'(Z) must have codimension one, hence (gx o (¢7")x)~!(Z) must
have codimension one, which contradicts that gx o (¢7!)x is an isomorphism.
Thus in both cases, automorphisms g € Aut(p) lift to an automorphisms of X.
It follows that elements of the Lie algebra p = Lie(Aut(p)) give holomorphic vector
fields on X, and moreover if such a vector field has a zero on B it certainly has a
zero on X. This gives a natural inclusion p C bh.
We next return to the short exact sequence

0>V —->TX »7"TB — 0,

with V the vertical tangent bundle. A global holomorphic vector field v on X which
has a zero and is in the image of H°(X,V) in the long exact sequence

0— H°X,V) — H"(X, TX) - H*(X,7*TB) — ...

must have a zero on some fibre. We have assumed that the polarised automorphism
group Aut(Xy, Hp) of each fibre (X3, Hp) is discrete, so there are no such vector
fields. Thus we obtain an inclusion h — H®(X,7*TB) = H°(B,TB), which then
sends a vector field with a zero to a vector field with a zero. Hence this provides
an isomorphism p = h.

Finally, Remark states that as « is a smooth form on B which is pulled
back from a Kéhler metric on Z C M, the kernel of L, can be identified with the
holomorphic vector fields whose flow preserves the map p. This gives the sequence
of isomorphisms ker L, = p = 0, as required. O

Remark 3.22. It is crucial in the above that we assume the automorphism group
of the fibres is discrete. In general, when the fibres have continuous automorphisms,
it is not the case that all automorphisms of the map to the moduli space lift to the
total space of fibrations. As an example, consider a vector bundle E — (B, L) with
induced projective bundle 7 : P(E) — (B, L). Then all automorphisms of (B, L)
preserve the moduli map, as the moduli space is just a point. On the other hand,
Aut(B, L) lifts to an action on (B, L) if and only if E is Aut(B, L)-equivariant,
which is not always the case.

Remark 3.23. Using this we can clarify the uniqueness statement in Fine’s result
[14], as promised in Remark Indeed, a twisted cscK metric on p: B — M is
unique if and only if Aut(p) is discrete. But this is equivalent to Aut(X,rL + H)
being discrete by Proposition [3.21

In particular, when the map has no automorphisms, ker L,, is invertible modulo
constants. In [I4] Theorem 8.1], Fine assumes that the solution of the twisted cscK
equation is unique in its cohomology class, and claims as a general principle that if
a solution to a nonlinear PDE with elliptic linearisation is unique, then its lineari-
sation has to be invertible modulo constants [I4, p431]. This is not actually true,
and so for Fine’s proof to hold, the necessary assumption is that the linearisation
is invertible modulo constants. It follows from our results above that that unique-
ness of solutions of the twisted cscK equation does actually imply invertibility of the
linearisation, through our geometric characterisation of uniqueness and our calcula-
tion of ker £, and thus Fine’s invertibility assumption does actually hold when the
twisted cscK metric is unique. When the base of the fibration has complex dimen-
sion one, Fine uses a different, valid argument to obtain the necessary invertibility
[14, Lemma 3.12]. We thank J. Fine for advice on this point.
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Although the following two results are not needed in the remainder of the present
work (and are possibly known to some experts), we feel they are worth describing
since they are rather fundamental to the moduli theory of manifolds admitting cscK
metrics and are simple consequences of the approach we have taken. The first result
is first due to Fujiki-Schumacher, whose proof uses positivity of the Weil-Petersson
metric on the CM-line bundle [I6, Theorem 6.6].

Theorem 3.24. Any proper analytic subspace of the moduli space of polarised
manifolds with discrete automorphism group admitting cscK metrics is projective.

Proof. Let D be such a space. We can assume D is reduced and irreducible since
this does not affect projectivity. Again as taking a finite cover does not affect
projectivity, we can assume D is normal and admits a universal family. Then the
fibres satisfy the “geometry bounds” required to apply Donaldson’s theorem [I3],
and realise D as a subvariety of a moduli space of Chow stable varieties just as
we did above. For this, one can take a resolution of singularities D’ — D, which
still admits a universal family, but for this universal family it is clear that the
complex structures and cscK metrics vary smoothly, and compactness gives the
desired geometry bounds. But then since D is a subvariety of a moduli space
constructed as above, the ample line bundle on the Chow variety descends to one
on the moduli space, and hence restricts to an ample line bundle on D. Thus D is
projective, as required. O

The second is the separatedness of the moduli space of polarised manifolds with
discrete automorphism group admitting cscK metrics, again originally due to Fujiki-
Schumacher [16, Theorem 6.3], whose proof uses the unique extension property of
cscK metrics.

Theorem 3.25. The moduli space of polarised manifolds with discrete automor-
phism group admitting cscK metrics is separated.

Proof. Consider a pointed curve C° = C\{p} with a family (X°, L°) — C° of
polarised manifolds admitting cscK metrics. Separatedness means that there is at
most one extension to a family (X, L) — C with the extension cscK with discrete
automorphism group. Suppose not, so that one had two such extensions (X, L) and
(X’,L"). Then by Donaldson’s result and the arguments above, these would induce
maps to an appropriate moduli space of Chow stable varieties. But the machinery of
GIT ensures that a moduli space of Chow stable varieties is automatically separated,
giving a contradiction. ]

4. ISOMETRIES OF TWISTED EXTREMAL METRICS ON MAPS

Here we establish that if p: (B, L) — (M, H) admits a twisted extremal metric
w, then the metric is invariant under a maximal compact subgroup of Aut(p).
This is a consequence of the structure of the automorphism group of Aut(B, L),
analogous to the structure of the automorphism group of a manifold admitting an
extremal metric due to Calabi.

Recall that Aut(p) consists of automorphisms of p : B — M which lift to L.
These are precisely those which have a zero somewhere, and hence also lift to any
other line bundle on B. Let p denote the Lie algebra of Aut(p), so that p consists
of holomorphic vector fields whose flow fixes p and which vanish somewhere.
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Fixing a metric w with induced Riemannian metric g, as in Section[3|each element
1 € p can be written as Zj M%, where

W= g,
for some f € C*°(X,C), unique up to the addition of a constant. The isomor-

phism T1°X = TX between the holomorphic and real tangent bundles gives a
correspondence

- 1
gkorf — 5(Vu + JV),

where f = u + iv is the decomposition of f into real and imaginary parts. Recall
that t C p denotes the vector fields in p which correspond to Killing vector fields
under this isomorphism, which by above are vector fields with purely imaginary
holomorphy potential.

In order to state the structure theorem, we suppose B admits a twisted extremal
metric, giving an extremal vector field v. Denote by p* the elements of p which sat-
isfy £, = Ap. The argument is a variant of the classical argument of Lichnerowicz,
and especially of Calabi’s extension to extremal metrics [7, Theorem 1.1].

Theorem 4.1. Suppose p admits a twisted extremal metric. Then one has a de-
composition

PEtDitDrsop’,
and moreover if p,, denotes the elements of p which commute with v then t®it = b,,.
In particular if w is a twisted cscK metric, then p is reductive.

Proof. Recall from Section |3| the operator

(4.1) Lo(p) =—=D:D,(p) + %(VAwoz, V) + (i00p, a),
which was shown to induce an isomorphism
kerg Lo, — P,
=gt ot

where kery denotes the functions with mean value zero with respect to the volume
form induced by w. L, is simply the linearisation of the twisted scalar curvature
at a twisted cscK metric.

Suppose first that w is a twisted cscK metric. In coordinates Lichnerowicz op-
erator takes the form

D;Dulp) = A% + RV, Vip + ¢7* VS () Vi,
In general this is not a real operator due to the third term. This implies
(42)  Lalp) = (A% + RYV,Viy — (i09p, ) + ¢7*V;(S(w) — Awa) V.

Since the last term then vanishes, this is a real operator when w is twisted cscK.
Thus u+iv € ker L, for real functions u, v if and only if u, v € ker L. Since a vector
field u corresponds to a Killing vector field under the isomorphism 710X = TX if
and only if its holomorphy potential is purely imaginary, this implies that kerg L,
induces an isomorphism p =2 t @ it, which means that p is reductive.

In the general case L, is no longer a real operator, and in particular we have

La(0) = Lalp) = g5 (V;(S(w) — Aaw)Vip — V;oVi(S(w) — Aaw)).
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If w is a twisted extremal metric, then v = gi¥d; (S(w) — Aqw) € p. If f is another
holomorphy potential with corresponding vector field iy, then the Lie bracket can
be computed as

v, 1s] = g7 Vg ((S(W) — Aaw)Vif — V;(S(w) — Aaw) Vi f) -

Thus if [v, uy], or equivalently the Lie derivative £,uf = 0, then Lo (p) = Lo(p).
Denote by p, the elements of p which commute with v. Since elements of t auto-
matically commute with v as they correspond to Killing vector fields, as above we
obtain a decomposition p, = t @ it. -

The conjugate L, acts on kerg L, since L, and L, commute by equation (4.2).
The spectrum of £, is non-negative, since if ¢ is an eigenfunction, A [ B lo)?w™ =
/ 5 PLapw™ > 0 by equation (3.5). The space kerg £, thus splits as

kerg Lo = ®a>0En,
where E) denotes the eigenspace of eigenvalue A. If ¢ is an eigenfunction then
Ap=Lop= (Lo~ La)p
But _ -
gjkafc(ﬁa —Lo)p =~y ;“so]a
where p, is the vector field corresponding to ¢ as above. In particular, the
eigenspaces can be characterised as satisfying

)"u@ - _[Vvlj'tp}v
thus there is a splitting
pp, Brsop’
as required. O

The proof of the automorphism invariance of a twisted extremal metric is now
a consequence of the above, proven in the same way as Calabi’s proof for extremal
metrics [7, Theorem 1.3]. We argue exactly as in Gauduchon’s slightly different
proof [I7, Theorem 3.5.1] of the same statement. Denote by H the subgroup of the
Auto(p) consisting of isometries of w, where Autg(p) is the identity component, so
that t is the Lie algebra of H.

Corollary 4.2. The isometry group H is a mazimal, compact, connected subgroup

of Aut(p).

Proof. Suppose not, and let £ be the Lie algebra of a larger compact subgroup
of Aut(p). Let u be a vector field in t\t, and write p = po + > x>0 Ha, 80 that
Lypy ==, A"px. It is clear that it is enough to assume p = py for some .

First suppose p € p*. If B is the Killing form of t, then the kernel of B coincides
with the centre of t (see e.g. [I7, Proof of Theorem 3.5.1]). We claim that u € ker B.
Recall that B(u, (1) = tr(ad, o ade,). Let (1,{2 be of degree A, A2 > 0. Then
[, [C1,C2]] is of degree A + A1 + A2 As A > 0 and A\ + A2 > 0, ad, o ade, is a
linear operator on a graded vector space V = @V} which sends Vi to @4,V (in
our situation, one can even take [ > k). In particular, its trace has to be 0, and
hence B(u, (1) = 0. Thus p is in the centre of f, contradicting the fact that y does
not commute with v since A > 0.

Thus we can assume ; € p°, and hence can be taken to lie in it since p is
not element of t by hypothesis. Then v = Vf for some f. But the flow of a
complete vector field cannot be simultaneously contained in a compact subgroup of
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the diffeomorphism group of X and be the gradient of a function [I7, Proposition
3.5.1]. This gives a contradiction, and proves the result. ([

We will also need the following result, which follows from a similar analysis as
Theorem F11

Proposition 4.3. Suppose wp is a twisted extremal metric, which by above is
invariant under a mazimal torus T of the automorphism group of p. Then the
operator

Lo ct(B,R)T xt— C"(B,R)T
defined by
‘Ciy(@af) =L, 7f-

Then L., is well-defined and surjective. Here, the notation C*(B,R)T means
real valued T-invariant functions on B, and t consists of the functions f such that
vy = JVf is a Killing vector field with zeros on B, where the gradient is taken with
respect to the metric on B.

Proof. By well-defined, we mean that £} sends real valued torus invariant func-
tions to real valued torus invariant functions. The torus invariance is an obvious
consequence of all the data involved being invariant. To prove that £/ (¢) is real if
@ is real, it is enough to prove the same statement for L.

We argue as in Arezzo-Pacard-Singer [3, p16]. Let v = vg)—a,a = JV(S(w) —
A, «) denote the real holomorphic vector field induced by the extremal vector field.
Using equation , as in [3] the operator L, can be written as

La(p) = (A% + RNV Vi — (i09p, ) — Ju(p) + iv(p).

Since 1) is assumed to be invariant under T', and hence invariant under v, we have
v(1) = 0, leaving a real operator as claimed.
Note that the operator £, is self-adjoint by equation (3.5)): we have

[ wtatost = [ Lawont.

Thus the image of L, is orthogonal to its kernel. Since it has Fredholm index zero
by self-adjointness, it suffices to show that its kernel is simply t to prove the result.
Thus we suppose L4 () = 0, with ¢ a real function. Then by Proposition m
we know that ¢ is a holomorphy potential for some holomorphic vector field which
preserves the map. Since ¢ is a real holomorphy potential, this vector field must

be J of a Killing field, proving the result.
O

Remark 4.4. In fact the observation that L, is real valued is a rather general
moment map phenomenon, related to work of Kirwan in the finite dimensional
GIT setting [23] Corollary 6.11]. Without restricting to torus invariant functions,
the above Proposition has no hope of being true in general. This is the reason
we were required to prove a twisted extremal metric is invariant under a maximal
torus, as this allows us work with torus invariant functions above.
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5. APPROXIMATE SOLUTIONS

The goal of this section is to construct an approximate extremal metric on X in
the class H + rL using an inductive approach. Recall that H is a line bundle on X
which is relatively ample over B and such that Aut(X}) is discrete for all b € B, and
H is an ample line bundle on B. Moreover we assume that wg restricts to a cscK
metric on each (X,, Hp) and that wp € ¢1(H) is a twisted extremal metric on B,
where the twist is given by the Weil-Petersson metric induced by the cscK metrics
on the fibres of the map X — B. We also assume the extremal vector field on B
lifts, which simply means that it is an element of p. For our inductive approach,
we fix 7 and begin with the Kahler metric w, = wg + rwp on X. By taking r large
enough, we can assume wy is actually ample. Recall that wg is invariant under a
maximal (compact) torus of automorphisms 7' C Aut(p).

Theorem 5.1. In what follows, all data is taken to be invariant under the natural
lift of the torus T to X described in Section[3. For all p > 0, there exist functions
fo,o oy fpm1 € C2(B), lo,...,lp, € C§°(X) with

p—1 P
i1 »
$p = E fir o ;o Ap= § Lir™
i=0 i=0

holomorphy potentials ), = Zf:o b;r~* with respect to w, such that the Kdhler
metric

Wrp = Wy + 100, + 100N,

satisfies
1
S(Wnp) - §<vwrﬂpv Vwr(@p + )‘p)> —Bp = O(T_p_1)~

We prove this by induction on p. The main difficulty in constructing such a met-
ric is controlling the linearisation of the scalar curvature and the twisted extremal
operator. For the scalar curvature we can then apply the results of Fine [14]. For
the twisted extremal operator we apply the results of Section [3] which allow us to
identify the kernel of the linearisation. Another new difficulty occurring compared
to Fine’s work arises due to the fact are solving the eztremal equation rather than
the cscK equation, leading to the inner products of gradients in the equation we
wish to solve. In fact this is relatively straightforward to deal with, as these terms
essentially do not affect the inductive step.

To handle the linearisation of the scalar curvature on the fibres, we introduce
some notation. The form wy restricts to a Kahler metric on each fibre X3, and hence
one can define an operator Ly, to be the linearisation of the map ® — S(wy, +i00®)
for ® € C*°(X). These glue to form an operator £y which restricts to £, on Xj for
all b e B.

The relevant results from Fine’s work that we shall appeal to are then the fol-
lowing:

Proposition 5.2. [I4] Section 3]
(i) The scalar curvature of w, is given by
S(wy) = S(wp) +7710+0(r™?),
where 0 € C(X) satisfies [y, p 0w = S(wp) — Awya.
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(i) The linearisation of the fibrewise scalar curvature at w, is given by
L(p) = Lo(p) +O(r™1).
(iii) Let © € C§°(X). Then there exists a unique solution i € C3°(X) of
Lo(v) = ©.

If moreover wp is invariant under some mazximal torus T C Aut(p), then
torus invariance of ¥ implies torus invariance of ©.

Proof. These are all proven in [I4] except the automorphism invariance, which is a
simple corollary of Fine’s construction. O

This provides the zeroth step of our argument, precisely because we are assuming
the extremal vector field on B lifts, i.e. is an element of p.

Corollary 5.3. Theorem holds for p = 0.
Proof. Set lp =0 and by = S(wp). There are no f;-terms in this case. O

Note that the scalar curvature S(wp) is a constant independent of b by Remark
The result for p = 1 follows from the following simple lemma, analogous to
[27, Lemma 4.12].

Lemma 5.4. Letn € C*°(B),y € C*°(X). Then
(Ve , Ve, 1) = O(r™H).
If moreover 1 € C*°(B), then
(Vo1 Ve, ) = 17 H(Vupn, V) +0(r72).
Corollary 5.5. Theorem[5.1] holds for p = 1.
Proof. Applying Proposition (#it) to fX/B Owi* — 0 gives a function l; € C§°(X).
Let b, be the holomorphy potential of the extremal vector field v on B, i.e.
S(wp) — Awya = by,
so that B; = r~'b;. Then the result follows from Lemma with fo = 0. O

For p = 2 we begin the inductive argument. The new difficulty is that we are
no longer at a genuine cscK metric, and so one needs to vary the arguments. This
requires some new techniques and new notation, for which we follow [I4, Section
3.3].

Let Qp € ¢1(L) be relatively Kahler metric, with restriction ; to a fibre, and
let Qp € c1(H) be a Kéhler metric on B. Denote by Lq, the operator which
glues the linearisation of the scalar curvature of the restriction €2 for all b. Let
§~2T = Qo+ rQp, and let Q, = &72T +i99(¢p,), where

d
Qr = Z wjr_j7
j=1

for functions ¢; € C*°(X). With this notation in place, we require the following,
which is very similar to and mostly contained in the analogous work of Fine [14]
Section 3.3].

Proposition 5.6. The linearisations satisfy the following properties.
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(i) Letting Lq, denote the linearisation of the scalar curvature at )., we have
Lo, = Loy +7 Dy 4+7r72Dy +O0(r™?),

where Dy only depends on 1y and Dy only depends on vy and 5.
(i) For a function 7 f pulled back from B we have

Dy(m*f) =0, Dy(n* /)Q5" = Day (f)
X/B

where

Dq, = Lo+ %(V(S(QB) — Aoy (@), V().

From Proposition[3.1] together with the definition of £, the last point states that
the base component of D5 is the linearised operator of the twisted extremal operator
with respect to the original metric 25 on the base, when making perturbations of
the type that we are making. Note that while Dy, D, themselves depend on some
of the 9, their fibre integrals do not.

Proof. We begin with the proof in the case that 1; = 0 for 7 = 1,...,d, so that
Q, = ;. Recall from Proposition that before perturbing the metric, the scalar
curvature of €2, satisfies

S(9Q.) = S(Q) + 710+ 0(r2),

where 6 € C*°(X) satisfies fX/B 005 = S(Qp) — Aqy . From this we see that the
initial term in the expansion of the linearisation is simply the fibrewise linearisation.
This shows the first statement in this case.

For the second statement, note that for a function f on B, we have

Q, +i0d* f = Qo +r(7*Qp + 7 Liddr* f).

Since we are changing the base metric by r~1i00f rather than i00f, this shows
that the first non-zero component in the linearisation applied to such functions is
the Do-term. Moreover, the fibre integral of the linearisation of 6 will then be the
linearisation of the operator

f=SQp+rliddf) - Ay yr-tioap,

showing that the fibre integral of the Dy-operator is the operator Dg,, which proves
the second claim in the case 2, = ﬁr.

We now proceed to the general case. When perturbing the metric by ¢,, the
expansion of the scalar curvature changes, but we then use the linearisation as
above to identify the new terms. There is no change in the initial term, since ¢, is
of order r~!. Moreover, the change in the r~!-term is Ly(1). The linearisation of
this term in the direction of a function pulled back from the base is 0. This gives
the statement about the D; operator. Similarly, there will be a change in the scalar
curvature (and consequently the linearised operator) in the r~2-term, which now
involves both 7 and 1. However, the change in the fibre integral of the scalar
curvature coming from the C°°(B) component 7*®,. of ¢, will be of order r—3. This
is because for this component, the change in fibre integral of the scalar curvature is

7"72DQB (q)r) + O(T74) = T73DQB (\Ifl) + O(T74).
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Here ¥, € C*°(B,R) is the base component of ¢, namely its fibre integral. Thus
there will be no change in the fibre integral of the operator Dy. This concludes the
proof of the general case. O

This is all that is needed to construct the approximate solution for all p.

Proof of Theorem[5.1 Torus invariance is automatic as all of the initial data is
torus invariant.

We suppose that an approximate solution has been produced for p — 1, so we
have ¢,_1, Ap,—1 and holomorphy potentials 8,_1 such that the Kahler metric

p—2 p—1
Wrp—1 = Wy + iagsopq + i@é)\p,l = w, + i(’?g( Z fir~ 4 Z lir_i>

=0 =0

satisfies
1 _
(5.1) S(wr,p—l) - §<Vwr5p—lv vwr(ﬂop—l + )‘p—l)> = Bp—1 = O(r?).
For f,_1 € C*°(B), we have

S(wr,p,ﬁi@éfpflr—ﬁ?) = S(wyp—1)+ (/ D2(f,,,1)w;’}p,1 + @p> r—P+O(r—P—1),
X/B

where ©,, € C§°(X), with the fibre integral measured with respect to w;.,—1. Noting
Wy p—1 = w, + O(r~!), and using Proposition to relate the fibre integral to L,
up to terms of O(r=P=1) we have

) 1
S (Wrp-1+i00fp1177*?) = S(wrp1)+(La -1+ 5(Vbr, V1) 46, )r P+O(r 7Y,

where ©), € C5°(X) measured with respect to w,. This follows from Proposition
and the fact that by = S(wp) — Aw, (a).

Let w, be the O(r7?) term of equation (5.I). Write w, = ¥, + ®,, where
U, € C*(B) and ¢, € C§°(X). The operator L] (¢,7) = Lo —7 , where 7 is a
holomorphy potential, with respect to wg, of some holomorphic vector field v, € p,
is surjective by Proposition (and recalling all data is torus invariant), so we
can solve L fp—1 — l~)p = -V, for Ep a holomorphy potential with respect to wp.
Now the holomorphy potential for the vector field corresonding to r =1, on X with
respect to w, = rwp + wo is of the form b, = b, + O(r~). With this choice we
therefore have

_ 1
S(wpp—1+i00 f_ 17 PT?) = S(wrvp_1)+(bp + §<Vb1’ Vfp—1) — ¥y + @;) rP+O(r P,

Note that b, is certainly real valued, and the corresponding vector field certainly
vanishes on X since it vanishes on B, thus b, is of the desired form.
Continuing with functions from the base, since ¢, = p,_1 + fp—17 P72, we have

(Va,Bps Ve, (@p + )‘pfl)> =(Vu,Bp-1, Ve, (‘prl + )‘P*1)> + (Ve 77 Pby, Vo, (@p + )‘pfl)>
+(Vu, Bp-1, Vwrfp—1r7p+2>
=V Bp—15 Vo, (0p—1 4+ Ap=1)) + 7P (Vipb1, Vap fo—1)ws
+O(r 77 h,
where we have used the expansion of ¢,, Ap_1, 8, and Lemma
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Finally we choose l,,. We have
S(wypp—1 + 100 fp_17"PT24+i00l,rP) = S(wrp-1)

1
+ <bp + 5<Vbl, Vip-1) =¥+ 0, + ﬁolp> rP 4+ 0> P,

We can solve uniquely Loyl, = —©)

» — Pp, giving

_ _ 1
S(Wrp—1+i00 fp_17 P2 4id0l,rF) = S(w,’p,1)+(bp+§<vz)1, Vfpo1) =0, =@, )r P+O0(r P ).

This removes the error term up to the change in the holomorphy potential. But by
Lemma [5.4] we have

(Ve Bp, Ve, r7Ply) = O(Tipil)

and so no additional error terms to order P are caused by the inner products of
the new gradient terms. Summing the various terms proves the inductive step, and
hence the result. (]

6. THE IMPLICIT FUNCTION THEOREM ARGUMENT

This section proves the main result of the present work, namely a construction
of extremal metrics on certain fibrations. We recall the setup. We have a fibration
X — B, such that X is endowed a relatively ample line bundle H such that each
fibre (X3, Hp) admits a cscK metric and X, has discrete automorphism group.
We assume (B, L) admits a twisted extremal metric, where the twisting form « is
the Weil-Petersson metric induced from the cscK metrics on the fibres (X, Hp).
We proved in Section that in this situation (X, rL+ H) admits an “approximately
extremal” metric. Here we prove the existence of a genuine solution of the extremal
equation:

Theorem 6.1. (X,rL + H) admits an extremal metric for all r > 0.

Fine’s work uses a quantitative inverse function theorem to perturb from an
“approximate cscK metric”, analogous to the metrics we have constructed in Section
to a genuine cscK metric [14]. Since the operator we consider only has a one-
sided inverse, we shall instead rely on a quantitive implicit function theorem as in
[6, Theorem 29].

Theorem 6.2. [6] Consider a differentiable map of Banach spaces F : By — Bs
whose derivative at 0 is surjective with right-inverse P. Denote by

(i) &' the radius of the closed ball in By centred at 0 on which F — DF is Lipschitz
of constant (2||P]|)~1,
(ii) 6 = &' (2|l P~

For all y € By such that ||y — F(0)|| < ¢, there exists x € By satisfying F(z) = y.

We shall apply this with F' given by the extremal operator. Thus the main point
is to control both the non-linear terms of the extremal operator and to bound the
one-sided inverse of (a variant of) the linearisation. For this, we apply some esti-
mates due to Fine, as well as some estimates specific to our more general situation.

The result of Fine which we shall use is the following Schauder-type estimate.
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Lemma 6.3. [I4, Lemma 6.8] Denote by g, the Riemannian metric corresponding
to the Kdahler form w,,. For each k and p, there are constants C,ro > 0 such that
for allr > rg

@) < Clellzz(g) + 1D D@Lz 4,))

for all p € Li+4. Here D*D denotes the Lichnerowicz operator DZW’DMW defined
USING Wy p-

el 2

k+4

Fine proves this result for general fibrations X — B with metrics of the form
we have considered. We emphasise that the results of [14] Section 5], on which the
previous lemma is based, do not use any special metric metric on B and so also
apply directly to our situation.

While in Fine’s situation the operator Dj, =D, , is invertible when restricting
to functions of mean value zero, this is no longer the case for us due to the presence
of automorphisms. In order to state the result we require in our situation, we begin
by describing the change in potentials for holomorphic vector fields on X, as this
space corresponds to the kernel and cokernel of the Lichnerowicz operator.

As in Section [5] we can assume wy is actually positive. Let & be a holomorphic
vector field on X. Let hx be its potential with respect to our initial metric wy on X.
Recall from Propositions[3.5] and [3.2] that £ corresponds uniquely to a holomorphic
vector field E on B. Let hg be the holomorphy potential of this metric with respect
to wp, the twisted extremal metric on B. Then (7*wp = W*(ngg) = 7m*0hp =

O(m*hp). Thus ra*hpg + hx is a holomorphy potential for the vector field £ on X
with respect to the metric w, g = wx + rr*wp.

Let ¢, , be the Kahler potential of w,.,, with respect to w, ¢ as in the construction
of the approximate solutions in Theorem ie. wpp = wro+ iaggpr)p. Then as
described in Section the holomorphy potential for £ with respect to wy. ), is given
by rm*hp + hx + (V. €).

Definition 6.4. For h = hp € p, we define the lift of h, denoted by 7, ,(h), to be
the element .
Tr’p(h) =rn*hg +hx + §<V<,0r’p, Vh> S E

Thus we have encoded the change in holomorphy potential with (r,p) as a se-

quence of maps
Trp i P = CF(X).

It will be necessary to work with functions invariant under the fixed maximal
torus 7', so we consider the space (L7)T of T-invariant functions in L?. Here T
is a maximal torus in Aut(X) corresponding to a maximal torus in Aut(p), the
automorphisms of the map. Then the pullback of invariant functions on B give
T-invariant functions on X, and all the approximate metrics w,., are T-invariant.
We are then also restricting the map 7., to t, the Lie algebra of the maximal torus.

Lemma 6.5. The operator (L7, ,)" x t— (L3)"
(¢, h) = D*D(Y) + 77 p(h)
admits a right inverse @ satisfying the bound
1R 22,00y < K719 lz6,-

Here K is a constant independent of r.
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Note that in the statement above, the operator, and hence also its inverse, de-
pends on both r and p.

Proof. From the description of the kernel of the Lichnerowicz operator on X (and
hence of its cokernel), we get the existence of . For the bound on the L 4-factor
of Q(v), we have to establish such a bound when ¢ is assumed to be orthogonal to
7r.p(t) as this is the image of D*D.

The bound follows as in [I4, Lemma 6.5, 6.6, 6.7] which establishes a suitable
Poincaré inequality for the D. These three results go over exactly as in Fine’s work
in our setting, except that for the result of [14, Lemma 6.6], which gives a Poincaré
inequality for the d-operator on I'(T'X), we have to work orthogonally to the kernel
of this operator. This in turn gives the required Poincaré inequality for D, where
one has to work orthogonally to 7, ,(t), not just the constants.

Thus the right-inverse map @ that sends a function in the orthogonal complement
to 7, ,(t) to the unique function mapping to it which is orthogonal to the kernel
of D*D satisfies the required bound. On 7, ,(t), @ sends a function 7, ,(f) to the
corresponding function in f € t. Since the map r~!7,., is Id + O(r1), so is its
inverse, so on this factor, () satisfies a better bound than required. ([l

Combining these results, we obtain a bound on the right inverse of the extremal
operator.

Proposition 6.6. Fir a positive integer p and let w = w, . Denote
Grpt (Lipa)” x t= (LP)T,
. 1
Gr,p(% h) = *Dwa(W) + §<V(S(W) - Tr,p(h))vvéﬁ> - Tr,p(h)-

Then there exists a C' independent of r such that G, has a right inverse P, , with
[Prpllop < Cr.

Proof. Apply the Lemmas above and note that G, , is —(D}D,, + 7,,(h)) plus
decaying terms which decay faster than (DD, — 7, ,(h)). Thus for r sufficiently
large, G, also admits a right invertible and satisfies a similar bound, with a pos-
sibly larger constant C. (]

We next bound the nonlinear terms, analogously to Lemma 7.1 of [I4]. The
operator we will use is the operator I’ = F;.,, defined by

(6.1) F(y,h) = S(Wnp + Zaéw) - %<vaﬂp’vwr (Wr,p»_

By (Ve (1)), V) — 75 ().

Note that a zero of F' precisely gives a Kéahler potential for an extremal metric.
Moreover, the linearisation of F' is given by the operator G, , of Proposition
The terms involving 8, = > ©_,b;r " are terms independent of v, added so that
F(0,0) is an approximate solution to the extremal equation. We also remark that
Bp is a potential with respect to wy ¢ of a holomorphic vector field on X, and so the
b; depend on r. However, they are of the form 7‘_17}’0(61‘) =b; + O(r=1) for some
fized b; € 1.

From now on we take the number of weak derivatives k to be large enough such
that Li 44 in particular embeds into C**. This ensures that a solution to the
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extremal equation (6.1)) in L}, in fact is smooth. It is also assumed in order to
apply certain estimates from [14].

Lemma 6.7. Let N, , = F,, — G,,,. Then there are constants ¢,C > 0 such that
Jfor all sufficiently large r, if ,¢ € (L ;)" satisfy ||ollr2 ||1/)HL§+4 < c then

k+a
Ve (@) = Nep(@)llzz < Clellzz,, + 190z, )l — ¢l

kta’
Proof. This follows from the Mean Value Theorem. Indeed, let x; = (1 —t)¢ + to.
Then there is a ¢t € [0, 1] such that

Nﬁp(@) - Nr,p(w) = (DNT’p)Xz (w - 90)

Moreover, (DN},p)Xt is the difference between the linearisations of the extremal

map at wy, and w,., + iﬁéxt. So the estimate reduces to a similar estimate for the
change in the linearised operator for a small change in the potential. This follows
as in Fine’s work from [I4] Lemma 2.10], which can be applied provided % is chosen
sufficiently large. |

These are the necessary ingredients to prove our main result.

Proof of Theorem[6.1. The proof is an application of the quantitative implicit func-
tion theorem stated as Theorem to the extremal operator F(p,h) of equation
(6.1).

The first step is to find a Lipschitz constant for the non-linear terms of this
operator, namely F,, — DF., = N,,. From Lemma [6.7, we obtain a C' > 0
such that for all balls of sufficiently small radius A, the non-linear term N, , is
Lipschitz on the ball of radius A with Lipschitz constant AC. Thus for r sufficiently
large, the radius d.. of the ball on which the non-linear part of F' is Lipschitz with

1

constant P is bounded below by a constant multiple of »—3. It follows that

the corresponding 4, in the statement of Theorem is bounded below by Cr~6,
for some (possibly different) constant C' > 0.

The next estimate that Theorem requires is a bound in L of order 7~
for some e > 0 on the approximate solution F(0,0). For this, we use the bounds of
Theorem@on the metrics wy.,. These estimates are pointwise estimates. However,
as in [T4, Lemma 5.6 and 5.7], this implies a similar bound in the C*-norm, by using
a patching argument that allows one to go from bounds in the local model to global
bounds. So in the C*-norms, F(0,0) is O(r~P~!). Note that here we think of the
b; in the expansion of 3, as fixed functions, not depending on r, since they are of
the form ’I“_lTr)p(i)i) for fixed functions b;, and

T‘_lTr’p(bi) =b; + O(T_l).

We require similar bounds with respect to the L%—norms‘ For this note that the
O(r~?~1) bounds on F(0,0) imply that the p'" approximate solution is O(T_P_%),
just as in [I4, Lemma 5.7]. In particular, if p is chosen to be 6 or more, F(0,0)

satisfies the required bound and the extremal equation has a solution for all r
sufficiently large. O

6—¢
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