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ABSTRACT. We prove the existence and uniqueness of Kéhler-Einstein metrics on Q-Fano
varieties with log terminal singularities (and more generally on log Fano pairs) whose
Mabuchi functional is proper. We study analogues of the works of Perelman on the conver-
gence of the normalized Kéhler-Ricci flow, and of Keller, Rubinstein on its discrete version,
Ricci iteration. In the special case of (non-singular) Fano manifolds, our results on Ricci
iteration yield smooth convergence without any additional condition, improving on previ-
ous results. Our result for the Kéhler-Ricci flow provides weak convergence independently
of Perelman’s celebrated estimates.
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INTRODUCTION

Complex Monge-Ampeére equations have been one of the most powerful tools in Kéhler
geometry since T. Aubin and S.T. Yau’s classical works [Aub78, Yau78|, culminating in
Yau’s solution to the Calabi conjecture. A notable application is the construction of Kéhler-
Einstein metrics on compact Kéhler manifolds. Whereas their existence on manifolds with
ample and trivial canonical class was settled in [Aub78] and [Yau78] respectively, determining
necessary and sufficient conditions for a Fano manifold to carry a Kéhler-Einstein metric is
still an open problem that attracts a lot of attention (see [PS10]).

In recent years, following the pioneering work of H. Tsuji [T'su88|, degenerate complex
Monge-Ampére equations have been intensively studied by many authors. In relation to the
Minimal Model Program, they led to the construction of singular Kéhler-Einstein metrics
with zero or negative Ricci curvature [EGZ09] or, more generally, of canonical volume forms
on compact Kéhler manifolds with nonnegative Kodaira dimension [ST12, ST09].

Making sense of and constructing Kéhler-Einstein metrics on (possibly singular) Fano
varieties turns out to require more advanced tools in the study of degenerate complex Monge-
Ampere equations. The purpose of this article is to develop these tools, following the
first step taken in [BBGZ13], so as to investigate Kéhler-Einstein metrics on singular Fano
varieties, and more generally on log Fano pairs.

A main motivation to study them comes from the fact that singular Kahler-Einstein Fano
varieties arise naturally as Gromov-Hausdorff limits of Kéhler-Einstein Fano manifolds. This
had been strongly suggested by [CCT02, Tian10, LX14], among other works, and was finally
established very recently by S. Donaldson and S. Sun in [DS14].

Let X be a Q-Fano variety, i.e. a normal projective complex variety such that —Kx
is Q-Cartier and ample, without any further a priori restriction on its singularities. Any
reasonable notion of a Ké&hler-Einstein metric on X should at least restrict to a Ké&hler
metric w on the regular locus X;ee with Ric(w) = w.

We show (see Proposition 3.8) that the existence of such a metric w on X,eg forces X to
have log terminal singularities, a class of singularities which comprises quotient singularities
and is characterized in analytic terms by a finite volume condition.

We prove that the volume [ Xreg w" is automatically finite, bounded above by ¢1(X)" with
n := dim¢ X. Relying on finite energy techniques and regularity of solutions to Monge-
Ampere equations, we further show that [ Xreg w" = ¢1(X)™ if and only if w extends to a

closed positive (1,1)-current w on X lying in ¢1(X) and having continuous local potentials,
or equivalently the curvature form of a continuous psh metric on the Q-line bundle —Kx.
We then say that w is a Kéhler-Einstein metric on X.

In [DS14, Theorem 1.2] it is proved that the Gromov-Hausdorff limit of any sequence
(Xj,w;) of Kéhler-Einstein Fano manifolds with fixed volume ¢;(X;)"” = V is a Q-Fano
variety X with log terminal singularities, equipped with a Kéhler-Einstein metric w in the
above sense, with ¢;(X)"™ = V. Combined with [LX14], this strongly suggests that Kahler-
Einstein Q-Fano varieties can be used to compactify the moduli space of Kéhler-Einstein
Fano manifolds. We thank O.Debarre and B.Totaro for emphasizing this point.

'This problem has been solved recently by Chen, Donaldson and Sun [CDS14, CDS15], see also [Tial5].
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We now give precise formulations of our main results. To simplify the exposition, we
only consider the easier context of Fano varieties and refer the reader to the sequel for the
corresponding statements for log Fano pairs.

Existence and uniqueness of Kahler-Einstein metrics. We define a Mabuchi func-
tional Mab (extending the classical Mabuchi K-energy) and a J-functional J for a given
Q-Fano variety X with log terminal singularities, and we say as usual that the Mabuchi
functional is proper if Mab — +o0 as J — 400.

Our first main result is as follows.

Theorem A. Let X be a Q-Fano variety with log terminal singularities.

(i) The identity component Aut®(X) of the automorphism group of X acts transitively
on the set of Kdhler-FEinstein metrics on X,

(ii) If the Mabuchi functional of X is proper, then Aut®(X) = {1} and X admits a unique
Kdhler- Finstein metric, which is the unique minimizer of the Mabuchi functional.

When X is non-singular, the first point is a classical result of S. Bando and T. Mabuchi
[BM87]. Our proof in the present context builds on the recent work of B. Berndtsson
[Bern15]. The second point generalizes a result of W.Y. Ding and G. Tian (see [Tian]), and
relies as in [Berl3] on the variational approach developed in our previous work [BBGZ13].
It should be recalled that, when X is non-singular and Aut®(X) = {1}, a deep result
of G. Tian [Tia97|, strengthened in [PSSWO08]|, conversely shows that the existence of a
Kahler-Einstein metric implies the properness of the Mabuchi functional. It would of course
be very interesting to establish a similar result for singular varieties? .

Ricci iteration. In their independent works [Kel09] and [Rub08], J. Keller and Y. Rubin-
stein investigated the dynamical system known as Ricci iteration, defined by iterating the
inverse Ricci operator. Our second main result deals with the existence and convergence of
Ricci iteration in the more general context of Q-Fano varieties.

Theorem B. Let X be a Q-Fano variety with log terminal singularities.

(i) Given a smooth form wy € c1(X), there exists a unique sequence of closed positive
currents w; € c1(X) with continuous potentials on X, smooth on X,ee, and such that

RiC(Wj+1) = Wj

on Xreg for all j € N.
(ii) If we further assume that the Mabuchi functional of X is proper and let wgg be the

unique Kdhler-Einstein metric provided by Theorem A, then limj_ 4. w; = WKE,
the convergence being in C°°-topology on Xieg, and uniform on X at the level of
potentials.

When X is non-singular, this result settles [Rub08, Conjecture 3.2], which was obtained in
[Rub08, Theorem 3.3] under the more restrictive assumption that Tian’s a-invariant satisfies
a(X) > 1 (an assumption that implies the properness of the Mabuchi functional). Building
on a preliminary version of the present paper, a more precise version of Theorem B was
obtained in [JMR16, Theorem 2.5] for K&hler-Einstein metrics with cone singularities along
a smooth hypersurface of a non-singular variety.

2This should be a consequence of the present article and the recent work of Darvas-Rubinstein [DR15].
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Convergence of the Kahler-Ricci flow. When X is a Q-Fano variety with log terminal
singularities, the work of J. Song and G. Tian [ST09] shows that given an initial closed
positive current wy € ¢1(X) with continuous potentials, there exists a unique solution (wy)¢=0
to the normalized Kéhler-Ricci flow, in the following sense:

(i) For each t > 0, w; is a closed positive current in ¢;(X) with continuous potentials;
(ii) On Xyegx]0, 400, wy is smooth and satisfies w; = —Ric(wy) + wy;
(iii) lim¢o0, w¢ = wo, in the sense that their local potentials converge in co (Xreg)-
Our third main result studies the long time behavior of this normalized Kahler-Ricci flow,
and provides a weak analogue for singular Fano varieties of G. Perelman’s® result on the
convergence of the Kéhler-Ricci flow on Kéhler-Einstein Fano manifolds:

Theorem C. Assume that the Mabuchi functional of X is proper, and denote by wkg its
unique Kdhler-Einstein metric. Then limy o w; = wkg and limy_, o wi' = Wiy, both in
the weak topology.

When X is non-singular, the above result is certainly weaker than Perelman’s theorem,
which yields convergence in C*°-topology. On the other hand, our approach, which relies on
a variational argument using results of [BBGZ13], is completely independent of Perelman’s
deep estimates - which are at any rate out of reach for the moment on singular varieties.

The strong topology of currents with finite energy. The classical differential-geometric
approach to the above convergence results requires delicate a priori estimates to guarantee
compactness of a given family of metrics in C*°-topology. Our approach consists in working
with the set 7! of closed positive (1,1)-currents w in the fixed cohomology class c1(X) and
having finite energy in the sense that J(w) < +o0o0. As a consequence of [BBGZ13], the
map w +— V1w" (which corresponds to the complex Monge-Ampere operator at the level
of potentials) sets up a bijection between 7' and the set M! of probability measures with
finite energy.

With respect to the weak topology of currents, compactness in 7! is easily obtained: any
set of currents with uniformly bounded energy is weakly compact. But the drawback of
this weak topology is that the Monge-Ampere operator is not weakly continuous as soon as
n > 2.

An important novelty of this article is to define, study and systematically use a strong
topology on 7! and M!, which turns them into complete metric spaces and with respect
to which the bijection 7' ~ M! described above becomes a homeomorphism. At the level
of potentials, the strong topology appears as a higher dimensional and non-linear version of
the Sobolev W2-norm?.

Relying on a property of Lelong numbers of psh functions proved in Appendix A, we
prove that w-psh functions with finite energy have identically zero Lelong numbers on any
resolution of singularities of X, and hence satisfy an exponential integrability condition.
This is used to prove a compactness result in the strong topology of M! for probability
measures with uniformly bounded entropy, which is a key point to our approach. Under the
assumption that the Mabuchi functional is proper, the entropy bound is easily obtained along

3Perelman explained his celebrated estimates during a seminar talk at MIT in 2003 (see [SeT08]). These
have been used since then in studying the C°°-convergence of the normalized Kahler-Ricci flow under various
assumptions (see notably [TZ07, PSeS07, PSSWO08b]).

AThis topology has been recently studied further in [Dar14].
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the normalized Kéahler-Ricci flow and Ricci iteration, thanks to the monotonicity property
of the Mabuchi functional.

Structure of the article. The article is organized as follows:

e Section 1 is a recap on finite energy currents. It provides in particular a crucial
integrability property of their potentials (finite energy functions).

e Section 2 introduces the strong topology and establishes strong compactness of mea-
sures with uniformly bounded entropy.

e Section 3 studies the first basic properties of Kéhler-Einstein metrics on log Fano
pairs, showing in particular that the singularities are at most log terminal;

e Section 4 gives a variational characterization of Kéhler-Einstein metrics, extending
some results from [BBGZ13];

e Section 5 provides an extension of the uniqueness results of Bando-Mabuchi and
Berndtsson to the context of log Fano pairs, finishing the proof of Theorem A;

e Section 6 studies ’Ricci iteration’ in the context of log Fano pairs, and contains the
proof of Theorem B.

e Section 7 recalls Song and Tian’s construction of the normalized Kéhler-Ricci flow
on a Q-Fano variety, and proves Theorem C;

e Section 8 adapts a construction of [AGP06] to get examples of log Fano pairs and log
terminal Fano varieties with Kéhler-Einstein metrics that are not of orbifold type;

e The article ends with three appendices. The first one proves an Izumi-type estimate
that plays a crucial role for the integrability properties of quasi-psh functions with
finite energy. The second one provides an explicit version of Paun’s Laplacian es-
timate [Pau08], on which relies the C'*°-convergence in Theorem B. The third one
gives a detailed proof of a version of Berndtsson’s subharmonicity theorem that plays
a crucial role in the proof of the uniqueness of Kahler-Einstein metrics.

Nota Bene. The current version of this article differs substantially from the first version
of the arXiv preprint. The latter dealt more generally with Mean Field Equations with
reference measures having Holder continuous potentials, a point of view that made it less
readily accessible to differential geometers. Meanwhile, the preprint [DS14] appeared, giving
further motivation for the general context of our previous work. Another new feature of the
present version is the Izumi-type result proved in Appendix A.

Various important works have appeared since the the first version of our work was circu-
lating. We have only mentioned in footnotes those that are immediately connected to the
contents of the present article.

Acknowledgements. The authors would like to express their gratitude to Bo Berndtsson for
uncountably many interesting discussions related to this work, and in particular for his help
regarding the uniqueness theorem. We are also grateful to Tomoyuki Hisamoto and Dror
Varolin for helpful discussions, and we thank the referee for useful suggestions.

1. FINITE ENERGY CURRENTS

The goal of this section is to establish a number of preliminary facts about functions and
measures with finite energy on a normal compact Kéhler space, which rely on a combination
of the main results from [EGZ09, BEGZ10, BBGZ13, EGZ11].
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1.1. Plurisubharmonic functions and positive (1,1)-currents. Let X be a normal,
connected, compact complex space, and denote by n its (complex) dimension.

By definition, a Kdhler form wy on X is locally the restriction to X of an ambient Kahler
form in a polydisc where X is locally realized as a closed analytic subset. In particular, it
admits local potentials, which are smooth strictly psh functions.

A function ¢ : X — [—00,400] is wo-plurisubharmonic (wp-psh for short) if ¢ + u is
psh for each local potential u of wg, which means that ¢ + u is the restriction to X of an
ambient psh function in a polydisc as above (see [FN80, Dem85] for further information on
psh functions in this context).

We denote by PSH(X,wp) the set of wp-psh functions on X, endowed with its natural
weak topology. By Hartogs’ lemma, ¢ — supy ¢ is continuous on PSH(X, wp) (with respect
to the weak topology), and we say that ¢ € PSH(X,wp) is normalized if supy ¢ = 0. We
denote by

PSHy0rm (X, wo) € PSH(X, wp)

the set of normalized wg-psh functions, which is compact for the weak topology. We also
denote by T(X,wp) the set of all closed positive (1, 1)-currents w dd°~-cohomologous to wy,
endowed with the weak topology. The map

© = wy 1= wo + ddp
defines a homeomorphism
PSHyorm (X, wo) ~ T (X, wp).
with respect to the weak topologies. We denote its inverse by w — ¢, so that ¢, is the
unique function in PSHyorm (X, wp) such that

w = wp + dd°p,.

When X is non-singular, Demailly’s regularization theorem [Dem92] (see also [BK07]) shows
that any ¢ € PSH(X,wq) is the decreasing limit of a sequence of smooth wg-psh functions.
The analogous statement is not known in the general singular case (except when wqy € ¢;(L)
represents the first Chern class of an ample line bundle L [CGZ13]). However, it follows
from [EGZ11] that every ¢ € PSH(X,wp) is the decreasing limit of a sequence of continuous
wo-psh functions.

If we let 7 : X — X be a resolution of singularities, then wg := 7*wq is a semipositive
(1,1)-form which is big in the sense that f)} wg > 0. Since X is normal, 7 has connected

fibers, hence every wp-psh function on X is of the form p o7 for a unique wp-psh function
¢ on X. We thus have a homeomorphism

PSH(X,wo) ~ PSH(X,&p).

This reduces the study of wp-psh functions on X to wy-psh functions on X , Where X is thus
a compact Kéahler manifold and @y is a semipositive and big (1, 1)-form.

1.2. Functions with full Monge-Ampeére mass. Let X be a normal compact complex
space endowed with a fixed Kéahler form wg. For each ¢ € PSH(X,wp), the functions
@; = max{yp,—j} are wo-psh and bounded for all j € N. The Monge-Ampere measures
(wo + ddp;)™ are therefore well-defined in the sense of Bedford-Taylor, with

/ (wo + ddpj)" :/ wy =: V.
X X
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By [BT87], the positive measures jij := 1y~ _j3(wo + dd°p;)" satisty
Lip>—jphst1 = My

and in particular p; < pjyq1. As in [BEGZ10], we say that ¢ has full Monge-Ampére mass
(this is called finite energy in [GZ07]) if lim; 00 pj(X) =1, i.e.

lim (wo + dd°max{p, —j})" = 0.

I7e0 Hp<—j}
In that case we set (wg+dd®p)"™ := lim;j_, { 15, which is thus a positive measure on X with
mass V. More generally, for any ¢1, ..., ¢, € PSHen (X, wp) the positive measure

(wo +ddp1) A ... A (wo + dd°py)

is also well-defined, and depends continuously on the ¢;’s when the latter converge mono-
tonically.
We denote by
PSHpun (X, wo) € PSH(X, wo)

the set of wg-functions with full Monge-Ampere mass. We say that a current w € T (X, wp)
has full Monge-Ampere mass if so is ¢, and we write

Trun1 (X, wo) C T (X, wo)

for the set of currents with full Monge-Ampeére mass. For each ¢ € PSHgp (X, wp) we define
a probability measure
MA(y) := V_lwg.

We denote by M(X) the set of probability measures on X, endowed with the weak

topology, and we call

MA : PSHqu(X, wo) — M(X)
the Monge-Ampére operator. We emphasize that for n > 2 this operator is not continuous
in the weak topology of PSHgy (X, wo).

For each ¢ € PSHg(X, wp), the measure MA(p) is non-pluripolar, i.e. it puts no mass on
pluripolar sets. Conversely, applying [BBGZ13, Corollary 4.9] to a resolution of singularities
shows that any non-pluripolar probability measure pu is of the form MA(y) for some ¢ €
PSH¢1(X,wo). In other words, the map Ty (X,w) — M(X) defined by w +— V=lw" is
injective, and its image is exactly the set of non-pluripolar measures in M(X).

The following crucial integrability property of functions with full Monge-Ampeére mass
relies on a non-trivial property of Lelong numbers of psh functions proved in Appendix A.

Theorem 1.1. Let ¢ € PSHp(X,wo) and let m : X — X be any resolution of singularities
of X. Then @ := @or has zero Lelong numbers. Equivalently, e=% € LP(X) for allp < +oc.

Proof. By Corollary 9.3 from Appendix A, we are to show that the slope s(p,x) of ¢ at
any point z € X is zero. Let (f;) be local generators of the maximal ideal of Ox , and set
¢ :=log ) . |fi|, which is a psh function defined on a neighborhood U of z, with an isolated
logarithmic singularity at . Let 0 < # < 1 be a smooth function with compact support
in U such that # = 1 on a neighborhood of x. A standard computation (see e.g. [Dem92,
Lemma 3.5]) shows that

p = log (9€¢ +(1- 0))
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satisfies ddp > —Cwyq for some C' > 0. It follows that ep is wp-psh for all € > 0 small enough.
If s(¢,z) > 0 then ¢ < ep+ O(1) for any 0 < € < s(¢,z). Since ¢ has full Monge-Ampere
mass, it follows from [BEGZ10, Proposition 2.14] that ep also has full Monge-Ampeére mass,
which is impossible since (wg + ddep)™ ({z}) = €"m(X,z) > 0 by [Dem85].

Finally, the last equivalence is a classical result of Skoda [Sko72]. O

1.3. a-invariants and tame measures. The following uniform integrability exponent gen-
eralizes the classical one of [Tia87, TY87]:

Definition 1.2. The a-invariant of a measure y € M(X) (with respect to wy) is defined as

Qo (1) :=supg a >0 | sup / e *Pdu < 400 p.
©€PSHuorm (X,wo) + X
Note that oy, (x) > 0 implies that p is non-pluripolar. We also introduce the following
ad hoc terminology.

Definition 1.3. We say that a positive measure j1 on X is tame if 1 puts no mass on closed
analytic sets and if there exists a resolution of singularities m : X — X such that the lift 1
of u to X has LP-density (with respect to Lebesgue measure) for some p > 1.

By the lift of i, we mean the push-forward by 7! of its restriction to the Zariski open
set over which 7 is an isomorphism. Note that this is well-defined precisely because p puts
no mass on closed analytic sets. As we shall see, this a priori artificial looking notion of a
tame measure appears naturally in the context of log terminal singularities.

Proposition 1.4. Let u be a tame measure on X. Then ag,(u) > 0, and for each ¢ €
PSH (X, wo) we have e=? € LP(u) for all finite p. In particular, e~®u is also tame.
Furthermore given p < 400 and a weakly compact subset K C PSHe(X,wp), both the
identity map and the map ¢ — e~ ¥ define continuous maps KK — LP(p).

Proof. Let 7 : X — X be a resolution of singularities such that the lift @ of p to X has LP-
density for some p > 1. By [Sko72] and Holder’s inequality, it follows that there exists € > 0
such that [ 5 € “¥dp is finite and uniformly bounded for all normalized wo-psh functions ¢ on

X. Since 1 puts no mass on closed analytic subsets, we infer fX e %Pdu = f)? e Pdi < 400,
hence ay,, (pt) > 0.

If we take ¢ € PSHp (X, wo) and set @ := ¢ o, Theorem 1.1 shows that e~% belongs to
L1 for all ¢ < 400. By [Zer01], we even have a uniform L%-bound as long as ¢ stays in a
weakly compact set of wy-psh functions. Using the elementary inequality

e — eb‘ <la —ble*™®, a,b>0,
the continuity of ¢ — e~% now follows from Hoélder’s inequality. O

Lemma 1.5. Let p € M(X) be a tame probability measure. Then there ezists a unique
w € Tran(X,wo) such that V-lwon = u, and w has continuous potentials.

Proof. We have already observed that p is non-pluripolar, which implies that p = vVl
for unique w € Tp(X,wp). To see that w has continuous potentials, let 7 : X — X be a
resolution of singularities such that g has LP-density for some p > 1. By [EGZ09, EGZ11],

there exists a continuous @o-psh function @ on X such that V~=1(&g + dd°@)" = fi. If we let
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@ be the corresponding wy-psh function on X, then ¢ is continuous on X by properness of
m, and the result follows since w := wg + dd°p by uniqueness. O

1.4. Functions and currents of finite energy. We introduce
ENX,wo) == {p € PSHpm(X,wo), ¢ € L' (MA(p))},
and say that functions ¢ € £1(X,wp) have finite energy. We denote by
THX, wo) C Tran(X, wo)

the corresponding set of currents with finite energy, i.e. currents of the form w, with ¢ €
EY(X,wp). Tt is important to note that T1(X,wp) is not a closed subset of T (X,wo).

The functional E : £1(X,wp) — R defined by

E(gp):n_i_l;‘/ /Xgowé/\wo (1.1)

is a primitive of the Monge-Ampére operator, in the sense that

o Elto+(1=09) = [(p—w)MAW)

for any two ¢, € EY(X,wp). This implies that

Bl) = B = =g SV [ (0= ) (wn+ ddeP A (oo +ddw) T (12
j=0

for all ,1 € EY(X,wp). The energy functional E satisfies E(p + ¢) = E(p) + ¢ for ¢ € R,
and it is concave and non-decreasing on £1(X,wp) (we refer the reader to [BEGZ10] for the
proofs of these results).

If we extend it to PSH(X,wp) by setting E(p) = —oo for ¢ € PSH(X,wp) \ £1(X,wp)
then E : PSH(X,wp) — [—00, +00[ so defined is upper semi-continuous. As a consequence,
the convex set

EL(X, wp) = {gp € EY(X,wp), supyp < C and E(p) > —C} (1.3)
X

is compact (for the L!-topology) for each C' > 0.

We also recall the definition of two related functionals that were originally introduced by
Aubin. The J-functional (based at a given ¢ € £Y(X,wp)) is the functional on £1(X,wp)
defined by setting

Jo(¢) = E($) — E(p) + /X (o — )MA(Y).

Note that Jy(¢) = E(¢) — E(p) + E'(¢) - (¢ — 1) > 0 by concavity of E. For ¢ = 0 we
simply write

J(g) = Jo(p) = V! /X ol — E().
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Finally the I-functional is the symmetric functional defined by

n—1
Ip0) = [ (o= ) MAW) = MA@) = SV [ dle =) Adi(o =) ) s
7=0

(1.4)
which is also non-negative by concavity of E. When 1 = 0 we simply write
I(p) = I(p,0) = Vl/ puwy — / PMA ().
X X
These functionals compare as follows (see for instance [BBGZ13, Lemma 2.2]):
n () < Ju(e) < 1(p, ) < (n+1)Jy (). (1.5)

We will also use:
Lemma 1.6. For each ¢ € EY(X,wy), there exists A, B > 0 such that
AT (p) = B < Jy(p) < AJ(p) + B
for all o € E1(X,wp).

Proof. By translation invariance, we may restrict to ¢ € &L ., (X,wo). We compute

norm

Jo() = J(g) = B() + /X (o — )MA() - /X SMA(0),

Since ¢ is normalized, [, ¢MA(0) is uniformly bounded by [BBGZ13, Lemma 3.2]. On the
other hand, by [BBGZ13, Proposition 3.4], there exists C' > 0 such that

/X ¢MA(¥)

for all ¢ € &L (X, wo). We thus get Jy = J + O(JY2) on &L, (X, wo), and the result

follows. O

< CJ(p)'/?

As opposed to E, these functionals are translation invariant, hence descend to 7 (X, wp).
For w,w’ € TH(X,w) we set J,(w') = J,, (po) and I(w,w') = I(py, ). For each C > 0
we set

Té(X,wo) = {w € T (X, wo) | Jw) < C}.

1.5. Measures of finite energy. As in [BBGZ13|, we define the energy of a probability
measure £ on X (with respect to wp) as

BG= (B~ [on) el (16)

This defines a convex lsc function E* : M(X) — [0, +0oc], and a probability measure p is
said to have finite energy if E*(u) < +00. We denote the set of probability measures with
finite energy by

MY(X, wo) = {1 € M(X) | E* (1) < +o00},
and we set for each C' > 0

ME(X,wo) = {p € M(X) | E*(1) < C}. (1.7)
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By [BBGZ13, Theorem 4.7], the map w +— V~'w" is a bijection between T'(X,wp) and
ML (X wo) (but here again it is not continuous with respect to weak convergence).
The concavity of E shows that

E* (MA(¢)) = B(p) - /X P MA(p) = J,(0) = (I = J)(), (1.8)

and consequently the following Legendre duality relation holds:
E(p) = inf E*(u) + / d ) . 1.9
)=t (B0 + [ odn (19)

We also note that
n~ E*(MA(p)) < J(p) < nE*(MA(p)), (1.10)

by (1.5), hence w — V~'w™ maps TA (X, wp) into M, (X, wp), and similarly for its inverse.
We end this section with the following continuity properties:

Proposition 1.7. Let u € MY (X,wg) be a measure with finite energy. Then p acts con-
tinuously on EL(X,wo) for each C > 0. Dually, every p € EY(X,wpy) acts continuously on
Mlc(X, wo).

Proof. The first assertion is [BBGZ13, Theorem 3.11]. Let us prove the dual assertion. By
[EGZ11], we may choose a decreasing sequence of continuous wy-psh functions ¢j, converg-
ing pointwise to ¢ on X. This monotone convergence guarantees that I(yk, ) — 0. By
[BBGZ13, Lemma 5.8], it follows that the map p — [ ¢ is the uniform limit on M (X, wo)
of the maps p +— [ x Pki, each of which is continuous by continuity of ¢. O

1.6. A quasi-triangle inequality for /. When X has dimension 1,
o) = [ dlo=0) ndlo =)

coincides with the squared L2-norm of d(¢—1) for all ¢, € E1(X,wp). By Cauchy-Schwarz,
I'Y/2 satisfies the triangle inequality, and the convexity inequality (x4 y)? < 2(2? + y?) for
x,y € R yields

31(p1,92) < (o1, 03) + (03, 02)
for any ¢1, @2, 03 € E1(X, wo).

Our goal here is to establish the following higher dimensional version of this inequality.
Theorem 1.8. There exists a constant ¢, > 0, only depending on the dimension n, such
that

enl(@1,02) < I(p1,93) + 1(p3,01).
for all o1, ¢2, 03 € EY(X, wp).

For any @1, 2,9 € E1(X,w) we set

1/2
ld(¢1 = w2)lly = </X d(p1 — p2) N d°(p1 — p2) A (w + dd%)"”) , (1.11)

which is the L?-norm of d(p; — ¢2) with respect to wy when the latter is a Kéhler form.
Using (1.4) it is easy to see that

ld(1 — p2) 1%y 00p < (01, 02) <2 M d(p1 — wz)ll%@l;w (1.12)
2
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Lemma 1.9. There ezists ¢, > 0 only depending on n such that for all p1, 2,1 € E(X,wp),

n—1 _ n—1 . 1
enlldlr = @2} < Tlor02)"™ " (101, w)' ™" 4 T2 ) ")

Proof. The proof is a refinement of [BBGZ13, Lemma 3.12] and [GZ12, Lemma 3.1]. Set
u = 1 — P2, v := (p1 + ¢2)/2 and for each p =0, ...,n — 1,

by == /X du A du N\ wi AwlPL
By (1.12) we have by < I(¢1, ¢2), while

b1 = |ld(e1 — p2)II}
is the quantity we are trying to bound. Let us first check that

bpr1 < by + 4\/ bpl (¥, v) (1.13)

for p = 0,...,n — 2. Using integration by parts and the identity dd‘u = w,, — wy,, we
compute

bpit1 — by = /Xdu/\dcu/\ddc(i/z—v)/\wz/\wg_p_Q
= —/du/\dCW—v)/\aldcu/\wz/\cug_p_2
X
— _/du/\dc(i/ﬁ—v)/\wm/\WZ/\wZL_p_Z‘F/du/\dc(d)_v)/\ww/\WZAWS_I)_Q'
. X

For i = 1,2 the Cauchy-Schwarz inequality yields

1/2
< (/X du A d°u A ANwg, AWl A w;}‘l"2> X

‘/ du Nd(p —v) ANwy, A wi A wh—P=2
D'

1/2
X (/ d( —v) Nd°(Y —v) Awg, A wi A wf}_p_2> < 2b11)/21(1j},v)1/2,
X

noting that w,, < 2w, and using (1.4). This proves (1.13).
Next we use the convexity of ¢ — Jy(¢) and (1.5) to get

21(v,9) < (n+1) (I(¢1,9) + I(p2,9)) -

Setting
Hp :=8(n+1) (I(¢1,¥) + I(p2,7)) (1.14)
and
h(t) :=t+ /Hpt (1.15)

we thus have b,y1 < h(by) for p = 0,...,n — 1 by (1.13). Since by < I(p1,92) and h is
non-decreasing, it follows that

ld(o1 = @2) |3 < A" (I( 1, 02)) (1.16)

where h"~! := ho---0oh denotes the (n — 1)-st iterate of h: R, — R.
It is easy to check by induction on p € N that

WP (t) < AHV24U2 gor 0 <t < 2727 H, (1.17)

There are two cases:
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o If I(p1,¢2) < 272" H,, we can apply (1.17) with p = n — 1, which combines with
(1.16) to yield
_ n—1 n—1
ld(pr = @2) 5 < 4HL (1, 00) /2"
2n—1

We conclude by definition of H,, and the subadditivity of ¢ — ¢!/ .
e Assume now that I(p1,p2) > 272" H,,. Using (1.4) we have

ld(1 — )y < lld(e1 — )|y + AW — ©2)l|,
< I(p1, )2+ I(pa, )2,

hence )
d(o — 2 <oI I = —H,.
1 n—1 n—1 1 n—1 n—1
_ 7H1—1/2 H1/2 < 7H1_1/2 I 1/2
dn+1)" " " T+l (o1, 22) ’

and we conclude as before.

Proof of Theorem 1.8. Set 1 := €152, The triangle inequality

ld(e1 = w2)lly < [ld(e1 = w3)lly + (w2 — @3)ly
and (1.12) yield

I(p1,02) < 2" (lld(p1 — 3)l15 + lld(02 — @3)15)
Applying Lemma 1.9 we obtain

enllprp2) < Tong)” " (Ion, ) ™ 4 1(ps, 0) ")

+ (2, 03)Y% (I(<P271/1)171/2n_1 + I(<P3,1/1)171/2n_1> :

As before the convexity of Jy, and (1.5) imply

n+1

I 9) < "2 1o 02), Hon) < 22 1(p1,)

and 1
I(p3,7) < nT (I(1,03) + L(p2,03)) -

Plugging this in the above inequality, we obtain after changing c,,

el (1, 02) < (I(@l’%)mn_l +I(s02,<p3)1/2n_1) X

_ n—1 _ n—1 _ n—1
x (I(somoa)l V2 4 I (1, 03) Y2 4 I(pa, 3) 712 )

Note that we can assume I (1, p2) > max{I(v1,¢3), (2, 3)}, otherwise the usual triangle
inequality holds and we are done. It follows therefore from our last inequality that

enllpr,02) <3 (I(sol’ ) /7" + I(pa, @3)1/211,—1) (g1, 02) 72",

and the result follows thanks to the convexity inequality (x + y)2n71 <92l <$2n—1 + y2n_1)
for z,y € R. O
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2. THE STRONG TOPOLOGY

2.1. The strong topology for functions. In order to circumvent the discontinuity of the
Monge-Ampeére operator with respect to the weak topology, we introduce a strong topology
that makes it continuous.

Definition 2.1. The strong topology on E1(X,wp) is defined as the coarsest refinement of
the weak topology such that E become continuous.

Lemma 2.2. Every strongly convergent sequence in E1(X,wo) is contained in EL(X,wp) for
some C > 0.

Proof. If ¢; — ¢ is a strongly convergent sequence in £*(X,wp) then both supy ¢; and
E(gj) are convergent sequences, hence are bounded. O

As the next result shows, on EL ., (X, wo), the strong topology corresponds to the notion

of convergence in energy from [BBGZ13, §5.3].

Proposition 2.3. If ¢j, ¢ € EL .. (X,wo) are normalized wo-psh functions, then ©; — ¢

in the strong topology iff I(¢j, ) — 0.
Proof. By (1.5) we have

(n+1)"' (g, ) < E(p) — E(p;) + /X(wj —p)MA(p) = Jo(p;) < I(pj,0).  (2.1)

If ¢; — ¢ strongly then all ¢; belong to £L(X,wp) for some C > 0 by Lemma 2.2. By
Proposition 1.7 it follows that [, (¢; — ¢)MA(p) — 0, hence I(g;, ) — 0 by (2.1).
Assume conversely that I(¢;,¢) — 0. By [BBGZ13, Proposition 5.6] it follows that
©; — ¢ weakly. It remains to show that E(¢;) — E(y). Using (1.5) we see that ¢; €
EL(X, wo) for some fixed C' > 0, hence [y (p; — ¢)MA(p) — 0 by Proposition 1.7, and we
get E(pj) = E(p) using again (2.1). O

We are now going to show that I defines a complete metrizable uniform structure on
&L (X, w), whose underlying topology is the strong topology. These results will not be
used in the rest of the article.

When n = dim¢ X = 1, (1.4) shows that I(u,v)"/? coincides with the L?norm of the
gradient of u — v. As a consequence, [ 1/2 defines a complete metric space structure on
EL (X, w). Since the unit ball of the Sobolev space W2 is not compact, it is easy to
see that the sets c‘%(X ,wp), even though they are weakly compact, are not compact in the
strong topology already for n = 1 (compare also Lemma 2.8).

In higher dimension, the quasi-triangle inequality of Theorem 1.8 implies that I defines a
uniform structure, which is furthermore metrizable for general reasons [Bour]. Let us now
show that it is complete.

Proposition 2.4. Every sequence (p;) in Eo

converges in the strong topology of EL.,. (X, wo).

(X, wo) such that lim; g o0 I(¢j, %) = 0

Proof. Pick jo such that I(p;,¢x) < 1 for all j,k > jo. By (1.5) it follows that Ji,, (;) is

bounded, hence also J(;), by Lemma 1.6. We may thus find C > 0 such that ¢; € E4(X, wo)
for all j. Using the Cauchy-like assumption, it is as usual enough to show that some
subsequence of (¢;) is strongly convergent. By weak compactness of £4(X, wp), we may thus
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assume after perhaps to a subsequence that ¢; converges weakly to some ¢ € (‘%(X ,wp). Let
us show that ¢; — ¢ strongly as well. Let € > 0, and pick N € N such that I(ypj,ox) < €
for all j,k > N. By (1.5) we get

E(py) - Elgr) + /X (k — 0)MA(p5) = o, (1) < I, 00) < .

Since E is usc in the weak topology and MA(p;) is weakly continuous on EL(X,wp) by
Proposition 1.7, it follows that by letting £ — oo with j fixed that

Toi(0) = Ble) = Blo)+ [ (o= o) MAe) <&
for all j > N. Using again (1.5) we thus see as desired that I(¢;,¢) — 0. O

2.2. The strong topology for currents and measures. We introduce the following dual
strong topologies:

Definition 2.5. The strong topology on T'(X,wp) and M'(X,wq) are respectively defined
as the coarsest refinement of the weak topology such that J and E* become continuous.

Proposition 2.6. The maps ¢ — w, and w V=" define homeomorphisms

51 (X7WO)ZT1(X7WO)2M1(X>WO)

norm

for the strong topologies.

Proof. The strong bicontituity of ¢ — w,, is easy to see, since we have by definition J(p) =
vl S  pwy — E(p) where ¢ — S  pwy is weakly continuous. It is thus enough to establish
the continuity in the strong topology of the map &} .. (X, wo) = M(X) ¢ — MA(p) and
of its inverse.

We thus consider ¢}, p € ELm (X, wo) and set pj := MA(yp;), u := MA(p). Suppose first
that ¢; — ¢ strongly. By [BBGZ13, Proposition 5.6] we have [y ¢u; — [y 1p uniformly
with respect to ¢ € Sé(X, wp) for each C' > 0. This shows on the one hand that pu; — p
weakly, and on the other hand that [, pju; — [y pp. It follows that E*(u;) = E(gp;) —
Jx @jmj converges to E*(u) = E(p) — [y ¢u, so that p; — p strongly.

Conversely, assume that y; — pstrongly. Then E*(u;) = E(¢;)— [y ¢;MA(p;) converges
to E*(u) = E(p) — [y ¢MA(p), and also [y pMA(gp;) = [y ¢MA(p) by Proposition 1.7,
since MA(¢;) = pj — MA(p) = p weakly. Adding up we get

E(pj) — E(p) + /X(w — i) MA(gp;j) = 0,
hence I(pj,¢) — 0 by (2.1), which shows as desired that ¢; — ¢ strongly. O

The following dual equicontinuity properties hold:

Proposition 2.7. For each C' > 0 we have:

(i) the set of probability measures ME(X,wo) acts equicontinuously on EY(X,wp) with
its strong topology;

(ii) the set of wo-psh functions EL(X,wo) acts equicontinuously on M'(X,wg) with its
strong topology.
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Proof. In view of Propositions 2.3 and 2.6, (i) follows from [BBGZ13, Lemma 5.8], while (ii)
follows from [BBGZ13, Lemma 3.12]. O

As a consequence, we get the following characterization of strongly compact subsets of

M (X, wp):

Lemma 2.8. Let K be a weakly compact subset of M'(X,wg). The following properties are
equivalent:
(i) K is strongly compact;
(ii) K ¢ MY(X,wo) for some A > 0, and for each C > 0 K acts equicontinuously on
EL(X,wo) equipped with its weak topology.

Proof. Let us prove (i)=-(ii). Since E* is by definition continuous with respect to this
topology, it is bounded on X, which shows that K is a subset of M}4(X, wp) for some
A > 0, and is necessarily weakly closed. Assume by contradiction that I fails to act
equicontinuously on EL(X,wp) for some C > 0. Then there exists sequence y; € K and
¢; € E4(X,wp) such that p; — ¢ weakly but [, (p; — ¢)u; stays away from 0. Using
the compactness assumption we assume after perhaps passing to a subsequence that p;
converges in energy to some p € K. By Proposition 2.7 we then have fX Ojp; — fX VL,
and we also have [ (¢; — @) — 0 by Proposition 1.7. It follows that [y (¢; —¢)u; — 0, a
contradiction.

Conversely, assume that (ii) holds and let u; be a sequence in K. Set ¢; := ¢, so that
p; € EL(X,wp) for a uniform C > 0 by (1.10). By weak compactness of £4(X,wy), we
may assume after perhaps passing to a subsequence that ¢; converges weakly to some ¢ €
EL(X,wo). The equicontinuity assumption therefore implies that [y (p; — ¢)MA(p;) — 0.
We also have [ (¢; — ¢)MA(p) — 0 by Proposition 1.7, hence

I(pj,0) = /X (65— @) (MA(g) — MA(g;)) — 0.

By Proposition 2.3 it follows that ¢; — ¢ in energy, hence p; — p:= MA(p), and we have
proved as desired that p; admits a limit point in . U

2.3. Entropy and the Holder-Young inequality. We first recall a general definition:

Definition 2.9. Let p,v be probability measures on X. The relative entropy H,(v) €
[0, +00] of v with respect to p is defined as follows. If v is absolutely continuous with respect
to u and f:= Z—Z satisfies flog f € L'(u) then

H,(v):= /X flog fdu = /X log (3:) dv.

Otherwise one sets H,(v) = +00.

We write
H(X, 1) = {1 € M(X) | Hu(v) < +oc}
and for each C' > 0
He(X,p) == {pe M(X) | Hy(v) < C},
a compact subset of M (X). We will use the following basic properties of the relative entropy.

Proposition 2.10. Let pu,v be probability measures on X.
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H,(v)= sup </gdu—log/egdu>.
geC(X)

(ii) Hu(v) > 2||u —v||*. In particular H,(v) =0 iff v = p.

(i) We have

Part (i) says that H), is the Legendre transform of the convex functional g — log [ e9dp.
In particular it is convex and lower semi-continuous on M(X). We refer to [DZ, Lemma
6.2.13] for a proof.

The norm in (ii) denotes the total variation of y — v, i.e. its operator norm as an element
of CY(X)*. The inequality in (ii) is known as Pinsker’s inequality, see [DZ, Exercise 6.2.17]
for a proof. For later use we note:

Lemma 2.11. For each lower semi-continuous function g on X we have

sup (/ng—Hu(y)) = 1og/egdu.
veEM(X)

Proof. When g is continuous this follows from Legendre duality (i.e. the Hahn-Banach the-
orem). Assume now that g is an arbitrary lsc function. The inequality

/gdzjglog/egdu—FHM(v)

is a direct consequence of Jensen’s inequality. Conversely since g is Isc there exists an increas-
ing sequence of continuous functions g; < g increasing pointwise to g. By the continuous
case we get for each j

log/egjdu: sup (/gj dV—HM(V)) < sup (/ng—HM(V)>
veM(X) veM(X)

and the result follows by monotone convergence. O

We now briefly recall some facts on Orlicz spaces.

Definition 2.12. A weight is a convex non-decreasing lower semicontinuous function x :
[0, +00] — [0,4+0c] such that x~1{0} = {0} and x(+o0) = +oo. Its conjugate weight
X" : [0, 4+00] — [0,400] is the Legendre transform of x (| - 1), i.e.

X7 (t) := sup (st — x(s)).
s>0
By Legendre duality we have x** = x. Apart from the well-known case of the conjugate
weights s”/p and t9/q with % + % = 1, the main example for us will be:
Ezample 2.13. The congugate weight of x(s) := (s + 1)log(s + 1) — s is
XH(t) =e —t—1.

Definition 2.14. Let u be a positive measure on X and let x be a weight. The Orlicz space
LX(p) is defined as the set of all measurable functions f on X such that [ x (e|f]) du < +o00
for some ¢ > 0.
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Observe that f € LX(u) iff e f belongs to the convex symmetric set

B = {g e 1), [ xllghdu < 1}

for 0 < € < 1. The Luzembourg norm on LX(u) is then defined as the gauge of B, i.e. one
sets for f e LX(u)

Ilfllx () = inf {)\ >0, /X ()\_llf|) dp < 1} .

It turns LX(u) into a Banach space.
Proposition 2.15. [Holder- Young inequality] For any two measurable functions f € LX(u)
and g € LX (1) we have

[ 1aldn < 21l sl

We recall the straightforward proof for the convenience of the reader.

Proof. We may assume that the right-hand side is non-zero. By homogeneity we may assume
that || flrx(u) = llgllx ) = 1, hence [ x (f])dp < L and [x* (lg]) du < 1. We have |fg] <

x(If]) + x*(Jg]) pointwise on X by definition of x*, hence [ |fg|du < 2 after integrating,
and the result follows. O

Corollary 2.16. Let v = f i be a positive measure that is absolutely continuous with respect
to p, and let x be a weight function such that [ x(f)dp < A for some 1 < A < +oo. Then
we have

lgllrw) < 2419l x= ()
for every measurable function g.
Proof. The assumption amounts to HfHLA—lx(M) < 1, and the weight 74(t) := A= x*(At) is
conjugate to A~1y. On the other hand it follows from the definition that
HQHLTA(H) = AHQHLA*%(*(M) < AHQHLX*(#)

since A > 1, and the result follows from the Hélder-Young inequality. O

2.4. Strong compactness of measures with bounded entropy. The goal of this section
is to prove the following result, which is a main ingredient in the convergence of Ricci
iteration and of the K&hler-Ricci flow.

Theorem 2.17. Let yig be a tame probability measure on X. Then H(X, po) € M*(X,wo),
and for each A > 0 the set Ha(X, po) is strongly compact.

We first show that measures of finite entropy have finite energy:

Lemma 2.18. Assume that uo is a probability measure on X with au, (1) > 0.
(1) For each 0 < o < (o) there exists C > 0 such that

Hyo(p) = o E*(p) = C.
for all p € M(X). In particular we have
H(X, o) € MH(X, wo),
and for each A > 0 there exists B > 0 such that Ha(X, o) C My (X, wp).
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(i) If aw,(po) > g then there exists €,C > 0 such that
Hyo(p) = (1 +e)E"(p) = C
for all .
Proof. By definition of a,, (o), given a < ay,,(uo) there exists C' > 0 such that

log/e_wuo < —asupy +C
X

for all wy-psh functions ¢, hence

_10g/e—a<ﬂﬂ0 > aV_l/ pwy —C > aE(p)—C.
X

By Lemma 2.11 this implies

Hoo () > arsup (v—l [ows- | w) —C>aB() -G, (2.2

%)

which already proves (i). In order to prove (ii) we may assume that H,,(u) is finite. By (i)
it follows that E*(u) is finite as well, hence u = MA(¢p) for some ¢ € £1(X,wp). By the
first inequality in (2.2) we then obtain H,,(u) > aI(¢) — C, hence

(

Hyo (1) = E* (1) 2 (@ = 1)I(9) + J(p) = C
>(a—1+m+1) NI(p)—C=(a—nn+1)""I(p) -C
by (1.5). (ii) follows since I(p) > I(p) — J(¢) = E*(n). O
Proof of Theorem 2.17. By Lemma 2.8, it is enough to show that Ha(X, o) acts equicon-
tinuously on Sé(X ,wp) for each C' > 0. Let thus ¢; — ¢ be a weakly convergent sequence
in EL(X, wp), and let u = fuo be a measure in H (X, o). Introduce as in Example 2.13 the
weight x(s) := (s+1)log(s + 1) — s, whose conjugate function is x*(t) = e! —¢ — 1. We have
x(s) < slogs+ O(1) on [0, +oo[, hence [ x(f)du < Ay for some A; > 1 only depending on
A. By Corollary 2.16 it follows that
o5 = @l < 241lle5 = @l L )

We are thus reduced to showing that |l¢; — ¢l| v+ (,,,) = 0. Using the inequality x*(¢) < te!

and the definition of the norm || - [[ y+(,,,), We see that it is enough to show that
lim / |05 — wlexp (Alwj — @) po = 0 (2.3)
J—too Jx

for every given A > 0. But by Proposition 1.4 there exists B > 0 only depending on C
and A such that [ e 2*?pg and [ e=2*i g are both bounded by B. Since supy ¢; < C and
supy ¢ < C, it follows that

[ e @Nlg — eho < By
X

for some other constant B; > 0 independent of j. By Holder’s inequality we infer

1/2
/X 05 — ol exp (Mej — @) di < BY?l0; — ol 12 (o),

and (2.3) now follows since p; — ¢ in L?(ug) by Proposition 1.4. O
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As a consequence we get the following stability result for Monge-Ampere equations:

Corollary 2.19. Let pg be a tame probability measure on X and let A > 0. For each
1€ MY X, wo) let p, € EX(X,wo) be the unique normalized solution of MA(p,) = . Then
w s @, defines a continuous map from Ha(X, po) with its weak topology to EY(X,wo) with
its strong topology.

Proof. By Theorem 2.17 and Lemma 2.8, the weak and strong topologies coincide on H (X, 1).
We conclude using Proposition 2.3. O

This result should be compared with [EGZ09, Theorem A], which (combined with [EGZ11]
to get the ”continuous approximation property”) implies that 1 — ¢,, defines a continuous
map LP(uo) — C°(X) for p large enough.

3. KAHLER-EINSTEIN METRICS ON LOG FANO PAIRS

3.1. Log terminal singularities. A pair (X, D) is the data of a connected normal compact
complex variety X and an effective Q-divisor D such that Kx + D is Q-Cartier. We may
then consider the dd®-cohomology class of —(Kx + D), that we denote by ¢;(X, D). We
write

Xo = Xyeg \ supp D.

Given a log resolution 7 : X — X of (X, D) (which may and will always be chosen to be an
isomorphism over Xj), there exists a unique Q-divisor ), a;E; whose push-forward to X is
—D and such that

K)~( = Tr*(KX + D) +ZaiEi.
7
The coefficient a; € Q is known as the discrepancy of (X, D) along E;, and the pair (X, D)
is kit (a short-hand for Kawamata log terminal) if a; > —1 for all j. It is a basic fact about
singularities of pairs that the same condition will then hold for all log resolutions of X.
When D = 0, one simply says that X is log terminal when the pair (X,0) is klt (so that
Kx is in particular Q-Cartier, i.e. X is Q-Gorenstein).
The discrepancies a; admit the following analytic interpretation. Let r be a positive
integer such that r(Kx + D) is an integral Cartier divisor. If o is a nowhere vanishing
section of the corresponding line bundle over a small open set U of X then

1/r
(z‘m% A a) (3.1)
defines a smooth, positive volume form on Uy := U N Xy. If f; is a local equation of E;
around a point of 7=1(U), it is easily seen that we have
1/r
™ (z“a A a) = [ 1filPav (3.2)
i

locally on 7=1(U) for some local volume form dV. Since Y, E; has normal crossings, this
shows that (X, D) is kit iff each volume form of the form (3.1) has locally finite mass near
singular points of X.

The previous construction globalizes as follows:



KAHLER-EINSTEIN METRICS AND THE KAHLER-RICCI FLOW 21

Definition 3.1. Let (X, D) be a pair and let ¢ be a smooth Hermitian metric on the Q-line
bundle —(Kx + D). The corresponding adapted measure my on Xyeg is locally defined by
choosing a nowhere zero section o of r(Kx + D) over a small open set U and setting

.rn2 — 1/r T
my = (z oA (J') /\0|i(/b . (3.3)

The point of the definition is that the measure my does not depend on the choice of o,
hence is globally defined. The above discussion shows that (X, D) is klt iff my has finite
total mass on X, in which case we view it as a Radon measure on the whole of X.

Lemma 3.2. Let (X, D) be a kit pair and let mgy be an adapted measure as above.

(i) If w: X — X is a log resolution of (X, D) then the lift my of po to X writes my =

e v dV , where * are quasi-psh functions with analytic singularities, smooth over

7Y Xo), and e=¥" € LP for some p > 1. In particular, fio is tame (Definition 1.3).

(ii) On Xq the Ricci curvature of the volume form mg coincides with the curvature of ¢.
(iii) The Bergman space O(Xo) N L?*(my) contains only constant functions.

Property (ii) should be compared with [DT92, p.319, Remark].

Proof. Write as above K = 7*(Kx + D) +3_; a;E;. Let ¢; be a smooth Hermitian metric

on the line bundle O ¢ (E;) and let s; € HO(X, E;) be a section with Ej as its zero divisor.
If we set

Yt = Z 2a;log |sjlg; and ¥~ = Z 2(—a;) log|s;le,

a]->0 a]'<0

then (3.2) immediately shows that
m, = e’ Vv

where dV is a (smooth positive) volume form on X. Since aj > —1 there exists p > 1 such
that pa; > —1 for all j, and the normal crossing property of > ; Ej yields e~ %" € LP, which
proves (i).

The proof of (ii) is straightforward from the very definition of . In order to prove (iii),
let f € O(Xp) N L%*(mg). We then have

2 |2a;
/71-—1(X0) |f ol 1:[ |Sj‘¢deV < +00.

Since a holomorphic function extends accross a divisor as soon as it is locally L? near the
divisor, the above L? condition implies that f o7 extends to X \ |J ;>0 E;, or equivalently

that f extends holomorphically to X \ Z with Z := 7 (Ua],>0 Ej>. But the fact that

D= —m, (Z] ajEj> is effective implies that each E; with a; > 0 is m-exceptional. As a

consequence Z has codimension at least two in X, and the normality of X therefore shows
that f extends to X, hence is constant since X is compact. O
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3.2. Kahler-Einstein metrics. We recall the following standard terminology:

Definition 3.3. A log Fano pair is a klt pair (X, D) such that X is projective and —(Kx+D)
18 ample.

Let (X, D) be a log Fano pair. We fix a reference smooth strictly psh metric ¢¢ on
—(Kx + D), with curvature wy and adapted measure o = mgy,. We normalize ¢y so that
o € M(X) is a probability measure. The volume of (X, D) is

Vi=ca(X,D)" = / wg -
X

We let T(X,D) := T(X,wp) be the set of closed positive currents (with local potentials)
w € c1(X,D), and TY(X, D) := T'(X,wp) be those with finite energy. Similarly we denote
by M'(X, D) the set of probability measures with finite energy, which are thus of the form
V1w for a unique w € TY(X, D).

For any current with full Monge-Ampere mass w € T (X, D), Proposition 1.4 guarantees
that e~%«pug has finite mass, since pg is tame by Lemma 3.2. We may thus set

o
fy = PO (3.4)
T e o

Lemma 3.4. The map T'(X,wo) — MY (X,wo) w + p, is continous with respect to the
strong topology on both sides.

Proof. Let wj — w be a strongly convergent sequence in TY(X,wp), and set Wi = Hy; and
p = . By Lemma 2.2 there exists C' > 0 such that ¢; := ¢, belongs to EL(X,wp) for all
j. Since é’é(X, wp) is weakly compact, Proposition 1.4 shows that p; = fjuo and p = fuo
with ¢; — f in L?(uo). This implies that p; — p weakly, and also that u; has uniformly
bounded entropy with respect to pg. By Theorem 2.17 and Lemma 2.8, it follows as desired
that p; — p strongly. O

Definition 3.5. A Kéhler-Einstein metric w for the log Fano pair (X, D) is a current with
full Monge-Ampére mass w € T (X, D) such that
Vot = . (3.5)

Lemma 3.6. A Kdhler-FEinstein metric w is automatically smooth on Xg, with continuous
potentials on X, and it satisfies

Ric(w) = w + [D]
on Xreg-

Here [D] is the integration current on D|x,.,. Writing Ric(w) on X implicitely means
that the positive measure w"|y,,, corresponds to a singular metric on —Kx, ,, whose cur-
vature is then Ric(w) by definition. Note that the terminology is slightly abusive, since a
Kéhler-Einstein metric w for (X, D) is not smooth on X in general, hence not a Kéhler form
on X in the sense of §1.1. This should hopefully cause no confusion.

Proof. Set ¢ := ¢,. The Kéhler-Einstein equation (3.5) reads
(wo + ddp)™ = e~ ¥ g

for some constant ¢ € R. If we choose a log resolution 7 : X — X of (X, D), the equation
becomes (Wg +dd°)"™ = e~ ?T1y, where Wy = m*wy is semipositive and big, fig satisfies (i) of
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Lemma 3.2, and $ = por has e™? € L9 for all finite ¢ by Theorem 1.1. By [EGZ09, EGZ11]

© is continuous on X , and hence ¢ is continuous on X by properness of m. The smoothness

of ¢ on X follows from Theorem 10.1 (Appendix B) and the Evans-Krylov theorem.
Finally on X, we have

Ric(w) = —dd°logw" = dd°p — dd°log po = ddp + wo + [D]
by definition of the adapted measure pg = mg, and the Lelong-Poincaré formula. O

Remark 3.7. Assume that (X, D) is log smooth, i.e. X is smooth and D = ), a;F; has
simple normal crossing support. If a; > 1/2 for all ¢, it is shown in [CGP13] that any Kéhler-
Einstein metric for (X, D) has cone singularities along ), E;, with cone angle 27(1 — a;)
along E;. If the support of D = aF for a single smooth hypersurface E, [JMR16] shows
that w has cone singularities without the restriction a > 1/2, and that w even admits a full
asymptotic expansion along F.

The definition of a log Fano pair requires the singularities to be klt. This condition is in
fact necessary to obtain Kéahler-Einstein metrics on the regular part:

Proposition 3.8. Let (X, D) be any pair with —(Kx + D) ample. Let Q C X,ep be a Zariski
open subset with complement of codimension at least 2, and assume the existence of a closed
positive (1,1)-current w on  with continuous potentials such that

Ric(w) = w + [D]
on Q. Then (X, D) is necessarily kit. We further have

/ w" < e (X, D),
Q
with equality iff w is the restriction to Q of a Kdihler-Einstein metric for (X, D).

Proof. Let ¢ be the singular metric on — K¢ corresponding to the measure w’, with curvature
dd®p) = Ric(w). If we let ¢p be the canonical psh metric on the Q-line bundle attached to
Dlq, such that dd“¢p = [D], we have by assumption dd“y = w + dd°¢p on 2, so that
¢ =1 — ¢p defines a psh metric on the Q-line bundle —(Kx + D)|q, with curvature w.
Now let o be a local trivialisation of r(Kx + D) for some positive r € N, defined on an
open set U C X. If we denote by |o|,4 the length of o with respect to the metric induced
by r¢, then u := log ’O‘|3¢ is a psh function on U N €, hence it automatically extends to a
psh function on U by normality, thanks to [GR56]. This means on the one hand that ¢
extends to a globally defined psh metric on —(Kx + D), so that its curvature w satisfies
Jow" < (X, D)" by [BEGZ10, Proposition 1.20]. On the other hand, unravelling the
definitions yields
(o0 AT)T = e/ (3.6)

T has locally

on VN Q. Since u is in particular bounded above, this shows that (o A7)
finite mass near singular points of U, so that (X, D) is klt.
Now to say that [,w"™ = ¢1(X, D)™ precisely means that w belongs to Tru(X, D), and

the last assertion follows from Lemma 3.6. |

4. THE VARIATIONAL PRINCIPLE

In this section (X, D) denotes a log Fano pair, and we use the notation of §3.2.
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4.1. The Ding and Mabuchi functionals. Let H = H,,, the relative entropy with respect
to the given adapted g € M(X). For each ¢ € (X, wq) we set

L(p) := —log/xe“”,uo. (4.1)

Note that

H, = € PP pg, (4.2)
Lemma 4.1. The map L : £'(X,w) — R is continous in the strong topology.
Proof. Let ¢; — ¢ be a convergent sequence in £1(X, wp). By Lemma 2.2 there exists C' > 0
such that ¢; € E4(X,wop) for all j. Since EL(X,wp) is weakly compact, we conclude using
Proposition 1.4. O

By Lemma 2.11 we have

L) = nf (Hm) [ w) (43)

and the infimum is achieved for u = p,, by (4.2) and the definition of H. This should be

Compared Wlth
E(p)= inf E*(u +/ SD/L>7
( ) uE./\/l(X)( ( ) X

where the infimum is achieved for = MA(p). Observe also that L(¢ + ¢) = L(p) + ¢, so
that L — E is translation invariant.

Definition 4.2. We introduce the following two functionals on the set T*(X, D) of currents
with finite energy.

(i) The Ding functional Ding : T1(X, D) — R, defined by
Ding(w) := (L — E)(pw)-
(ii) The Mabuchi functional Mab : T1(X, D) —] — 0o, +oc], defined by
Mab(w) := (H — E*)(V~"1w™).

Written in the form (3.5), the Kéhler-Einstein equation is, at least formally, the Euler-
Lagrange equation of the Ding functional. In the case of Fano manifolds, this functional
seems to have been first explicitely considered by W.Y.Ding in [Ding88, p.465], hence the
chosen terminology.

Regarding the Mabuchi functional, our definition yields the following analogue of Chen
and Tian’s formula [Che00, Tian]

Mab(w) = V! /

X

V—l n

log < ~ ) W+ (J — D (w). (4.4)
Ho

Lemma 4.3. With respect to the strong topology of T*(X, D), the Ding functional is con-

tinuous, while the Mabuchi functional is lower semicontinuous.

Proof. The energy F is continuous on £'(X,wp) in the strong topology, by definition of the
latter. The continuity of the Ding functional is thus a consequence of Lemma 4.1. Similarly,
E* is strongly continuous on M!(X, D), and H is lsc in the weak topology, hence the result
for the Mabuchi functional. O
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Lemma 4.4. The Ding and Mabuchi functionals compare as follows:
(i) For all w € TY(X, D) we have Mab(w) > Ding(w), with equality iff w is a Kdhler-
FEinstein metric for (X, D).
(ii) We have
inf Mab= inf Ding € RU{—occ}.
TY(X,D) TY(X,D)

Proof. Unravelling the definition we get

Vfl n
Mab(w) — Ding(w) :/ log < d > vlon —I—/ 0Vl +10g/ e %
X Ho X X

-1, n
(L))
X Mo

We conclude thanks to Proposition 2.10.

Part (ii) is proved exactly as [Berl3, Theorem 3.4] (see also [Li08]). We reproduce the
short argument for the convenience of the reader. Set

m= inf (H—-FE*)= inf Mab.
MY(X,D) TH(X,D)

By (i) it is enough to show that Ding(w) > m for all w € T1(X, D). Write w = wg + ddp
with ¢ € (X, wp). By Lemma 2.18 any probability measure p with H(u) < +oco belongs
to M1(X, D), so the inequality H(u) > E*(u)+m is actually valid for all 4 € M(X). Using
(4.3) we thus get L(p) > E(p) + m, which concludes the proof. O

4.2. Weak geodesics and convexity. Let w(0),w(1) € T1(X, D) be two currents with
continuous potentials, and set ¢" := Pu(0) and ol = ¢u(1)- Let S C C be the open strip
0 < Ret < 1 and let ¢ be the usc upper envelope of the family of all continuous wg-psh
functions (i.e. pjwo-psh function, with p; : X x S — X the first projection) 1 on X x S such
that 1) < ¢ for Ret = 0 and ¢ < ¢! for Ret = 1. Setting ' := (-, t) and w(t) := wo+dd
we call (w(t)).e(o,1] the weak geodesic joining w(0) to w(1) (we also call the function ¢ the”
weak geodesic” joining ° to o').
By [Bernl5, §2.2] we have:

Lemma 4.5. Let ¢ be the wg-psh envelope defined above. Then:

(i) ¢ is wo-psh and bounded on X x S.
(ii) (wo + ddp)"* 1 =0 on X x S.
(iii) t — @' is Lipschitz continuous, and converges uniformly on X to ©° (resp. ¢') as
Ret — 0 (resp. Ret —1).

Here again we write wp instead of pjwg in (ii) for simplicity. When dealing with Kéhler
forms on a non-singular X, (ii) gives the geodesic equation for the Mabuchi metric defined
on the space of Kahler metrics, as was observed by Donaldson and Semmes. This explain
the present terminology.

Lemma 4.6. Let S be an open subset of C, ¢ be an wg-psh function on X x S, and set
o' = (-, 1), which is an wo-psh function unless ¢! = —oo.
(i) t — L(¢") and t — E(p') are subharmonic on S.
(ii) If ¢ further satisfies (i) and (ii) of Lemma 4.5 then t — E(¢') is even harmonic on
S.
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Proof. The assertions for F are well-known in the smooth case, and the proof in the present
context reduces to [BBGZ13, Proposition 6.2] by passing to a log resolution of (X, D). The
subharmonicity of L(¢?) is deeper, and is basically a special case of Berdntsson’s theorem(s)
on the subharmonic variation of Bergman kernels. Let us briefly explain how to deduce the
present result from [Bern06].

Pick a log resolution 7 C X o X, set )N(O = 1 1(Xy), W := m*wp, and semipositive
and big form on X. Since Xo is contained in the ample locus Amp (wp) of wp, we may
find a wy-psh function ¢ on X which is smooth on Xo and such that wg + dd“y > n for
some Kéhler form 7 on X (cf. Appendix B). Applying [Dem92] to functions of the form
(1 —3)pom+ b+ 6|t|? with 0 < § < 1, we obtain (after perhaps slightly shrinking S) a
sequence of smooth functions ¢’ on X x S such that 0l — ¢ and Wy + dd°p? > 0 on X x 8.

Using the isomorphism Xo ~ Xp induced by m, we now view ¢, as a smooth, bounded
wp-psh function on Xy x S. For each j and t € S let ¢§- be the smooth Hermitian metric on

L := —Kx, defined by the (smooth positive) volume form e_‘p§p0. By (ii) of Lemma 3.2,
the curvature of ¢; on Xy x S equals wy + dd“y;, hence is positive. By (iii) of Lemma 3.2,
the Bergman kernel for L-valued (n,0)-forms on Xy with respect to gb;- coincides with the

constant function
-1
( / e MO) :
Xo

In particular, this Bergman kernel is smooth on Xy x S.

Since Hérmander’s L2-estimates for L-valued (n, ¢)-forms apply for the positively curved
line bundle (L, ¢7) on the weakly pseudoconvex manifold Xq (cf. for instance [Dem96]), we
may then argue exactly as in [Bern06, pp.1638-1640] to get that

¢
t»—)—log/ e ¥ipug
Xo

is subharmonic on S. The desired result now follows by letting j — oo. O

Combining these results we get the following crucial convexity property of the Ding func-
tional along weak geodesics:

Lemma 4.7. Let (w(t)):e(0,1) be the weak geodesic joining two currents w(0),w(1) € Y(X,D)

T
with continuous potentials. Then t — Ding(w(t)) is conver and continuous on [0, 1].

4.3. Variational characterization of Kihler-Einstein metrics. In this section we prove
the following generalization to log Fano pairs of a result of Ding and Tian for Fano manifolds
(without holomorphic vector fields):

Theorem 4.8. Given w € T(X, D) the following conditions are equivalent.
(i) w is a Kdhler-FEinstein metric for (X, D).
(ii) Ding(w) = infy1(x p) Ding.
(iii) Mab(w) = infy1(x py Mab.

Proof. The equivalence betwen (i) and (ii) is proved as in [BBGZ13, Theorem 6.6], which
we summarize for completeness. To prove (ii)=(i), we introduce the wp-psh envelope Pu of
a function v on X as the usc upper envelope of the family of all wp-psh functions ¢ such
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that ¢ < u on X (or Pu = —oc if this family is empty). Given v € C°(X) we set for all
teR

@' = P(p, + tv).
On the one hand, t — L(p, + tv) is concave by Holder’s inequality, and its right-hand
derivative at t = 0 is easily seen to be given by

/ Uﬂwa
X

see [BBGZ13, Lemma 6.1]. On the other hand, the differentiability theorem of [BeBo10] (ap-
plied in our case to a resolution of singularities of X') shows that t — E(!) is differentiable,
with derivative at t = 0 given by

/’UMA(PL)OW):V_I/ vw".
X X

Since ¢! belongs to £1(X,wp), (ii) shows that L(p, + tv) — E(p') achieves is minimum for
t = 0, and hence

Tos (L(pw +tv) — E(¢")) >0,

/vuwzv_l/vw".
X X

Applying this to —v shows that p, = V~'w”, which means that w is a Kihler-Einstein
metric.

To prove (i)=-(ii), we rely on the convexity of the Ding functional along weak geodesics.
Let w be any Kahler-Einstein metric. Since every wp-psh function on X is the decreasing
limit of a sequence of continous wy-psh functions thanks to [EGZ11], it is enough to show
that Ding(w) < Ding(w’) for all w’ € TH(X, D) with continuous potentials. Let (w(t))tefo 1]
be the weak geodesic between w(0) = w and w(1) = w’. By Lemma 4.7 ¢ — Ding(w(t)) is
convex and continuous on [0, 1]. To get as desired that Ding(w(0)) < Ding(w(1)), it is thus
enough to show that

i.e.

cclitm Ding(w(t)) > 0, (4.5)

which is proved exactly as in the last part of the proof of [BBGZ13, Theorem 6.6]. More
specifically, by convexity wrt ¢ of oy := @), the function u; := (¢ — o)/t decreases to a
bounded function v, and the concavity of E yields

d
— Bpy) <Vt ",
T Bl v [
On the other hand, monotone convergence shows that

d
— L = o =V1! n
Tos (o) /vw /vw ,

hence (4.5). Finally, the equivalence between (ii) and (iii) is a consequence of Lemma 4.4. [

Remark 4.9. When X is non-singular with Aut’(X) = {1}, the implication (i)=-(iii) was
proved by Ding and Tian [Tia97] using the continuity method. Their result was generalized
to (a priori) singular Kéhler-Einstein metrics on any non-singular Fano variety in [BBGZ13],
using as above Berndtsson’s theorem on psh variations of Bergman kernels.
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As a corollary, we see that the set of Kéhler-Einstein metrics is ”totally geodesic” in the
space of currents with continuous potentials:

Corollary 4.10. Let w(0) and w(1) be two Kdhler-Einstein metrics, and let (w(t))iejo,1 be
the weak geodesic joining them. Then w(t) is a Kdhler-Einstein metric for all t € [0,1].

Proof. By Lemma 4.6 ¢ — Ding(w(t)) is convex on [0, 1], and is equal to inf71(x p) Ding at
both ends by Theorem 4.8. It is thus constantly equal to inf71y p)Ding on [0,1], and the
result follows by another application of Theorem 4.8. ([

4.4. Properness and the a-invariant. We say as usual that the Mabuchi functional (resp.
the Ding functional) is proper if Mab — 400 (resp. Ding — +00) as J — +o0o0. We also say
that Mab (resp. Ding) is coercive if there exists £, C > 0 such that Mab > eJ — C' (resp.
Ding > eJ — C).

Regarding coercivity, the following result holds.
Proposition 4.11. The following conditions are equivalent:

(i) The Ding functional is coercive.
(ii) The Mabuchi functional is coercive.
(iii) A Moser-Trudinger type estimate

le™ || Lo (o) < Ae B
holds for some p > 1, A >0, and all p € EY(X,wp).

Proof. (1)==(ii) is obvious since Mab > Ding by Lemma 4.4. If (ii) holds then there exists
e > 0 and C > 0 such that H(u) — E*(u) > eE*(u) — C, hence H(u) > pE*(u) — C with
p:=1+¢c. By Lemma 2.11 we then have for each ¢ € (X, wp)

10g/X e PPy = Sup (/X(PSO)M - H(u)) < —pinf (E*(u) + /X w) +pC = —pE(p) +pC

and hence [[e™%||1p(u) < eCe=P¥) | which proves that (ii)==(iii). Assume now that (iii)
holds. Set € := p —1 > 0. The assumption reads

htog ([ e 049%00) < B+ 04 (1.6

for some C; > 0 and all ¢ € £1(X,wp). On the other hand, since ay,, (110) > 0 by Proposition
1.4, we may assume that € > 0 is small enough so that

log (/X 6_69"#0) < s/X ©MA(0) + Co (4.7)

for some Cy > 0 and all ¢ € PSH(X, wy).
Writing ¢ = (1 — €)(1 + €)p + £2¢, we have by convexity

log </ eﬁﬁuo> <(1—¢)log (/ e(1+5)souo> +elog (/ esgou())
X X X
Using (4.6) and (4.7), it follows that

L(p) > (1 - A)E(p) + 2 /X SMA(0) - C,
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and we conclude that
Ding(e) = L(¢) - E(¢) 2 & [ oMAO) = B(4)) - Ca = 2(0) - Cy
for p € EY(X,wp). We have this shown that (iii)==(i). O
In order to extend Tian’s well-known criterion of properness [Tia87], we introduce:

Definition 4.12. The a-invariant of of the log Fano pair (X, D) is defined as a(X, D) :=
Qo (10), i-€.

oz(X,D):sup{a>0\ sup / e_cw,uo<+oo}.
(pGPSHnorm(X,UJO) X

Here wg and pg denote as before the curvature and the adapted measure of a smooth
strictly psh metric ¢y on —(Kx + D), the definition being easily seen to be independent of
the choice of ¢g. As an immediate consequence of Lemma 2.18, we obtain as desired:

Proposition 4.13. If a(X, D) > 5 then the Mabuchi functional (or, equivalently, the

Ding functional) of (X, D) is coercive, and hence proper.
The following topological characterization of properness is crucial to our approach.
Theorem 4.14. The Mabuchi functional
Mab : THX,D) - RU {400}

is proper in the above sense if and only if it is an exhaustion function with respect to the
strong topology, i.e. the sublevel set

{w e THX, D) | Mab(w) < m}
is strongly compact for all m € R.

Proof. By Proposition 2.3, the statement is equivalent to the strong compactness of
Coni= {n € M(X, D) | H(u) < E* () +m} .

This set is strongly closed in M!(X, D) by Lemma 4.3. Using (1.10), the properness as-
sumption shows that E* is bounded on C,,, hence C,, C Ha(X,u) for some A > 0. The
result follows since H 4 (X, ) is strongly compact by Theorem 2.17. The converse is straight-
forward to see, using Proposition 2.3 and (1.10). O

Corollary 4.15. It the Mabuchi functional is proper, then (X, D) admits a Kdhler-Einstein
metric.

Proof. Theorem 4.14 implies that Mab admits a minimizer in 7*(X, D), which is necessarily
a Kahler-Einstein metric by Theorem 4.8. U

We will prove in Theorem 5.4 below that w is furthermore unique in that case, and that
Aut’(X, D) = {1}. Recall that, for X non-singular with Aut®(X) = {1} (and D = 0), a
deep result of Tian [Tia97|, strengthened in [PSSWO08]|, conversely shows that the existence
of a Kéahler-Einstein metric implies the properness of the Mabuchi functional - an infinite
dimensional version of the Kempf-Ness theorem.
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5. UNIQUENESS AND REDUCTIVITY

The goal of this section is to prove a singular version of Bando and Mabuchi’s uniqueness
theorem [BMS87]. As we shall see, it is a fairly direct consequence of a slight variant of a
result of Berndtsson [Bernl5], stated and proved with full details in Appendix C.

Theorem 5.1. Let (X, D) be a log Fano pair. For any two Kdhler-Einstein metrics w,w’ for
(X, D), there exists a 1-parameter subgroup \ : (C,+) — Aut’(X, D) such that \(1)*w = '
and A(is)*w = w for all s € R.

Here Aut(X, D) denotes the stabilizer of D in Aut(X). Since Aut(X, D) preserves the
polarization —(Kx + D), it is realized as the stabilizer of X and D in the linear group
of H(X,—m(Kx + D)) for m large enough, and it is therefore a linear algebraic group.
Further, recall that the identity component Aut®(X) of the full automorphism group is also
a complex algebraic group with Lie algebra H°(X,Tx), where Tx = (Q%)* denotes the
Zariski tangent sheaf (cf. [Kol96, Exercise 2.6.4]).

Proof. Let m: X — X be a log resolution of (X, D). The klt condition enables to write in
a unique way
TF*(K)(—FD) :K)?—FA—E

where A is an effective Q-divisor on X with coefficients in [0,1), E is an effective divisor
on X with integer coefficients, and m,(A — E) = D. We do not claim that A and E are
without common components, but on the other hand observe that A and E have SNC
support and E is necessarily m-exceptional. Set L := —Kg + F, so that the canonical
section of Ox(F) induces a holomorphic L-valued n-form w on X having E as its zero
divisor. Since E is exceptional, we have HO(X, K¢ + L) = Cu. Note also that L = M + A
where M := —7*(Kx + D) is a semipositive, big Q-line bundle. By the Kawamata-Viehweg
(or Nadel) vanishing theorem, we thus have H!(X, Kg¢+L)=0.

Choose continuous psh metrics g, 11 on —(Kx + D) with curvature w, w’ respectively,
and normalized so that E(i) = E(11) = 0. Let ¢ be the 'weak geodesic’ joining g to
11 as in §4.2, so that v is a locally bounded psh metric on the pull-back of —(Kx + D) to
X xS with S = {t € C|0<Ret <1}. Recall that ¢ — 1, is Lipschitz continuous on S,
independent of Im ¢, and converges uniformly to vy (resp. ¥1) as t — 0 (resp. t — 1).

By Lemma 4.6, E() is an affine function of ¢t € (0,1), which converges to E(¢y) =
E(y1) =0ast— 0and 1, and hence E(¢,) =0 for all t € S.

By Lemma 4.7, t — Ding(¢;) = L(¢) is continuous and convex on [0, 1], with Ding(v) =
Ding(v1) = inf Ding thanks to the variational characterization of Kéhler-Einstein metrics
(Theorem 4.8). It follows that Ding(¢;) = inf Ding for all ¢ € S, and another application
of the variational characterization shows that w; := dd“y; is a Kahler-Einstein metric for
(X,D) forallteS.

Now set 7 := 7™, let ¢ := 7 + ¢a be the, with ¢a the canonical metric on A with
curvature current equal to [A], so that ¢ is a psh metric on the pull-back of L to X x S,
and observe that

L(yy) = —log/v wAue .
X
By Theorem 11.1 in Appendix C, there exists a holomorphic vector field V' on X \ E such
that ddS¢: = ddSm + [A] moves along the local flow of V' on X \ E. Using for instance
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the uniqueness of the Siu decomposition of a closed positive (1, 1)-current, it follows that
dd$m = m*w; also moves along the local flow of V, i.e.

0
<£V + E)t) W*wt =0. (51)

Since F is m-exceptional, V' induces a holomorphic vector field on a Zariski open set { C X,¢g
with X \ © of codimension at least 2. But the Zariski tangent sheaf T'x is a dual sheaf and
X is normal, so V extends to a section in H°(X,Ty), still denoted by V for simplicity.
Since H°(X,Tx) is the Lie algebra of the complex Lie group Aut’(X), A(t) := exp(—tV)
defines a (C, +)-action on X. By (5.1), A(—t)*w; is independent of ¢t € S. For all ¢,¢' € S,
A(—=t)*y — A(—t')*1)y is thus a constant, and

L()\(_t)*lﬁt) = L(Ibt) = L(%’) = L()\(_t/)*%bt')

shows that in fact A\(—t)*¢y = A(—t')*¢y. Since 1y converges uniformly to 19 as t' — 0,
we conclude that ¥, = A(t)*p for all t € S, and hence ¥; = A(1)*tg in the limit. Since
iy is independent of Imt, we have A(e 4+ is)*yy = 1. for 0 < ¢ < 1 and s € R, and hence
A(i8)*1g = 1p in the limit. Finally, the K&hler-Einstein equation shows that

A(t)* (wo + [D]) = A(t)*Ric(wo) = Ric(A(t)*wp) = Ric(w) = wr + [D] = A\(t)*wo + [D]
on X,eg, so that A is indeed a 1-parameter subgroup of Aut’(X, D). O

Following [CDS15], we observe that Theorem 5.1 yields the following generalization of a
classical result of Matsushima [Mat57], which plays a key role in [CDS15].

Theorem 5.2. If the log Fano pair (X, D) admits a Kdihler-Einstein metric w, then Aut®(X, D)
coincides with the complezification of the group K of holomorphic isometries of (X,w). Fur-
ther, K is compact, and Aut®(X, D) is thus reductive.

Proof. For each g € Aut®(X, D), g*w is a Kihler-Einstein metric for (X, D). By Theorem
5.1, we may thus find a one-parameter subgroup A of Aut®(X, D) with A(is) € K for all s € R
and such that A*(1)w = g*w. The first condition implies that A(1) lies in the complexification
of K, and the second one means g € KA(1), which proves the first assertion.

Next, write w as the curvature form of a metric ¢ on the Q-line bundle —(Kx + D),
normalized so that L(¢) = 0. For each g € K, we have g*w"™ = w". Since L(g*¢) = L(¢) =0,
the Kahler-Einstein equation yields as before g*¢ = ¢. In other words, K is the stabilizer
of ¢, and we conclude by Lemma 5.3 below. (]

Lemma 5.3. Let (X, L) be a polarized normal variety, and let G = Aut(X, L) be its (linear
algebraic) group of automorphisms. For each psh metric ¢ € E1(X, L), the stabilizer Gy =
{9 € G| g*p = ¢} is then compact.

Proof. Replacing L with a large enough multiple, we may assume that L is very ample.
Choosing a basis (s1,...,sy) for HY(X, L), we get an embedding X  PVY~! which realizes
G as the Zariski closed subgroup of GL(N,C) sending X to itself. Let

b0 =log (3 |sil?)
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be the corresponding Fubini-Study metric on L, with curvature form wy. We then introduce
the wo-psh functions ¢ := ¢ — ¢g € E1(X,wp), and

g =g 00— do =log | D 1Y gijsil3, (5.2)
i J
for each g = (gi;) € GL(N,C). By homogeneity, it is easy to see that

/X gl = log [gll? + O(1)

for any given choice of norm || - || on the space of complex N x N matrices (compare the proof
of [Tian14, Lemma 3.2]). It will thus be enough to show that [ @sw( remains bounded for
g € G¢.

By (1.2), we have

n

B() - Blog) = 1 DV [ (0%~ g 00)(ddg" o) A (ddrg o)
7=0
IR o [ 6= onadrsy A daon = B(w)
n+1 = ’

and hence E(py) = 0 for all g € Gy. For similar reasons, we have Jy(¢q) = Jy(0), and
Lemma 1.6 yields as desired that J(¢4) = [ pgwiy is bounded. O

The next result summarizes the consequences of the properness of the Mabuchi functional
regarding Kahler-Einstein metrics.

Theorem 5.4. Assume that the Mabuchi functional of (X, D) is proper. Then we have:
(i) Aut’(X,D) = {1}.
(ii) (X, D) admits a unique Kdhler-Einstein metric wgg.
(ili) For every sequence wj € T'(X, D) such that Mab(w;) converges to inf71 x py Mab,
we have w; — wkg in the strong topology of T (X, D).

Proof. By Corollary 4.15 there exists a Kdhler-Einstein metric w. Let us prove (i). Let A be a
one-parameter subgroup of Aut®(X, D). We claim that A preserves w for all t € C. Granting
this, the affine variety Aut’(X, D) will be contained in the compact group of isometries of
w, and hence will be trivial. To prove the claim, observe that A(¢)*w is a Kéahler-Einstein
metric for each t € C. If we let ¢ be a continuous psh metric on —(Kx + D) with curvature
w and set ¢ := \(t)*¢ — ¢o, then ¢(z,t) := ¢'(x) is a continuous wp-psh function on X x C
such that
(wo + ddp)" ! =0

on X x C. By Lemma 4.6 E(¢") is thus harmonic on C, while [ (¢" — ¢,)MA(g,) is
subharmonic, simply because ¢ — ¢!(z) is subharmonic for each = € X fixed. It follows that

ToA)w) = E(pw) — E(¢h) + /X (¢ — pu)MA(p)

is subharmonic and bounded on C, hence constant since it vanishes for ¢ = 0. By [BBGZ13,
Theorem 4.1] it follows that as desired that A(t)*w = w for all ¢ € C.
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By Theorem 5.1, (i) implies the uniqueness part in (ii). It remains to prove (iii). Since
Mab(wj) is in particular bounded above, (w;) stays in a strongly compact set by Theorem
4.14. It is thus enough to show that any strong limit point ws, of w; has to coincide
with w. But since Mab is Isc in the strong topology by Lemma 4.3, we have Mab(ws) <
lim inf; Mab(w;) = inf1(x py Mab. By Theorem 4.8 it follows as desired that wee =w. O

We will also use the following variant for the Ding functional to prove the convergence of
the Kahler-Ricci flow:

Lemma 5.5. Assume that the Mabuchi functional of (X, D) is proper, and letw; € TH(X,A)
be a sequence such that Mab(w;) is bounded above. If Ding(w;) converges to infr1(x py Ding,
then wj strongly converges to the unique Kdhler-Einstein metric wgg of (X, D).

Proof. The assumption guarantees that (w;) stays in a strongly compact set, and it is thus
enough to show that any limit point ws, of (w;) in the strong topology necessarily coincides
with wkg. But the minimizing assumption on (w;) and the strong continuity of Ding (Lemma
4.3) imply that Ding(ws) = inf71(x p) Ding, and we conclude by Theorem 4.8. O

6. RICCI ITERATION

We still denote by (X, D) a log Fano pair, and use the notation of §4.1.

6.1. The Ricci inverse operator. For each w € T!(X, D), the measure p,, is tame by
Proposition 1.4. Using Lemma 1.5 we may thus introduce:

Definition 6.1. For each w € TH(X, D) we let Rw € TY(X, D) be the unique current with
continuous potentials such that

VT Rw)" = p,. (6.1)
The map R: TH(X,D) — TYX, D) so defined is called the Ricci inverse operator.
The defining equation for Rw may be rewritten as
Ric(Rw) = w + [D] (6.2)
on Xyeg, and Rw = w iff w is a Kéahler-Einstein metric.

Lemma 6.2. The Ricci inverse operator satisfies the following properties.

(i) R:THX,D) — TYX,D) is continuous with respect to the strong topology.
(ii) Ifw € TY(X, D) is smooth on a given open subset U of Xg, then so is Ruw.

Proof. (i) follows from Proposition 2.6 and Lemma 3.4. As in the proof of Lemma 3.6,
assertion (ii) is a consequence of Theorem 10.1 applied to a log resolution of (X, D), combined
with the Evans-Krylov theorm. O

As in [Rub08, Kel09] we next observe that the Mabuchi functional decreases along R:

Lemma 6.3. For allw € T'(X, D) we have Mab(Rw) < Mab(w), with equality iff Rw = w,
i.e. w is a Kdhler-Einstein metric.

Proof. We have by definition
Mab(Rw) = (H — E*)(V'w") = (H — E*) (1)



34 R.J.BERMAN, S.BOUCKSOM, P.EYSSIDIEUX, V.GUEDJ, AND A. ZERIAHI*

Now (1.6) implies in particular that E*(p,) > E(¢w) — [y Pu fw, whereas we have

Hpn) = L(gw) - /X ot

by definition of L and H. As a consequence we get
Mab(Rw) < (L — E)(¢w) = Ding(w)
and the result follows thanks to Lemma 4.4. O

6.2. Convergence of Ricci iteration. Our goal in this section is to prove the following
result, which extends in particular [Rub08, Theorem 3.3].

Theorem 6.4. Let (X, D) be a log Fano pair whose Mabuchi functional is proper, and let
wkE be its unique Kdahler-Einstein metric.

(i) For allw € TY(X, D) we have
) lim ij = WKE
J—>+oo
in the strong topology, the convergence being uniform at the level of potentials.
(ii) If w is smooth on an open subset U of Xg, then R'w is also smooth on U for all j,
and the convergence holds in C*°(U).

As mentioned in the introduction, a more precise version of this result was obtained in
[JMR16] when X is non-singular and the support of D is a smooth hypersurface.

Proof. Step 1: Convergence in energy. Set
M:={u' € T1(X, D) | Mab(w') < Mab(w)} .

Note that wkg belongs to M, since it minimizes Mab by Theorem 4.8. Theorem 4.14 implies
that M is strongly compact, since the Mabuchi functional of (X, D) is assumed to be proper.
By Lemma 6.3 R defines a strongly continuous map R : M — M. We are going to show that
Riw converges strongly to wkg by using a Lyapunov-type argument. Since M is strongly
compact, it is enough to show that any limit point ws, of R/w necessarily coincides with
WKE, i.e. is a fixed point of R. Since Mab(R/w) is non-increasing by Lemma 6.3 and bounded
below by Theorem 4.8, it admits a limit

lim Mab(Rw) = m.

J—00
By continuity of R, both ws and Rws are limit points of (R’w), hence Mab(Rws) =
Mab(ws) = m, which shows that w is a fixed point of R by Lemma 6.3.

Step 2: Uniform convergence on X. Setting ¢; := ¢gj, and QK = @u . By Lemma
6.2, all ¢; are continuous, and we are to show that ¢; — ¢k uniformly on X. Unravelling
the definitions, we get that
MA (pj11) = e~ tL#i)
for all j € N. Since ¢; converges strongly to ¢, we have L(¢;) — L(¢) by Lemma 4.3,
while e — 7% in LP(ug) for all finite p by Proposition 1.4. If we pick a log resolution
7: X — X and use the usual notation, we get that
(GJQ + ddC(TOJ])n
="
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converges in LP to
(wo + dd°Pkg)"™
dav

for some p > 1. By [EGZ09, Theorem A] it follows that ¢; — @kg uniformly on X , hence
¢; — pkg uniformly on X.

f =

Step 3: Smooth convergence. Let again w : X - X be a log resolution, and write
1o = e %7 dV as in Lemma 3.2. We then have for all 7 €N

VN @0 4 dd° @) = eV T it gy (6.3)

By Step 2 ¢; and L(y;) are uniformly bounded. Since ¢~ is locally bounded below on
U := 7 Y(U) ~ U, Theorem 10.1 shows that the complex Hessian of @; is locally bounded
on ﬁ, uniformly with respect to j. In particular, the functions ¢* — ¢~ — &; + L(ypj)
appearing in the right-hand side of (6.3) are locally Lipschitz continuous on U, uniformly
with respect to j. Applying the version of the Evans-Krylov a priori estimate given in [Blo,
Theorem 4.5.1], we get a uniform C?**-bound for ¢ on compact subsets of U, which implies
as desired that ¢; is smooth and uniformly bounded in Coo(ﬁ ), by applying the standard
elliptic boot-strapping argument to (6.3).

O

7. CONVERGENCE OF THE KAHLER-RICCI FLOW

To avoid unnecessary technical complications in the definition of the K&hler-Ricci flow,
we assume in this section that D = 0, so that X is a Q-Fano variety with log terminal
singularities.

7.1. The Kéahler-Ricci flow. The following result can be deduced from [ST09] (a detailed
proof is provided in [BG12]):

Theorem 7.1. [ST09] Given any initial closed positive current w(0) € TH(X) with contin-
uous potentials, there erists a unique solution (w(t))sc)o,4o0[, Of the normalized Kdhler-Ricci
flow, in the following sense:

(i) for each t €]0,+ool, w(t) € THX) has continuous potentials on X ;
(i) on Xyegx]0,+00[ w(t) is smooth and satisfies w(t) = —Ric(w(t)) + w(t);
(i) lim¢o, w(t) = w(0), in the sense that their local potentials converge in CO(Xreg)-

Our goal is to prove the following convergence result.

Theorem 7.2. Let (w(t))i)0,+00| be the Kdihler-Ricci flow with initial data w(0) as above.
Assume that the Mabuchi functional of X is proper, and let wgg be its unique Kdhler-
Einstein metric as in Theorem 5.4. Then

tilinoow(t) — WKE

in the strong topology of T1(X).
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7.2. Monotonicity along the flow. We show in this section that the Ding and Mabuchi
functionals are both non-increasing along the flow, as in the usual non-singular setting.

Proposition 7.3. Let (w(t))ie)o,4+00| be the Kihler-Ricci flow with initial data w(0). Then
Mab(w(t)) and Ding(w(t)) are both non-increasing functions of t. For allt’ >t > 0 we have
more precisely

Ding(w(t')) — Ding(w(#)) < — /t V()" — i || ds.

The monotonicity of the two functionals is standard in the non-singular case, where w(t)
is smooth on X X [0,4o00[. The technical difficulty in the present case is that we cannot
directly differentiate Ding(w(t)) and Mab(w(t)) since w(t) is a priori not globally bounded on
Xreg- We will rely on an approximation argument, using the following specific information
about the construction of w(t). What Song and Tian construct in [ST09] is a function
¢+ X x]0,+00[— R with the following properties:

e ¢ is smooth on Xyegx]0, +00[, and ¢! := ¢(-,t) is a continuous wp-psh function for
each ¢ fixed.
e On X;ee x]0, +00[ we have
VL (wo + ddept)™

=1
5% = log o) ,
with )
—p
ult) = L0
fX e"% Lo

o lim o, o' = ¢ (0) uniformly on compact subsets of Xyeg.

Let7: X — X bea log resolution of X, so that the exceptional divisor £ = 7T*1(Xsmg) has

simple normal crossings. Set wp := m*wo, which is semipositive and big on X with ample
locus Xo := X \ E. By Lemma 3.2, the pull-back of 1 to X is of the form

fip = ¥ Y7 qv,
where YT are quasi-psh functions with analytic singularities alors E. Pick a Kéhler form 7 on
X. In Song and Tian’s construction, the restriction of ¢ := ¢'o7 to Xo x]0, +oo[is the C'°°-
limit (on compact sets) of the restriction of a sequence of smooth functions ¢; : X x]0, +o00[
such that:
e there exists €; > 0 converging to 0 such that <,0§- is wj-psh with w; := wo + €;7.
e On X x]0,+o0o[ we have

Vo (wj + ddoph)"
0 = rog )" (7.1)
ot 1 (t)
where V; = f)} wy,
e*@ﬁ-w
pi(t) =
fX ]/ij

=5

with p; =e i dV for decreasing sequences of smooth approximants ¢i of ¢+,
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We also extract from [ST09] the following estimate to be used in what follows:

Lemma 7.4. There exists p > 1 such that the measures (w; + ddcgoé)” are bounded in LP,
uniformly with respect to j, as long as t stays in a compact subset of 10, +o00].

Proof. By [ST09, Corollary 3.4] we have a uniform estimate (w; +ddccp§-)" < C pj, as long as
t stays in a compact subset of |0, 4+o00[. The result follows since p; = e¥s =7 dV is bounded
in LP. O

Lemma 7.5. Let E; be the energy functional on 51()?,%), and E7 the dual functional on
MY (X, w;). Then we have for each t > 0 fized
Ding(w(t) = tim (1o ( [ ) ~ ()
J—roo X
and
Mab(w(t)) = lim (Hy, — E}) <Vj_1 (w; + ddccpé)n) .

J]—00

Proof. By Lemma 7.4 gpﬁ- is uniformly bounded with respect to j, t being fixed. Since

¢’ — @' in C* topology on X, dominated convergence yields

Jim [ (=) (o + @) =0

On the other hand, since (w; 4 dd°p%)"™ — (@o + dd°@!)™ pointwise on Xo and (w; + ddept)™
J j J J

is bounded in LP, we also get by dominated convergence

: t ~t c t\n __
jg{poo X(soj—so)(wj+dd ;)" =0

as j — oo, and similarly

. —yt Gt~
lim e ‘pﬂuj:/Ne ® L.
Jj—too Jx X

Since both goz. and @' are w;-psh, the concavity of E; yields

/X (6! — 3 () + dd°pt)" < (") — B;(#)

< [ =3 (o + )"
We thus see that
lim Ej(¢}) = Eg,(¢') = E(¢"),

j—+o0
which proves that the first assertion, as well as the convergence of

B ((w; + ddF)") = B;(ot) - /X ot (wj + dd°Gt)"
to B* (MA(¢")). If we set
Vit (s + ddedt)
Hy

fi=
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and
poo VG0t dd°g")"
= o ,
it remains to show that
Hy (Vi7" (s + dd )" = /)?(fj log f;)n;

converges to H(MA(¢')) = [3(flog f)iio. But since fjlog f; is uniformly bounded and
converges pointwise to flog f on Xy, this follows again from the LP convergence p; — fip. [

Proof of Proposition 7.3. We perform the following standard computation:

d

o (Huy = B5) (Vi (w4 ddf)")

Vj_1 (wj + ddcgog) )

My

- an_l /)? @l +log dd°@h A (wj + ddph)"™

V;fl (wj + dd%p{)n
pi(t)

= n‘/}_l / gb§- dd® log A (wj + ddcgoz)”_l

= —nV}‘l /dgb{ A de@h A (wj + ddep))" 1 <0

using (7.1). By Lemma 7.5 it follows that Mab(w(t)) is non-increasing along the flow.

Similarly we compute
d —pt
p <1Og </~ e “’Uﬁ) + Ej(@?))
X

_ ot -1 ot c, 7\
=— | & pi(t)+V; /go- wj + ddp
/X 7 .7() J 5 j( J t)

1 c n
= H“j(t) (V; ((/Jj +dd (‘02) ) + H\/j_l(wj—l-ddcgp;)n (:uj(t)) ;

using again (7.1). By Pinsker’s inequality (see Proposition 2.10), it follows that

o fm) ) o) - 1)

tl
> / IV (w + ddp)" — ()| ds.

By Lemma 7.5, the left-hand side converges to — Ding(w(t’)) + Ding(w(t)) as j — oo. On
the other hand

lim inf [V (w; + dd“05)" — i (s)l| > [IMA(@*) = uls)ll = IV ()" = piugs)

Jj—+oo

by lower semicontinuity of the total variation with respect to weak convergence, and we get
the desired result thanks to Fatou’s lemma. (]



KAHLER-EINSTEIN METRICS AND THE KAHLER-RICCI FLOW 39

7.3. Proof of Theorem 7.2. By Proposition 7.3, Mab(w(t)) is bounded above for, say,
t > 1. Thanks to Lemma 5.5, we are thus reduced to showing that
tilgloo Ding(w(t)) = Tll(I)l(f,D) Ding .

Since Ding(w(t)) is bounded below, Proposition 7.3 yields the existence of a sequence t; —
+o0 such that ||V lw(t;)" — Hu(t;)ll — 0 as j — oo. Since w(t) stays in a strongly compact
set, we may assume upon passing to a subsequence that w(t;) converges strongly to some
weo € THX, D). By Proposition 2.3 we have w(t;)" — w’ strongly. The same argument
as in the proof of Lemma 4.3 (relying on Proposition 1.4) shows that Puo(t;) = Huwoo Weakly.
We conclude that Vw2 = p,,_, and hence Ding(wy,) = inf (x,p) Ding by Theorem 4.8.
By strong continuty of Ding (Lemma 4.3), it follows that

Jli)rgo Ding(w(t;)) = Ding(ws) = Tli(I)l(f,D) Ding,

which concludes the proof.

8. EXAMPLES

8.1. Log Fano pairs. As explained in [GKO07], to each orbifold X is attached a klt pair
(X, D), where the normal variety X has quotient singularities and the boundary D has an
irreducible decomposition of the form

D:Z(l— )E
E

with mg € N. This boundary encodes the ramification of X in codimension one, and X is
uniquely determined by the pair (X, D). If X is a Fano orbifold then (X, D) is a log Fano
pair. A Kéhler-Einstein metric w for (X, D) is then smooth in the orbifold sense.

A related class of log Fano pairs arises by taking quotients of Fano varieties. More
specifically, let Y be a Q-Fano variety with log terminal singularities, let G be a finite group
of automorphisms of Z, and set X := Y/G. Then p: Y — X is a ramified Galois cover, and
there exists a unique effective Q-divisor D supported on the ramification locus of X such
that K; = p*(Kx + D). This shows that (X, D) has klt singularities and —(Kx + D) is
ample, so that (X, D) is a log Fano pair. When Z is non-singular this is a special case of
the previous examples, with X := [Z/G].

Note that 7(X, D) ~ T(Z)%, and in particular Kihler-Einstein metrics on (X, D) corre-
spond precisely to G-invariant Kéahler-Einstein metrics on Z.

8.2. Properness of the Mabuchi functional. Inspired by a nice construction of [AGP06],
we prove a criterion that produces a rather broad class of log Fano pairs having a proper
Mabuchi functional.

Theorem 8.1. Let X be a Q-Fano variety with log terminal singularities, and let D be an
effective Q-Cartier divisor satisfying

(i) D ~q —Kx,

(il) (X, D) is kit,
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so that (X, (1 — N\)D) is in particular a log Fano pair for every (rational) A €]0,1[. If
the Ding functional (or, equivalently, the Mabuchi functional) of X is bounded below (in
particular, if X admits a Kahler-FEinstein metric), then the Ding and Mabuchi functionals
of (X, (1 —=A)D) are coercive for all rational numbers X €]0, 1].

Remark 8.2. It is interesting to compare this result with [Ber13, Theorem 7], which deals
with the case where X is a (non-singular) Fano manifold and D is reduced, smooth and
irreducible (so that (X, D) is merely lc in that case). Without any further assumption on
X, it is then proved that o(X, (1 — A\)D) — 1 as A — 0, which implies in particular that
the Mabuchi functional of (X, (1 — \)D) is coercive for 0 < A < 1. As a consequence,
(X, (1 — AN)A) admits a unique Kéhler-Einstein metric for 0 < A < 1, which is further
known to have cone singularities of cone angle 27\ along D by [JMR16].

Note on the other hand that the irreducibility of D is crucial in this result: for X = P! and
D = [0] + [o0], the Mabuchi functional of (X, (1 — X\)D) cannot proper even for 0 < A < 1,
since Aut’(X, (1 — A\)D) = Aut’(X, D) = C* is not trivial. This also shows that it is not
enough to assume (X, D) lc in (ii) of Theorem 8.1.

It is shown in [Lee08, Proposition 2.5] that any effective divisor D on P" of degree d such
that (P", 21 D) is kit defines a stable point in the projective space |Opn(d)| with respect to
the action of the reductive group Aut(P™). As a consequence of the above result, we get the
following generalization of this fact:

Corollary 8.3. Let X be a Kdihler-Einstein Fano manifold (so that G := Aut®(X) is re-
ductive by [Mat57]), and let L be an ample G-line bundle on X with cL ~qg —Kx for some
c € Q1. Then every effective divisor D ~ L such that (X, cD) is klt defines a G-stable point
of |L| = PH(X, L).

Proof. By semicontinuity [Kol97], U := {D € |L| | (X, D) klt} is a G-invariant Zariski open
subset of |L|. It is thus enough to show that the stabilizer Gp of D in G is finite for all
D € U (compare [Bri09, Proposition 1.26]), which amounts to G = {1} since Gp is an
algebraic group. But the Mabuchi functional of (X, ¢D) is proper by Theorem 8.1, hence
GY = Aut’(X, D) = Aut®(X, cD) = {1} by Theorem 5.4. O

Example 8.4. Let H be an irreducible hypersurface of degree d in X := P", with n > 3.
Assume that n+ 2 < d < 2n + 1 and that the singularities of H are at most log canonical
(Ic for short). By inversion of adjunction, it follows that the pair (X, H) is lc as well (see
[Kol97, Theorem 7.5]). Since %t < 1, it follows that (X, 2t H) is klt. But we also have
% < nj{l, thus Theorem 8.1 implies that (X, %H ) admits a unique Kéhler-Einstein metric.
Since H has even degree, we can construct a double cover p : Y — X ramified along H,
which satisfies Ky = p* (K x + %H ), and Y is thus a Q-Fano variety with log terminal
singularities and a Kéhler-Einstein metric (invariant under the Galois group of p).

If the singularities of H are for instance at most ordinary double points (i.e. locally
analytically isomorphic to {Z?Zl z? = 0}, which are lc), then the singularities of the double
cover Y are also ordinary double points, and are not quotient singularities since ordinary
double points have a trivial local fundamental group in dimension n > 3. It follows that the

Kahler-Einstein metric of Y cannot be constructed by orbifold methods.

Proof of Theorem 8.1. Let us first fix some notation. Since D ~gp —Kx we have
—(Kx+(1—=X)D) ~g —AKx.
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Let ¢¢ be a reference smooth strictly psh metric on —Kx, with curvature form wy and
adapted probability measure pg. We use ¢y := A¢p as a reference smooth strictly psh
metric on —(Kx + (1 — A)D), with curvature form wy and adapted measure py. Note that
@ = 1 = Ap sets up an isomorphism PSH(X,wy) ~ PSH(X,w)). Denoting by E) the
energy functional of £'(X,wy), it is straightforward to check that

Ex(¥) = AE(p). (8.1)

By Proposition 4.11, we will be done if we can prove that functions ¢ € £1(X,w,) satisfy a
Moser-Trudinger condition

HewaLP(m) < Ae Ex@®)
for some p > 1 and A > 0 (independent of ).
Since the Ding functional of X is assumed to be bounded below, we have an estimate
le™ gy < Ae™ ¥
for all ¢ € £Y(X,wp). By (8.1), it follows that
He_w”u—l(uo) < Ao Er) (8.2)

for all ¢ € £(X,wy). On the other hand, it is immediate to check from the definition that
py = e~ 1=Ney, for some quasi-psh function p which locally satisfies p = log |f|> + O(1),
where f is a local equation of D. Since (X, D) is klt, we thus have e™” € L%(j) for some
qg> 1.

Now pick 6 €]¢g~1(1 — A), 1 — A[. By Holder’s inequality we have

1-6 o
/ =, / =D =1V, < ( / e—xlzpm) ( / 6_51(1_»%) ,
X X X X

Since 6 *(1—X) < gand e™* € L9(pg), we have [, e 071 (1=NMp < 400, We thus get C > 0
and
pi=(1-6HA1>1
such that
||67wHLP(uA) <C HeinLrl(uo)
for all ¢ € £1(X,wy). Combining this with (8.2) yields the desired Moser-Trudinger condi-
tion. (]

9. APPENDIX A: AN IZUMI-TYPE ESTIMATE

Let X be a normal complex space with a given point x € X and let ¢ be a psh function
on X. Choose local generators (f;) of the maximal ideal m, of Ox , and define the slope of
p at x by

s(i,x) := sup {s >0|p<slog) |fil+ 0(1)} € [0, oo (9.1)
i
Since log ), | fi| only depends on the choice of generators up to a bounded term, it is clear
that s(p, z) is independent of the choice of (f;). For f € Ox, we have

s(0g |f1,2) = ord.(f) := Tim Lord, (™),
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with
ord,(f) := max{k: eN|fe ml;}

Remark 9.1. By [Dem85, p.50, Corollaire 6.6] the non-decreasing function
x(t):= _sup o
{32 1fil<et}
is convex (generalized three-circle theorem), and we have s(¢,z) = limy—_oo Xx(¢)/t. This
implies in particular that the supremum in (9.1) is attained.

Izumi’s theorem [Izu81] states that for every resolution of singularities 7 : X — X and
every prime divisor £ C X lying above x € X, there exists a constant C' > 0 such that

Ol"dE<f o 7T) < C@z(f)

for all f € Ox,. Our goal here is to prove the following extension of this result to psh
functions:

Theorem 9.2. Let 7: X — X be any resolution of singularities and let £ C X bea prime
divisor above x € X. Then there exists C' > 0 such that

v(pom E) < Cs(p,x)
for all psh functions ¢ on X.

Here

E) = mi :
v(pom, E) gggf/(soowp)

is the generic Lelong number of ¢ o 7 along E. Note that ordg(f o 7) = v(p o m, E) with
¢ = log|f|.

Corollary 9.3. If ¢ is a psh function with s(p,x) =0 for some x € X, then v(pom,p) =0
for every resolution of singularities and every p € 7~ 1(x).

Proof. Let b : X' — X be the blow up of X at point p € X. Then n/ = mob: X' — X
is yet another resolution of singularities. Set E = 37!(p). This is a prime divisor to which
we can apply Theorem 9.2 . The conclusion follows then by recalling the following classical
interpretation of Lelong number: v(pomob, E) = v(pom,p). O

Proof of Theorem 9.2. By Hironaka’s theorem we may assume that 7 : X — X dominates
the blow-up of X at x, so that the scheme-theoretic fiber 77!(x) is an effective divisor
>, a;E;. Note that ), F; is connected by Zariski’s "main theorem”.

Set b; := v(7*p, E;). Using the Siu decomposition of the positive current 7' := dd°m*¢
we may write ' = R + B where B = ), b;E; is an effective R-divisor and R is a positive
current such that v(R, E;) = 0 for all 7. We first claim that

s(p,r) = min ﬁ (9.2)
v Qg
Indeed, if we write m, = (f;) as above then 7*log > _, | f;| has analytic singularities described
by the divisor 771(z), i.e. locally on X we have

7 log Y il = ailog|z| + O(1)
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where z; is a local equation of E;. We thus see that

p <slog) |fil +O0(1) <= 70 <> sa;log|z| + O(1)

)

locally on )Z', and the positivity of R = T'— B shows that this holds iff b; = v(7*p, E;) > sa;
for all 7, hence the claim.

In view of (9.2), the desired statement amounts to an estimate max; b; < Cmin;b; for
some C > 0 independent of ¢. Thanks to Lemma 9.4 below, this will hold if we can show
that —B|g, is pseudoeffective for all i. Since the restriction to each E; of the cohomology
class of T = 7w*ddyp is trivial, we are reduced to showing that {R}|g, is pseudoeffective.
Since v(R, E;) = 0, this follows from Demailly’s regularization theorem. Let us recall the
standard argument: by[Dem92|, after perhaps shrinking X slightly about 0 we may write
R as a weak limit of closed positive (1,1)-currents Ry with analytic singularities such that
{Ri} = {R}, Ry > —¢epw for some e — 0 and Ry is less singular than R. In particular we
have v(Ry, F;) = 0 for all 4, which means that the local potentials of Ry are not entirely
singular along E;, so that Ry|g, is a well-defined closed (1,1)-current. We thus see that
({R} + ex{w}) | g, is pseudoeffective for all k, and the claim follows. O

Lemma 9.4. Let E =), E; be a reduced compact connected divisor on a Kdhler manifold
M. Let B = Y biE; be an effective R-divisor supported in E, and assume that —B|g, is
pseudoeffective for all i. Then there exists a constant C > 0 only depending on E such that
max; bz < C mini bl

The proof to follow is directly inspired from [BFJ12, §6.1].
Proof. Let w be a Kahler form on M. Thanks to the connectedness of E, we may index the

FE; such that B = Zfil b; E; with by = min; b;, b, = max; b; for 1 <r < N,and E;NE; 11 # ()
forall ¢ =1,...,r — 1. For each ¢ we have

(=Dlg,) - Wlg)" % ==Y bjci; >0,
i

with
Cij = (Ez . Ej . wniQ) ,
hence
Z bjci,j < bi ‘Ci,i‘ . (9.3)
J#i
Now ¢;; > 0if j # 4, and ¢; ;41 > 0 for all 7 since E; meets F;11. It follows that

|ciil
bit1 < b;
Ciit1
. . . —1 |¢ciq
for all 4, hence max; b; = b, < Cby = min; b; with C := [[—} %L O

Remark 9.5. Besides the slope s(¢, z) considered above, Demailly introduced in [Dem85] a
different generalization of Lelong numbers on normal complex spaces, defined as the inter-
section multiplicity

v(p,x) == (dd°p) A (dd°log Z D" ({2},
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where (f;) are generators of m,, the definition being independent of that choice. When
a=(g1,...,gr) is an my-primary ideal and ¢ =log ), |g;| then v(p,z) computes the mixed
(Hilbert-Samuel) multiplicity (a,m,...,m;). In particular for ¢ = ¢ we have v(¢,z) =
m(X, z), the multiplicity of X at z. By Demailly’s comparison theorem we have

v(p,x) = s(p, x)m(X, x),

and the inequality is strict in general. Using the notation of the proof of Theorem 9.2 and
recalling that —7~!(z) is m-nef, we conjecture by analogy with the algebraic case that

v(p, ) = (B (=7 (2))"™).

By Theorem 9.2 this would imply in particular that conversely v(¢,x) < Cs(p,x) for some
C > 0 independent of .

10. APPENDIX B: LAPLACIAN ESTIMATE

The goal of this section is to present an explicit version of the main result of [Pau08], in
order to make it suitable to our purpose.

In what follows (X,w) denotes a compact Kéhler manifold, A = tr,, dd® is the (analysts’)
Laplace operator with respect to the reference Kéhler form w, and 8 > 0 is a semi-positive
closed (1, 1)-form such that [y 6" > 0, where n = dim¢ X. We let Amp (f) denote the ample
locus of (the cohomology class of) 6.

Theorem 10.1. Let p be a positive measure on X of the form p = eV T aV with (53
quasi-psh and eV~ € LP for some p > 1. Assume that ¢ is a bounded 8-psh function such
that (0 + dd°o)" = p. Then we have Ap = O(e™%") locally in Amp ().

More precisely, assume given a constant C > 0 such that

(i) ddypt > —Cw and supx T < C.

(ii) dd“~ > —C'w and |le™¥ ||p» < C.
Let also U @ Amp (0) be a relatively compact open subset. Then there exists A > 0 only
depending on 6, p, C and U such that

0<O+ddp<Ae™ w
onU.
This result recovers in particular [Yau78, Theorem 7, p.398|.

Proof. We may of course assume that ¢ is normalized. During the proof A4, Ay, ... will denote
positive constants that may vary from line to line, but are under control in the sense that
they only depend on 6, p, C and U. Since U is contained in Amp (f), we may choose a
Zariski open set 2 D U and a #-psh function ¢ such that (6 + dd“i)|q is the restriction of
a Kahler form @ on a higher compactification X of ), so that

@ > dw on € for some § > 0 and ¥ — —oo near 9.

The proof of Theorem 10.1 is divided in two steps. In the first and main one, an a prior:
estimate for smooth solutions of non-degenerate perturbations of the equation is established.
In the second step we conclude using a regularization argument.
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Step 1: A priori estimates. For 0 < ¢ <1 we set w. := W+ e w, viewed as a Kahler form
on 2. Note that w. > dw, so that

tr,. (o) < 6 'try(a) (10.1)

for every positive (1,1)-form o. Assume that ¢+ and ¥~ are smooth functions satisfying (i)
and (ii) of Theorem 10.1, and assume given a smooth normalized .-psh function p. such
that

(0 + ew + dd®p)™ = ¥ ¥ aV. (10.2)

The goal of Step 1 is to establish that [Ag.| < Ae™¥ on U with A > 0 under control.
Since we have w. < Aw over U with A under control, it will be enough to prove that

wl =0+ ew + ddp.

satisfies tr,,_ (w.) < Ae™¥ on U.

We first recall the Laplacian inequality obtained in [Siu87, pp.98-99]: if 7,7’ are two
Kahler forms on a complex manifold, then there exists a constant B > 0 only depending on
a lower bound for the holomorphic bisectional curvature of 7 such that

tr, Ric(7’)
A logtr (7)) > ————~ 2
mlogter(T) 2 == )
We remark that Siu’s argument uses the fact that 7 and 7/ are dd°-cohomologous. But the
general case is valid as well since Siu’s computations are purely local and any Kéahler form is
even locally dd®-exact. This being said, let us apply this inequality to the two Kéahler forms
we and w. on €.

— Btr (7). (10.3)

Since w extends to a Kéhler form on a higher compactification X of Q, the holomorphic
bisectional curvature of w. = @ + ew is obviously bounded over §2 by a constant B > 0
under control, and (10.3) yields

3
trws (Wé)

On the other hand, applying dd€log to (w.)" = e YT Wwn yields
—Ric(w!) = —Ric(w) + dd¥t — dd°p™ > —Aw — dd“yp~
where A is under control thanks to (i). Using tr,,_(w) < nd~! and the trivial inequality

n < try, (W) tr,r (we) (10.5)

tr.,. Ric(w!

£

— Biry (w.). (10.4)

we thus infer from (10.4)
_ Awaw_

A, logt >
We og rws (we) = trwe (wé)

— Aty (w:). (10.6)

with A under control.
We next argue along the lines of [Pau08, Lemma 3.2] to take care of the term A,,_¢¥~. By
(ii) we have Aw. + dd“yp~ > 0 with A under control. Applying tr,, to the trivial inequality

0 < Aw, + ddy™ < tryy (Awe + ddy ™ )w]

yields
0 < An+ Au Y™ < (Atry (we) + Aurp™) tr, (wh).
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Plugging this into (10.6) and using again (10.5) we thus obtain
Ay (logtry, (wh) + 97 ) = —Atry (we). (10.7)
where A is under control. Now set

Pe ‘= Pe — sz)v
so that w! = w. + dd°p.. We then have n = b (we) + Ay pe, and we finally deduce from
(10.7) that
Ay (logtry, (wl) + 9~ — A1pe) > try (we) — Az (10.8)
on {2, with A7, Ao under control.

We are now in a position to apply the maximum principle. On the one hand, p. = . — ¥
tends to +oo near Q. On the other hand, tr,_(w!) < §~1tr,(w.) is bounded above on 2
since w! is smooth over X. The function

H :=logtr, (wl) + vy~ — Aipe

therefore achieves its maximum at some zo € €, and (10.8) yields tr., (w:)(xo) < A2. On
the other hand, trivial eigenvalue considerations show that
trry (12) < 0 (75 /") trpy (71)"

for any two Kahler forms 71, 7, whence

n

log try, (wl) < ¢ — 9~ +log <wn) + (n —1)logtr,, (we) +logn
w

£

by (10.2). Using w < §~ 1w, it follows that
H < Azlogtry (we) + Ag — A1p:
where As, A4 are under control, and we obtain

sup H = H(zg) < As — Ajinf p. < As — Apinf ¢
O Q X

with As under control, since p. = p. — ¥ and ¥ < 0. By the L*°-estimate provided by
[EGZ09], we now obtain

logtr, (wl)+v~ —Aip.=H< A

on 2 for some constant A under control. Since ¢, is normalized we conversely have
pe < —1p < Ag over U € (2, and we finally infer as desired tr,_(w.) < Ae™%" on U.

Step 2: Regularization. We now consider the set-up of Theorem 10.1. By Demailly’s
regularization theorem [Dem92], there exist two decreasing sequences of smooth functions
1/15-5 such that

o limj; w]i =% on X.
° ddcwj-c > —Aw for some A > 0 under control.

In fact, the constant A > 0 depends in principle on the Lelong numbers of the quasi-psh
functions ¥* according to Demailly’s result, but these Lelong numbers can be uniformly
bounded in terms of the lower bound —Cw for dd®y* by a standard argument, see for
instance [Bou02, Lemma 2.5].
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For each 0 < & < 1 the closed (1, 1)-form 6 + ew is K&hler, and Yau’s theorem [Yau78]
yields smooth normalized f.-psh functions ¢, ; such that

(6= + dd‘ e )" = €% Vi Femaun,

+— - - . . .
where c. ; € R is a normalizing constant. Since e¥s Vi < OV s uniformly bounded in

LP, c. ; is under control and Step 1 of the proof shows that

Agoyl < A (10.9)

over U, with A > 0 under control.
Now for each fixed j it follows from [BEGZ10, Lemma 5.3] that ¢, ; converges weakly as
¢ — 0 to the normalized solution ¢; of

(6 + ddop;)" = ¥~V Feun,

which therefore satisfies as well |A<pj\ < Ae ¥ on U. But we also have elp; Vi Ly ¥t
in L? by dominated convergence, and it follows that ¢; — ¢ weakly on X by [EGZ09,
Theorem A], which concludes the proof of Theorem 10.1. (|

11. APPENDIX C: A VERSION OF BERNDTSSON’S CONVEXITY THEOREM
The goal of this section is to extract from [Bernl5] the proof the following result.

Theorem 11.1. Let X be a compact Kahler manifold and L a line bundle on X such that:
(i) W(X,Kx +L)=1 and h'(X,Kx + L) = 0;
(i) L = M + A where M is a semipositive Q-line bundle, A =Y. a;D; is an effective
Q-divisor with SNC' support and a; € (0,1).
Set S :={t € C|0 < Ret <1} and consider a psh metric ¢ on the pull-back of L to X x S
of the form ¢ = T + ¢pa where

(iii) 7 is a bounded psh metric on the pull-back of M to X xS, with t — 1, only depending

on Ret and Lipschitz continuous;

(iv) ¢a =Y, a;log|si|? with s; the canonical section of O(D;), so that dd°pa = [A].
For each generator u of H*(X, Kx + L), viewed as an L-valued holomorphic n-form on X,
the function

L(t) = —log Hquﬁt = —log/ unTe
X

is then convex on (0,1). If it is further affine, then there exists a holomorphic vector field

V oon {u # 0} C X such that

ot
on X x S, with Ly the Lie derivative along V.

<cv ; a) Ay = 0

The situation here is a slight variant of [Bernl5, §6.2], which corresponds to the case
where u is nowhere zero (and hence L = —Kx). The arguments given in that part of the
paper are rather brief, and a more precise exposition of the proof is presented in [CDS15,
Appendix 1]. However, the latter still suffers from some minor oversights, having to do
with the negative part of the curvature in the regularization and the possibly non-uniform
convergence of the curvature formula. We therefore take the opportunity to present here
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a proof with full details. We are very grateful to Bo Berndtsson who kindly answered our
questions on his proof and carefully checked our arguments.
In what follows we fix a reference Kéhler metric w on X.

Step 0: Preliminary facts. Assume for the moment that ¢ is a fixed smooth metric on
L. The (1,0)-part of the induced Chern connection is given by

I*=0—-0pNe (11.1)
in any local trivialization of L. It is related to the adjoint 5; of 0 by the Kéhler commutation
identity i0? = [52, w A e]. For an L-valued (p,0)-form v, this becomes

i0%v = D4(w A v), (11.2)
which shows in particular that the image of d® on (p,0)-forms is orthogonal to the kernel

of 3. For p=mn—1, v+ w Awv is a pointwise isometry between L-valued (n — 1,0) and
(n,1)-forms, and the Hodge star operator satisfies x(w A v) = i®=D%y. In particular,

(wAv,a) 2 = i("1)2/ vAT. (11.3)
X
for any L-valued (n,1)-form «.
Lemma 11.2. For each L-valued (n,0)-form n on X, there exists a unique L-valued (n —
1,0)-form v such that
(i) 6‘%5 Pn, the projection of n orthogonal to the kernel of O;
(ii) w A dv = 0.
Proof. The image offg is closed, since it has finite codimension in Kerd. As a result,
Pn € (Kerd)* = Im 82 may be uniquely written as Pn = 8;B for an L-valued (n,1)-form
B e (Kelrgz))L =1Imad, and 8 = w A v for a unique L-valued (n — 1,0)-form v.
Since we are assuming that H™Y(X,C) = HY(X,Kx + L) = 0, B above is in fact unique
in Ker 0, which concludes the proof. O

Remark 11.3. For later use, note that any L-valued (n — 1,0)-form v for which (ii) holds

satisfies
/ vAPae ®=0
e

for all L-valued (n,1)-form «, by (11.3).

Step 1: Regularization. As in [Bernl5, §2.3], we rely on [BK07] to write the bounded
psh metric 7 on the pull-back of M to X x S as the decreasing limit of a sequence of smooth
metrics 77 over X x S, for a slightly smaller strip

S,={teC|d, <Ret<1-94,}
with d,, — 0, such that
dd°t? > —e,w
on X x S, for some sequence €, — 0. We denote by dd® the operator on the product; an
additional index z or ¢ will indicate partial derivatives. Note that shrinking the time interval

is necessary in the regularization process, since we are working over the non-compact product
manifold X x S.
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Since t — 7; is Lipschitz continuous and only depends on Ret, we can further arrange
that ¢ — 7/ is uniformly Lipschitz continuous and only depends on Ret (by averaging).
We also introduce a regularization of ¢ by setting

O = Zai log (|si|2 + Vﬁlewi)
i

with 1); a smooth metric on O(D;). It satisfies:

(i) dd°¢’y, > —Cw for some uniform constant C' > 0;
(ii) for each neighborhood U of supp A, there exists ef; — 0 such that dd°¢y, > —efjw
outside U.

Setting ¢” := 77 + ¢'{ defines a smooth metric on the pull-back of L to X x S, only de-
pending on Ret, with time derivative ¢y = 7/ € C°°(X) uniformly bounded and converging
a.e. to ¢y.

Step 2: Hodge theoretic estimates. For each ¢,v, we denote by |74 the L*-norm of
an L-valued (p, g)-form 7 on X with respect to the fixed Kahler metric w and the hermitian
metric ¢f on L. We write P/n for the projection of n orthogonal to the kernel of 0, and

8?2/ for the (1,0)-part of the Chern connection associated to ¢y. As explained in Remark
3.2 and Lemma 6.3 of [Bernl5], the equation in Lemma 11.2 satisfies the following uniform
estimate:

Lemma 11.4. There exists a constant C > 0 such that for each t,v and each L-valued
(n,0)-form n, the unique L-valued (n — 1,0)-form v solving

(i) 050 = Pyn;

(ii) wA 0v = 0.
satisfies [[o]lgy < Cllnllss-

We will also rely on the following estimate, which follows from (the proof of) [Bernl5,
Lemma 6.5].

Lemma 11.5. For each § > 0, there exists a neighborhood Us C X of supp A such that

| 1ol <3 (Mol + 12012
Us
for all L-valued (n — 1,0)-forms v on X, all v and t € S,,.

Combining these facts, we obtain the following key technical result.

Lemma 11.6. For each v, there exists a unique smooth family v* = (v})ies, of L-valued
(n —1,0)-forms such that

(i) O v = Py (dyu);
(ii) wA 9y = 0.
The L?-norm v} |gv is bounded independently of t and v. After perhaps passing to a sub-

sequence, we can further find a sequence of smooth cut-off functions 0 < x, <1 on X (with
Xv = 0 on some neighborhood of supp A) such that

(ii) xvdd°d} > —e,w;
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() Sy =)ot 2y < e (1+10:0712,).

for some sequence €, > 0 converging to 0.

Step 3: Subharmonicity of L. Our goal here is to show that L(t) = —log||u|@t is
subharmonic on S. This function is the decreasing limit of L”(t) := —log ||u||3)¥, which

may be viewed as the weight of the L?-metric induced by ¢? on the trivial line bundle
S, x H(X,Kx + L). By [Bernl5, Theorem 3.1] (see also [CDS15, Lemma 14] for a direct
computation), we thus have the curvature formula

Hu||§)tudd§L” = ngvﬂ@?idt Adt + /X [SH (11.4)
where we have set
2
O, = 1" dd°¢] Nw, \Nw, (11.5)
with
wy =u—dt Nvy, (11.6)

and [  denotes fiber integration.
First, we observe that the left-hand coefficient satisfies

-1 2
C <ullgy <C
for some uniform constant C' > 0. This is a consequence of e~ % < e~? = ¢~7t=?A gsince

e~ %2 is integrable while e~ < Ce~ ™o for any fixed to by Lipschitz continuity of ¢t — 7.
Next, as in [Bernl5, §6.2], we note that

/ X0, > —Ceidt A dt, (11.7)
X

thanks to the L2-bound [vf||¢» < C and the curvature lower bound x,dd‘¢{ > —e,w. On
the other hand, the global curvature bound dd“¢; > —Cw combined with (iv) in Lemma
11.6 yields

/ (1-x,)0,>-C (/ (1-— X,,)|v§’|itu> idt Ndt > —Ce, (1 + ngvf”ifu) idt Adt. (11.8)
X X ‘
Injecting these estimates in the curvature formula (11.4), we obtain
ddSL? > (cuézvgngty - 5V) idt A dE (11.9)

for some uniform constant ¢ > 0 and ¢, — 0. In particular, we get as desired dd;iL > 0 in
the limit, thereby proving that L is subharmonic.
Step 4: Holomorphy of v. From now on, we assume that L is harmonic, so that dd°L” — 0
weakly on S. As a first consequence, we obtain the following estimates:
Lemma 11.7. The following fiber integrals converge weakly to zero on S as v — oo.

f |5 ,UI/’2 .

x 192V gy s

(11) fX XvOu;

(iil) [ (1= x0)Oy;
(iv) [ (1 =xu)lvr ‘(z)l{-
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Proof. (i) follows directly from (11.9). Another application of the curvature formula (11.4)
then yields [, ©, — 0. Now let f € C°(S) be a non-negative test function. Injecting (i)
in (11.8) yields [y, ¢ f(1—xv)©, > —e%, while (11.7) gives [y o fX,©, > —e%. Since the
sum converges to zero by what we just saw, we get (ii) and (iii). Finally, (iv) is a consequence
of (i) and point (iv) of Lemma 11.6. O

By the uniform L2-bound on vY, the corresponding sequence v” on X x S is bounded in
Ll2()c (with respect to a smooth reference metric on L). After passing to a subsequence, we
may assume that v¥ converges weakly in L%OC(X x S) to a section v. Our goal is to show
that v is in fact holomorphic on X x S.

As a direct consequence of estimate (i) in Lemma 11.7, we have d,v = 0 weakly. The
hard part is to prove that dv/dt = 0 holds weakly. We first observe that it is enough to

show

. ‘ N
lim dtANdEN —= Nage ? =0 (11.10)
v JXxS ot

for all compactly supported Lipschitz continuous families «; of bounded L-valued (n,1)-
forms on X. Indeed, choosing a; supported in a local coordinate chart in which L is
trivialized and identifiying metrics on L with functions, we can write

n

v’ = ?’ztdzl/\"-/\ciz\~/\‘--/\dzn
ij(7> J ?

7j=1
and it is then enough to choose a; of the form

oy(2) = e?Pg(z,t)dzy A -+ Adzy A dz;
with g € CZ°.

Let K C S be a compact set such that a; = 0 for ¢t ¢ K. Using again H"vl(XiL) =0, we
get for each ¢, a unique L-valued (n,0)-form [/, orthogonal to the kernel of 0, and such
that

Q= Pt”at + 52,8;

By [Bernl5, Lemma 4.2], t — 37 is uniformly Lipschitz continuous as a map from S to L2
again with respect to any choice of a reference smooth metric on L. We will rely on the
following identity.

Lemma 11.8. For each t,v, we have

/ idt A di p 22 Nage ® = (—1)”/ dd°¢” Aw, ABY e
XxK ot XxK

Recall that we have set w, = u — dt A v”.

Proof. By construction, v” satisfies w A 9,v” = 0, and hence 0, (%) Aw =0 as well. As
noted in Remark 11.3, it follows that [ % A Pla;e=? =0, and hence

/X gf Aage ¥ = X%Aazﬁge—% (11.11)
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Next, we claim that

oY ” v [ Ov
_¢ = (=1)" (bt _¢t
o AD,BY e % = (—1) /Xaz <8t > ABYe (11.12)

Indeed, (11.3) gives

(n—1)2 [ OV” vt _ (O T gy
’L( 1) 87 /\azﬁt € o = < ot /\w’aZBt >L2(¢?)

=% 8UV v . v 8'0’/ v .n2 v 0 v AT —oY
= (Ogv < of /\w> aBt>L2(¢>t”) :1@? (81&) ,5t>L2(¢t") =1 +1/ 8? ( P > NP e %,

t
using the Kahler identity (11.2). The claim follows since i" H-(n-1)* = =(-1)".
Now, a simple computation shows that

%" (a;t_ ) = P’ (11.13)

with

ul = 0,07 A + ¢Yu
To see this, recall that n} := oY v — qﬁt” u satisfies by construction d,n¢ = 0. Using the local
description 0% =0, — 9.¢¢ N -, we apply 0/0t to get

377t org 8’0 o v v _ v

The desired identity follows since the left-hand side is in the kernel of 0, while
or [ OV =« [ OV
6 ¢ = - (9 v =
* < ot > o < ot
is orthogonal to the kernel of 9. Finally, writing
dd°¢” = fidt A\ dt + 0.4 A dE + idt A 0.9 + dde”
and using the fact that 37 has type (0,n) on X shows that

dd°¢” Nwy, A BY =idt N dE A ulf A BY.

As a result, we get

/ ddc¢”/\wyA[3,§’e¢V:/ idt A dt Al A BY e
XxK XxK

:/ idt/\dt/\Pt”u;’/\Bz’e_d)y:/ idt A dt A 92" <8U )/\B” -
XxK XxK

where the second equality uses that 8¢ is orthogonal to the kernel of 9, and the third one
comes from (11.13). Lemma 11.8 now follows in view of (11.11) and (11.12). O

Thanks to the previous lemma, the desired estimate (11.10) boils down to the following.
Lemma 11.9. For each non-negative f € C2(S), [y, ¢ fdd¢” Nw, A B e=?" tends to 0.

The proof will rely on the following special case of the Bochner-Kodaira-Nakano identity,
referred to as the ’one-variable Hormander inequality’ in [Bernl5, §4].
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Lemma 11.10. Let S be a Riemann surface and ¢ (resp. u) be a smooth real valued (resp.
complex valued, compactly supported) function on S. Then

/ lu|?e~?dd p < z/(au —udp) A (Ou —udyp) e ?.
S S

Proof. Pick any Kéahler form w on S, and view ¢ (resp. u) as a metric (resp. section) of
the trivial line bundle on M, so that 0¥u = du — udy. For bidegree reasons, the Bochner-
Kodaira-Nakano identity (cf. for instance [Dem96, §13.2]) gives

with A the pointwise adjoint of w A e. For bidegree reasons again (compare (11.3)), we have

<[ddc()07 A]S> $>L2(<p) = _<dec()0’ SW>L2 (o)
= —/ |s|2e~%ddp.
S

Proof of Lemma 11.9. Because of the large negative part of the curvature dd°¢” near supp A,
we cut the integral fXXS fdde¢” Aw, ABY e=?" into two pieces using . Note that we may

and do assume that f € C2°(S) has been chosen so that f1/2 is smooth.
First, the curvature bound x, (2)dd“¢” +e,w > 0 and the Cauchy-Schwarz inequality yield

0

/ f(t) (xp dd°@” 4+ e w) A wy A B{;ed’u'
XxS

1/2
< <z’"2 / f(t) (xp dd°@” 4+ e,w) A wy A W, ed’y) X
XxS

1/2
XxS

The first right-hand factor

" / @) (xp dd°¢” + eyw) A wy, A, e
XxS

= f®)x,0, + Eyin2 F@E)xpw A wy, Ay, e "
XxS XxS

tends to 0 thanks to Lemma 11.7 and the L2-bound on v¥. To show that the second factor
is bounded, note that dd°¢” A B¢ A BY = ddS¢” A BY A BY, since BY is an (n,0)-form on
X. Thanks to the Lipschitz bounds for t — B¢ € L?, t — ¢/ and f(t)'/2, the one-variable
Hormander inequality of Lemma 11.10 yields a uniform bound upper bound for

Ft)xw dde¢” A BY A BYe %,
XxS

which shows that
RO ddoo ) B BT
XxS
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is indeed bounded. We infer from the above that

. Sfx,, dd¢” N\ w, /\ﬂT’e*‘z’V — 0.
X

Using now the global curvature bound dd“¢” + Cw > 0, we similarly write

f (1 =xu)(dd¢” + Cw) ANw, A [Sfew‘
XxS

1/2
< (/ J (1= x)(dd°¢” + Cw) A wy, AW, e—¢”) x
XxS

RNV
([ r0-xaes+consnfre)
XxS
The first factor

f(1—x,)(dd¢” + Cw) Aw, AT, e < / (1-x,)0, +C’ (1-— X,,)|Uﬂ3)u
X xS XxK XxK
tends to zero by Lemma 11.7, and the second factor is bounded for the same reason as above,

thanks to the one-variable Hérmander inequality, and hence
/ F (1= x)(dd¢” + Cw) Aw, ABY e — 0.
X xS

Since

/ fAl=—x)wAw, A, e <C F(=x)lof 13
XxS XxS

tends to 0, we conclude as desired that

/ fdd¢” Aw, ABY e =
XxS

/ Fxpddee” Aw, ABY e + / (1= x)dd¢” Aw, ABY e
XxS XxS
tends to 0. O

Step 5: End of the proof. Recall that v, which is now known to be holomorphic on
X x S, is obtained as the weak L2 _limit on X x S of v¥, and that u € HY(X, Kx + L) is

loc
the given non-zero holomorphic L-valued n-form.

Lemma 11.11. The distributional equation 8,0, Av = ¢y A u is satisfied on X X S.

Proof. Set h¥ := PY(¢¥u) — ¢¥u, which satisfies d,h” = 0. These functions are uniformly
bounded in L (X x.S), since [y [hY @? is uniformly bounded thanks to the uniform Lipschitz
bound for ¢ + ¢¥. We may thus assume that h” — h weakly in L2 (X x S).

Since 9.h = 0, the desired result will follow from the identity

0,0 — 0, Av = dyu+ h, (11.14)
understood locally on X x S. Recall that all (pluri)subharmonic functions belong to the
Sobolev space VVIEC1 , basically because the Newton kernel has the same property. In partic-
ular, (11.14) is an equality in L (X x S), and it will thus be enough to argue on the open

loc

set U := (X \ supp A) x S where the psh function ¢ is locally bounded.
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Rewrite 8¢ v = PY($Yu) as
v M v a v v
D.(e” W) = ($Yu + h")e " = ua(e*@5 )+ hY e ?.

On U, we have e=®" — e~? strongly in Ll2007 and v¥ — v and h¥ — h weakly in L1200' This
is enough to get

d.(e %) = u%(e_(b) +he™? (11.15)
on U. Since the psh function ¢ is locally bounded on U, it satisfies the chain rule
d(e=?) = e %dg,
see for instance [BEGZ10, Lemma 1.9], and (11.14) thus follows from (11.15). O

By Lemma 11.6, v} is uniquely determined by an equation whose only dependence on ¢
is through ¢}. As a result, v/ is independent of Im ¢, and hence so is v¢. Being holomorphic
in t, the latter is thus independent of ¢.

On the open set {u # 0}, define a holomorphic vector field V' by requiring that iy u = —v.
Since 0; := ddS¢; satisfies 6; A u = 0 for bidegree reasons, we have

(z’vﬁt) ANu = Ht VAN (’LVU) = —Ht A v,
and Lemma 11.11 thus gives
(ty 0 +10.¢¢) Au = 0.
For bidegree reasons and since we are working over the locus where u does not vanish,

it follows that iy, + i0.d; = 0. Using the Cartan identity £y = diy + iyd for the Lie
derivative, we obtain the desired equation

0
L —16; =0
< v+ 815) t )
thereby concluding the proof of Theorem 11.1.
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