Degenerate Monge-Ampere Equations over
Projective Manifolds
by
Zhou Zhang

Bachelor of Science, Department of Pure Mathematics

School of Mathematical Science, Beijing University
July 2001

Submitted to the Department of Mathematics
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2006
(© Zhou Zhang, MMVI. All rights reserved.

The author hereby grants to MIT permission to reproduce and
distribute publicly paper and electronic copies of this thesis document
in whole or in part.

AUthor ..
Department of Mathematics

May 3, 2006

Certified Dy ... ..
Gang Tian

Simons Professor of Mathematics
Thesis Supervisor

Pavel Etingof
Chairman, Department Committee on Graduate Students






Degenerate Monge-Ampere Equations over Projective
Manifolds
by
Zhou Zhang

Submitted to the Department of Mathematics
on May 3, 2006, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

In this thesis, we study degenerate Monge-Ampere equations over projective mani-
folds. The main degeneration is on the cohomology class which is Kahler in classic
cases. Our main results concern the case when this class is semi-ample and big with
certain generalization to more general cases.

Two kinds of arguments are applied to study this problem. One is maximum
principle type of argument. The other one makes use of pluripotential theory. So this
article mainly consists of three parts. In the first two parts, we apply these two kinds
of arguments separately and get some results. In the last part, we try to combine the
results and arguments to achieve better understanding about interesting geometric
objects. Some interesting problems are also mentioned in the last part for future
consideration. The generalization of classic pluripotential theory in the second part
may be of some interest by itself.

Thesis Supervisor: Gang Tian
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Chapter 1

Introduction

1.1 Main Problem

In this thesis, we mainly want to solve Monge-Ampere equations over projective
manifolds when cohomology classes are degenerate (as Kéhler class).

The main concern is for the following equation over a projective manifold X:
(L ++v—=100u)" = "

where L is a smooth closed real (1, 1)-form and €2 is a smooth volume form over X.

In the case when [L] is Kéhler, classic results guarantee existence and uniqueness
of a smooth solution. The degeneration we are interested in is described by nef. (i.e.,
numerically effective) or big of the cohomology class [L]. The main results are briefly
described as follows:

1) For [L] nef. and big, we have a unique solution which is smooth out of a
subvariety with some controls about the possible singularities, for example, Lelong
number being 0;

2) For [L] semi-ample and big, the solution above would be bounded over X.
Furthermore, the bounded solution is actually unique and continuous.

Actually, some of our discuss would work in more general cases and even for the
equations which are without e or with e ™ instead on the right hand side of the
equation just as well. We might go into details for similarities and differences along

the way.

The whole scheme to attack our main problem is more or less just trying to apply
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continuity method. Various estimates need to be obtained. There are basically two
kinds of arguments which will be heavily used in this work. They are both fairly
classic by themselves.

One is maximum principle type of argument. Grossly speaking, for applying this
argument, we need to work with smooth objects. This kind of argument is very
global, and so it treats the degeneracy mentioned above in a very brutal way. Special
attention should also be paid when studying smooth but degenerate objects.

The other one is “capacity argument”, which might not be a standard way to call
this kind of argument. Anyway, this argument sits inside the setting of pluripotential
theory and moreover, the notion of capacity, as I see it, plays a very crucial role.
The difference is that now we can work with objects with far less regularity. This
argument also has quite some local feature which would give us some room to treat

the degeneracy in a more delicate manner.

As mentioned in Abstract, the main text of this thesis can be divided into three
parts. Part I consists of Chapter 2 where maximum principle type of argument is
mainly used. Part II consists of Chapters 3 to 7 where capacity argument using
pluripotential theory is the main tool. During the process, we also have to generalize
classic pluripotential theory a little bit. This part weights the most in the whole
work. Chapter 8 is the last part which contains applications and generalizations.
Chapter 9 is Appendix where details omitted in the main text are provided together
with discussions about some interesting and related problems which might seem to

be a little too digressive to appear in the main text.

In the following, we are going to give the set-ups of two main objects which will
be used to attack the main problem later. Those two kinds of arguments previously

mentioned are applied in a quite dominant way respectively.

1.2 Kahler-Ricci Flow

Kéhler-Ricci flow is a very interesting and classic object by itself. The most primitive
version of it, Ricci flow, was introduced by R. Hamiliton in dealing with quite difficult
problems in Riemannian geometry in the early eighties of the last century (in [Hal]).
Since then it has drawn a lot of intention from the mathematical world. With the
effort of a huge group of brilliant mathematicians in the past about twenty years,

it has become one of the most active and fruitful fields in Riemannian geometry.
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The recent work of Perelman in [Per|, which has at least taken a substantial step
in realizing Hamilton and other people’s hope of applying this geometric tool to
prove topological properties of the underlying manifold, has obviously carried all
mathematicians’ interests about Ricci flow into a new level. There has been quite

some convenient references on Ricci flow as Hamilton’s survey paper ([Ha2]) and a
more recent book by B. Chow and D. Knopf ([ChoKn]).

Kéhler-Ricci flow is the complex version of Ricci flow (or say Ricci flow with
complex structure), which was naturally introduced shortly after the appearance of
Ricci flow (as in [Cao] for example). For real dimension 2 (or complex dimension 1)
case, they are trivially the same. The study for this case has been very complete and
satisfying from the works of B. Chow ([Cho]) and Hamilton ([Ha3]). Of course, the

higher dimension case remains to be interesting in general.

More precisely, in Part IT of this thesis, we consider the following evolution equa-
tion over a closed manifold X of complex dimension n > 2:
0wy

with initial metric @y = wy. Here k is a fixed real number, S is some fixed smooth
real closed (1, 1)-form, and wy is some K&hler metric on X. The requirement of n > 2

is just used to guarantee the nonlinearity of the equation.

Conventionally, we denote a Kahler metric by its Kahler form w, in local complex
coordinates {z!,--- 2"},
w = \/—1gi;dzi AdZ,

where we use the standard convention for summation and (g;;) is the positive hermi-
tian matrix valued function given by g;; = g( %, %). Ric(w) denotes the Ricci form
of w, i.e., in the complex coordinates above, Ric(w) = v/—1R;;dz" A dz where (R;;)

is the Ricci tensor of w.

The positivity of @; can by justified by looking at the real version of the flow
which is just Ricci flow with minor modification and using the corresponding result.
Actually it’s also quite clear once we realize that the eigenvalues for @; should vary
continuously. One can also easily justify by integrating over ¢ for the equation that
the metric @; along the flow remains to be Kéhler as long as the flow exists in classic

sense (smoothly).
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So let’s formally take a look at the flow in the level of cohomology class:

9l
g;t] = —[Ric(Q)] + k - [@] + [9]
with [@] = [wo]. Here Q is some smooth volume form over X compatible with the

complex structure (just the orientation), and

Q
(V=1)rdzX AdZE A - Adzm A dzn)’

Ric(92) := —\/—_18310g(

which will formally be denoted by —+/—190log{) in the rest of this work. This form
actually represents the first Chern class of X (up to a conventional positive constant).
Of course it is important that the underlying manifold X is Kéahler in order for this

to be true, but this is already assumed by the existence of Kahler metric wy.
Now we can solve this ordinary differential equation as follows. First rewrite it as:

(e [w])

5 = ¢ (18] - [Rie(Q))).

Then integrate over [0,t] to get:
o] = foo] = (18]~ Ric) [ e

For the case k = 0:
[0:] = [wo] = ¢([S] — [Ric()]).

This suggests that if we are looking for a limit for @; in any sense, it’s natural to
require [S] = [Ric(€2)] and then the cohomology class of @; is not going to change
along the flow. In fact, in this case, the limit does exist for any Kahler class and this

actually provides one proof of Calabi’s conjecture as in [Cao]. !

Now for the case k # 0:

™M) — [wo] = %(1 — e™™)([S] — [Ric(Q))).

!'More discussion can be found in Appendix.
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So we can conclude

1

21 = o] + 7 (e = 1)([S] — [Rie(2)])
= L ([Rie(@)] ~ [8]) + (15 ~ [Ric(@)] + & - o))

Thus if we are looking for a limit in any sense, it is natural to require either k£ < 0 or
[S]—[Ric(2)]+ k[wo] = 0. Before including this extra information in our computation,
we can do more general computation for k£ # 0. Namely, we can reduce the equation
(1.1) for Kéhler metric to the level of potential with respect to some “background
Kahler metric” which is changing in an explicit way, which obviously makes the
problem at least looks much easier. It is also the case when k = 0 as used in [Cao].
This is indeed one of the main differences between Kéahler-Ricci flow and general Ricci
flow.

Set w; = +(Ric(Q)—S)+ eTM(S —Ric(Q)+k-wo) (as “background Kéhler metric”).
Notice that we do not require w; to be positive. Then we assume: & = w; + v/ —190u
where u is a real smooth function on X for each fixed ¢. This is reasonable since wy
and @; are of the same (1,1)-class over the closed Kéhler manifold X. Let’s further

assume that u is also smooth with respect to time ¢, and so we have:

&I)t . awt kt . ~0u
o = TV 88 e™ (S — Ric(Q2) + k - wo) + V=100 5

The equation (1.1) can also be rewritten as:

= V/—190log(&]") + k - (w; + vV —190u) + S
= +/—190log(&!") + (Ric(Q) — ) + €*(S — Ric(Q) + k- wo) + k - v/ —190u + S
= +/—100log(&!") — v/—1901ogQ + k - v/—190u + (S — Ric(Q) + k - wy).

n
Wy
n
Wi

By combining the above two equations, we arrive at:
~ou ~ Wy -
\/—1685 = \/—18810,52;5 + k- v/—100u.

Notice that the term in “log” is now a global smooth function which is obviously

positive over X.

So if we want to solve (1.1), it would suffice to solve the following scalar equation:

ou oy
e logQ +k-u (1.2)

17



with initial value w(0,-) = 0. In fact the converse is also true which can be justified
as follows.

First, the uniqueness of the solution for (1.1) and (1.2) can be seen easily. Actually
for (1.1), one only needs to observe that it is just the slightly modified Ricci flow
over X with initial metric being Kahler. So the uniqueness is inherited from the
classic result of Ricci flow. ? For (1.2), it’s very easy to take linearization and see
the parabolicity. From above we know the solutions for these two equations will
correspond to the same metrics as long as the solution for (1.2) exists.

Now it only left to show the existence of the solution for (1.2) under the assumption
that the solution for (1.1) exists for certain time interval. Suppose the solution u exists
in [0, T") while &, exists in [0, 7] for some T' < oo. Then by the uniqueness result from

above, we know

Op = wy + V—100u

in [0,7). The uniform bounds for @, give bounds for the Laplacians of u(t, ). It only
remains to get a uniform bound of u itself (i.e., the C° bound) in [0,7) in order to
prove that u can be extended smoothly to the time 7. Using the unform bound of
the metric in [0,7"), this is easy to see from the equation (1.2) itself.

Hence we can conclude the equivalence of the equations in the level of metric (1.1)

and potential (1.2). Clearly similar argument works for the case with general k.

We should notice the value of u can actually be up to some function only depending
on t for the same metric @;. In fact the evolution equation of it, (1.2), can be
modified by adding smooth function only depending on ¢ on the right hand side
without essentially changing the flow. Also we can see the choice of the smooth volume
form 2 is rather superficial, namely, differential choices would lead to equivalent
evolution equations in the level of potential. In fact, the volume form does not
appear in the orginal flow in the level of metric, so this should be the case. Explicit
computation for this would appear later in Chapter 2.

By the way, we’ll only consider the nonzero constant k to be 1 or —1. This will
not affect the general consideration of the equations since we can do a simple rescal-
ing (of metric and time) to translate the equation for a general k into one of these
cases. Of course this is just the standard normalization that people use for geometric

consideration.

2We can also easily see the parabolicity of the equation (1.1) by directly taking linearization and
noticing that we only need to take care of real closed (1, 1)-forms.
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Now we start to consider the cases from the cohomology consideration about the
existence of limit before.

For k =1 and [S] — [Ric(2)] + k[wo] = 0: We have [wy] = [@;] = [Ric(Q2)] — [S].
Thus all the metrics have to be in the same Kahler class. By choosing proper 2 we
can in fact set w = Ric(2) — S as before. Here we can omit the lower index ¢ in sight
of t-independence and make sure that it is indeed a Kéahler metric. Now the equation

becomes:

ou _
ot

This is the usual equation that people work with when studying complex manifolds

log

u.

(w + v/—100u)"
Q

with positive first Chern classes. The “+” on the right hand side before v makes the
situation very different from our main concern in this work. But still it’s easy to see
the global existence of the solution for this evolution equation, i.e. the solution exists
for t € [0,00). For the proof, just notice that we only need to work with any finite
time interval [0,7] and 7' < oo can be used as a constant in all the estimates. The
global existence can also be by related this flow with other flows. More discussion
can be found in Appendix.

Our discussion here about the £ = 1 case is by no means very sophisticated. In
fact this equation is of plenty of interests for a big group of people. A huge number of
results have thrown great light to a bunch of related geometric problems. The paper
by X. X. Chen and Tian ([ChxTi]) provides an excellent example in this direction, so
does the more recent work of D. H. Phong and J. Sturm ([PhSt]).

The case when k = —1 is our main interest in this work. At this moment, we just
point out that in this case, w; = (S — Ric(2)) + e *(wo — S+ Ric(2)) and the limiting
class would be [we] = S — Ric(Q2). It would correspond to the class [L] in the main

problem.

Remark 1.2.1. Maybe we should end this part by pointing out the reason to study
Kahler-Ricci flow for solving Monge-Ampere equation. Philosophically, they share the
same nonlinearity and the expressions are almost the same. More precisely, Monge-
Ampere equation can be seen as the limit of Kdhler-Ricci flow equation ast — 0o. 3.
Technically, the estimates used in the study of one of them can usually be established
for the other one.

Unlike the classic case when the class [L] for the equation is Kdhler, it’s very

necessary for us to consider the flow with changing cohomology class [&] since the

30ne can realize this by putting the term with ¢-derivative to be 0 in Kéhler-Ricci flow equation.
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classic solution only exists when the class is Kahler.

Kdhler-Ricci flow can be seen as a very delicate way to set up continuity method.
We can also set up continuity method much more simple-mindedly as discussed later.
But Kdhler-Ricci flow with its own rich structure is a by far more interesting tool,

especially when we want to further consider our main problem as I see it now.

1.3 Pluripotential Theory

Our argument in pluripotential theory basically studies the Monge-Ampere map (op-
erator) “v — (y/—100v)™ which is essentially the left hand side of the equation we
interest in. The idea is to draw information about the potential v from the property
of the measure (v/—199v)" which is usually seen from the right hand side of the equa-
tion. Much less regularity is required and we are going to consider (postive) currents

as in [Le].

Remark 1.3.1. From the simple description of the idea above, we see the exact
expression of the right hand side is not that important here as long as we have enough
information about the measure.

As stated below, it’s merely the C° (or L*°) estimate that we are searching for
right now, so just as in the classic case, we only need to consider the equation whose

the right hand side has no e* term.

The main result for this part is to prove the following theorem which is an improved

version of what is stated in [TiZh].

Theorem 1.3.2. Let X be a closed Kdhler manifold with dimcX =n > 2. Suppose
we have a holomorphic map P : X — CPY with the image P(X) of the same dimen-
sion. Let wyr * be any Kdhler form over some neighbourhood of P(X) in CPY. Then
for the following equation of Monge-Ampere type:

(P*was +V—100u)"™ = £Q, (1.3)

where € is a fixed smooth volume form over X and f is a nonnegative function in

LP(X) for some p > 1 with the correct total integral over X, we have the following:
(1) (Apriori estimate) Suppose u is a weak solution in PSHp«,,,(X)NL>*(X) of

the equation with the normalization supxu = 0, then there is a constant C such that

|ul|e < C| fI}» where C only depends on P, wyr and p;

4The “M” is the initial of “model” since wj; can naturally be understood as the model metric
of the degenerate metric which we are originally interested in.
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(2) (Ezistence of bounded solution) There would always be such a bounded solution
for the equation;
(3) (Continuity and uniqueness of bounded solution) If P is locally birational, then

any bounded solution is actually the unique continuous solution.

It might be worth taking a little time to clarify some terminologies appearing in
the statement.

First, u being a weak solution means both sides of the equation are equal as
(Borel) measure. The meaning of the right hand side is classic with « being bounded.

In the definition of LP(X) space, we choose € as the volume form. The choice is
clearly not so rigid.

In (3), “locally birational” means that for a small enough neighbourhood U of
any point on F(X), each component of F~}(U) would be birational to U (under F).
Clearly it would be the case if F' is birational itself and in fact this is the case with

the most geometric interests as far as I can see.

The improvements from [TiZh| are in two places:
i) we need X to be closed Kéhler instead of projective;

ii) in statement (3) about continuity, the assumption is weakened a lot.

The punchline for the proof is the generalization of an inequality between Lebesgue
measure and relative capacity. A quite interesting point is that relative capacity,
which has a fairly elementary definition, is quite difficulty to compute numerically on
one hand, but on the other hand there have been a lot of results about the relations
between it and other notions which make it perfect as a bridge to connect things up.

In the theorem above, we require the image side of P to be CP" in order to make
sure that the image is algebraic. This would at least make it easier for us to justify
the construction used in the argument. But the manifold X does not have to be

algebraic (projective). It’s enough for X to be just a holomorphic object.

In the picture of our main problem, [P*wy| = [L]. Of course the degeneracy of
the class [L] should be nice enough to give us the map P.

The estimate in this theorem can be established not only for this limiting class in
the set-up of continuity method but also uniformly for all the approximation classes.
This is important for existence of such a solution. It also shows the flexibility of the

result.

21



For X projective, the results in Theorem 1.3.2 except this version of continuity
result as in (3) were announced and discussed in my previous preprint with my advisor.
They were also presented by Tian in a talk at Imperial College in November, 2005.
The general continuity was proved soon in January, 2006 after a few discussions with
Professors S. Kolodziej and H. Rossi on approximating plurisubharmonic functions
over singular spaces. I would like to thank them both for those very useful discussions.
The current results were presented in my talk at Columbia University in February,
2006. A new result in the recent preprint by Blocki and Kolodziej allows the current
generalization to a closed Kéahler manifold X. I really appreciate their informing
about this result. Later, we were informed that similar boundedness result should
also be achieved by Philippe Eyssidieux, Vincent Guedj and Ahmed Zeriahi in the
recent preprint [EyGuZe].

1.4 More History Remarks

In his original work, [Ya], Yau set up the main tool and got remarkable estimates
for the direct study of Monge-Ampere equation in the case of [L] being Kéhler. This
could be taken as the starting point for the study of this very classic nonlinear PDFE
equation in search for global geometric properties of the underlying manifold. Since
then, this problem has been under intensive consideration for all kinds of applications
and generalizations. Of course the case when k = 1 remains to be a very challenging
and interesting problem even for the nondegenerate case.

The Kéhler-Ricci flow mentioned before was essentially studied in [Cao] in the
case when the limiting class is ample and the initial Kahler class coincides with the
limiting class, i.e., the cohomology class is fixed along the flow.

For the canonical class [Ky| = [L] = [woo] which is nef. and big with the initial
metric wy being sufficiently positive, H. Tsuji studied the Kéhler-Ricci flow in [Tsh1]
and proved that (2.1) has a global solution @; and @; converges to a positive current
which is actually a smooth Kéhler-Einstein metric outside a subvariety as t — oo. °

But we noticed that Tsuji’s basic arguments can still go through even after the
extra assumption on wy is removed. Our new observations for this case are that the
limiting current is in fact canonical and has bounded (and actually continuous in
his case) potential. Basically, we prove the following theorem which is an improved

version for the main result in [TiZh]).

®The proof for convergence in [Tshl] contains some unjustified statements. A uniqueness result
was also claimed there whose proof doesn’t seems to work very well in general.
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Theorem 1.4.1. Let X be a projective manifold with its canonical divisor Kx nef.
and big (i.e., X is a smooth minimal model of general type). Then for any initial
Kihler metric wy, the Kdhler-Ricci flow (1.1) with k = —1 and S = 0 has a global
solution @, fort € [0,00) satisfying:

(1) @y — O representing —c1(X) = Kx ast — oo in the sense of current;

(2) Ono 1s actually a smooth Kdhler-Einstein metric outside a subvariety S C X
and @ x\s = Doo|x\s locally in C*-topology as t — oo;

(3) in any local complex coordinate chart, &s = /—100p for some local continu-
ous plurisubharmonic function p; ©

(4) @oo is canonical, i.e., independent of the choice of the initial metric wy.

(3) of the above theorem is proved using (the argument of) Theorem 1.3.2 which
is proved by extending pluripotential theory developed by Bedford and Taylor (in
[BeTa]), and Kolodziej (in [Kojl] and [Koj2]) to singular varieties. The notion of
relative capacity was first introduced in [BeTa]. Our argument is a generalization of
the original argument in [Kojl] and [Koj2] where he mainly interests in the case when
[L] is Kahler 7.

I would like to thank Prof. Kolodziej for so generous help in letting a beginner

like me get some idea about pluripotential theory and understanding his orginal works.

Combining all the results, we also gives a partial answer to the following conjecture
(cf. [Ti2]) which is the big picture for this whole program:

For any initial metric wy, the flow (2.1) has a (possibly singular) solution &, which
converges to a (possibly singular) metric in a suitable sense ast — 0o, moreover, this
limiting metric may be singular but should be independent of the choice of the initial
metric.

In fact, it was further expected that all singularities of this limiting metric are of

rational type.

6In this sense, we may refer @ as a positive current with locally continuous potential.
It’s more or less like requiring the map P above to be an embedding. [Koj2] is a survey paper
in this field which combines a lot of works of his.
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Chapter 2

Kahler-Ricci Flow

In this chapter, we discuss the Kéhler-Ricci flow introduced before when k& = —1.
The S below is a smooth real closed (1, 1)-form which, without loss of generality, is
frequently chosen to be 0.
On the level of metric, the corresponding equation is:
0w,

with initial Kahler metric &g = wy.
As discussed in Introduction, we can reduce it to the following equivalent equation

on the level of potential:

ou (wi + v/ —100u)"
= log Q

i —u, u(0,z)=0, (2.2)

where w; = (1 — e7*)(S — Ric(Q)) + e*wy. The relation is &; = w; + /—100u.

2.1 Warm-up Exercise

In this section, we consider the case when S — Ric(Q2) is a (Kéhler) metric. Actually
we can choose proper volume form €2 to achieve this if it is cohomologically possible,

namely, [S] — ¢1(X) is a Kéhler class. We are going to prove the following theorem.

Theorem 2.1.1. In the above situation, for any initial Kdhler metric wy, the flow
(2.1) converges in C*°-topology to the unique Kdhler metric Wy, in the class [S]—c1(X)

which satisfies the limiting Monge-Ampere equation
—Ric(@o) — Weo + 5 = 0.
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Now we have w; is always a Kahler metric and in fact it’ll have uniformly bounded
geometry for all ¢ € [0,00) (i.e., uniformly bounded metric, curvature and so on).

By maximum principle, we can see u(t, z) itself is uniformly bounded as long as
the solution exists smoothly. In fact, suppose the solution exists for ¢ € [0, s] *. Then
let’s consider maximal value point of u for (¢,z) € [0,s] x X. At that point 2, (¢, 7o),

if tg > 0, then % > 0, and we also notice:
w >0, @y =wy, +V—100u(ty, ) >0,  V—190u) 1y 40) < 0,

where > 0 or > 0 are used to stand for positivity or nonnegativity of the real (1,1)-
forms as hermitian matrices. Hopefully, when the 0 on the right hand side is replaced
by some real (1, 1)-form, the meaning is also clear.

In above, we have used the fact that &; will remain to be a Kahler metric whenever
the solution of the evolution equation exists 3. Of course this little fact is important
for the study this equation and also makes sense of considering this problem in some

sense. From these, we can see
(wi +V—=100u)" < w"

at (to, ). So we get u(ty,xy) < C for some universal positive constant C' from the
original equation (2.2) at this point.

All the C’s in this work will be some universal positive constant but they might
well be different from each other. The possible dependence on some choices would be
stated explicitly when it matters.

If ty = 0, this estimate is trivially true by looking at the initial value. Thus we
have © < C in this range. The discussion for lower bound is completely analogous.
Though we have chosen some time interval [0, s] at the beginning, the upper and
lower estimates clearly would not be affected by the size of s. Notice that the “—”
sign on the right hand side of (2.2) before u is crucial for this argument, which is also

why it’s usually called the simple sign case.

Then essentially by taking derivative with respect to ¢t on both sides of the equation

'Let’s emphasize that the small time existence, i.e. local existence, of the solution directly
follows from the parabolicity of the equation which is another difference between Kéhler-Ricci flow
and general Ricci flow.

2Take anyone if there are more than one such points.

3An elementary way to see this fact here is that the volume of &; should remain positive and at
the minimal value point of u for each fixed ¢ where the solution exists, @; is positive, so it has to
remain positive on X since the eigenvalues would change continuously without becoming 0.
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(2.2): 4

d 0u 0 (w; + v/—100u)"
v a@‘f TR—
= Ag, au &, e (S — Ric(Q) — wy
<gt>+< (S = Ric(®) — w)) s
- A@t(a—?) (@~ + (S — Ric(Q)) + v/ —109u)
= A@t(% +u) —n+ (@, S — Ric()).

Here the notation (w,-) means taking trace of the second term with respect to the
metric w where of course the second term is a (real) (1,1)-form °. And A v =
(w,v/—100v). All these conventions will be used frequently from now on.

Again one applies maximum principle. Consider at the minimal value point of
Gu 1 (= log%—?), (to, o) (for (t,z) € [0,s] x X, just as the setting before). If t5 > 0,
we have

<d)t7 S — RiC(Q»’(to,wo) L

by noticing
0 ,0u ou
—(— < 5 (— =

at this point (¢g, zo). By the classic arithmetic-geometric inequality, we arrive at
o = (S — Ric(Q))"

at that point . Thus we have

o  Ric(Q
u= 1og% > maxx{log(s R;ZC( )

o }>C

at (to,xo). If to = 0, then the estimate is still OK for a possibly larger but still
universal constant C. So we have 2 4+ u > C for all these (¢, x)’s where the solution

exists. Hence we can conclude 5
U

at =

on this range using the boundedness of u got before.

C

4This is clearly justified since the solution u(t, ) is smooth with respect to ¢ and x basically from
the form of the equation itself. Of course we are still working on the range where the solution exists.

5This can also be understood as doing contraction of the second term by the dual form of the
metric form or just taking inner product of these two forms under the metric w.

6The positivity of S — Ric(f2) (at that point) is very important here.
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We can also do something else after taking t-derivative of the equation (2.2). In
fact after multiplying both sides by ef, we get:
L Ou

d, ,0u, . :
57 (€'5) = Doy (€' 50) + (@1, 5 — Rie(Q) — w). (24)

Meanwhile, the equation (2.3) we used above can also be reformulated as:

2(@ +u+nt) = A@t(%

o\ or +u+nt) + (0, S — Ric()). (2.5)

The difference (2.5)— (2.4) gives us

0 ,0u ou ou ou
—(=t+u+nt—e—)=As (= +u+nt—e'—)+ (O, wp).

71 ot o) (G gp) T (@ wo)

Still by maximum principle, considering the minimal value point for the expression
% +u+nt— et% in the equation above, we can see it can not have positive ¢t because

(W, wo) > 0. Then simply by considering the initial value, we have

ou ou
— t—el— >0.
at+u+n 6815

Using the upperbound for u, we can conclude

ou - C +nt
ot et — 1

for ¢ > 0 and in the range where the solution exists. Since local existence is OK
which means we have (upper) bound of % for small ¢ (say for 0 < ¢t < ). And the
inequality we just got gives uniform upper bound when ¢t > g. Thus we obtain

ou

E<C

for the range where the solution exists.

Now we have already got |u| < C, \%| < C'. Standard Laplacian estimate essen-
tially by Yau ® will then give
<CUO, (:Jt> < C

"Let’s keep in mind that what we really need for proving global existence are estimates for large
t.
8See more details in Appendix.
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in the range where the solution exists. Here the uniform bounded geometry for w;
is very important. Remember we already have the uniform bound for the volume
form & since @ = % Q) from the equation (2.2) itself. Thus we have bounded &,
uniformly as metric.

From here, standard argument will give uniform C* estimates for all k. Thus we
see the solution will not blow up or say form any singularity along the flow. Thus the

global existence of the solution (in [0, 00)) would follow from local existence.

The strong convergence of the flow is actually quite easy to see in this case as
follows.

Recall the equation (2.4):

0, ,0u ,Ou

at( 8t) Ag, (e E) + (@, S — Ric(2) — wp).

From the uniform bound of ©; as metric, we now have

0, ,0u ou
N e e
2 ) > Bale )
So 2(e!'% + Ct) > Ag,(e'2 + Ct). The same argument as before will tell us that
the maxnnal value point of eta“ Ct can only have time t = 0. Thus we have

ta“ + Ct > —C'. Hence one can conclude that globally

ou
E> —Ce™ 2.

Similarly from 2 (e'2%) < Ag, (e'2%4)+C, we can get 3¢ < C'e™ 2 globally on [0, 00) x X..

Combining these two inequalities, we arrive at
| | < Ces.

This easily gives the smooth convergence of the flow as ¢ — oo since it guarantees
this for the C-norm, and so for all the norms for derivatives from the boundedness
of those norms and the interpolation inequalities. °

The limiting Kahler metric,

Goo = Woo + vV —100u(00,-) = S — Ric(Q) + v/ —109u(o0, -)

9In fact, we can prove the exponential convergence for any C*(X)-norm. The method will be
used in Appendix to get similar result for “c; = 0”7 case.
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would clearly satisfy the limiting equation

~n

0= —Ric(@n) =@ +S5 or 0= logwﬁ°O — u(00, )
over X by the strong convergence.
The uniqueness of a solution for this limiting equation is a classic result which

indeed follows from maximum principle argument in a rather trivial way.

In the case of X having positive canonical class, we can just set 7' = 0 and
—Ric(Q) > 0 for some proper smooth volume form Q. The limit Kéhler metric is
the unique Kahler-Einstein metric. The uniqueness follows directly from maximum
principle just as for the general case above.

This case has been treated in [Cao| if one further assumes that the initial class is
proper chosen so that the cohomology class [w;] remains to be the same along the flow.
But now we have seen no matter which Kéhler class we start with, the flow will lead
us to the unique Kéahler-Einstein metric. This philosophy is much more important

for later concern when we don’t have the “proper” Kahler class to start with.

2.2 Nef. and Big Class

Now we start to consider the degenerate case. In other words, the limiting class (as
t — 00) [S] —c1(X) = [S] + Kx is no longer Kéhler. In the following, we mainly
focus on the case when it is nef. and big. Now we also assume X to be projective.
The meaning of these two terminologies will be clear in the discussion. The following

theorem is what we are going to prove.

Theorem 2.2.1. In the situation above, for any initial Kahler metric wg, the Kdhler-
Ricci flow (2.1) exists for all time, i.e., t € [0,00). It converges ast — oo out of Y, a
subvariety of X, locally in C*°-topology to a smooth Kdhler metric over X \'Y which
satisfies the same limiting equation as before in this range. The weak limit over X 1is
a closed positive (1,1)-current with some controls for the singularities along S. The

limat still does not depend on the choice of the initial metric.

The uniqueness of the limit for choices of initial metric will be proved in the next
section. It should also be pointed out that our arguments can also work in more
general cases as we’ll see below. Further study of those cases are very interesting

problems.
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2.2.1 Long Time Existence

In this subsection, we will prove that (2.2) has a global solution with the assumption
that [S] + Kx is nef. (i.e. numerically effective). For simpilcity, we’ll take S = 0 for
simplicity which clearly won’t affect the argument at all. So now we assume that Kx
is nef. instead.

At this moment, we can still only require X to be Kéahler (and closed), so this
notion of numerically effective should be a natural generalization of the usual notion
for the case when X is projective (or algebraic), i.e., we just require the property that
Kx + €|wp] is a Kéhler class for any € > 0. Here we use the initial Kéhler class [wo]
for convenience, but of course this should clearly be true for any Kahler class.

Thus for any fixed € > 0, we can choose a real closed (1, 1)-form v, such that
(Y] = Kx and ¢ 4+ € - wp = 0 with {(¢e + €-wp)" = 0} # &. Moreover, we can take
Ric(,) = —1. for some smooth volume form €. which is unique up to a positive
constant. Since ¥, 4+ € - wy > 0, we have 1. + a - wy > 0 for Va > e.

Set w; = ¥ +eH(wo — ) and &; = w;++/—100u. We have the following equation
which is just (2.2) with the special choice of volume form above:

ou wp

Z — oot — D) =0. 2.
or —losg u(0,-) =0 (2.6)

In sight of w;, = (1 —e7") (¢ + 1% wo), we set T, = log(1F<) such that 1:?}6 =e.
Lets’ first show the solution for (2.6) exists for ¢ € [0,T%).

From the above choices, w; is a Kahler metric for ¢ in this range. Thus we see w;
has uniformly bounded geometry for V¢ € [0, s](C [0,T})).

The parabolicity of the equation provides the local existence and uniqueness of the
solution. So just as in the previous section, it only remains to get uniform estimates
of u for t € [0,s] where s < T, under the assumption that the solution exists in
this range in order to get the existence of the solution for ¢ € [0,7;). So let’s fix
such an s for now. In fact the following argument is very similar to what is in the
previous section. Notice that we can use s and € as positive constants in the following
estimates.

By maximum principle, considering the (local in ¢) maximal and minimal value
points of u, we can get

—Ces <u<,

where the lower indices s and € indicate the dependence on s and € respectively. The
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upper bound actually does not depend on s.

Take derivative with respect to ¢ for (2.6) to get:

0 Ou ou ou
T AL (S — et we — ) — 2
8t(8t) Wt(at) € <wt7w0 ¢e> 8t7

which can be reformulated to get the following two equations:

o .0 9 )

(1 50) = A (¢ 0) — (@ wo — 1), (27)
9 0 9
E(a_?”) :A@t(a—?+u) — ot (@, ). (2.8)

The difference of these two equalities above gives:

0,,0u Ou
ot* ot ot

There is also a slightly modified difference (1 +¢€) - (2.8) — € - (2.7):

%((He)(% +u) —egt%) = A, ((1+e)(% +u) _eet%) —(1+e)n+ (@, wat(;og).

From (2.9), noticing (@&, wp) > 0, by maximum principle and noticing etg—;‘ — g—? —

u —nt =0 when ¢ = 0, one gets that

Now we combine it with local existence and the uniform upper bound for u to conclude

that
ou

ot
From (2.10), noticing (&, ¥ + €wp) = 0, by maximum principle, we get that

< C..

ou ,Ou ,
— - > —
(1+€)( T +u) —ee T + (1 + e)nt = ming—o{

ou
o) = ¢

which gives (1+€—eef)%% > —C. — (1+ €)u — (1 + e)nt > —C.. Since 1+ € — ee’ >

1+e—ee®>0fortel0,s], we can conclude

ou

En > —Cs.

Until now we have got all the C° estimates needed. Now the existence of solution
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for (2.6) for ¢t € [0, s] follows from the standard argument using Laplacian estimate
just as before. More details can be found in Appendix. Hence we get the existence

of solution in [0, 7).

The global existence of the solution for (2.2) is easy to see by considering the

relations between all the equations (2.6) for different €’s as follows.

Actually from the equivalence of the equations (2.1) and (2.2) as mentioned in
Introduction, we can get the existence of the solution for (2.1) for any time interval by
taking sufficiently small € > 0 and using the existence of the solution for correspondent
(2.6) in [0,7.). Thus we have the global existence of the solution for the metric flow
(2.1) in [0,00), and so for any potential flow (2.6). In fact we can see this more

concretely without mentioning (2.1) at all.

Consider (2.6) for some 6 > 0 other than the fixed € before. We have 15 =
e ++/—100f for some smooth real function f over X. Since —Ric(€2,) = 9., we have
—Ric(e/€,) = 5. Thus one can take 5 = e/€).. Now the new “w,” is

ne = s + e Hwo — 1hs) = wy + (1 — e t)V/—100f.

The corresponding equation (2.6) for ¢ is:

@ — 1o (Ut + v —185@)”
ot & el Q.

—v, v(0,-)=0.

Define 4 = v + (1 — e™*)f. We have @(0,-) = v(0,-) = 0 (the same initial value) and:

ouw ov
a = E +e f 7
= log (i + v=190) —v+telf
el Q.
~log (wr + \/Q—laﬁu) ety
(w; +V/—=100a)"  _
= log Q — 1.

From uniqueness of the solution for (2.6), % is just the original solution w.

The above explicitly gives the relation between the solutions of (2.6) for different
€’s explicitly which makes it obvious how to use all these equations for different €’s
to get the global existence of the solution for each one of them. This global existence

in potential level is not so trivial if we only consider those equations separately. The
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discussion above also tells us that when Kx is nef., (2.2) can be solved globally no
matter which €2 is chosen. One should notice the volume form 2 is also involved in
the definition of w; there. ' We can summarize all the discussion in this subsection

in the following proposition.

Proposition 2.2.2. Qver a closed Kahler manifold X with complex dimension greater
or equal to 2, Kdhler-Ricci flow (2.1) (or (2.2)) exists uniquely and globally for any

initial Kdhler metric provided [S] + Kx is numerically effective.

Remark 2.2.3. In fact, the argument here can be used to prove that the Kahler-Ricci
flow exists as long as the class remains to be Kdahler. We’ll prove this later in this

chapter in a general setting.

2.2.2 Local Convergence

In this subsection, we discuss the convergence of the Kahler metrics (@, for each time
slice) along the flow. As before, we still do the argument on the level of potential.
Now X is assumed to be a projective manifold with Kx being nef. and big. This is
the simplification we are going to consider. As in the previous part, we can do exactly
the same thing for the class [S] + Kx when it is nef. and big.

We've already known the flow exists globally from the last part. Because the
limiting class Kx may not be positive in general, we can’t expect that the limit can
be really a (smooth) metric, which from the way we obtain the limit means that the
estimates for u uniformly over [0,00) x X should be out of reach. Thus we have to
make a choice of losing some globalness. But if we want to get a limit as t — oo in
any sense, the globalness of the estimates for all time is better to be preserved. So
naturally we choose to lose the globalness over X and try to see what we can say

locally on the manifold.

Remark 2.2.4. Actually this idea of localizing the extimates on X was introduced
by Tsuji in [Tsh1] where he used a clever way to get the bigness of Kx expressed in
the equation and involved in the application of mazimum principle. One of the main

goals for the rest of this subsection is to clarify some details about his argument there.

At the beginning, we’ll make some auxiliary assumptions on our choices for the
flow which make our picture of convergence more clear. They are not essential and

will be removed at the end.

10GSince we have to start with some Kahler metric wy, any choice of € will provide some time
interval for existence of solution from the argument in the first part of this section. But we know
the solution of the specific potential flow actually exists forever.
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Let ws = —Ric(wp™) = —Ric(wp) with some initial metric wy satisfying wy — weo >
0. Now w; = Weo + €*(wy — wao) and then &, = wy + +/—100u. Hence (2.2) becomes

ou i

Z = log2t — 0,-) = 0.
R U

Taking t-derivative for the above equation as usual, we get

0 0u ou ou
Z () 2 A (ZY) — e (@), wo — wao) — =2
o) = BalGp) m e e W mwe) =
The initial value for g—? is also 0 from our choice of the volume form (2. Since
Wo — Weo > 0 by assumption, simply by maximum principle, we have % < 0 globally

and in fact % < 0 for t > 0. This also tells us u < 0 for t > 0. Thus we have got the
global upper bounds:

ou
— <0, < 0.
ot Y

Moreover, we know w is (strictly) decreasing along the flow, which is obviously helpful
in search of convergence. In fact, this alone would tell us that the limit of v would
be a plurisubharmonic function with respect to wy, if there is some very weak lower
bound for u (even just for a point on X) .

We also have as before:

0 ,0u

=G+ — Ao (L) =t (). (2.11)

ot

Since the potential flow equation (2.2) can be reformulated as

ot N gwon ’
this equation above describes the change of volume along the flow in a straightforward

way.

Now we start to get the bigness of Ky involved. The following lemma (see for

example [Kal| and [Ka3]) tells us how to use it.

Lemma 2.2.5. Over a projective manifold X, if a divisor L is nef. and big, then

L — €FE is Kahler for some effective integral divisor E and € € (0,a) for some a > 0.

The proof of this result essentially makes use of the openness of the big cone for

the projective manifold X. L being nef. means it’s in the closure of the positive cone

1 Otherwise, we can’t exclude the case that the limit might be identically —oo.
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(as in [Kl]). The idea is quite obvious when one has the picture of those cones in
mind. In fact we can choose the divisor E to be big. Notice the projectivity of X
is fairly much rooted here. By abusing of notation, the divisor also stands for the

correspondent cohomology class below.

On the level of form, we can have w,, + ey/—190loghg, > 0 for € € (0,a) where
locally hg. stands for the square of the norm for a local holomorphic nowhere 0
section of the holomorphic line bundle correspondent to E with respect to some
bundle hermitian metric which might well depend on e. The second part of the
summation is nothing but the curvature form of line bundle F (with respect to this

hermitian metric) multiplied by —e.

Use o to denote the canonical global holomorphic section for the line bundle E
which vanishes along F in the following. We now have a more global expression of
this inequality as:

Woo + €/ —10010g|a|* > 0,

where |-| denotes the bundle norm 2. Be careful that strictly speaking this inequality
above should be understood to make sense only over X \ {o = 0}. It should be
understood as the expression before using hg . if one wants to make sense over the
whole manifold X. But the function |o|? is smooth over X and takes value in some
finite interval [0, C¢].

We can reformulate the equation before about volume evolution (2.11) as follows:

~n

) = Ag, (logw—t) — 1+ (D, Weo + €/ —100l0g |0 |?).

’0-|26w0n

0

g (log

/A
‘O—|26w0n
Indeed there are no changes for both sides of the equation. But this current equation
should also be considered only over X \ {¢ = 0}.

For any fixed ¢, log(wi—z;w) will blow up to +oo along {¢ = 0}. Thus if we
consider local minimal value point of it, using estimates local in time, we can see the
point exists in X \ {o = 0} where this equation actually makes sense. So we can

proceed as before in applying maximum principle. At that point, we have:
(D4, Weo + €/ —100l0g|o|*) < C..

Notice that it is possible for the point to have t = 0. So we use C, on the right
hand side instead of n. Anyway, we have &7 > C.(ws + €v/—109log|o|?)". Hence we

12For simplicity, we omit the lower indices € and E.
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conclude that at that point,

oF o C.(Woo + €v/—100l0g|a|?)"

‘0-’25w0n = |O-‘2ew0n

> C,

where the numerator in the middle term is the volume form for a metric over X. By

the choice of the point, we get that globally over [0, 00) x X,

since though we choose the point as a local (for time) minimal, the bound we get is

uniform for any chosen time interval. Thus we arrive at:

0
a—? +u > —C, + elog|a]?.
Together with the upper bounds % < 0 and v < 0, we get the global degenerate

lower bounds:

ou
Fn > —C, +eloglo|?, u> —C.+ elog|a|?.

Up to now, we already know there is a pointwise limit of v as t — oo out of
{o = 0} which is even global over X if one allows —oo as a legal value. Of course we

should expect something better than that.

In the following we’ll use the standard Laplacian estimate in a slightly modified

(degenerate) way. For any fixed € € (0, a), let’s set:
Wie = Weo + €V/—100l0g|o | + e (wo — Weo)-

Then we have &; = w;. + v/—199(u — elog|o|?). One should undertand them over
X \ {¢ = 0} in this form, but they have global smooth extensions to the whole of
X by replacing the singular-looking term —/—190dlog|o|? by the genuine curvature

form.

The point for doing this is that now w;. takes value in the segment between
wo + €/—100log|o|? and ws + e/—190log|o|? for t € [0,00). The later one is a
metric for the fixed € by our choice. The former one is also a metric as we assume

Wp — Weo > 0. Hence we have uniform control for all w,, as metric.
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Over X \ {o =0}, (2.2) can be rewritten as:
- Qu ot log 20"
Wre +V — u — elog|o =e CheT Wy o
(e + V/=100(u — doglo )" = e T, 1

Now we can get the standard inequality for Laplacian estimate in the following

%, u and the uniform control of the

metric wy . as metric. The inequality is for all (¢,x) € [0,00) X (X \ {o =0}): 1*

form after using the uniform upper bounds for

a - u—elog|a|? ~,
a)(e Ce(u—elog] \)<wt7€7wt>)

a n
> —Cot (C = Cwne @) + Celne, @) ™1

> —C.+ (Celog]a\Z — C){wre,r) + Ce(wt,e,@ﬁ%,

C.(u—elogl|ol|?
(Celu—cloglo) (A

where % > —C, + elog|o|? is used to get the second “>". Notice that we can have
this lower bound for any € € (0,a). But we use the same € as above for simplicity.

Unfortunately we don’t have the uniform control (from below) for all the co-
effcients in the last expression which is important for the classic way of applying
maximum principle. But in fact we can get away with this as follows.

Consider the local maximal value point of e~ Ce(u—doslo®)¢

Wi, wy). Easy to see this
point exists and in fact is in X \ {o = 0} since this expression vanishes on {c = 0}
and is continuous everywhere. The case when the point has ¢ = 0 can be included in

the final esimate trivially as usual. Now at that point which has time ¢ > 0, we have:

n

0>—-C.+ (Cglog|a\2 — C){(wre,t) + Celwr e, @p) nT
— —C, + Colwre, &) ({wie, @) 71 + Cloglo]? — C.).

Thus we should have (w;.,&;) < C.(C. — log|o|*)"! since |o] € [0,C.]. So we can
have at that point:

efCE(ufelog\a\2)<wt7€’ th> < Ce(Ce . log‘O,’Q)nflefce(ufdog\a\z)'

The whole point of using maximum principle is trying to get a universal control for
the right hand side of this expression which then makes it legal to extend the estimate

to everywhere. Actually we only have to observe the following to achieve this.

The lower bound for u is: u > —Cj+ dlog|o|? for any § € (0,a). Though the norm

13The computation for getting this inequality is pointwise which makes it justified for our situation
here.
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|-| may depend on 4, the difference is only a global smooth nowhere 0 function on X,
so in fact here we can forget about the difference between the norms as we also have
a constant Cs anyway. Thus let’s say we keep the norm | - | to be the same. Since
u > —Cjs + dlog|o|? for some fixed § € (0,¢), we get

u — elogla* > —Cs + (6 — €)log|o|?,
which gives the following

_ _ 2 _
e Ce(u—elog|o|?) < Ce,é . |O' Ce(e 5).

Thus at the local maximal value point considered above, we have:

6706(u7610g|0\2)<wt7€’a}t> < 0676(06 . 10g|0_|2)n71|0_ Ce(e—0) < Ce,é

where the last step is from the trivial fact mentioned before: |o| € [0, C¢]. So now we
get globally that

_ _ 2 ~
e Cc(u—eloglo] )<W07Wt> < Ce,é-

We can fix the choice of 0 with respect to e (for example § = §) without losing
any essential information, so C,; can be replaced by C, for simplicity. Rewrite the

estimate to get more explicit information of @; below using u < 0:

(wo, D) < Celo|7%Ce. (2.12)

Remark 2.2.6. Recall that the meaning of the positive constant C, in the power of
|o| is essentially max ypex ki) | (Ruw )il Where wooe = woo + €/—100log|a|?. Let’s
consider the power of ||~ which is €-C.. If we > 0 (or Kx being Kdhler), we can let
€ tend to 0 and see € - C, also goes to 0, which should give the global uniform estimate
which s of course consistent with the case considered in the previous subsection.
Clearly one also has to make sure all the other constants C.’s won’t blow up to +o0o
as € — 0 which is indeed the case. Basically the argument goes through without getting
the term e\/—100log|a| involved. This tells us that this power € - C. is related to the
degenaracy of Kx as a Kdhler class which is naturally what we should expect, and so
is the Laplacian estimate got above. The size of it greatly affects the possible control

of the metrics ©; and it should be fairly computable in practice.
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Combining this Laplacian estimate with the volume estimate before:

o' > Celo|*w", (2.13)
for any € € (0,a), we have the uniform control of @; as metric over any compact
subset of X \ {o = 0}. Of course we have already got the ¢-global C%-estimate for u

for such subsets.

For the higher order estimates, we can either go directly by using the computation
by Yau for third order and use Schauder estimates to iterate, or save the trouble by
applying the general theory about uniformly parabolic nonlinear equation. Anyway
we can have uniform higher order estimates in any compact subset out of {o = 0}.

More details can be found in Appendix.

Now it’s routine to conclude that u(t, -) converges in C*°-topology for any compact

subset out of {o = 0} as t — oo as follows.

First by Ascoli-Arzela’s Theorem and diagonalizing argument, we have the con-
vergence of u(t,-) for a sequence of t’s going to infinity locally out of {o = 0} in
C*>-topology. Then the decreasing of u(t,-) with respect to t will make sure the con-
vergence is locally in local C-norm for the whole flow, i.e., t — oo. Now using the
uniform local bounds of the higher order derivatives and the interpolation inequalities
(see for example [GiTr]), we can get the local convergence in C'*-topology as t — oo.

du

Simply from the equation itself, we also have such convergence for g which means

it should actually go to 0 locally smoothly by the convergence of u. Thus we have in
X\ {c=0}:
(Woo + V=100 = €">wy". (2.14)

where u(o0, -) stands for the limit which is smooth out of {o = 0} from above. On
the whole of X, we only have pointwise convergence for u which is simply from the
monotonicity of u with respect to t and the degenerated lower bound of u by allowing
—o00 to be a legal value. But that alone will provide some global information for the

limit as mentioned before. We’'ll give more details now.

Recall we have Kéahler metrics along the flow
@y = w + V—100u(t, -)

where w; = wWe +e 7 (wWp —wss ). Locally on X we can have wy, = v/—109(0o0 +e (o —
Vo)) Where g, po are local potentials for wy, ws which might not be a metric, but

still real, closed, and of type (1,1). We can easily make sure that g — ¢ > 0 by
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adding constants. Thus this local potential for w; is decreasing with respect to ¢ just
as u(t,-) does. Thus we have decreasing local potential ¢, + e (o — Yuo) + u(t, )
for metric @; whose limit will be a plurisubharmonic function locally on X by the

14

properties of plurisubharmonic functions We also know it’s ¢ + U almost

everywhere in the open subset of X we started with. Again by the properties of

plurisubharmonic functions °

, we have known the function everywhere from that.
Thus in fact there should be no ambiguity about the limit u,, over the whole of X
once we get to know the regular part of it. Of course this coincides with the decreasing
limit. But as for now, there could be places where u, takes —oo. It’ll be taken care
of later.

Moreover, we see ws + v/ —100us is a real closed (1,1)-current which represents
the same cohomology class as w., just by noticing the limiting function u., is a real-
valued L' function over X from the bounds on u along the flow. Of course we can also
see the limiting current is actually a Kéhler metric in X \ {o = 0} by the estimates
above for metrics along the flow, and it is Kahler-Einstein in the same range, namely
X \ {o =0}, from the limiting equation (2.16) it satisfies there if we are considering
the flow with S = 0.

Remark 2.2.7. The holomorphic section o used above comes from an effective inte-
gral divisor E which is not necessary unique. We can choose different E’s to study
the same equation (2.2). The limit u(oo, ) is unique at least in the sense of pointwise
convergence. So all the extra information we can draw from the above argument is
for the same limit. For example, we can say u(co,+) is smooth in the complement of
the intersection of all the o’s and satisfies the limiting equation in the same range.
Of course, we only need finitely many o’s.

In the terminology of algebraic geometry, the intersection above is called the stable
base locus set (for [S] + Kx ). And it can be easily seen from above that if this set is
empty, then we actually have a smooth limit from the uniform bounds of u which we
can get by combining the estimates for finitely many o’s and so [S] + Kx is indeed
Kahler. Thus it can be taken as a characterization set for the positivity (ampleness)
of the class [S] + Kx. '© Actually it has been proved in [Nak] by algebraic geometry
argument that this set is just the classic characterization set of the ampleness of the
class [S]+ Kx, which is the union of the varieties along which the class is degenerate

(see in [Kl]), when the class is rational, nef. and big to start with.

14See for example in [Del], and this is what we called plurisubharmonic with respect to ws, before.

15Basically, this is the “essentially upper semi-continuity” as in [Le]. We’ll have more discussion
about this later.

16The other direction is rather trivial.
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Finally there is just a little mess we need to clean up for this convergence result. As
mentioned at the beginning, we used additional assumption about the initial Kahler
metric wy and also we use the volume form wy™. It’s time to see all these are not
necessary.

Let’s restate the flow equation in the level of potential (2.2):

%) Vv —100u)"

8_1; :log(wt+ q w) —u, u(0,-) =0,
where w; = wy + €'(wy — weo) With we = —Ric(Q). Simply by maximum principle,
we can get u < C. Recall that we also have (e’ — 1)%—”; —u—nt <0, so % < Zf—flt for
(t,xz) with t > 0. Combining these with the local estimate for small time, we have
% < Cez globally. The degenerated volume estimate is essentially not benefited

from the additional assumptions, and so will not be affected after removing them.

It can be seen that the Laplacian estimates earlier in this subsection are only
affected in the following way. wy. still takes value in the segment between wy +
ev/—190log|o|? and we + €3/—190log|o|? when t varies from 0 to co. The later one
is a metric for the fixed e. But the former one may NOT be now. And in fact
as the norm | - | for the line bundle E might well depend on €, we might not be
able to say for sufficiently small €, both of the end-points are metrics. It seems we
are in trouble to find uniformly bounded background metrics which is important for
Laplacian estimate. But remember that we no longer worry about the global existence
of the solution of the flow. It’s safe for us to restrict our attention for sufficiently large
t 7. And also this should clearly be enough for considering the limit of solution as
t goes to infinity. This trivial observation allows us to only consider w; . for ¢ close
to oo where we know it’s a metric. In other words, we can now use the argument of
Laplacian estimate before for the range (¢,x) € [S, 00) x X where we have uniform
control for w;, as metric. Then everything goes through and we can still make the
same conclusion for (wp, @;) and the higher derivatives can be estimated just as before.

Now let’s consider v = u + e~ 1. % = % — }le_i which will be negative for ¢
sufficiently large.

From the estimates for u, we still have v > —C. + elog|o|? for any € € (0,a) and
all the estimates for space derivatives. Thus for v we can have the convergence as
t — oo which can be easily translated to the convergence for u. And of course we

still have the plurisubharmonicity for the limit '*. This should give us everything up

1"The control we need for the rest part of ¢ will follow from the local estimates if we know the
length of the finite ¢t-interval which we want to ignore.
18Tn fact, it’s easy to see Uss = Voo.
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to now after removing the additional assumptions.

We can actually save the trouble above by proving a degenerate exponential lower
bound for % below.

Let’s recall the following equations:

0, ,0u ou

_ B t ~
8t( at) Awt(e at) + <wt7w00 w0>7
O Ou Ou \_\ Ou Ou -
il o ) T Aali m g T w) e Ge)

Multiply the second one with some constant —A for A € (0,1) which will be fixed

shortly and then sum up the two equations to get:

0

( ( L Ou ou L Ou ou
ot

1-A)e s A8t+Au):A@t((1—A) §+A8t+Au) An+{(@p, woo— (1—A)wp).

We can rewrite this equation as below over X \ {oc = 0}

0 . Ou ou

g —((1 = A)é % + Aat + Au — elog|o|? + Ant)
= Ag ((1 - A)et% + A?; + Au — elog|o|* + Ant)

+ (D, Woo + €/ —10010g |a]* — (1 — A)wy)

where wo, + €v/—1901log |o|? is a Kihler metric over X as before. Thus by taking

0 < A < 1 close enough to 1, by maximum principle, we have

(1—Ae 22; A?;; + Au — elog|o|®* + Ant > —C — elog|o|* > —C

since the minimum value point will never be in the set {o = 0}. And this bound

f@u

would be global for X'. Then by the uniform upper bounds of

and u, we can get

ou

o5 2 > (=C = Cte ' +etClog|o> = —Ce™ % + e 'C,. log |o|*.

This is the degenerate lower estimate we want. Clearly it can be done for any such o

and we only need finite many of them for the stable base locus set. Clearly it gives

better description about the local convergence.

9The search of local exponential convergence for C*-norm is not successful as before. The global
argument used before can’t be carried through since the uniform bound for metrics along the flow is
degenerate. Local argument considering Dirichlet problem, which is used to get the local higher order
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In one word, we get the convergence of the flow equation (2.2) in some (local)

sense and the limit satisfies:
(—RiC(Q) + vV —1@51%079700)" — plwo.200()

out of some small set. Here we include the initial Kahler metric wg and the smooth
volume form €2 as lower indices for the limiting function to indicate the apriori de-
pendence on them from the discussion above. But we should notice that the small set
which is the stable base locus set of [S] + Kx does not depend on choices. Now we
can conclude the following proposition. The statement is for the case S = 0 which is
of most geometric interests. The statement for general case is not so different except

for the Kahler-Einstein part.

Proposition 2.2.8. Over a smooth projective manifold X with complex dimension
greater or equal to 2, for any initial data, Kahler-Ricci flow (2.1) converges locally in
C>-topology to a smooth Kdhler-Einstein metric out of a subvariety of X, with some
control of (possible) singularities along E as above, provided Kx is nef. and big. The
subvariety mentioned is actually the stable base locus set of Kx.

Moreover, the limit can be extended to X a positive (1,1)-current and we have the

pointwise convergence of the flow on the level of potential.

Actually, we can draw more information about the solution for the flow equation
itself from the convergence result. In order to do this, we should notice the essential
decreasing of the volume along the flow from the following computation. First recall
the equation below:

0 Ou Ju e ou
E(E) A&t(a) — e {Wy, wo — weo) — o

Taking another ¢-derivative on both sides and noticing summation of the first two

terms on the right hand side is just (@, %), we get:

0 ,0%u 0%*u L 0o, 00 0%*u
§<W) = Qt(ﬁ) +e t<wtaw0 - Woo> - (_ta _t)&zt Y

Sum up these two equation above to get:

0,0 0Ou 0 Ou 0 ,0u
or (g ) < B G + ) = g+

derivative bounds, doesn’t look good as it’ll need the exponential convergence of the corresponding
boundary term which involves space derivatives (in other words, bounding the term after multiplying
by e! on the boundary first).
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That tells us:
, 0 0u o 0 Ou

X A&) (= .
2t g T ) < Ba(g (G )
Maximum principle argument gives

0 Ou

— (2= < —t

f 8“ + u and also of the volume form of @; as

which tells the essential decreasing o
oy = 3 TuQ). Then it is easy to see the (pomtvvlse) limit of % +u exists over X. The
limit would be ., out of the stable base locus set and also upper semi-continuous
over X. Thus it should be bigger or equal to u,, on X which could apriori take value
—o0 at some points in the stable base locus set. Here we have used the essentially
upper semi-continuity of .

We can see the limits are actually the same as follows. If at some point in X,
is —00, then the limit of @ +u would also have to be —oo from the upper estimate of

. If uy is a finite Value at any point of X, then we know the limit of -+ u would

be no smaller than u,, which means it’s also finite and the limit of %+ 8“ is nonnegatlve

Ju
ot

converges to 0. ThlS should not be surprising from the essential negativity of 8“ and

But the limit of 8“ would have to be nonpositive if it exists from the estimate, so

the boundedness assumption of the limit for w.
By integrating the estimate above, we arrive at:
ou
— US> Uy — Ce’
ot
over X. If one can have a uniform lower bound for u for all space and time (and
thus for u.,), then it’s also true for . As seen later using pluripotential theory, we
actually have the boundedness of u When [weo] is semi-ample and big (which is Tsuji’s

case for the canonical class of a smooth minimal model of general type). ° And in

ou

this case, from discussion above, we know S

converges to 0 pointwisely over X.

2.3 Uniqueness Result

In this section, we study the uniqueness of the limit from the previous section. There

are two kinds of uniqueness to consider. One is the uniqueness as limit for the

2080 in some sense, the little careless point about Laplacian estimate in [Tsh1] would actually be
OK. But obviously, more complicated C? (or L®°) estimate is involved and the assumption is more
restrictive than necessary as shown before.
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Kahler-Ricci flow under all the choices. The other is the uniqueness as solution for
the limiting equation, i.e., the degenerate Monge-Ampere equation which is the main

interest for this work.

2.3.1 Uniqueness as Limit of Flow

With the same assumptions as in the previous section, we want to prove the limit for
(2.1) will not depend on the choice of the initial data. For (2.2), we also expect to see

the choice of the volume form € will change the limit (of potential) in an explicit way.

In fact the computation about difference choices of volume form §2 is already
contained in the proof of global exsitence of the solution for flow. Of course for
this part we can fix the initial Kahler metric wy. Recall for Qs = e/Qy, we have
us = uy — (1 —e~ ") f where u; and uy are the correspondent solutions for (2.2). Then
obviously we have ug o, = 11 o — f which would imply that we have the same limiting
(singular) metric. This can also be seen from the uniqueness result for the solution

of (2.1) since we are starting from the same wy and it’s indeed the same flow.

Now we consider the dependence on the initial Kahler metric which is a more
essential problem. We fix 2 for the equation on the level of potential.

First we observe an integral equality for all such limits, u,, which is rather triv-
ial from what we know about the convergence but plays a quite important for the

uniqueness argument. Recall that we have the estimates for any fixed € € (0, a):

Ju
—C. +eloglo|* <u<C, —C.+eloglo|* < 5 < C..
Also we know u — us and 88—? — (0 as t — oo smoothly in any compact subsets out

of some small set (say {o = 0}). Thus we can easily see that the convergences are
also in LP-norm for V1 < p < oo by noticing the contribution for the neighbourhood

of {o =0} can be controlled very well. 2!.

Remark 2.3.1. We need a smooth volume form on X to make sense of the L?-norm,
and the choice clearly doesn’t matter. us, 1s clearly in LP-spaces as it’s smooth out of
{o =0} and with possibly log-singularities along {c = 0}. In fact what we need here

ou +u

is eat T4 — e qin L'-norm ast — oo. So we don’t even need the “log” lower bounds

and the upper bounds will be enough.

21Tn fact by the almost everywhere pointwise convergence, Dominated Convergence Theorem will
do the job.
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Consider the flow equation in the form (w; ++v/—1900u)" = ¢ 5 tQ) which has both

sides smooth for each time slice along the flow. Integrate over X to see:

/eglttJr“Q:/(wt%—\/—l@@u)":/ we".
be be be

Now take the limit as ¢ — oo for both sides to get:

/e““Q:/wOO". (2.15)
b b

This is the integral equality we want. Notice there is little difference between the two
| « s since the right hand side one is to integrate over something smooth which is not
the case for the left hand side where you can think about the integration is only for
the regular part or Lebesgue integration.

A byproduct of this equality is [, ws" > 0 which means ([S] + Kx)" > 0. The
above argument for this actually works for general nef. and big line bundle, L, which

n

gives [L]" > 0. Of course this fact is well known from simple algebraic geometry
argument.

In fact we can go a little further by using the limiting equation to get

/ (Woo + V—100us )" = / W
X X
At this moment, we should really clarify the meaning of left hand side which is the

integration for the regular part.

Remark 2.3.2. If we can have the boundedness of Us, then (woe++/—100Uq )" makes
sense over X as a (Borel) measure by plurisubharmonicity **. Then the integration on
the left hand side above can be thought of as over X. In fact the weak convergence of
the flow metrics to the limiting current also follows from classic pluripotential theory.

This can be seen as some motivation for the other part of this work.

Now let’s see how this integral equality is going to help in proving the uniqueness
of the limit for any choice of initial Kahler metric, wy. Basically, it would imply “="
from “>=".

First it is easy to see that it suffices to prove the limits are the same in the case
when the two initial metrics are comparable, i.e., when one is “>” than the other.

The reason is that provided this is true, then for any two Kahler metrics w; and ws,

22 Actually the boundedness of v might not be that necessary only for this as we can see later.
But it will definitely make the whole result much more interesting.
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we can have Uy, oo = U wy,00 = Uwy,00- D0 NOW let’s suppose wy and w are two Kahler
metrics on X, and the initial metrics we are considering are wy and wy + w. Then the

correspondent equations on the level of potential would be:

ﬁu_

E = log u, u((), ) =0,

(wi + v/ —100u)" B
Q

ov o (wi + etw + /=100v)"
or 8 Q
where w; = S — Ric(Q) + e *(wog — S + Ric(2)). Take the difference to get:

—v, v(0,-)=0,

O(u —v)
ot

(w; + v/ —100u)"
(we + /—=100u + e~tw 4+ /—190(v — u))"

= log — (u—v),

with (u — v)(0,-) = 0. Applying maximum principle, we can see u — v < 0. Hence

we have U < vy over X by pointwise convergence. Since [ €0 = | + €728, we

can conclude us, = v almost everywhere. In fact they ought to be the same on the

regular part. Then by plurisuharmonicity of the limits, we see u,, = vy over X.
Thus we have got the uniqueness of limit for the flow and the following result is

proved.

Proposition 2.3.3. With the same assumption as before, the limits of the solutions of
(2.2) for all choices satisfy (2.15), and the limits of the solutions of (2.1) for different

choices of initial Kdahler metrics are the same.

Now I want to mention a possible alternative way of proving this result above
and the little obstacle which may well come from my own shallow knowledge about
nonlinear PDE’s.

In fact as we can see from our argument before, for equation (2.2), taking derivative
makes it linear-looking. So we imagine that in order to compare the limits from two
(comparable) initial Kéhler metrics, it might help to condsider all the limits with all
the metrics between them as the initial metric and study the change by considering
the derivative with respect to the parameter for the initial metrics. More precisely,
using the same set-up as above, for any € € [0, 1], let’s consider the following family
of equations:

ou (w; + ee7tw + /=100u)"

5 = log Q —uf,  uf0,-) =0.

The upper index € in u¢ indicates that it corresponds to the initial metric wy +

ew. Similar for the metrics below. Now as suggested above, by formally taking
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_%)

e-derivative, we get the following equation: (formally set 3¢ =

op°
ot

= Ad),fﬁe + <C‘~Jt67 eitw> - 62 66(07 ) =0.

From this equation, for each fixed €, since we have all the metrics @; which is smooth
for time and space. We can solve for 3. Then by maximum principle as usual, we
see ¢ > 0. Thus we can get the uniqueness of the limit as before if we can justify
that this solution 3¢ here is nothing but aai;. Notice we might still have to make
sense of this term. KEasy to see it would suffice to have the smooth e-dependence
of the solutions u¢ which is of course true for families of linear equations when the
parameter is involved in a nice and smooth way.

At the first sight, it might look promising to set v* = [ #%ds+u" which is smooth
for t and x and try to prove it actually satisfies the above family of equations , but
in fact this doesn’t seem to work as wj, which contains u¢, is deeply involved in the
equation for (8 and the regularity of it with respect to € is somehow the problem
here.

Anyway, it should be pointed out that the ¢ above plays a very different role
from the time parameter ¢ whose derivative gets involved in the evolution equation
which makes it easy to deduce the regularity of the solution with respect to time
t. The € is really just a fixed value for each equation, so the regularity of all the
solutions with respect to it would probably require some explicit construction of the
solutions as in the case of linear differential equations. It’s most likely that we need
a regularity result about implicit function theorem (or fixed point theorem) for maps
with parameters between function spaces. It looks reasonable in sight of the classic

uniqueness result for each equation.

2.3.2 Uniqueness for Limiting Equation
Recall that the limit for the flow equation (2.2) satisfies, out of the stable base locus
set of [S] + Ky, the limiting equation:

(Woo + V' —190us)" = €"=Q, (2.16)

where wy, = S — Ric(€2). We still assume that X is projective with [S] + Kx being
nef. (i.e., numerically effective) and big. Once again, the discussion below will be for
the case when S = 0 for simplicity, but it still works for the general situation.

In case when Ky is a Kahler class, we can take w,, to be a Kdhler metric and find
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the limiting equation is just the classic Monge-Ampere equation on a closed Kéahler
manifold. As we mentioned before, u,, will then be smooth on the whole of X and
obviously is just the classic solution for this Monge-Ampere equation. We can easily
see that the converse is also true below, i.e., if u,, got before is smooth over X, we
can see Kx is Kahler.

We know that out of the stable base locus set, woo + v/ —190us will be a Kéhler
metric from our estimates. Moreover, since us, is smooth on the whole of X by
assumption, we know wes + v/—100us is a smooth closed real (1,1)-form over X.
And of course u,, will satisfy the limiting equation on the whole of X by continuity
which says that the nth-power of this (1, 1)-form is actually a smooth volume form.
Since the eigenvalues of the (1, 1)-form at one point (indeed a lot of them which only
need to be out of the stable base locus set) are all positive, that should also be the
case for any point on X, and so this (1, 1)-form is actually a Kéhler metric form. So
we conclude that Ky is a positive class.

Combining all these, we know that in the case of Kx being nef. and big, positivity
of Kx, emptiness of the stable base locus set of Ky and smoothness of u,, over X

would be equivalent to each other.

From now on, we focus on the case when Kx is nef. and big but not positive.
Some singularities should be expected for u.. A major difference from the classic
case is that we can’t have w,, be a genuine metric. As a matter of fact, we can have a
nonnegative wy, to represent Ky 2 which can be seen as a degenerate metric. That’s
why we call (2.16) as degenerate Monge-Ampere equation. Existence and uniqueness
of solution are usually concerned for any kind of PDFE. We'll give some general
discussion for this degenerate Monge-Ampere equation below.

Since we can’t expect smooth solution, it’s important to specify what kind of
singularities is allowed for the solution. From the flow argument in the preceding
sections, we get a solution u, for (2.16) which is smooth and really satisfies (2.16) in
the usual sense out of the stable base locus set of Kx, and we also have some controls
of the singularities along the stable base locus set. So it seems quite natural to only
consider solutions for (2.16) with all the similar properties as ., which takes care of
the existence of such solutions, and try to get the uniqueness of such solutions.

For now, there doesn’t seem to be too many methods that can be applied here

other than the very classic ones using integration. Let’s recall one of them first in

23We need to use the result from algebraic geometry about semi-ampleness of nef. and big Kx as
in [Ka2] which is not true for a general class.
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case of Kx being positive. 2* If we have two solutions u and v, i.e.,
W = (Woo + vV —100u)" = “Q

and also for v. Then we have the following computation:

0< [ =) - e
- [ =) - )
_ /X(u — )V =100(u — v)(w," " + W' 2w, + - W

_ _/ V=10(u —v) A0t —v)(w," 4 - - - +w," ) 0.

We'll frequently forget the “A” when the meaning is clear. From above we can see

u = v and that’s the desired uniqueness.

Now in our situation, using the same set-up as above, noticing it is no longer true
that ws > 0 and uw and v are smooth, we still have the computation above for the
first few steps since the integrability is available from our estimates. In fact, let’s
say we are integrating over X \ {¢ = 0}. But now we have to be more careful when

applying Stokes’ Theorem as follows:

[ w0 o)
X\{o=0}

= limg_,o/ (u —v)V—=100(u — v)(w," "+ +w," )
{lof>e}

= lime—o / (d((w = v)V=10(u = v)(w," "+ +w," )
{lo|=e}
—V=10(u—v) AO(u—v)(wy + - - +w," "))
= lime_o (/ (u—v)V—=10(u — v)(w," 4 -+ w, )=
{lof=€}

V=10(u —v) AO(u — v)(w," "+ +w," ).
{lo|>e}
In above we have chosen proper sequence of € to approach 0 so that {|o| = €}’s are
smooth by Sard’s Theorem, which justifies the application of Stokes’ Theorem. Notice

that {|o| = €} is oriented by inward normal direction (towards {o = 0}). We also

24Then ws > 0 and the solution of potential is smooth and corresponds to a K-E metric.
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know that for the final step, only the limit of the whole expression in (- - -) exists,
i.e. it’s not justified to take the limit for each term separately. But we do know the
second term is nonnegative for any €. So if by any means we can see “the upper limit
of the first term is nonpositive” (A), we can continue the above by “< 0” which would
give u = v over X \ {o = 0}. This together with a little argument using properties

of plurisuharmonic functions will give v = v on X.

For the statement A, the most natural way of justifying it would be to prove the

following:

limwo/ (u—v)V=10u —v)(w," 14+ w, ) =0------ ().
{lo|=€}

Now we have to recall the estimates required to hold for v (and also v) which are

essentially the ones we can prove for the solution as the limit of the flow:
—Cs + Sloglo* < u < G5, (w,we + V=190u) < Csla| 2%

for all 6 € (0,a) where w is any fixed metric. Here we only consider these two
inequalities out of {o = 0}. And we have also had a little discussion about the power
of || in the second inequality. From all these and by interpolation inequalities 2°, we
have all the controls for the terms appearing in the limit. It’s quite clear that if we can
take the power mentioned above, —20Cjs, to be sufficiently close to 0 for a properly
chosen § > 0, then we see (x) is justified. This would be a sufficient condition for
the uniqueness of the solution we are considering. In fact the required conditions for
the solution can be reduced to only for this “6” which is sufficiently small in (0, a)
and makes the uniqueness argument above work, but from the way we constructed
the limit solution from the flow, it’ll actually have the estimates for all §’s sufficiently
small (in (0,a)).

As mentioned before, there could be some other help we can get for proving
uniqueness as follows. Let’s point out that simple observation again. The holomorphic
section ¢ may not be unique, and there is nothing preventing us from using the good
ones, i.e., those sections which make the above uniqueness argument work. If none
of them can do, we might also use more than one of them simultaneously. More

precisely, for two such sections o; and o5, we can have as before for the limit of the

25We can take the constants universal for compact subsets out of {o = 0} since they are basically
about diameter for a fixed metric which is uniform for our case (see in [GiTr] for example).
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flow:
—C; +elog|oil? < us < O {w,wee + V—100us) < Ciloy| ™

for i = 1, 2 where «;’s are proper positive constants. It should be emphasized that
for ¢ = 1,2 respectively, we get these two estimates by all the estimates along the
flow. and so they holds out of {o; = 0} respectively 2. But if we want to combine
the estimates for + = 1, 2 together, we should have them on the whole of X in some
sense, otherwise we can only consider out of {o; = 0} U {02 = 0} which doesn’t look

too good.

In fact for the first inequality, remember u., actually makes sense on the whole of

X as a pointwise limit, so we can have over X:
Cilo* < e~ < G

(2

where the first “<” can’t be replaced by “<” since us, can be —oo apriori. Thus we
have
Cllor [ +|oof*) < e < C

over X by taking linear combination. Clearly this is better than each one of those

two at least for degeneracy consideration.

Now for the second one, let’s first write them down as

1
(W, Weo + vV —100U)

out of {o; = 0} for i = 1,2. Then we see

€7

> CZ|01

1
(W, Weo + vV —100u)

> C(|o1|™ + |o2]??), i.e.,

- C
(W, Wao + V—100u4) < oo T oal
out of {7 = 0}N{ay = 0}. ?". Of course the limiting metric makes sense in this range
by the discussion before. In the case when the divisors {o; = 0} and {02 = 0} are
of normal crossing, we can use Stokes’ Theorem around {o; = 0} N {02 = 0} which

is of complex codimension 2. We can have a better chance for the boundary term

26 As we can change the constants, using “<” instead of “<” is OK as everything involved is finite
in the ranges considered here.

2TFor the complement of {o; = 0} U {05 = 0}, we get by taking linear combination. It’s rather
trivial for the rest part.
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to have limiting contribution 0. If that’s the case, we can restrict our consideration
to this kind of solutions and get uniqueness result 2. Obviously we can have trivial
generalization of this method for even more sections. But clearly in surface case, we

should not expect this to be of any help.

The above consideration is basically to use the local estimates for the limiting
metric to prove (x), but in fact we still have a little global information from the

estimates for the limiting solution which has already been mentioned before, namely,

/ (Woo + V—100us )" = / Woo''s
X\{o=0}

X\{o=0}

where obviously we can take [  for the right hand side. Thus we get:

0= lz‘me_,o/ ((woo + vV —100us)" — wgo)
{lo|>e}
= lim_g V=100ucs ((wos + V—=100uco)"™ + -+ - + wos™)
{lo|>e}

= lim._g \/—15uoo((woo + \/—185%0)" et woon)_
{lo|=¢}

Notice we don’t have this from the local estimates and it should provide us with extra
global information about this limiting solution. But until now, I can’t see how this

can help us in the uniqueness argument.

By the way, in the case of dimension n = 2, our original computation for comparing

two solutions can be reformulated as follows:

0< /X \{U:o}(" —v)(wa? = w,?)
_ / (1 — v)V=100(u — v)(w, + w,)
X\{o=0}
N /x\{ 0} (O((u = v)V=10(u — v)(wu + wy))
—V=19(u — v) AO(u — v)(wy + wy)).

We don’t have the integrability for each term of the last step. But we do know the
second term has positive (maybe +00) integral. So again if we want to say the whole

last expression is nonpositive, it has only left to consider the other term which can

28Existence is still by construction of us, using flow method before.
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be written down as (up to constant 3):
V—=100(u — v)*(wy +wy) = Au, (U —v)? - w,* + Ay, (u — v)* - w2

Then the integration over X looks to be 0 if we forget about the singularities. If we

want to treat it rigorously, we still have to use the estimates before.

There is another kind of argument used for proving the uniqueness (for general n)

in classic case which essentially uses the following computations:

A, (u—v)? =2(u—v)A,, (u—2v)+2[0(u— U)\2

wy?

uU—v

Ay, (U —v) = (wy, V—=100(u — v)) = (Wy,wy) —n =1 -

For our situation, only considering the regular part of the solutions, the second one
tells us u —v > 0 = A, (u—v) > 0. Thus we can imagine that “the proper
knowledge (i.e. nonpositivity) for the integral of the left hand side of the first equation
over {u > v}"(B) can give that u — v is a nonnegative constant there. Then a little
argument using the continuity of v and v in the regular part can give us that u > v
or v < v in the whole regular part. Hence the uniqueness is proved by the integral
equality used before.

It seems what we need is also proper estimates to justify the statement B, but
remember here we are considering the sets in the domain {u > v} which can be quite
complicated because we can only argue in the regular part. And we can not quite say
that we could consider {u > v} and {u < v} together since different metrics are used
which breaks the symmetry. This shows some advantage of the expression earlier for

the case n = 2.

Remark 2.3.4. The requirement here for singular solutions can be translated to the
assumption of the solution being inside some proper Sobolev space, W22 for some

2 which by standard Sobolev embedding results would be

q > 1 sufficiently large,
contained in some Holder space, C%*, for some proper o > 0. This simple observation

would help us later in different context.

Anyway, the main philosophy for this section is trying to say the limit of the

flow is the unique solution. And all the discussion above is trying to see whether

29We can use Calderon-Zygmund estimate to get control for all second order derivatives from
Laplacian estimate at this place.
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the properties it satisfies can guarantee the uniqueness of the solutions with those

properties.

2.4 Big Class and Finite Time Singularity

We can also say something about the case when [S] + Kx is merely big. In this case
we should expect the (regular) flow to end in finite time or say there would be finite
time singularity:.

First, we can prove that the flow exists in the maximal time interval [0, T"), where
T := sup{t|(e™" — 1)c1(X) + e *[wp] is ample}.

Here we have taken S = 0 as for the main part of the previous discussion, but clearly
there is nothing special about it (unless explicitly stated).

If Kx is also numerically effective, then T' = oo which is the case being considered
before. So now we focus on the case T' < co. The proof is basically the same in spirit
and the details have appeared in [TiZh] in the general case of T < oo. So we just
include the difference of the case of T' < oo from the case of T'= 0o in a very concise
way for completeness.

For any small ¢ > 0, we can choose T, > 0 such that T, + ¢ < T and a real
closed (1,1) form 1. such that [¢)] = Kx and ¢ + a. - wy > 0, where a. = .
Choose a smooth volume form (2. such that Ric(€.) = —1t).. This 2 is unique
up to multiplication by a positive constant. Set w; = ¥, + e *(wy — ) and @; =
wi +v/—100u. Then u can be chosen to satisfy (2.2) with Q replaced by Q. just as
(2.6). As before, we shall first show the solution for (2.6) exists for t € [0, T,]. Observe
that w; is a Kéhler metric for ¢ € [0,7.] with uniformly bounded geometry. So by
exactly the same argument as before, we get the existence of solution in [0,7;]. We
can have the same explicit relation between solutions of (2.6) associated to different
¢’s and it would allow us to glue together all these solutions for (2.6) associated to
different €’s to get a global solution up to the time 7. In fact, the potential flow can
be solved in the maximal time interval [0,7") no matter which © is chosen. We can

summarize the above discussion in the following. 3°

Proposition 2.4.1. Let X be a closed Kdhler manifold. Then the Kdhler-Ricci flow

(2.1) (or (2.2)) with initial metric wy has a unique smooth solution on [0,T), where T

30This result below, after simple rescaling, gives an affirmative answer to one of the problems
listed in [FellKn)].
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is the supremum of t such that (1 —e ") Kx + e '[wo] is a Kahler class. In particular,

if Kx 1s numerically effective, the solution exists for all time.

Of course, we still have the essential decreasing of g—? + u and also of the volume
form of &;.

The convergence of the Kahler metrics along the flow can be achieved with just a
little modification. The limiting class [wy] won’t be positive from the definition of 7'
and the fact that T' < oo, so we should expect local convergence.

The uniform upper bounds for v and % are obtained as before. Now the following

equation
0 Ou 7 Ou ou _r0u -
~ (== — ) =Ag (— —ettTI2y
8t(6’t+u e 82?) t(at+u e 815) n + (@, wr)
can be used to get degenerate lower bound for u with [wr] replacing [we] = Ky.

Clearly the lemma used there can also be applied for this class [wr]. Notice we can’t

get the lower bound for g—? in ¢t € [0,7T) since the coefficient is now 1 —e'~7 instead of

du
ot ?

Tsuji did in [Tshl] by studying the equation about volume evolution (2.11) which is

du
ot

The following result tells us how to use the bigness of Kx, which is a generalization

1. In order to get a similar lower bound for we can still use the bigness of Kx as

the only equation used to get degenerate lower bounds of u and $* for T' = oo case.
of the lemma used before and can be found in [Kal| and [Tsh2]. The proof is also

essentially contained in [Ka3].

Lemma 2.4.2. Let L be a divisor in a projective manifold X . If L is big, then there is
an effective divisor E such that L — eE is Kdhler for € € (a,b) where 0 < a < b < 0.

It’s rather similar to the lemma used before. Recall the proof for that one essen-
tially makes use of the openness of the big cone for the projective manifold X which
clearly contains the positive cone. Even if L is not nef., one can still use the openness
of the cone for big divisors to prove the lemma above. However, the constant € may
not be as close to 0 as one wants. In this case, this result is called Kodaira’s Lemma
as in [Tsh2].

Now in order to get a lower bound for %—1‘“, we will apply the lemma above to
Kx = [ws] and use the equation (2.11) which was used before exactly for this purpose.

u
ot

to 0 as we want. Also for the choice of the divisor E, it’s more restrictive for [we]

We can get a similar lower bound for £* with a constant € which may not be as close

than for [wr|, which is very clear from the geometry of the cones and the positions of
lwr] and Kx = [ws]. Of course, we can also have lower bound for u in this way, but

it’s not as good as what we have previously got by using the new equation.
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Remark 2.4.3. Let’s point out that now the lower bounds for u and %_? have dif-
ferent degeneration in general which might cause trouble for further consideration of
this problem. For example, the degeneration of limiting volume at time T might not

correspond to the map constructed later from the class [wr] in surface case.

Anyway, this gives enough C° estimates. Laplacian estimate would be the same
as before except that the section o (or say the divisor E) used would have to be for
the big class [ws], which then would work for [wy] and so for the background metric
we and lower bound for u, since we’ll also have to use the lower bound for %—It‘ during
the process. Let’s also point out that in the final estimate for the Laplacian, the € in
the power can still be as close to 0 as possible since it’s from w7 and wu.

Combining this with the known volume estimate:
Q' > Cclo|*we™

where this € may not be as close to 0 as possible. we have a uniform bound on @;
in any given compact subset of X \ {¢ = 0}. Here [wr] is not ample, the constant
C. may blow up to oo as € tends to 0. The higher order derivative estimates for u
outside {o = 0} still follow from the standard theory on Monge-Ampere equations or
Calabi’s third order estimates as shown in [Ya] just as before.

We can conclude that wu(t,-) converges in C'*°-topology for any compact subset
out of {o = 0} as t — T in exactly the same way. The limit uz is smooth outside

{o = 0}. Moreover, we have
(wr + V—=100ur)" = et ElrQ, on X \ {0 =0}, (2.17)

where %|T denotes the limit of 68—7;. The positive limiting current wr + V—100ur is
actually a Kéhler metric in X \ {o = 0} by the above estimates for u. But now we
do not have any reason to expect that g—? would go to 0 locally as t — T'. In fact, we
can still get a degenerate exponential lower bound for % just as before. But the ™!

will not give anything special as t — T" < oo.

Remark 2.4.4. E may not be unique. We can choose different E’s to study (2.2).
However, the limit u(T,-) is unique for this equation. This implies that ur is smooth

outside the intersection of all such E’s. Let’s emphasize this E should be for the class
ou
E.
we still call such an intersection the stable base locus of Kx (or [S]+ Kx in general).

Kx (not [wr]) since we need the lower bound for With a slight abusing of notion,

Now let us summarize the above discussion in the following theorem for the case
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of S = 0, i.e., considering canonical class Kx. There is no difference for general

situation here.

Theorem 2.4.5. Suppose X is a projective manifold with big canonical bundle Kx
and wy is a given Kahler metric. Let T be defined before and T < oo. Then the
Kihler-Ricci flow (2.1) has a unique solution with initial data wo on [0,T) which
converges as t — T to a positive (1,1)-current satisfying: this limiting current, which
represents the cohomology class of Kx, is a smooth Kahler metric outside the stable
base locus set of Kx and the solution of (2.1) converges to this limiting (singular)
metric in the local C*-topology for this open subset. Moreover, in a suitable sense,
the flow can be extended to the time T and we have the pointwise convergence of
the flow on the level of potential. Though the limiting current may be singular along
the stable base locus of Kx, its Lelong number vanishes everywhere and the potential

function for the limiting current lies in any LP-spaces for p < oo at this moment.

There are some other differences between the cases T" < oo and 17" = oo.

First, for the complex dimension 2 case, consider the canonical class Kx. When
T < oo, if the initial Kahler metric represents a rational class, then the limiting
class [wr] is still rational and indeed semi-ample. And (with a proper choice of the
initial metric which will be described below) the map from X to some CP" using
some multiple of Ky would be a blowing-down map which crushes some rational
(—1)-curves and the image would be smooth. When 7" = oo, the map would crush
(—2)-curves instead and the image would have rational double points. The details for
this situation would appear later in application of our main results.

Now let’s give some details for 7" < co case. Clearly we have

-T

——lw]) - C =0

(Kx+1_

where C' is a irreducible complex curve. If [wp] is a rational Kéhler class, then the

coefficient “— is rational and so is the whole class. This argument clearly works
for other class ([S] + Kx).

Remark 2.4.6. For higher dimension, if one just uses the classic characterization of
ampleness in [Kl] as above, then one might only get the coefficient is integral over Q.
As pointed out to me by Zuoliang Hou, in considering Kx (S =0), there is a classic
result in algebraic geometry, Rationality Theorem (as in [KorMo]), which guarantees

the rationality of the class [wr]. But we do not have it for a general class ([S]+ Kx ).

59



Applying a result in [Kal], in considering canonical class Kx, we then have that
[wr] is semi-ample. Some large multiple of this class (holomorphic line bundle) will
have enough holomorphic sections to give a map from X to some CPY. In fact, as
[wr] — E is ample for some rational class E, we can see the map could be birational.
In the following, we justify that it’s just a map which blows down some (disjoint)
(—1)-curves. 3!

Let’s first find more information about the curve C' before. Obviously, Kx-C < 0.
Since Ky —eE > 0 (i.e., Kéhler) for some € > 0 and E an integral effective divisor
(curve), 0 < Kx - C' — eE - C which tells E-C < 0, so C'- C < 0 as the intersection
of two difference irreducible curves is always nonnegative. Then by the adjunction
formula Ky -C = K¢ -C — C - C, we have 0 > K¢ - C = 2gc — 2 where go > 0
is the algebraic genus of C. So we see go = 0 which tells that C' is a rational curve
(i.e., isomorphic to CP'). Using again the adjunction formula, we see 0 > —2—C'-C.
Since C'-C' < 0,80 C-C = —1 and Kx -C = —1. Conversely, by adjunction formula,
we see any (—1)-curve would have —1 intersection with Kx. But it may not be true
that all of them have [wr] - C' = 0. And the number of (—1)-curves in X would have
to be finite by topological consideration of S-number. All of them should be disjoint
from one to the other simply because (any divisor representative of) Kx, which is big,
should always contain some positive rational multiple of each of them as Kx - C' < 0,
then we can easily contradicts any positive intersection between any two of these by
Kx - -C<DO.

The union of those C’s which have 0 intersection with [wr] would be the stable
base locus set of [wr| from the result in [Nak] mentioned before. Since it’ll be the
intersection of finitely many curves E’s such that [wr] — +-E > 0 for sufficiently large
enough integer M, we can see [wr] — Z[WT},CFO C; is positive for M large enough
as follows.

We just need to see it intersects any irreducible curve D positively. For one of
those C’s, it’s not a problem. For a curve D with [wr|- D > 0, clearly, D is not in
one of those E’s which we still denote by E, and ([wr] — 7E) - D > 0. It’s easy to
see ([wr] — o > wp)-Cimo Ci) - D > ([wr] — L E)- D since D intersects every irreducible
curve in F positively. Hence it’s done.

So we know the map from large multiple of [wr] would indeed be birational out of
those C’s. As [wr] - C' = 0, any holomorphic section, s, would have its 0 locus set not
intersecting C' or containing C'. Thus for any two such sections s; and ss, s1 = a - $o

for some a € C over C. So we know the map would crush each C to a point. But it’s

31See for example [BaPetVa] for more systematic treatment for complex surfaces.
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possible that different C’s can be crushed to the same point. This already gives very
restricted information about the map and the possible singularities of the image.
Finally, we want to say each C got mapped to a different point which will give
the blowing-down picture claimed before. This basically requires that for each one
of those C’s, there is a holomorphic section whose 0 locus set contains only it (and
no other C’s). At this moment, it looks difficult for me to justify this. But there
is a trivial case that guarantees this which is when we only have one such curve C.
Notice that different (—1)-curve would represent different cohomology class which
trivial comes from the self-intersection —1 and intersection 0 between different ones.
So we can choose the initial metric properly so that [wr] - C' = 0 for just one such
C. It’s clear that this choice of wy would be proper for all the time in the following
sense. Suppose we can continue the flow on the image which is a smooth manifold
with the initial class to be the hyperplane class which corresponds to the class [wr].
Then at the possible finite time when singularities occur, we still only encount only
one (—1)-curve. Though this curve may not be (—1)-curve in the original manifold
X, it’s still decided by cohomology information of X. So a proper choice of [wy] would

always be proper in the above sense.

Another difference for ' < oo case is, in general, when [wy] has a nonnegative
representative 32, we can have the boundedness of the potential u in [0,7") simply by
maximum principle argument as follows.

Recall the equation:

o ou Lrdu, . du  .du
silgr Tu—¢ ) =Balg;tu—e 5

) —n+ (@, wr).

The assumption above tells wy +/—199f > 0. Thus we can easily get:

0 ,0u _ prOu

gtz Tu ¢ g

+nt—f) = A@t(@—l—u—et’T@

5 8t+nt_f)’

Then maximum principle gives % +u— et_T% +nt—f > —C. Since t € [0,T) where
T < oo, this gives u > (e!~1 — 1)% - Ct—-0C > —C.

T < oo is essential for the discussion above. But notice we do not have uniform

boundedness for %—;‘. In fact, if that’s the case, we would automatically have the

continuity of the limit of potential as t — T.

Later, using pluripotential theory argument, we’ll see that in the case of T' = o0,

32Semi-ampleness of the class will do, but this is more general-looking.
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when the limiting class is semi-ample, we have the boundedness of u and %. But
this would not justify the continuity of the limit of u as ¢ — oo, which can be proved
by later argument using pluripotential theory together with some classic results in

several complex variables 3.

Remark 2.4.7. The most natural and interesting problem for the case T < oo now
would be how to continue the flow in a proper sense to infinity and get certain mean-

ingful limit. We hope to address this problem in the future.

2.5 Other Set-ups of Continuity Method

Remember that our main goal is to solve for the limiting equation of the Kahler-Ricci
flow:

(Woo + V—100u)™ = Q)

where wy, is a real closed (1, 1)-form with [ws] = Kx being nef. and big, and Q is
a smooth volume form on X with Ric(Q) = —w, 3*. X is a projective manifold of
complex dimension n > 2.

We have already found a solution by considering it as the limit for the Kahler-Ricci

flow equation:

2
ot~ %

where w; = woo + €7 (Wy — weo) With some fixed (initial) Kéhler metric wy.

ov (Wt + \/5188’0) _ v, U(O’ ) —0

Of course we have w; — wy as t — oo. Intuitively, we can think about the flow
method to get such a solution for the degenerate Monge-Ampere equation (just the
limiting equation) as using a family of changing background forms correspondent to
Kéhler classes, w;, to approach the target form w,, with the desirable cohomology
information, correspondingly the modified family of metrics @; = w; + +/—199u(t,-))
will approach the desirable (singular) metric, which satisfies some natural equation
and has the right cohomology information, ws + v/—100u. This is just a lengthy
description about continuity method applied in this situation.

We have used a pretty delicate way of modifying the original family of forms,

namely, the modified family forming a smooth evolving flow (the Kéhler-Ricci flow).

33The continuity for ur above can be proved similarly in the case when the class [w7] is semi-ample

and big.
34This is rather superficial as we can see from the discussion before. In fact, we can consider
[woo] = [S] + Kx without any modification of the previous argument. This class [S]+ Kx would be

the class [L] in the main problem which does not have to be Kx. But we’ll still consider this case
in the following for simplicity as usual.
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But only for the concern of the limiting equation, it is not necessary to make the
modified family of metrics so nice. Actually if we do things more brutally, it’ll some-
times reduce the technical difficulties as explained below. By all means, we should

expect the solution thus got to be the same one as before which is indeed the case.

2.5.1 Only Perturbing Background Class

In this subsection, we use perturbation methods which only change the left hand side

of the equation. Basically, we modify ws, by some linear term to get a Kahler class.

Since Kx is nef., the possibly most natural family of changing forms we should
think of would be {ws + €w}eco1) Where w is a fixed Kéhler metric. Clearly the
perturbed classes [wo, + €w]’s are all Kéhler. We require w > 0 for the argument
below at first for simplicity and it’'ll be removed later. But we definitely need [w] to
be a Kahler class. The modified family of metrics would be {&, = we+ﬁaéu5}ee(o,1]
satisfying

(We + V=100u )™ = Q.

The existence and uniqueness of the modified metrics are classic results. No-
tice that each w. may not be positive, but it can be made positive by adding some
v/—100f. which may also depend on €, so now we can apply classic results by chang-
ing u. to u. — f.. In spirit, we have the counterpart of global existence in the flow
case for free using this simple-minded perturbation.

Our mission now is to study the limiting situation of u. and also @. as € — 0.
All the discussion below is for each u, separately. But we want the estimates to have
some uniformality which also reminds us about the arguments for flow about global
estimates for all time.

By maximum principle, we have u, < C' uniformly for all € € (0,1].

Now we can localize the estimates in the same spirit as before using the bigness
of Kx 3¢, Let’s digress a little bit here to see the necessity of the bigness assumption

of the (limiting) class.

X is projective, so there is an integral Kahler class. Thus rational Kahler classes

35 At the maximal value point, v/—190u, < 0 and w, + /—199u, > 0, thus w. > @, > 0, and so
w2 OF. Now e is fixed in this maximum principle argument, so we only have to take maximum
over X. The life is slightly easier.

36We do not want to use the fact that Ky would be semi-ample since the argument is supposed
to be true for any other nef. and big class.
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are dense in the positive cone. All the cones will be in the R picture. By a classic
result of algebraic geometry as in [Kl], nef. cone is the closure of positive cone. The
projectivity of X makes sure that the big cone is open which is essentially proved
using similar argument as in [Ka3| by considering exact sequence of sheaves. And it’s
also proved there that if a rational class [L] is nef., then the bigness of L is equivalent
to [L]™ > 0 where n is the complex dimension of X.

Let’s also take a look at the case when [L] is irrational. Suppose it’s nef. and

big. Construct classes [L] + 3 ajE; to be rational and positive where positive real
k
J
finite. This is can be done by using [L] is nef. and big and noticing the density of

numbers a7 — 0 as & — oo, Ej’s are integral and effective, and the summation is
rational positive classes. Now as it’s clear that each [L] + 7, ajE; has “no fewer
holomorphic sections” than [L] though the counting is not that direct, and so the
coefficient for the highest order term, which is ([L] + Y-, afE;)" by positivity of the
class, has to be not smaller than some fixed positive number from the bigness of [L].
Clearly the limit of ([L] + >, afE;)" is [L]" as k — oo, hence [L]"* > 0. In fact this
direction has also been proved before using the limit of flow we constructed.

Now assume [L] is nef. with [L]" > 0. Because it’s not rational, in order to count
the number of sections, we have to take the integral part of the muitiple of it. Then
if one wants to apply the proof for rational case in [Ka3], we need to use a integral
class H which is positive enough to dominate what is removed from m[L] to make it
integral. It’s definitely the case if we can fix a representation of [L] by a finite linear
combination of effective integral divisors with positive coefficients when taking the
integral part of any m/[L].

Anyway, consider a rational class [L], which is of most geometric interests, in the

main equation

(L +v/—100u)" = e"Q

where L = wy, above. Suppose L is nef. for now. If it’s not big, then the integration
of the left hand side would be 0 in any reasonable sense, so is the right hand side for a
solution u. Thus we can expect nothing but —oo as a solution which is clearly not so

interesting. 37 This shows the naturality of the bigness assumption in an intuitive way.

As before, we assume wy, + 6v/—190log|o|? > 0 for § € (0,a) *. Now we fix

any 0 € (0,a). Basically let’s use the following expression of the original perturbed

370f course it’s meaningful to study the way of collapsing.
38The norm | - | may well depends on §. But in fact for the following we only consider for each §
and will not use two simultaneously at all, so we can just ignore this.
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equation over X \ {o = 0}:
(we + 6/ —100log|o|* + v/ —190(u. — Slog|a]?))" = e*Q.

The minimum value point of u, — dlog|c|? clearly exists out of {o = 0} since u, is
smooth. Thus at that point, we have u, > —Cj since w, +d+v/—190log|o|? are uniform

as metric for all € € (0,1] , and so at that point
u. — dloglo|* > —Cs — Slog|a|* > —Cs.
This tells that over X, we have the degenerated but uniform lower bounds
u. > —Cs + dloglo .

Now rewrite the equation over X \ {o = 0} as follows

(wes + vV —100(u, — dlog|a]?))" = e“EHnge,énwe 5"

with we s = w, + §v/—190log|o|?.
Using the uniformality of w, s as metric (for fixed ¢) and the uniform upper bound

for u. above, the standard computation of Laplacian estimate for this equation above
gives that over X \ {o = 0}

605(u€f510g|0|2)AJ}5 (6705(u57510g|0|2) <w6,57 JJE)) > _05 - 05 <we,57 (I)€> + C§ <we,57 <De) # .

Obviously, it still makes sense to talk about the maximal value point of the term,
e Colucdloglo) (5 &) (for each €), and it is actually out of {o = 0}. Then at that

point, we have (wes, @) < Cs, and so
2 - _ _ 2
6—Cg(u€—6log|cr| )<we,57we> < 056 Cs(ue—0dlog|o|?) < 05

where we have used the estimate u. — dlog|o|? > —Cj for the last step. ¥ We can

39The assumption w > 0 makes life easier here. But in fact, as we only need to consider e
sufficiently small, this assumption is not that important.

40Gee Appendix for more details about the computation.

41One might want to use the lower estimate for u. with different §’s to get something more
interesting as in the discussion for the flow. But that won’t be the case here as this is just an
estimate for one point. The good part is that we do NOT have to use different §’s to carry through
the argument in comparison to the flow case.
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G (ue—sloglol?)

now have e~ We 5, We) < Cy for the whole of X, which can be rewritten as

(Wes, We) < C5eCs(ue—dloglal?) Cslo| 255,

We can use a fixed metric for w, s since it is uniform as metric. And if we check the
meaning for the power of |o| in the estimate above, it should be almost the same
as the one for the corresponding estimate for the flow case, namely, representing the
degeneracy of Kx as Kéahler class.

Unitl now we have got the uniform volume lower bound and Laplacian upper
bound for all @, with € € (0, 1] for any compact subset out of {o = 0}. Then we can
say all the higher order derivative estimates are available from standard arguments.

By Ascoli-Arzela’s Theorem, we can then find a sequence of €’s such that the
correspondent @, converges in C*°-topology locally out of {o = 0} *2. We can already
see that in the regular part, the limit would satisfy the equation for ¢ = 0, i.e., the
main equation we want to study.

Since all the properties, including the regular part on X and the global integral

743 of the limiting solution coming

equality except for the global “plurisubharmonicity
from the flow method, can be established for this new limit by basically the same
discussion as before because the estimates are the same, we’d better justify that they
are in fact the same solution. Otherwise the uniqueness of such solutions discussed
before will be totally out of luck. Fortunately, they are indeed the same from easy
maximum principle argument as follows.

At the first look, the new limit might even depend on the sequence chosen for e,
but in fact it won't as we can have the convergence for ¢ — 0 which would follow
from the monotonicity of u. proved below. Actually we are proving something a little
more general. Consider two smooth closed (1, 1)-forms w; > ws, and suppose we have

smooth functions u;, us satisfying:
(w1 + V—=100uy)" = €€, (wo + V—100uy)" = "2
with w; + v/—100u; and wy + /—190us being metrics. Take quotient to get:

(w2 +/—100uy + (w1 —ws) + v —185(u1 _ u2)>n = e"17"2
(w2 =+ v/ —185’&2)" |

By maximum principle, considering the minimal value point of u; — us and noticing

42 Just as before, a diagonalization argument is involved.
43Tt means plurisubharmonic with respect to weue.
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w; — wo = 0, we conclude uy > us. This is the desired monotonicity which gives the
decreasing convergence of u. to the limit as € decreasing to 0 since w > 0 and will

justify the local convergence in C'*°-topology as € — 0.

At this point, let’s digress a little to give similar consideration about the depen-
dence of u, on € which has very much the same flavor as the formal discussion for the
flow.

Formally, take the derivative with respect to € for the perturbed family of equa-

tions, log ety —100uo)” ‘79165“6)71 = u, * to get:
u ou
A&‘J € ~€a g € .
(2 4 (= 2

Then formally by maximum principle, we can see % > (0 which gives the monotonic-
ity.

But just as in the flow case, we have to justify all these. Obviously, it’ll be enough
to have the smoothness of u. with respect to e. But it doesn’t look so trivial to me

for now. %

In fact by this monotonicity and the global integral equality discussed before, we
can easily see the new limit won’t depend on the choice of the perturbing Kahler metric
w. We can also get the global plurisuharmonicity of this limit by considering the
limit globally from a pointwise decreasing convergent sequence of plurisubharmonic
functions.

There is still a choice for €2 which should also affect the form of w.,. It’s easy to
see this will not affect the solution in the level of metric since the change of u, is quite

explicit and the equation is indeed the same.

Now there is a minor issue about the perturbation w. In fact we only need it to
be a smooth real closed (1,1)-form representing a Kéahler class. We still have the

approximations u. and @, as before. For the estimates, we only have to see that for

441t’s just a handy reformulation of (we + v/ —100u)™ = %< for taking derivative.

450ver a closed manifold X, for the equation (w++/—190u;s)" = Fsw™ with w being a fixed Kihler
metric and Fjs being a smooth positive function which is also smooth with respect to d, then classic
theory from functional analysis would tell us that us would be smooth with respect to § after being
properly normalized. The main idea is to consider the map from ugs to Fs which is between function
spaces. But for our case above, w is changing, so we have to consider a family of such maps between
function spaces. Fixed point theorem is involved in this context and limited regularity on parameter
€ can be guaranteed as I see it now. This problem is in the same spirit as what occurs in the flow
case.
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fixed &, we still have uniform metrics w, + §v/—190log|o|? for sufficiently small € > 0.

The only difference could be the monotonicity for u, with respect to € since now
aw may not be positive, and so we do not see the monotonous convergence of u, as
e — 0 from the above argument. But we still have that the sequence limit won’t
depend on the choice of sequence because we can still use the monotonicity result
above to compare u, with v, correspondent to some big positive perturbation (very
positive “w”) by noticing that the monotonicity argument before still works. Again
by the global integral equality, we see the limits are the same out of the stable base
locus set.

But if we feel satisfied about the discussion in the previous paragragh, then we
have trouble to get the global plurisubharmonicity for the limit with perturbation not
being nonnegative. And in fact it would be hard to define the limit globally on X
like this. Of course since we know that we can extend the limit from the regular part
to the whole of X when using nonnegative perturbation and the extension is clearly
unique if we require plurisubharmonicity, we should feel comfortable about the global
meaning of the limit as a plurisubharmonic function. However, this is clearly not so
satisfying. Actually we can still directly get all the information as before when w is
not necessarily positive as follows.

Take w; = w + v/—199f > 0 for some smooth function f < 0 over X. Then we

can rewrite the perturbed equations as
(Woo + w1 + V=100 (u. — €f))" = "

where wu, is clearly the solution for the original perturbed equation. Now consider

€ > 0 > 0 and take quotient of the two correspondent equations to get:
(woo + 6wy +V—=180(us — 6 f) + (€ — §)wr + V=199 (ue — us — (e — 0) f))"

N ( + Gy + V100 (s — 5)"

By maximum principle, considering the minimal value point of u, — us — (¢ — 9) f, we
get that at that point, u. — us > 0, and so u. — us — (e — ) f > 0. The last inequality

would be true over X. So we arrive at
U —€f Zus —0f.

This is enough for concluding the convergence of u. as ¢ — 0. Moreover, this mono-

tonicity is obviously enough to conclude the plurisubharmonicity of the limit by the

68



usual argument.

Finally let’s show the limit is actually just the same as what is previously got
from the flow. Since we have already seen these two limits will not depend on all the

choices respectively, the favorable situation can be chosen to compare them: 4

(w + V—190u,)" = e%““ﬂ, Wy = Weo + €7 (Wo — Woo),

(We +V—1000)" = €"Q), W, = Woo + €w.

Choose proper Kahler metrics wy and w such that w; = w, for proper sequences of

t’s and €’s. The following ¢ and € will be the correspondent ones from the sequences.

Ouy

And we also take proper (2 such that %;

< 0 which we actually used before for the
clean convergence of potential flow.

Still by taking quotient, we have

(wt + v —185115 + v —1(95(% - UE))n = e%ﬂ”*”f L et ve
(@ + v—100v,)" N .

By maximum principle, we can get u; > v.. Thus we have the one-sided relation
for the limits, which together with the global integral equality will tell us that they
are actually the same for the regular part. Hence they are the same globally by

plurisuharmonicity.

Remark 2.5.1. In fact, the solution(s) for (we + v/ —100u)" = €*Q we get by these
two methods above can both be approrimated by sequences of nice decreasing plurisub-
harmonic functions and that alone can make sure we are getting the same limiting
solution. We’ll discuss this point of view later in this Chapter by applying the theory

about Monge-Ampere operator on unbounded functions.

Actually there is another kind of perturbation of Kx which is also very natural,
namely, Kx — eE is Kéhler for some effective divisor £ and € € (0,a). So it is also

fairly natural to consider the following family of equations:
(Woo — €E +V/—100u,)" = "<

where by abusing of notation, F is used to stand for the curvature form of the line

bundle E with some fixed hermitian metric. w,, — €¢E may not be positive as form,

46Hopefully the meaning of the lower indices below is self-evident.
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but since it is a K&hler class for each € € (0, a), we still have a smooth solution u, for
each of these equations. As usual, we’ll then derive necessary estimates for all u.’s in
order to take limit. The discussion is for each of them, just need to make sure the
bounds we get are uniform for all €’s.

Still by maximum principle, we get u, < C' uniformly for all €’s. 47

Now let’s take ws = we, +v/—190log|o’|? > 0 for a nontrivial holomorphic section
o of some proper divisor £’ which satisfies Ky — dE’ being Kéhler for some § > 0.
E’ doesn’t have to be E. || is some properly chosen hermitian metric for the line
bundle E’. By considering e small enough, we still have ws — € F uniform as (Kéhler)
metric. Here you still either consider /—199log|o’|? as the curvature form for this
hermitian metric on E’ or consider everything out of {o’ = 0}. But we do need to
realize that ws is a smooth Kahler metric over X. The equation can now be rewritten

as the following
(ws — €E + v/ —100(u, — dlog|a’|*))" = "

in X\ {0/ =0}.

By considering the minimal value point of u. — dlog|o’|* which clearly exists out

/2
of {o’ = 0} and noticing the uniform positivity of ws — eE, we get, at that point,
ue = Cs, and so u, — dlog|o’|? > C globally. A fixed § would be enough for our
consideration, so we choose to ignore the dependence of the constants on 9.

Now it is quite routine to see the classic Laplacian estimate can be applied for the

equation in the above form to give us the bound below:
(W, Woe — €E +/—100u,) < Clo’|@

where w is some fixed metric and « is some positive constant.

A little note would be that the inequality used to get this estimate is actually
over X \ {o’ = 0} and we need to make sure that when applying maximum principle,
the point considered actually exists in this range which is obviously the case just as
before.

Then we run the usual machinery to get all the higher derivative estimates locally
out of {0’ = 0} and take a sequence of € tending to 0 to obtain a limit in the local

sense. Call this limit 4y which might depend on a lot of things apriori. And of course

(Woo + V/—100ug)™ = €™ out of {0’ =0} 4.

4"Noticing at that point we have ws — €E > woo — €E + V/—=180u, > 0, so there is no need to
assume the positivity of the background form, w., — €E.

480r say the stable base locus set which is trivial to conclude just as before since we can combine
the information got by using any ¢’ for this family of equations.
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From all the estimates above, it is easy to see e"°€) has the right integral over X,

namely [ ¥ Woo''s Just as in all the previous cases.

In fact by comparing these two perturbations in this subsection:
(Woo + ew + V—100u )" = €"Q,  (woo — €E 4+ v/ —100v)" = €,
we can have
(Woo — €E +V/—=100v + ¢(w + E) + v—=190(uc — v))"

= " " (Weo — €E + v/ —100v,)".

If we use w positive enough in the first perturbation, which will not affect the
limit, to make sure w + F > 0, then by maximum principle, we can have u. > v,
which gives the one-sided relation between the limits. Hence the limits are the same

in sight of the integral equality.

But in fact, for the second perturbation, we can also have the convergence as
e — 0 just as for the previous perturbation. The situation here is of course very

different. But the argument is still quite easy as follows.

This family of equations can be rewritten in the form:
(Woo + €/ —10010g||a||? + vV —100u)" = "

where we choose the proper hermitian metric || - || so that £ = —/—199log||o ||
where the ¢ is a nontrivial holomorphic section for £ in the usual sense. We are now
only considering in X \ {o = 0}. As we can see, this can be done for any choice of
o for this F but not for all £’ before, so we can’t have the result from the following

discussion for the domain out of the stable base locus set.

Now for € > X\ > 0, we have:
(Woo + AV —100l0g||o||* + vV —100uy + vV —100((e — Mlog||o||* + ue — ux))"

= """ (woo + AV =100l0g 0 ||* + V=100ux)".

The maximal value point of (e —\)log||o > +u. —uy clearly exists in X\ {o = 0}. Let’s
point out that it is very important to have the same ¢ in order to draw this conclusion,

and so it is difficult to use similar argument to compare the limits of perturbed families
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with E’s not linearly equivalent to each other (i.e., without common o). Then at that
point, we can have u, —uy < 0. That is also just (¢ — A)log||o||* + ue —uy < C(e — \)
at that point. Hence it is true globally over X. Actually let’s take this constant C' to

be 0 which can be achieved by rescaling the norm || - ||. So finally we have

u. + elog||a||® < uy + Mog||o]|*.

Obviously, this would be enough to conclude the smooth convergence of u, locally
out of {o = 0} %°. But notice the convergence we can get here for u, is definitely out
of {o = 0} or say out of the intersection of all ¢’s for E. So if we want to say anything
about the solution globally on X, for example, plurisubharmonic with respect to we,

we still need to use the first kind of perturbation in this subsection.

Also unlike the situation for the first kind of perturbation where the conver-
gence is essentially a decreasing one °°, here we have an increasing convergence of
uc + elog||o]|* as ¢ — 0. Using a little argument in classic pluripotential theory,
those functions are plurisubharmonic with respect to ws, on X with the values along
{0 = 0} being —oo which is quite compatible with the expression, and the limiting
solution is just (supee(o,a){ue + €log|lo||*})* where the upper “x” means taking upper
semi-continuization since this is the only function plurisubharmonic with respect to

Weo Which has the desired values out of {o = 0}.

In fact, we can apply maximum principle in a similar fashion as above for the
first kind of perturbation when the Ké&hler class w used is integral (or rational). Let’s
sketch it below.

Since the class [w] is integral and positive, we can have w = v/—199log|o|? where
o is a nontrivial holomorphic section of the line bundle corresponding to [w] and |-| is
a proper chosen hermitian metric. Of course one can make sure |o| € [0, 1] by making

proper choices. Now over X \ {o = 0}, the perturbed equation can be rewritten as:
(Woo + vV —100(u, — elog|a]?))" = e*“Q.

Consider € > § > 0 and take the quotient of the two equations to get the following

9Get first for u. + elog||o||? using the sequence convergence and monotonicity, then conclude for
u. itself since the other part is that explicit.
50This is also the reason why we can get the global information for the limiting solution.
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equation:
(e + V=100(us — dloglo|?) + v =100(u. — us — (¢ — 6)logla]?))"

_ pue—ts (woo + V=190 (us — (5log|g|2))n.

By maximum principle, considering the minimal value point of u. —us — (€ — d)log|o|?
which clearly exists in X \ {o = 0}, we see at that point, u, — us > 0, and so

ue — us — (e — 6)log|o|? = 0. Thus we conclude
ue — €elog|o|* = us — dloglol?,

for e > § > 0. Clearly this would provide enough information for the convergence of
ue as € — 0 by noticing that we can have a lot of sections ¢ with empty intersection
for their 0 locus sets since the class [w] is Kahler (ample).

But there is a slightly difference from the second kind of perturbation in this
subsection. Basically, we don’t have u, — elog|c|* above as a global function plurisub-
harmonic with respect to wy, over X. Here we can’t extend the function to {o = 0}

as before, which is essentially caused by the — sign (i.e., the residue is not positive).

Finally let’s use a little remark to end this part.

Remark 2.5.2. As we can see, the perturbation method is quite robust. One just
have to make sure that the forms we used to perturb are small in a uniform way
so that they can be dominated by something like wo + d+/—100log|o|?. Actually an
important requirement is that we should guarantee the existence of the solutions for
the perturbed equations, in other words, the background classes have to Kdahler after

being perturbed in order to apply classic results.

2.5.2 Another Natural Perturbation

We are still considering the degenerate Monge-Ampere equation
(Woo + vV —100u)™ = Q)

with [ws] = Kx nef. and big for X projective. As before, the discussion can be
applied to a general class [S] + Kx.
Recall in the previous discussion, a Kéhler class [w] or some proper divisor E,

is used to perturb the left hand side of the equation and make it fit in the classic
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situation where we have a smooth solution. But using the divisor E before, the
following consideration is also quite natural.

Let’s rewrite the equation as
(Woo + €88l0g|o|? + V—188(u — elog|a|?))™ = e8| 520

with ¢ being a nontrivial holomorphic section of line bundle F and | - | being a fixed
bundle metric for all e > 0. Strictly speaking, this equation is considered out of
{c =0}.

Now use the curvature form E instead of —y/—190log|o|? in the background form

and consider u—elog|o|? as the unknown, u.. We get the following family of equations:

(we + V' —=100u,)™ = e"|o|*N

where w, = ws, — €F.

The notations are very similar to those for the last section, but clearly we are in a
very different situation. Namely, we have also changed the right hand side and there
is even a degenerate term |o|¢ there. Now the family does depend on the choice of
the section o and the norm | - | which means we can not combine the properties we
might get for all different ¢’s as before.

But as we can see from how this family of equations comes up, unlike the per-
turbations in the previous section, it is more like a way of rewriting the degenerate
Monge-Ampere equation itself. And so we may expect this perturbation would pro-
vide more delicate information about the possible solution.

In fact, these equations have already been considered by Yau a long time ago in
[Ya]. The result there tells that we do have a unique solution u, for each of them."!
Formally, we can imagine u. = u — elog|o|?. So it looks very much likely to be true
that that we’ll have a convergence of these u. to a solution of the equation started
with.

For this family of equations we are considering, there are two tendences of changes
as € — 0 which we’ll describe below.
One is that the background form, w., becomes worse with the limit representing

something degenerate as a Kahler class;

5INotice that we have also fixed the hermitian metric | -|. So the background form w. may not be
positive for all €’s. But that won’t affect the existence of the solutions for each perturbed equation
from the same reasoning as before. More importantly, this will make the perturbation under control
just as mentioned in the final remark of the previous subsection.
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The other one is that the degenerate term for the right hand side, |o|*, becomes
nicer and finally there would be no degeneration when ¢ = 0.

Let’s see that the second tendence is really good for us first. This is indeed just
Yau’s original argument which is actually uniform for e — 0 with fixed background

52 Tn fact this is the main motivation for the discussion in this subsection.

metric
Though finally it turns out to be not so necessary for our purpose, we still sketch it

a little below.

As usual, we just have to get some uniform estimates for the solutions of the
equations

(w+V—100v)" = €”|o]*Q

where w is now a fixed Kéhler metric. From Yau’s result, we can solve each of
these equations for € > 0 5 by considering the perturbation (|o|*> + §)¢ by a positive
constant ¢ for the degenerated term on the right hand side and searching for the limit
of solutions as d — 0.

More precisely, for each fixed positive €, we can get uniform bounds for C°-norm
and Laplacian. From these one can get locally uniform bounds for higher order
derivatives out of {¢ = 0}. Thus we have a limit v, which satisfies the original
equation. The uniqueness of such a solution can be proved in the way in which we
try to prove the uniqueness of our (singular) solution before (i.e., using integration by
part). In this case, we have better estimates, so there is no problem to carry through
the argument.

Now we just have to check all these estimates can be made uniform for all € € [0, 1]
in order to see that the limit as ¢ — 0 of v.’s exists and in fact is just the classic
(smooth) solution for the equation with e = 0.

In Yau’s argument, there seems to be one step which might break the uniformality
of the estimates for all such €’s, but in fact that step is quite redundant because the
place where it seems to be used can be dodged by noticing there is an unnecessary

shifting of power in another step. More details can be found in Appendix.

Now let’s come back to the family of equations:

(we + vV —=100u)™ = e"<|o]*Q

52Tn the case of fixed background form representing a Kahler class, using some smooth function,
we can change it to a Kéhler metric without essential affecting the feature of the equation itself.
53For the case € = 0, the discussion is easier, but it can still be contained in the following discussion.
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for e € (0,a).

From the sketch above, we know the solution for each equation above does exist.
In fact u, is C* for any a € [0, 1), as we can have bounded C%norm and Laplacian,
and smooth out of {o = 0} where w, + /—190u, is really a Kihler metric in that
range. We denote these metrics by w, as usual since now they are the metrics which
we want to prove the convergence. Also we have that the integration of @] over the

regular part is equal to [ x we" by the estimates descrided above.

Consider the maximal value point for u, + elog|o|? (for each €) which does exist

and should be out of {o = 0} (and so is a regular point). Rewrite the equation as:
(Weo + V —185(u6 + 610g|a|2))” _ pueteoglol’ )

out of {o =0} and we can see at that point,

Woo

Q

hH <.

. + cloglo? < log(maz,ex{
So u, + elog|o|* < C uniformly for all € € (0,a). That is just
u. < C — eloglo|* < C — log|o|?

as |o| € [0,C]. Here the second < just to make the upper bound looks more uniform.
And in fact it is still the first < that is used for the Laplacian estimate later. This is
the uniform upper bound for u, locally out of {o = 0}, a degenerate one just as what

we have encountered several times before, but this time it’s from above.

Now we use the similar trick to localize the estimates out of {o = 0}. But notice
here we’d better use the same nontrivial holomorphic section o because our known
smooth regular part of u. is also out of {¢ = 0} and smoothness is important in

applying maximum principle.

Set wes = we + §v/—190log||a||? for fixed § € (0,a) and some proper hermitian
metric || - || for the line bundle E such that w., + 6v/—190log|o||?> > 0 where the
second term is considered to be the corresponding curvature form over X or only
considered to be over X \ {o = 0} when using this expression as usual. We still need

that we s will be uniform as metric for all e sufficiently small 5 Now one can rewrite

54 The “suffciently small” here may mean much smaller than a — § since we need the form to be
positive rather than representing a Kéhler class. But clearly this will still be enough since we are
considering the limit as e — 0 anyway.
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the equations over X \ {o = 0} as follows:
(Wes + V —185(u€ — (5log|]a”2))” = e“e*fﬂogllallz’|U’2(e+5)Q/,

where ' may be a smooth volume form different from  where the difference comes

from the possible difference between the hermitian metrics | - | and || - ||

As usual, we consider the minimal value point of u. — dlog||c||? which clearly exists

out of {¢ = 0}. At that point, we have e%~9°elol?|5 A+ > ) 5» which gives
6u5—610g||a||2 > Cg|0‘|_2(6+6) > Cj

at that point, and so is true over the whole of X. Hence we have u, > —Cs+dlog||o||?.
This is the uniform lower bound for u. locally out of {¢ = 0} which is again a

degenerate one.

Now using the computation of Laplacian estimate for the following equation
(wes + V—100(u, — dlogl|a||*))" = e“|o|* €,

we have the following inequality over X \ {o = 0}:

— 2 _ _ 2 -
(Colue=dlomllol) A (o~ Colue=dloglol®) i, 5 1)

n

> —C5 — C5(We,5,@0e) + Cs{We,5,0e)™ 1.

Let’s consider the maximal value point of 6_05(“6_‘51"g“"“2)(

We s, we). Here we can also
see it exists out of {o = 0} since we know from Yau’s argument that (w5, &) < Ces
over X\{o = 0} ® and u, bounded for each e. Hence the expression we are considering
will go to 0 uniformly when approaching {o = 0} for each fixed e¢. Then at that point,

we have: (wes,w.) < Cs, which gives,

Cs (ue—dlog|lo(|*)

~Cs(ue—dlog|lo| ~ -
e~ Cs(uc=dlog|lo|| )(we’&%) < Cjse )

Using the uniform degenerate lower bound for u. got above, we conclude

~Cs(ue—dlog|lo||? ~
¢~ Cs(uc—dlog|lo|| )<we,5,we><05

55This estimate itself is not good enough for us since it clearly depends on e. An interesting point
here might be that we use an estimate depending on € to justify an argument which would give an
estimate uniform for all such €’s.
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at that point and hence over X. Furthermore, we arrive at
<w65’@6> < Céecs(uefélogllollz) < 06605(07(6+6)log|0|2) < O6|0_|7205(€+5)

by the uniform degenerate upper bound for ..
Notice here that we are considering the situation when ¢ — 0, so the Laplacian

estimate would essentially be like

<Ld, (IJ€> < C'5|(T|_2(SC‘S

for any fixed metric w. Now we have got the uniformality of @, as metric locally out
of {¢ = 0}. Thus we can proceed in the standard way to get uniform estimates for

higher order derivatives locally out of {c = 0}.

Now by Ascoli-Arzela’s Theorem, we can have a sequence limit, ug, which satisfies
(Woo + vV —100up)™ = €"Q)

in X \ {o = 0} and also has some estimates for it from the controls above. Let’s point
out that by the above discussion, the limit only exists out of {o = 0}.
Essentially using u. + elog|o|*> < C' and by similar argument as before, we have

the integral equality

/ (Woo + vV —100ug)" = / e = / Woo™.
X\{o=0} X X

And this integral equality will be used below to prove that this sequence limit is the
same as the limiting solutions from other methods. Hence we also get to know the

limit here won’t depend on the sequence we choose.

In fact, let’s consider:
(Woo + V=109 (u, + €log|o|?))" = evetoslol )
over X \ {o =0}, and
(Woo + €w 4+ V=100 )™ = €"Q

where w > 0 and represents a Kahler class.

78



Take quotient to get:

(Woo + ew + /—100v, — ew + /—100(u, + eloglo|* — v.))" ue-+eloglol?—v,
(Woo + €w + /—100v,)" B '

Consider the maximal value point of u, + €elog|o|? — v. which obviously exists out of
{o = 0}. Clearly at that point,

Ue + 61Og|0-|2 — Ve < 07

and so this is for the whole of X. And we know this is true for any . Now consider
any point out of {o = 0} and let € goes to 0 in the sequence for the sequence limit of
ue. We see uy < vy °% out of {o = 0}. Then by the integral equality which they both
satisfy, we see they are actually the same over X \ {o = 0}. Hence they will be the

same if we require plurisubharmonicity over X.

It is also possible to directly see that the sequence limit is independent on the
choice of the sequence just by getting some kind of monotonous convergence result.

For € > A > 0 small enough, over X \ {¢ = 0}, we have:
(Woe + V=100 (u, + €log|o|?))" = eteteoglol g
(Woo + V=180 (uy + Alog|o|?))" = ertloeloy
Take quotient to get:
(woo + V=100(ux + Aloglo]*) + V=100 (uc — ux + (€ — A)log|o]*))"

_ euequJr(ef/\)log\oF(woo_i_ /—135(UA+>\10g‘0”2))n.
Considering the maximal value point of u, — uy + (€ — A)log|o|? which should exist
out of {o = 0}, by maximum principle, we have

u. + elog|o|? < uy + Mog|o|?

over X \ {o = 0}. And this would be enough to conclude the convergence as € — 0.
The convergence is again an increasing one as € — 0 as in the second perturbation

considered in the previous subsection. So the same discussion there gives us the same

56They are correspondent sequence limits as e — 0. Of course for v,, it’s not just a sequence limit
as proved before.
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form of the limiting solution as (supee(o,q){ue + eloglo|*})*.

It would be interesting to consider the relation of this perturbation with the second
perturbation considered in the previous subsection. Now we consider the following
two equations over X \ {0 = 0} with e > A\ > 0: 57

(Woo + AV —100log |0 |> + v/ —100uy)" = "> |o|**Q,

(Woo + €/ —10010g|a|* + v/ —100v,)" = €"A.

Again we can take the quotient to get:
(Weo + €V/—180log|o|* + V=100, + V=100 (uy — v. + (A — €)log|a]?))"

= etavetNoglol (), 4 e /ZT0dlog|o|? + V—109v.)".

Clearly the minimal value point of uy —v. + (A —€)log|o|? exists out of {o = 0}. Then

at that point, uy — v + Alog|o|*> = 0 which is also
uy — v + Mogla|? — elogla|* = 0

at that point by assuming without loss of generality that |o| € [0,1]. So we have
uy + Mog|o|? > v, + elog|a|? globally (even makes sense on {o = 0}) for € > X > 0.
But it is quite easy to see that we don’t have the relation in the other direction, i.e.,
we do not have v, + elog|o|? > uy + AMog|o|? for A > € > 0, at least from similar

consideration.

Combining the result from before, we know both sides increasingly converge to
the limiting solution, but in some sense the convergence for the term discussed in this

subsection is better than the one before in sight of the inequality above.

Remark 2.5.3. We found out later that other people had already used this same
method to get the (same) singular metric (as in [Suf). Our contribution here would
be the uniqueness result of the metrics coming from this method and the further clar-

ification of the convergence.

5THere take both constants positive in order to guarantee the existence, regularity and boundedness
for the solutions of the perturbed equations and take different constants to make sure the extremal
value point discussed below appears in the regular part.
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2.5.3 Big Class

Those perturbation methods discussed above can be applied for nef. and big class
[L] (or say [S] + Kx). The basic philosophy behind the argument is that we can use
Kahler classes to approach [L] and the bigness of this class would provide some degen-
erate bounds which come from involving some singular-looking terms and applying
maximum principle 8.

Now one might want to do the similar thing for merely big class [L]. * Clearly
we still have the perturbations in the same flavor as before. But now the existence of
solutions for perturbed equation, which needs the background metrics to be Kéhler,
would destroy the possiblity to approach the original equation directly. Instead, the
approximation has to stop before it gets to the class [L]. The limiting class would be
like [L + ew] or [L] — €E for some € > 0. Clearly this class and the limiting equation
would depend on our choice for the perturbation, i.e., the choice of [w] or E.

It’s natural to think about how to push the perturbation further towards the class
[L]. But it’s likely to be less natural than the flow method discussed before. The
delicacy of the flow approximation should have its advantage in this situation together
with its technical difficulties. And we expect some new machinery for further study

of this problem.

2.6 Pluripotential-Theoretic Revisit of Uniqueness
Result

In this section we give a more complicated way of proving the uniqueness of the
solution constructed by either the flow method or the perturbation method using a
Kahler metric. This might looks meaningless as we already know the uniqueness and
the proof is not hard at all. But the proof here has a strong flavor of comparison
principle which can actually fit in a more general picture in pluripotential theory. It’ll
use the approaching sequence of functions in a more global way. Of course maximum
principle is already a global argument, but here we are using the integration instead.

No strong derivative is essentially involved and so we need less regularity than before.

8It’s a lovely fact that the singular terms have the right sign (for co) which allows us to run
through maximum principle argument before.

®The case when [L] is merely nef. is not so justified in this context from the discussion at the
beginning, at least when we are considering rational classes.
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Suppose we have the following two packages of limiting sequences for m — oo:
Up — Uso, Win — Woo, Win+V =100 — Weo+V —100Us, (Win+V —100U,, )™ — €"=;

U — Voor Om — Woeoy Om+V —1000, — Wee+V —1000s0, (Gm+V—1000,,)" — €"=Q;

where w,, and v,, are smooth, w,, + v/—100u,, and ¢,, + v/—100v,, are smooth
Kahler metrics. Here for each package, the first and third limits are in the sense
of local uniform convergence out of {o = 0} % and with certain uniform estimates
locally out of {o = 0}. Both limits satisfy (we + v—100W)" = " Q) out of {o = 0}
where W is the function u., or v, which are plurisubharmonic with respect to w..
The last convergence is essentially from the estimates and equations which u,, and
v, satisfy. Finally we require ¢,, — w,, > 0 without requiring either of them to be
nonnegative.

Clearly if we can prove U, = vy out of {o = 0}, it’ll be enough for proving
all the independence of sequence limit on the choice of convergent sequence for any
sequences in the flow with any initial metric or sequences in the perturbing family for
any perturbing Kahler metric, where probably some auxiliary sequence will be used

to compare any chosen pair of sequences.

First there is a baby version for the comparison principle argument in classic
smooth case. Suppose w + v/—190u and w 4+ v/—190v are nonnegative where w is a
real smooth closed (1,1)-form, u and v are smooth functions. In the following, we

prove

/{m} (@ +V=100u)" < / (w + V=1000)".

{u>v}

For any 0 > 0, we can do the computation below.
/ ((w + V=100)" — (w + V_103v)")
{u>v+4}
= V=190(u — v — 8) ((w + V=190u)" " + - - - + (w + V—=190v)" )

{u>v+46}

{u>v+6}

By Sard’s Theorem, we can choose proper sequence of § going to 0 with the boundary

of {u > v+3J} being smooth for each 6. Then by Stokes” Theorem, the last expression

600f course the stable base locus set can be used here instead, but we only require this for
simplicity.
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is equal to:
/ d(u—v—=0)((w+ vV—=100u)" " + - - + (w + V—190v)" ),
{u>v+6}

where the orientation of the boundary is determined by the outer normal direction.
In fact the volume form for the boundary is just xdp where p is the local defining

function for the boundary which is positive outside and negative inside. We also have

locally w —v —d = f - p where f is nonpositive. Suppose
d°(u—v—0)((w+V—-100u)" "+ + (w4 V—=1900)" ") = g - (xdp)

locally on the boundary. Notice d(u — v — §) = f - d°p for the first part and the
positivity of the second part. By wedging dp on both sides of the equation, it is easy
to conclude that g < 0. Thus we have

/ ((w + V=1000)"" — (w + V1030)") < 0.
{u>v+8}

Finally by taking § — 0, the set we integrate over would enlarge to {u > v}, so we

arrive at the claim above.

Now let’s consider the current situation. First we have:

/ (Wi +V—1900u,,)" < /
{um>vm}

{Um >'Um}

(v —T0Fu)" < / (v —T0F0m)"
{Um>vm}

where the first < is from the assumption that ¢, > w,, % and the second one is

from the result in the smooth case just proved above. Thus for any € > 0, we have,

ford > 0 sufficiently small and m sufficiently large, that:

(Wi + V—=190u,,)" < / (pm + vV —1000,,)" + €

{um>vm+AIN{|o|>6}

/{um>vm+)\}ﬁ{|a|>6}

with any constant A > 0 2. Now basically we want to take limit for all the parameters.

It needs to be done carefully in sight of all the dependences. We'll do it as follows.

In {|o| > §}, we have uniform convergence of u,, — s and v, — v as m — oo.

6150 we have 0 < wy, + V—190Um, < ¢m + V/—100Up,.
62The part we remove has very little contribution in the total integral from the uniform upper
bound of the volume as included in the assumptions.
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Thus we have the relation below for any A > 0 and sufficiently large m: 3

{too > Voo + 22} C {tyy, > vy + A} C {too > Voo }-
Combine these to get:

(0 + v/ —T0Fun)" < / (6 + VT000)" + €

{tioo >vo0 }N{|o| >0}

Auw>vm+2k}ﬁ{|a|>§}

which is for any € > 0, A > 0, m sufficiently large and 6 > 0 sufficiently small. Now

let’s first take m — oo to get:

/ e"*0) < / e’ + e.
{Uoo >Voo+2A}N{|o|>6} {too >0 }N{|o|>6}

Then we let A — 0:

/ e~ < / e"> () + €.
{100 >v00 N {|0]>6} {00000 }0{[0]>6}

Now take 6 — 0 and get:

/ e < / e’ () + e.
{too >0 } {tUoo>Vo0 }

Actually it is not that necessary to take this limit. We can just replace ¢ by 2¢ by
noticing the part we add back contributes little. Strictly speaking, the integration
after taking limit should be over {u., > v} N {o # 0}, but clearly it doesn’t bring

any difference. Finally we let ¢ — 0 and arrive at:

/ e ) < / e’ ().
{Uoo>Vo0 } {Uoo >Voo }

Thus we can see Uy < Vs in the regular part and hence for the whole of X by
plurisubharmonicity. Notice if we have w,, = ¢,,, we can also get Uy, = v by sym-
metry and hence conclude that they are the same. Otherwise, we still have to use the

integral equality to draw the conclusion.

For the rest part, let’s sketch some results from pluripotential theory related to

the discussion above. This can be seen as a warm-up exercise for going into the next

63Everything is now restricted to {|o| > 6}, i.e., always considering the intersection with {|o| > 6}
for each set appearing below.
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part of this work, but somehow the discussion below has little relation with what’s
used there.

Recall that we have not yet seen ., satisfying (ws + v —1900us )" = e"=Q out
of the stable base locus set of Kx, is bounded. Thus though we have it is globally
plurisubharmonic, i.e., We, + v/~ 100Uy is a real positive closed (1, 1)-current, it’s not
justified in the usual sense to say (wa, +v/—100us )" is a global (Borel) measure over
X. But it is quite obvious that e“=~() defines a global measure over X. So we are
very willing to give the left hand side the similar meaning. And indeed this case has
already been considered in pluripotential theory where what people require is a nice
approximation of the possibly unbounded plurisubharmonic function.

Though in the place where I learned this theory ([Koj2]), domains in C" are
the main object, the spirit can easily been translated to our situation. And the
requirement for the nice approximation can be satisfied by our approximation from
flow or perturbation. Basically, we could take the limit of the measures in the sense
of measure from the approximation. We can also see the limiting measure will not
depend on the nice approximation chosen which of course is of great importance to
define a measure for such an unbounded plurisubharmonic function. Obviously the
right hand side as a measure is also the limit of the approximation measures. So
after making sense of both sides as measure over X, we should be able to see that
they are actually the same. Furthermore, we also have comparison principle ** for
those unbounded functions in general. From this we can have the uniqueness of the
(possibly unbounded but plurisubharmonic with a nice approximation) solution wu for
(Woo + V/—100u)™ = €Q where the equality is in the sense of measure. At least this
uniqueness result looks more general than what’s proved before. But essentially we
have to require a nice approximation, and at this moment we can only get one by the
(continuity) methods discussed before.

We sketch the related argument as follows. Basically it’s quoted from [Koj2| where
it is contributed to [Ce]. Local picture (of a domain V' in C") is considered in those
works. We'll deal with the closed manifold case instead. Up to now, what we have
achieved is less than that of the local case, but it is still enough for the application.
Anyway, the argument below is essentially theirs after some modification.

Suppose v € PSH,_(X) is the (pointwise) limit of a decreasing sequence of
functions, u; € PSH,,,(X)NC?(X) such that u; < 0 and [, (—u;)?(w;+v/—100u;)" <

64The integral inequality for ue and v., proved before which is of course just a special case. We’ll
discuss it more later.

65Professor Kolodziej informed me that Zeriahi and others had also treated the closed manifold
situation for this theory.
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C for some p > 1 and any j. Here assume w; — we, as j — oo in a nice (linear for
example) way and they are all semi-positive .

Then we want to prove that (w; + v/—199u;)" is weakly convergent to a (Borel)
measure dp which is independent on the choice of u; as above. So we can define
(Woo ++v/—100u)™ = dp. Clearly, the global intergral of the measure would be [ ¢ Woo"
by the weak convergence. In the following, we justify this definition.

Let ¢ be a smooth funtion on X (i.e., a test function). Define vy, := max{v, —k}
for any k > 0 %7. Of course u; = ujp on {u; > —k} which is a closed set and
(wj + vV=100u;)" = (w; + v/—190u;p,)" on {u; > —k} which is open ®. Now we can

have the following computation:

| /X¢((wj +V=100u)" — (wj + V=100u;p.)")|
[ o+ V00 ey TP

/N

g / o ((w; + V=100u,)" + (0; + v—100u;3)")
{uj<—k}
< Cd,kp(/x(—uj)p(wj +V/=100u;)" + /X(—Uj[k)p(wj +V=100u;)").

In the last expression, the first term in the bracket is uniformly controlled by assump-

tion. If we can also do that for the second term, then we arrive at
| / ¢<(Wj + V —185%)” — (Ldj + vV —18§u][k)”)| < C¢k3_p.
X

Let’s first show how this is going to give us the unique limit. We know the
measures (w; + v/ —100u;,)" converge weakly to the measure (woo + v/ —190uy,)" as
j — oo since the potentials are (uniformly) bounded after truncation. % Then it’s
easy to see the Cauchy property for the sequence of integrals [ « Plw; + V—100u;)".
Thus we can have the weak convergence of (w; +/—199u;)" to some (positive Borel)

measure dy. We also want this measure dyu to be independent on the choice of {u,}.

66 This semi-positivity seems to be involved for all the argument using pluripotential theory. At
many places, we can trivially reduce the general case to it. However we really seems to need this
assumption here. So this discussion is for a more restrictive situation in comparison to the earlier
part of this section, but we have less assumption for u;’s.

67In the case when the background form is semi-positive, this would preserve the plurisubhar-
monicity of the functions since the constant function is plurisubharmonic itself.

68 This seems to be the only place where the continuity of the approximation functions is needed.

89This result will be discussed later. The nice convergence of background forms w; makes it legal
to use the classic results for domains in C™ by chooosing proper local potentials.
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This is also quite easy from the inequality above. Taking j — oo in the inequality,

by the weak convergences already got, we conclude that
[ ol (o + V=T00w))| < Col
b's

which obviously guarantees the uniqueness of such a measure du.

Now let’s justify that inequality. As mentioned before, it’ll be done if we can
bound the terms containing w;j, uniformly. Of course an obvious idea would be to
use the corresponding term with u; to control these terms. More precisely, we’ll prove
the following. Notice u; and w,; are bounded functions.

Claim: For any 0 > v > u with v,u € PSH,(X)NL®(X) with w > 0, with p > 1
we have

/ (—0)P(w + V—100v)" < (]/ (—u)P(w + v/ —108u)"

X

for some universal positive constant C'.

Proof. ™ Set I, = [ (—u)Pw,™Aw," ™ for m = 0, - - - ,n where the natural notations,

wy = w + v/—100u and also w,, are used. Rewrite I,,, as following when m < n:

I, = / (—u)Pw,™ Aw," ™ Aw + / (—u)Pw,™ A w," "™ P A/ —=100v.
X

X

Now let’s deal with the first term by the following computation:

/ (—u)Pw,™ Aw,"" ™ A w
X
- / (—u)Pw, ™t Aw," T — / (—u)P(vV—=100u) A w,™ A w," ™!

X X
= It — / \/—18((—u)p5u Aw,™ A wU”_m_l)

b
+ / V—=10(=u)? A Ou A w,™ A w," "
X
=T — p/ (—u)P ' —=10u A du A w,™ Aw," ™
X

< Iy

"0Since these functions are not smooth, many expressions below are not understood in the classic
sense. But the meaning is very natural from pluripotential theory using the boundedness of the
functions. Some terms below are indeed defined by the equation used. It would be very tedious to
make everything down to the ground at this moment. Basically, let’s keep in mind that approxima-
tion argument can be used to justify those bad terms, and so we can actually treat them as if they
are smooth. More discussions about these terms can be found in Appendix.
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For the second term, we have the following:

/ (—u)P(vV/—100v) A w,™ A w," ™1
b
= / v(V=190(—u)?) Aw,™ Aw," ™

b
=p(p—1) / v(—u)P AV =10u A Ou A w,™ A w," ™

b
— p/ v(—u)PH(V=100u) A w,™ A w," ™!
X
< p/ (=) ()P, ™ A W,
X

< p]m-‘rl‘

In the above steps, the facts /—10u A Ou > 0, w > 0 and —u > —v > 0 are used.
And when p = 1, it’s actually easier. Thus we have I, < (p + 1)I,,+1 which gives
I, < CpI,. Hence we have [, (—v)fw,” < [y (—u)w,” = Iy < C [ (—u)Pw,™ which
is exactly our goal.

O

In fact, in the computation above, we can switch the role of v and u. The com-
putation would be more like the original computation for domains in C". Let’s do it

below. Set J,, = [ (—v)Pw,™ A w,"~™. Then for m =0,--- ,n — 1, we can have:

Jm - Jdm+1

= [ (Cor (V=100 - o) A

— [ (w0 (V=T00(0p )

0= 1) [ (= o) (-0 (VIO A G0) A A
—p [ (=)0 (VT000) A A

< [ (0= (V1000) A A

<p [ (0w e A

gp/ (_u)(_v)pflwvn%#l /\wunfmfl
X

p—1

1 _
< pInfmflmeJrl L

88



where the last step is by Holder inequality for the measure w,™" A w,” ™ 1. Thus

we arrive at:

1 p—1

Jm < p(In—m—1% + Jm—i-l;)Jm-‘rlijl g 2pIn—m—1%Jm+1 P

Combining with the result above, we can see all the terms [,,, and .J,, are bounded
by I,.

Remark 2.6.1. This control is not as good as the original one for the domain in
C". For example, it won’t give the convexity of the set of functions which have this
kind of approximation. More specifically, we don’t know the summation of two such

functions still has such an approximation unless these two functions are comparable.

In order to see that comparison principle still works for the measure defined like
this, by the quasicontinuity of these functions, we only need to see the measure w,," for
any small relative capacity set is uniformly small for all j where w,, = w;+ \/—_185uj.
This convention has been used before, but here the background forms are changing.
The relative capacity is defined locally using the classic definition for domains in C".
™ In fact it is easy to be seen as follows.

For some € > 0, suppose O is a subset of X with Cap(O) < e. Then for any

Coy > 0,
O Oﬁ{Uj 2700} Oﬂ{Uj<*Co}

< C’O"e+/ Co P (—uy)Pwy,"
X
<CYle+C-CyP.

By taking Cj large enough and e small enough, we can guarantee |, oWy, " t0 be uni-

formly small.

Another issue for justifying comparison principle for two of these functions (with
the same wy, > 0 of course) is about the changing background forms for the approxi-
mation. Basically, we’ll need the forms to be the same for each pair of approximation

functions or at least have the one-sided relation in the favorable direction. However

"One can also define it globally using some background form. It’ll be equivalent to the local
definition if the background metric is positive. Since our background forms w; are not uniformly
positive, the globally defined ones won’t be uniform. But this is not needed for us here. Indeed, we
only need the uniform control of globally defined capacity by the locally defined one which is rather
obvious.
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this would not be a problem if the w;’s are like wy, + dw for w > 0 since we can
take proper subsequences of the approximations. There would be no crue left after
taking the limit. And we can treat the sets {v > u} and {u > v} respectively where
u and v are the functions to compare. In fact for our application which is to prove

the uniqueness of such a (possibly unbounded) solution for the equation
(Woo + vV —100u)™ = Q)

where € is a smooth nondegenerate (nowhere 0) volume form. It is enough to see
{v > u} is empty since u > v together with the global integral equality would tell

u="v.

Remark 2.6.2. Here the main difficulty is coming from the possible unboundedness
(and also discontinuity) of the limiting functions which would give some trouble in
making sense of the limiting distributions as measure and applying the usual compar-
1son principle. But as mentioned before, it might be the case that the limit is bounded

(even with certain Hélder continuity). This problem will be heavily considered later.

The discussion in this section says we can actually apply comparison principle for
(apriori) unbounded functions like that. Indeed we can see that continuous (or even
just bounded) functions which are plurisubharmonic with respect to some w,, > 0 are
also considered in the above discussion "2, which is clearly consistent with the classic
discuss for them.

Thus if by any means, we have a continuous (or even just bounded) solution for
this equation, then we know it is also the solution got before by continuity methods.
This actually can be used to identify the orbifold Kahler-Einstein metric and the
(singular) metric got before for any minimal surface of general type as mentioned in

[TiZh].

"2For a continuous function, the approximation could consist of just the function itself which
clearly has the proper uniform bound for the global integrals even if one uses some more positive
background form we, + w in sight of the boundedness of the function itself. In fact, the current
discussion works for bounded functions. The corresponding approximation result will be discussed
later in this work. The background form can be more positive than w., but converges to it nicely.
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Chapter 3

Kolodziej’s Argument and Direct

Application

This chapter is devoted to sketch the argument in [Kojl] and [Koj2] by S. Kolodziej.
The argument is quite original and fairly different from classic PDFE methods for
Monge-Ampere equation. More importantly, it provides important information about
the solution in some situation where other methods fail to help (at least as we see it
at this moment). Let’s first introduce the classic situation considered in his works.

Over a closed Kahler mainfold X, the equation considered is:
(w+V—100u)" = Fuw",

with w being a Kéhler metric and nonnegative F' € LP(X) for some p > 1 satisfying
Jx Fw™ = [yw". ! Basically, the existence of a (weak) solution in PSH,(X) N

L>°(X), which is also continous and unique, is proved.

Remark 3.0.3. Kolodziej’s original argument applies for F' in more general class of
functions. But the above restricted version will be enough for our main interest. And
at certain places, it’ll allow us to simplify the argument to make it easier to generalize

the argument to our situation. The affect will be emphasized when it occurs.

3.1 Classic Results in Pluripotential Theory

In this section, we’ll introduce some of the necessary notions and related results in

classic pluripotential theory used in Kolodziej’s argument. The discussion in this

"'Whenever we use the notation LP(X), a smooth nondegenerated volume form is assumed while
the choice clearly doesn’t have any essential affect.
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section is supposed to be very concise. But sometimes we may also go into details,

especially when it is fairly related our generalization later.

It seems necessary to begin with the definition of plurisubharmonic functions. We
use PSH (V) to stand for the class of plurisubharmonic functions over V' which is an
open set in C". Instead of writing down one definition (as in [Le] for example), it
might be better to just illustrate what are those functions.

Basically, they are functions which will be subharmonic when restricted to any
complex direction, in other words, v/—190u will be a positive (1,1)-current. The
meaning is quite clear in smooth case. Generally speaking, it’s in the sense of distri-
bution. In the following, we list some basic features of these functions 2:

i) They are L}, functions, but they are not equivalent classes of functions, i.e.,
the value for each point is decided. They can take the value —oo, but not +oc;

ii) They have the same mean value property as subharmonic functions. In fact,
since plurisubharmonic functions are subharmonic (i.e., with positive distributional
Laplacian), so this is just inherited from subharmonic functions. Moreover, we have
maximum principle for them just as for subharmonic functions;

iii) They are upper-semicontinuous and Borel measurable. Furthermore, they
are also essentially upper-semicontinuous, i.e., for f € PSH(V), Vx € V, we have
lim;—.ocesssup, [ = f(x) where {U;} is a basis of neighbourhoods for . Thus the
values for all points in X are decided by values almost everywhere, namely, one can
ignore values over any measure 0 set; 3

ix) Their restrictions out of small open sets are continuous. The “small” here
means with relative capacity as small as one wants where relative capacity is an
important notion in this business which will be discussed in great details later;

x) Their convolutions are smooth plurisubharmonic functions and the sequences
of functions coming from convolution will decrease to themselves pointwisely.

The last one is frequently used to prove anything local about plurisubharmonic

functions because the smooth ones are usually easy to deal with directly and then

2Some of them come directly from definition, but some are not so trivial results by themselves.

3This is a better restriction for the value at each point then the usual upper-semicontinuity. It
can be used to understand the first part of property i) and is indeed quite useful for us later. The
measure 0 set is usually a subvariety for our application.

40f course, the convolution is the classic one with some compactly supported and rotationally
symmetric smooth function, p, with normalized total integral. The sequence is from rescaling this
function p by proper constants for the value and variable which maintains the total integral. The
set, where the convolution can be defined, is relatively compact in V' but exhausts the set for a
proper sequence of rescaling constants.
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by taking a limit for the result with respect to the convolutions, we can hopefully
get the result for the original function. Moreover, combining x) with ix) and Dini’s
Theorem, we can see the convergence is really not so bad.

A trivial observation would be that from definition, we can define plurisubhar-
monic functions over a domain with a (holomorphic) complex structure exactly in
the same manner as before. All the local properties above will remain unaffected.
But now we have to worry about the existence of convolution since there might be no
global coordinates. And in fact, this is the main difficulty arising when the domain
V' is no longer in C" and would be a huge cloud over the simple-mindedly straight-

forward generalization of Kolodziej’s orginal argument.

In the following, we put together some results in classic pluripotential theory.
There is no logic order guarding the list of results. We still mainly consider domains

in C" for these results.

Remark 3.1.1. The domain V s usually assumed to be connected. It’ll make our
picture simpler. But it is easy to see that the discussion below still applies to the
case when there are multiple (even countably many) connected components for V.
Basically we can just consider each component separately and “sum up” the results.

There could be some exceptions since some results are hard to take sum, for exam-
ple, boundedness of the functions would be for each components. So sometimes we’ll
need a uniform bound (of the sizes, for example) for all components in order to get
the result for the whole domain V', which should be easy to see from the context.

The case when V is a connected and unbounded open set in C" ® will also be of
some interest. And we do not require V to be bounded for everything below unless
explicitly stated.

It’s easy to see that a plurisubharmonic function over C"* bounded from above will
have to be trivial, i.e., a finite constant by considering the extension on each complex

direction to the point oo ©

. But that’s not the case for a general unbounded domain
V. For example, when n = 1, the upper half plane is biholomorphic to the unit disk,
so it can have a lot of nontrivial plurisubharmonic functions which are not bounded
from above. Anyway, this is not so related to our main consideration here, but still

of quite some interest by itself.

a) Comparison Principle

®The meaning of “unbounded” clearly needs some ambient space which is C" for now and can
be other ones with similar properties.
6Similar argument will be used later in another context.
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Proposition 3.1.2. For a bounded domain V in C", Yu,v € PSH(V) N L>®(V), if
Wp € aV, lim, ,(u—v)(z) > 0, then

/{ M}W—_laév)" < /{ m}(ﬁaéu)n.

Mlustration of the proof:
First, let’s point out that under the assumption of this proposition, (v/—100u)"

can be defined as a Borel measure. 7

So the meaning of the integration in the
conclusion is clear. Notice that the integrals on both sides may be +oo, but < would
still be true in natural sense.

The case when everything is smooth and the set integrated over is relative compact
in V' is quite clear from Stokes’ Theorem (as V' is bounded). “Everything” means the
functions and the boundary of the set {u < v}.

For the general case as assumed in the proposition, we can use smooth approx-
imation to do the job. Here since we are in C", convolution will provide a nice
approximation sequence of functions. And during the process, we also need to make
sure the situation for “small” sets (as appeared in property ix) of plurisubharmonic
functions) is under control, but the boundedness of the functions can provide enough
help.

There are quite some technical details for a rigorous proof (see in [BeTal). For ex-
ample, the convolution will only be defined for sightly smaller sets which are relatively
compact in V, but since the comparison relation near the boundary is also available

from the assumptions, we’ll be fine by using some more approximation arguments.

Remark 3.1.3. Comparison principle may be the most important tool for classic
pluripotential theory. The result is quite natural if one takes the magnitude of pos-
itivity of (v/—100u)"™ as some kind of “convexity” of the plurisubharmonic function
u.

Anyway, the justification and application of comparison principle in generalized

situation will be one of our main topics later.

b) Relative Capacity and Relative Extremal Function
e Relative Capacity
Consider any compact subset K in V' and define the relative capacity of K with

"There would be more discussion about this later. It actually is a big issue and we just feel it
might be too early to bring it up at this time since the picture here is quite natural if one only
considers smooth functions.
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respect to V' as follows:
Cap(K,V) = sup{/ (vV—=100u)"|u € PSH(V), —1<u <0}.
K
Then for any subset E of V| one defines the corresponding capacity as:
Cap(E,V) := sup{Cap(K,V)|K compact, K C E}.

It might look favorable if we can use the definition in case of compact sets for any
subset. And it’s easy to see that will depend on how well we can use compact sets
to exhaust any set. In fact, we can do that for Borel sets, and so the definition for
compact sets can be used for Borel sets (or say these two definitions are equivalent
for Borel sets). But for general Lebesgue measurable sets, the exhaustion will be
up to a (Lebesgue) measure 0 set and the integration of (v/—100u)™ for some u €
PSH(V)N L>*(V) over a measure 0 set might be positive as we can see later by
example.

Anyway the definition here (for any subset) makes it only necessary to only con-
sider compact sets in most cases which is actually very convenient for us.

e Relative Extremal Function:

For E any subset of V', we define relative extremal function of E with respect to

V' as follows:

Uy = u, = (sup{ulu € PSH(V), u<0on V,u< —1on E})".

E

Wy ”

Here the “sup” is taken pointwisely and upper semi-continuization (the upper “x”) is
also used to make sure the function we finally got is still plurisubharmonic (see [Del]
for example).

Notice that upper semi-continuization is used in the definition, and so it is not
true that u, = —1 on E, which is obviously the case without “x” in the definition.
This makes the actual values of u, on E'\ E hard to describe. But there is a general

result for this situation as follows.

Lemma 3.1.4. For a family of plurisubharmonic functions which are locally uni-
formly bounded from above, the pointwise supremum function, w, which may not
be plurisubharmonic, will have its upper semi-continuization, u*, plurisubharmonic.

Moreover the set {u* > u} is pluripolar.
We don’t want to get into too much detail about this and just want to mention
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that “pluripolar” means the set would have (Lebesgue) measure, relative capacity
and outer relative capacity 0 which essentially allows us to ignore this set when doing
integration. This handy fact actually shows up in a lot of places, for example, the
proof of a very classic fact about relative capacity in [AlTa] whose generalization is
quite important for the proof of our essential estimate later which can be seen as the

punchline for our argument.

For many purposes as will become clear, it would be great to see that it is equiva-
lent to use the function class “PSH(V)NC%(V)” instead of “PSH(V)” in the defini-
tions. And in fact this is the case for the definition of relative extremal functions for
compact sets when V' is hyperconvex whose definition will be given explicitly soon.
Basically it means there is a nice exhaustion function defined in a neighbourhood of
V. The argument is essentially by approximation argument which is under frequent

use for this business and so we sketch it below. 2

Essentially, one uses convolution to get a continuous (smooth in fact) approxi-
mation of any element, u, in PSH (V') which has proper values as in the definition

of u_, and then Dini’s Theorem can be used to describe the approximation more

E
carefully. The condition on V is used to extend any plurisuharmonic function to a

neighbourhood of V', which would make the convolutions defined on V', as follows.

First we can assume u is valued in [—1, 0] over V' and equal to —1 over F since it is
justified to take supremum only over functions like max{u, —1}. It is even enough to
consider functions like maz{u, h}, where h is the defining function for hyperconvexity
of V' 2, in the original definition of relative extremal function, u,,.

Now consider maz{u, h+ €} for e > 0. These functions can obviously be extended
by h+ € to a neighbourhood of V where h is defined, which then could have convolu-
tions defined over V. And as € — 0, they decreases to maz{u,h}. By diagonalizing
argument, we can have a sequence of smooth plurisubharmonic functions defined on
V and decreasing to maz{u, h}. They valued in [—1, 5] where § decreases to 0 along
the sequence.

The compactness assumption of E is for concern of applying Dini’s Theorem. No-
tice that w = 0 on V and u = —1 on E which of course means it is continuous over
VUE. So by Dini’s Theorem, the values of the approximation functions are controlled

well over VUE. Now we can apply an elementary property of plurisubharmonic func-

81t would be a slightly different issue for relative capacity which will be discussed in details later.
9By taking multiple if necessary, we can make sure the h here has very negative values (say < —2)
over the set F.
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tions, maximum principle, which is mentioned before, to see that the approximation
functions take almost the proper values over V' as required in the definition of u,.
Then it’s routine to see the relatively extremal function defined using only continuous
plurisubharmonic function, which will be smaller than the original one, u, apriori, is

actually equal to u,.

Of course just from the definitions, we can get some elementary properties for
relative capacities and relative extremal functions, for instance, the monotonicity
when the corresponding sets (V' and E) become larger or smaller. It’s quite obvious
and so we even omit the statements.

Also when V' C C" is bounded, it’s easy to see by definition that

where A is the standard Lesbegue measure from the standard Euclidean potential,
K is a compact subset and C' is a positive constant depending on the size of V. In
fact by the discussion before, we can see that it is also the case for any subset E
since the affect of ignoring measure 0 sets contributes in the favorable direction. This
simple-minded observation, in some sense, can be taken as a guide for us. Stronger

form of it would play an essential role later in our generalization.

Finally, let’s point out a nice relation between these two notions which is at least

beautiful in its own way.

Proposition 3.1.5. Assume V' hyperconvex (with meaning as before), then for any

compact set K iV, we have:
Cap(K,V) = / (v —=100u,. )"
v

and in fact the measure (v/—100u, )" is supported on OK.

Idea of the proof:

It is actually natural and important to realize that the support of the measure
(v/=100u,. )" is OK at first. For the interior of K, easy to see the measure vanishes
there since u, is identically equal to —1 by definition. For the complement of K, we
can use the idea of pluriharmonic lifting which is exactly in the same spirit as Perron
method for constructing harmonic functions, i.e., locally (in a ball contained in the

complement, for example) lifting the continuous plurisubharmonic function started
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with to be the pluriharmonic one with the same boundary data. Here we’ll need
hyperconvexity for V' as continuous functions are used instead of general ones which

is justified before.

Remark 3.1.6. For a while, it looks like we can weaken the meaning of hypercon-
vex here to require the defining function only defined over V by using an exhaustion
sequence of open sets {V.} for V' coming from the defining function and getting the

convergence of u, . to u,, which would give the result for V' from those for V.’s.

K,V
Notice obviously that V.’s are hyperconvex as described before.

The problem is in the attempt to get the convergence mentioned above. Of course
the (decreasing) limit of {u, ., } is a nonpositive plurisubharmonic function defined on
V- which is no less than u, , since each of them is no less than u,. ,,. But on the other

K,V

hand, we don’t have that the limit is < —1 on K since u may not be smaller than

K,Ve
or equal to —1 there because in the definition of relative extremal function, upper semi-

» 10

continuization is applied for the “sup” '°. Thus it is not clear (at least by definition)

that the limit will be (smaller than or) equal to u, .

Then we basically just need to compare the integration of (v/—19du, )" on K
with that of any other function which we can try in the definition of Cap(K,V)
and see it is not smaller. After proving that, since we can also try u, itself in the
definition of Cap(K, V), it is done. Here a good point about compact sets is that in
the definition of relative capacity, we use [ & in the definition of relative capacity and
OK is contained in K which is the support of (v/—190u,.)".

From the hyperconvexity of V', we know that u, is definitely close to 0 near oV'.
Now there is just a little technicality left to cook up the proper function to compare

with u, by Stokes” Theorem.

Remark 3.1.7. In fact, after getting this equality for K compact, we can get for
some other sets by using approximation argument. For example, we can get for any
open set from the following simple arqgument.

A bounded open set, U, can be ezhausted by a sequence of closed sets, {K .} and
a sequence of open sets, {U.}, contained in the closed sets, i.e. U, C K., respectively
by considering the distance to the boundary.

Then one can see the decreasing convergence of the relatively extremal functions

Uy to uy, L thus we have the convergence of currents from the result in c) below.

00f course the limit “< —17 on f(, but K is compact, so K #+ K.
HTt is easy to see the limit is greater or equal to u,,, and we get the other direction by using the
definition of u,,, noticing the exhaustion by open sets makes sure the limit is —1 on U.
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Now we see (v/—100u, )" supported on U (OU in fact). Finally the result is from
the earlier definition of Cap(U, V') using “sup” by noticing it’ll just be the increasing
limit of Cap(K., V).

Actually we can also define something called “outer capacity” for any set by tak-
ing infimum of the relative capacities of open sets containing the set being considered.
The similar equality as above would hold for any general relative compact subset in
V. We sketch the argument as follows. First one gets for compact sets where this new
capacity turns out to be the same as the old one. Then it’s basically left to use the def-

inition to deduce for general sets relatively compact in V' (see [Koj2] for more details).

We would like to point out that for our argument, usually this relation above
between relative capacity and relative extremal function is not that needed. We just
use it to make the picture more clear in some cases. But the result itself is fairly nice
and illuminating. And more importantly, we have a natural observation from the
above proof of this relation (for the original relative extremal capacity) as follows.

Recall in the first part of the proof, continuous plurisuharmonic functions are so
easy to work with. But because we use general plurisubharmonic functions in the
definition of u,,, hyperconvexity has to be imposed on the domain V' and E has to be
compact in order to justify the use of continuous plurisubharmonic functions instead
of general ones.

It really seems like that we are giving ourselves unnecessary trouble by defining

u,, like that. In fact let’s try the following definition instead:
w =l = (sup{ulu € PSH(V)NC'(V),u<0onV,u< —1on E})".

Now we see (\/—_1(951@)” is supported on 0F. The proof is just like before, but
now we can use continuous plurisubharmonic functions by definition. And we have
this for any relatively compact subset E in V. 2

But for the whole result before, we still need V' to be hyperconvex and E to be
compact since we want to compare the integrations by using the function u¢ and
other properly modified functions. Notice we do not change the definition of relative
capacity accordingly.

In fact, this observation would make our life much easier later when more general

12The relative compactness is from the consideration that (v/—190u)" is a current on V anyway,
so we want to have something really inside V' which is important for us to apply Stokes’” Theorem
at certain stage. In fact if E is just any subset of V', we still have that the support is on OF NV
since that part of the proof still goes through.
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domain V is considered. And because this new definition is equivalent to the one be-

fore in many classic cases, it will also give us no trouble in applying the classic results.

c) Weak Convergence

Proposition 3.1.8. i) Let {U?@};il be a uniformly bounded sequence of plurisubhar-
monic functions in V fork =1,---,m, and ul, — w, € PSH(V)NL>(V) with respect

to capacity for each k. Then we have:
(V=100u) A - - - A (V=100ul,) — (V=190uy) A - - -(v/—100u,,)
in the sense of distribution (i.e., weakly). And more generally, we have
(V=100u)) A - - A (V=100ul ) AT — (v/=190uy) A - - -(v/=100up) AT

in the sense of distribution where T is any closed positive (1,1)-current;

i) If an everywhere decreasing (increasing) sequence {u;}52, with u; € PSH(V)N
L>(V') decreases (or increases) to some uw € PSH(V) N L>®(V) almost everywhere,
then the convergence is actually with respect to capacity. Moreover, using the setting

in 1), if the convergences are monotonous (decreasing or increasing), we also have
) (V=100u) A - - - A (V=100u? ) AT — uy(vV—100uz) A - - (v —100u,) AT

weakly where T is as above.

Here u; — u as j — oo over V with respect to (relative) capacity means for any

compact set K in V and € > 0, we have
limj_ooCap(K N {|u; —u| > €}, V) =0.

Remark 3.1.9. The sequence in ii) is obviously (globally) uniformly bounded, so we
could use the convergence results in i). And in fact, since the conclusion in i) is
rather local and the decreasing (increasing) convergence is also a local property, we
can assume the functions are in LyS.(V') instead of L= (V') for ii).

Also notice that for ii) we only need the convergence to be almost everywhere, '3 but
for the decreasing case, this would imply the convergence everywhere by a fundamental
property of plurisubharmonic functions, and for the increasing case, u would be the

upper semi-continuization of the pointwise limiting function.

13The monotonicity of the sequence is required everywhere.
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Another trivial point from the properties of plurisubharmonic functions would be
that any function in PSH(V)NL>® (V') would be bounded everywhere by the L>-norm
simply by semi-continuity.

Finally, let’s point out that since all the currents involved are positive ', so the
convergence in the sense of current would imply the convergence in the weak topology of
measure, i.e., we can use compactly supported continuous functions instead of smooth

ones to test the convergence.

We do not require the continuity of all these functions and that’s somehow the
interesting thing about this result. In fact, if we require the continuity for all of
them, then uniform convergence of the potentials can also imply the convergence of
the currents in the weak sense (as in [BeTa] for example). In the following, we say
something about the proof.

First, notice the convergence with respect to capacity is defined in the same spirit
as convergence with respect to measure. But it is more like a local property as there
is a compact set K involved.

The detail of the proof is more or less technical in a standard way. We have to be
careful about the meaning of all the currents, as well as all the previous places where
terms like (v/—100u)™ appeared. We feel it might be a good place to talk about this
a little bit.

Generally speaking, there is no wedge product of currents. Even for positive
currents, we still need to be very careful about taking wedge product. Everything

starts with the following definition
V—=100u AT := /—199(uT)

for w € PSH(V) N L. (V) and T a positive current. The right hand side actually
makes sense because u1" is also a current from the fact that T is positive and u is a
locally bounded Borel measurable function. And of course the operator 90 acts on it
in the sense of current (distribution). If we further assume that 7" is closed, then it can
also be seen that the right hand side is still a positive current by using approximation
from convolution and general result about convergence of measures. Thus we can
(repeatedly) use this explanation to make sense of all the currents involved above.
More details can be found in Appendix.

In sight of the complication of just making sense of these currents, it can be

imagined that people should be very careful in dealing with them rigorously. A lot

4Tn fact, nonnegative might be a better way to say it.

101



of formulae used in computation which are so obvious in the smooth case need to
be justified. Basically, we just need to make sure that the expression in each step
actually makes sense. The situation is not that bad indeed since all the definitions
should be natural in the smooth case and we can use the smooth case as a guide. Local
approximation (from convolution), together with classic results in measure theory, is
usually all we need to justify them.

Anyway, the results are classic and well known. It would be rather tedious to give
all the details at this moment. We might talk more about some computation related

when they are used somewhere else.

d) CLN Inequalities
They are a set of very classic inequalities which were first introduced in [CLeNi.

We only recall the following two inequalities which are most useful for us.

Proposition 3.1.10. For any open set U such that U CC V' (i.e., relatively compact
in V), we have positive constants C = C(U,V'), such that for any u; € PSH(V) N
L>(V) for j=1,---,n and a compact set K in U, the following inequality holds:

Z) / (\/ —185U1) FANCIEIEIVAN (\/ —185Un> < C”ul||L1(V)Hu2||L°°(V) e ||un||L°°(V)
K
Moreover if ug € PSH(V) N L>®(V) and uy < 0, we also have:

it) / |uo|(V—=180u1) A - - -(V—=100u,,) < Cllug|| v l[ur || oo vy - - - [unll oo vy-
K

The proof is essentially by formal integration by part. The idea is to use a sequence
of (fixed) smooth plurisubharmonic functions to take away the 99 before u; and the
auxiliary terms would contribute to the constant C(U, V).

In the computation, it would be convenient to normalize the u;’s, whose L>°-norms
appear on the right hand side of the inequalities, to be valued in [—1,0]. This can be
easily justified by noticing that the L*>-norm will at most be doubled if we add some
constant to the original function to make it nonpositive, and rescaling by positive
constants clearly won’t affect the result. This would be fairly enough to picture the
argument for 1).

For ii), there is yet some subtlety about ug which plays a role different from others,
and we are requiring it to be nonpositive. In fact, if we can formally integrate by part
and switch the role of uy and uy, the result would follow from the computation for

i). But that can only be carried out if “boundary values” of ug and wu; are the same
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since then we can use
Uo(\/ —185u1) — Ul(\/ —185’&0) = UyV —188<U1 — U()) + (Uo — Ul)(\/ —185'&0),

and integration by part can now be justified by using compactly supported smooth
functions to approximate ug — u; which vanishes on the boundary. Here something

called “Localization Principle” naturally kicks in and let’s discuss it below.

e Localization Principle: in order to prove the weak convergence or local estimates
for a family of locally uniformly bounded plurisubharmonic functions, there is no loss
of generality to assume that the functions are defined in a ball and equal over some

neighbourhood of the boundary.

It is quite easy to prove this principle itself since we can use the rescaling of
standard exhaustion function for a Euclidean ball to modify the family of functions
being considered. Then the positive currents correspondent to the functions will be
the same for inside part which would be enough for proving the statement for weak
convergence and local estimates, while the boundary value would be just the value

for the exhaustion function.

Let’s emphasize that the above C'LN inequalities are fairly local in spirit which
make it ready to have more global form. Of course we can still have some information
in case of uy < C for some positive C instead of uy < 0 simply by noticing uy =
uy — C' + C and combining i) and ii). This trivial observation is actually used to

derive the following result which is what we are actually going to apply later.

Claim: Suppose U open and relatively compact in V. Then for any compact set
KinU,ue PSH(V)NL®(V) and u < Cj for some Cy > 0, there exists positive
constant C (U, V, Cy) such that:

CHuHLl(V) —f- C

Cap(K N{u < —j},V) < ;

Proof. For any v € PSH(V) and valued in [—1, 0], consider any compact set, K’ C
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K n{u < —j}, we have:

/ /(V—_la(%)” < % /K lu|(v/—=190v)"

1 3. \n
<< [ (=l + o) (v=T000

< CHU — OOHLl(V) + C

J

J

From the definition of capacity, this would give the inequality above.
O

Remark 3.1.11. The notions and results listed above could by no means give a com-
plete and accurate picture about classic pluripotential theory. We just feel it might
be too distracting to introduce them in the next section which describes Kolodziej’s
orginal arguments if we do not want to leave too many black boxes. We still need a
few other notions and results along the way. But they are more or less involved in

the arguments themselves.

3.2 Kolodziej’s Original Argument

In this section, let’s get into the original arguments in [Kojl] and [Koj2]. We do this
for two good reasons. First, a large part of the arguments can be directly used by us
and so we can put them here for later reference. Second, by putting some of them
in our own language, it could give a more illuminating way for understanding and
generalizing them. For later convenience, we shall separate the arguments into six

parts in the following discussion.

e Part (1): Bound Capacity by Measure

For V' an open bounded set inside C" which is hyperconvex, i.e., 3h € C°(V') N
PSH(V') where V' an open neighbourhood of V such that p = 0 on 9V, sets {p < —s}
are relatively compact in V for s > 0 ' and V = {p < 0}.

Now consider v € PSH(V) N L*(V), v € PSH(V) N C°V). Assume that
U(s) = {u < v+ s} is relatively compact (maybe empty) in V' for s € [S,S + D]

15 «“Relatively compact” means the corresponding closure in C" is contained in V. A more intuitive
description would be “really inside”. These sets give the nice exhaustion of this domain V' mentioned
before.
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with D > 0 of course. Then we claim the following which is the goal for Part (1): for
tel0,S+ D — s,
t"Cap(U(s),V) < / (V—100u)".

U(s+t)
Proof. The inequality is trivial for ¢ = 0 and also for empty set case, so we assume
t > 0 and U(s) is nonempty below.

u—s—t

Consider any compact set K C U(s). Define the function w := *== and set

W :={w < ug + ¥} where u, is the relative extremal function of K with respect to
V. Then we can see K C W C U(s +t) as follows:

On K (CU(s),w="=~ < =-14+2Y<u, +% s0 KCW.

On W, ==t <y, +2 <Y sou<v+s+t, thus WCU(s+1).

Basically we just use —1 < u,. < 0 above. Now we have the following computation:

Cap(,V) = [ (V700w < [ (VFT00(u, + )" < [ (vFT00(u, + )"

t t

< / (V100w — / (V=T00u)" < " / (vV=T0u)".
W w U(s+t)

Let’s give a little explanation for the steps. The first step is from the relation
between relative capacity and relative extremal function discussed before. The rest
are basically from the relation between the sets proved above and comparison principle
(over V'), where the boundary condition for comparison principle is justified by the
assumption about the relative compactness of U(s +t) in V. 16

Since the estimate can be done for any compact subset of U(s), we get it for U(s)

itself just by the definition of relative capacity for general sets.
O

For this result, we can have u and v defined over a set which contains V. There
is no trouble if we have to restrict them to V' (in order to satisfy the assumptions).

We mention this to emphasize the locality of the above discussion.

Remark 3.2.1. When proving the important chain of sets above, K C W C U(s+t),
we only used the fact that u,. is valued in [—1,0]. So we may just use any ¢ € PSH(V)
valued in [—1,0] instead of u,. (also in the definition of W) in the whole computation
above. And finally by taking supremum over all such ¢’s, we can still get the same
estimate for Cap(K, V). So there is in fact no need to use the relation Cap(K,V) =

6Notice that the second step is rather trivial from the plurisubharmonicity (and boundedness) of
v. Though that’s the only place where we need v to be plurisubharmonic other than the application
of comparison principle, it is in fact quite crucial for the argument.
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fK(\/—lf)guK)”. And so the hyperconvexity of V is not that essential here. It’s easy
to see the continuity of v is also not needed. We only need v to be bounded and

plurisubharmonic.

e Part (2): A Fundamental Arithmetic Result
We keep the set-up in Part (1) and further assume that for any (Borel) subset £

of V', we have:

1

/E(\/—_laéu)" < A-Cap(FE, V)Q((Cap(E, V))fi)_

for some positive constant A, where Q(r) is an increasing function for positive variable
r with positive value. Moreover, we also require the set U(s) defined before to be
nonempty for s € [S,S + DJ.

For the case when Cap(E,V) = 0, the inequality above can be trivially under-
stood. 7 This requirement is bascially for the case when Cap(E,V) > 0. From now
on, we call this condition as “Condition (A)”.

At least for the situation we are mainly interested in, in the sense of Borel measure,
(v/—=100u)™ = f - d\ where d\ is the standard Euclidean measure and (nonnegative)
f € LP(V) for some p > 1 (or even just say f is Lebesgue integrable ). So Condition

(A) above is equivalent to,

/Ef dA < A-Cap(E,V)Q((Cap(E,V)) =) ",

Thus this condition is also equivalent to require only for compact subsets of V' instead
since we can use compact sets to approximate all (Lebesgue measurable) subsets up
to some measure 0 set and the inequality is OK for taking such an exhausting limit
since the left hand side is precisely the limit and the right hand side is no less than
the limit 8. So for our concern, it’s enough to require Condition (A) for any compact
set B, 19

The main claim for this part is as follows: under the set-up in Part (1) with

Condition (A) and U(s) nonempty for s € [S, S + D], we have

D < k(Cap(U(S + D),V))

"In this case, the left hand side is of course 0 from essentially the boundedness of u and the
definition of Cap(E, V).

18The monotonicity of function @ is used here.

19 Actually, in the original form of this condition, we are only considering E to be any Borel subset
since the measure (v/—190u)™ is only Borel, so the exhaustion argument used above should work in
general. Hence we always only need to take care of compact sets.
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for the function

o0

S|=

() = Gk ([ y @) Fdy+ (@) ).

r

3=

where C), is a positive constant only depending on the complex dimension n.

Idea of proof: the argument is a little technical but quite elementary in spirit.
Since the detail has already appeared in [Kojl], we’ll only sketch the idea below.

The inequality proved in Part (1) looks like “Cap < measure”.

Condition (A) above gives the other direction “measure < Cap”.

So we can combine them to get some information about the length of the interval
coming from ¢ in the inequality proved in Part (1). The assumption about nonempti-
ness of the set U(s) is needed because we have to divide both sides by Cap(U(-), V),
which has to be nonzero, in order to get something explicit for t. Then we can sum
all these small t’s up to get control for D.

We need the trivial fact that for a bounded domain in C", nonemptiness, nonzero
(Lebesgue) measure and nonzero (relative) capacity are equivalent for sets like Uf(s).
20

Of course we’d better use a clever way to carry out all computation just in sight
of the rather complicate final expression of functon x. And it has been done in great
details very carefully in [Kojl]. We emphasize that except for the little fact above,
all those involved are fairly elementary analysis.

Finally, let’s point out that in the detailed argument, we do not have a positive
lower bound for the #’s summed up, so it is important that the inequality from Part

(1) holds (uniformly) for all small enough ¢ > 0.

Remark 3.2.2. [t’s actually not necessary for the V in Condition (A) to be the same
one as the V in Part (1). If we can use a larger V' for the “Cap” in Condition (A)
which would make the condition even stronger than the correspondent one using V.,
then the conclusion will be also using “‘Cap” with respect to V' instead of V.. The
reason is that by noticing Cap(K,V') < Cap(K,V'), the result of Part (1) can be
trivially translated to the statement using V.

Moreover, from the little sketch of the argument above, we see that in this case,
we still only need Condition (A) for the sets U(s) in V. Also there is no need for

V' to be hyperconvex which is needed for V as in the original argument for Part (1).

20From the properties listed at the beginning for plurisubharmonic functions, U(s) having measure
0 would imply U(s) empty, and (relative) capacity controls measure as mentioned before. In fact,
this is true for more general domains which might not be in C™ and the simple argument we just
used can be adjusted to that case quite easily.
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2L But we still emphasize this because it shows that there could be a lot of flexibility
about the domain considered. This is pointed out because it’s easier to get a (uniform)
control for Cap(U, V') when U’s are “uniformly” inside V' (by CLN inequalities for

example), i.e., all contained in a set relatively compact in V', which is useful in Part

(4) below.

e Part (3): Condition (A)

In this part, we want to show that (v/—190u)"™ = f-d\ for nonnegative f € LP(V)
with some p > 1 will be enough to justify the condition (A) introduced in Part (2)
for some proper function Q(r), which is essentially like (1 4 7)™ for some positive m

22

Recall the condition we want to justify is the following:

-1

/K f - dA < A~ Cap(K, V)(Q((Cap(I, V))™+))

for any compact subset K of V' (with positive capacity). A should be a positive
constant which depends only on the LP-norm of f and the domain V.

Let’s first notice that it will follow from:
| Qs < A
v
where g = (Cap(K, V))_%uK. This is simply because

A / 191" Q(g1) fA
> n d\
> /K 9"QUaD f

> (Cap(K, V) Q((Cap(K. V))~%) / fdx,

K

which is just what we are heading for. Here we have used u, = —1 a.e. on K
since the upper semi-continuization only changes values in a pluripolar set which has
relative capacity and so Lebesgue measure 0 from the facts mentioned before.

Now we only have to get a good upper control of [, |g|"Q(|g])fdA. Using the
condition f € LP(V) for some p > 1, by Hélder inequality, we have an upper control

210f course, the remark at the very end of discussion for Part (1) says the hyperconvexity of V is
also not that essential.

22Essentially, we need that the function x(r), which is decided by the function @, goes to 0 as r
goes to 0. The reason will become clear when we combine all the results to draw the conclusion.
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of the whole integral by the LP-norm of f and fv lv|'d\ for some large I's. Here we've
already taken the explicit form of Q(r), (1 + 7)™, into account. The LP-norm of f is
under control by our assumption. The other part should be easily taken care of once
we have some kind of uniform bound of the measure of small (very negative) value
part of g, noticing g < 0. The following will be dedicated to get this bound.

Obviously the claim below will be enough for our goal.

Claim: For any bounded hyperconvex domain U in C", consider v € PSH(U) N
L>(U) with the limit to U existing at each boundary point and being nonnegative,
and [, (v/—=100u)" < 1. Set Uy = {u < —s} for any s > 0.

Then we have A\(U) < C, - 72 with 0 < a < 2 # and C, being a positive
constant not depending on u with those properties.

Essentially we want to apply this claim to the function g above. And in order to
justify the conditions in the claim for g, we need V to be hyperconvex. 4.

In order to prove the above claim, there is a useful subclaim that we’ll prove first.

We need a few more notions before getting into that.

e) % Lelong Class

The following class of functions is what is called Lelong class:
L:={ue PSH(C")|u(z) —log(1 + |z]) < C.},

where C, stands for a constant which might well depend on the specific function u

and |z] = \/[2'[2 + - - - + [2"|2 where {z!,-- -, 2"} is the Euclidean coordinate system
for C".

Basic examples of elements: log|z|, log(1 + |z]) and some simple modification of
them.

Basic property for such functions: log-growth control as explained below:

For u € £ and any complex line / in C" which may or may not passing through
the origin, consider the function u — log|w| on I, where w is the induced complex
coordinate for I. Clearly u—log|w| is (pluri)subharmonic and bounded from above in
I'\{w = 0} since log|w| is harmonic for complex dimension 1 and |w| is still essentially
just the distance to the origin of C" for points on I. Thus we can extend the function

u — log|w| subharmonically to the oo on I, i.e., u — log|w| is now subharmonic on the

23This inequality is trivial for o < 0.

24We can see this is also not necessary later from another observation.

25We are continuing the introduction of pluripotential theory from before and so starts with “e”
here.
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punctured Riemann sphere extended from [ without origin w = 0.

Now by applying maximum principle for balls centered at infinity, we get:

supgp, (u — log|z|) < supgp, (u — log|z|)

for 0 < s < r, and so

r
SUPYB, U — SUPHB,U < log(g)

for 0 <s<r.
This is a much better description of the growth of u than before and is called

“log-growth control”.

Remark 3.2.3. We have used the balls in C™ for above inequalities which is OK since
we can have for each complex line through the origin respectively and the results can
be combined to get for C*. The “sup” can of course be replaced by “max” by upper
semi-continuity of plurisubharmonic functions.

But we should emphasize here that the argument (using u — log|w|) can not be
carried through for C* for n > 1 directly because —log|z| is not plurisubharmonic on
C"\ {0} . This would cause big trouble in some later consideration for generalizing

the argument in this part.

f) Global Extremal Function
For a bounded set £ € C", define

Lg = (sup{ulu € L,u <0 on E})".

The “sup” is taken pointwisely and “x” means taking upper semi-continuization just
as in the definition of relatively extremal function before.

There are cases when Lg is in fact +00 everywhere. Those sets are in fact pluripo-
lar (see [Koj2] for example) and will not cause any trouble for our consideration as
basically they are of Lebesgue measure 0. Other than this case, we actually have
Lg € L. The upper control is basically coming from the log-growth control for el-
ements in £ discussed before. In fact there is also a trivial lower control of Lg by
some log-growth function which comes directly from the boundeness of E and the
definition of Lz by noticing those examples of elements in £ listed before.

There would be some trivial value comparison results for these functions just as
for relatively extremal functions. Similarly, we also have to be very careful about the
affect of the upper semi-continuization which is necessary for the plurisubharmonicity

but makes the function more subtle to understand.
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The same argument as for relative extremal function u, will give us that the
(Borel) measure (/—109Lg)" will be supported on OF for E compact. The com-
pactness of E is required since we want to be able to use continuous functons only
for the definition of Lg just as for u,. 2°

There is another property about the functions like L, i.e., those plurisubharmonic
functions on C" with log-bounds (from both sides) which gives some very strict restric-
tion about them. In fact, by comparison principle, it is easy to see f((:n (v/—100u)™ has
to be the same for any such function. Thus we can get the precise value by computing
Jen (V/=100310g(1+ |2]?))" which is equal to the volume of Fubini-Study metric over

CP" (up to some conventional constant).

g) Global Capacity

For a compact set K in C", we define global capacity of K as follows:
Tr(K) = e 5uP|z|<rLK (2)

for some fixed R > 0.

Directly from the above definition and the result about the global integral of
(V/=100Lg)"™ from f), we can have control of Tr(K) by Cap(K, Bg) for compact K
in Br which will be used later.

The control for the other direction is also available for more restricted K (i.e.,
closer to the center). The proof is slightly more involved and makes use of the geom-
etry of Euclidean space in a more subtle way. Since it is not that useful for us, we’ll

ignore it at this moment.

Now we state the subclaim mentioned before.
Subclaim: For any 0 < a < 2, there exists C,,, such that in C", for all u € aL,
B = By(1), we have:

/ BN < Co -
B

Proof. Clearly we can assume 0 = suppu < u(a) for some a € B C By(2). Set
By = {z € By(2)[log(k — 1) < u < logk}, Fy, = U, Ej.

We can see v(z) := < (u(z) + log(k — 1)) belongs to £ and is nonpositive over F.

Noticing v(a) = tlog(k — 1), from the definition of the global capacity T, we know

T«

26Here since the “background” domain is C" now, the convolution is globally OK and there is no
need to extend the functions, so it is slightly less involved to justify the restriction to continuous
functions in this case.
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for any complex line I passing through a:
T(INF,) < (k—1)"=

where the T, corresponds to By(2) as in the definition.
Now from the classical result about the relation between standard measure and

the global capacity in C! (see [Tsm] for example), we have:
MINF) <C(LUINEF)<Ck—1)x.

Then easy computation will provide: A(Fy) < C(k — 1)~a. Finally a trivial
argument gives [ Bo(2) e "“d\ < C,pn. The condition on a appears naturally for the

convergence of the infinite summation involved.

]

Finally we can prove the claim stated before.

Proof. Without loss of generality, assume U C B(1) where B(1) is of course the unit
ball in C". Then it’s easy to see A(Us) < [ e “"sd\ simply by noticing Ly, = 0
almost everywhere in U,. Here the choice of « is quite flexible and we can take it to

be 1. 27 From the subclaim, we have
AU,) < C - em@swprntus = O(Ty(U;))".

Also notice the inequalities

T(U,) < e=2m(Cap(Us, B) %)  o=2m(Cap(Us, 1)) 7

where the first < is the control of global capacity by relative capacity mentioned in

g) and the second < is a rather trivial relation. Combine all of them to arrive at:
1
)\(US) g C . 6727T04(Cap(U5,U)) [P (*)

Now for any ¢ > 1 and compact set K in Uy, by comparison principle, we have:

Cap(K,U) = / (v —100u,. )" :/ (vV—190u, )"
K {&<u, }
<L [ (toau < L.

n
s" Ju s

27Tt just needs to be some positive constant strictly less than 2 in order to apply the subclaim.
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Finally we can conclude Cap(U,,U) < s~ by letting ¢ — 1 which gives us the
claim in sight of ().
O

Until now we have proved the main result for this part which is basically the

justification of Condition (A) for LP>! measure.

Remark 3.2.4. The argument above (quoted from [Koj2]) works for more general
class of functions than LP>1 which is in fact what is originally proved in Kolodziej’s
works. But the special case of LP is fairly sufficient for our consideration. And in
fact it’s also for this case that we can simplify and generalize the argument a little bit
to study the degenerated Monge-Ampere equation.

Indeed, we’ll observe later that it is the inequality (x) for any compact set K of
U instead of Uy that is essential for our purpose. And from the argument above, it’s
quite clear that no hyperconvexity is required for U in order for this to be true. We
only need U to be bounded in C™.

e Part (4): Bounded Solution

Recall that the equation we are considering is:
(w+ V—100u)" = Fuw"

over X where F' € LP is nonnegative for some p > 1 with the proper integral over X
and w is a Kéahler metric on X.

There are two strongly related goals for this part. One is to get an apriori L*>
bound for a bounded weak (i.e., in PSH,(X) N L>(X)) solution for this equation
(after proper normalization). The other one is to get such a solution (or say to prove
existence for bounded solution). The essential argument is the same for both.

For the second one, we need an approximation sequence of equations whose so-
lutions exist by classic results. The approximation solutions would have uniformly
bounded L*°-norm by the apriori estimate which would allow us to take the (weak)
limit to get a bounded solution for the original equation. Let’s take care of this first.

In this case, the main obstacle to get existence of a solution for the original equa-
tion is from the general right hand side which may not be a smooth nondegenarated
volume form. So to begin with, we construct a sequence of smooth and positive
functions {F}} converging to F in LP and satisfying [ 5 Fjw™ = S +w™ as described

below.
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The positivity is easy to deal with by adding small positive constants to F'. Then
the smoothness can be achieved by using partition of unity and convolution. The
positivity is preserved under this action. Thus we have constructed a sequence of
smooth positive functions converges to F' in LP-norm. Finally rescaling by a proper
sequence of constants, which clearly converges to 1, will give us the desired F}’s above.

By the classic result of Yau's (see [Yal), there is a unique sequence of smooth
functions {u;} satisfying

(w4 V=190u;)" = Fu"

with mazxu; = 0.

If we can have a uniform L* bound for u;’s, it’s quite easy to take limit to get a
bounded solution for the original equation. The detials have been carried out carefully
in [Kojl] and so we might just illustrate it a little bit later. In fact, the limit would

also have supremum (maximum) 0 by a simple argument using Hartogs’ Lemma.

Now we want to prove that u;’s are uniformly bounded in L*. Notice the LP>!-
norms for F;’s are uniformly controlled. So it’s enough for us to get a uniform apriori
L bound for bounded solutions for equations with uniformly bounded LP>! measure
on the right hand side. Let’s denote the solution by u and the measure by F'dA\ in
the following.

Remark 3.2.5. If we only want to get a bounded solution, then it’s enough to consider
the approximation solutions which are smooth. And as we’ll see below, the life is much
easiler if one only considers smooth solutions. But of course the apriori estimate is

interesting in its only way and at least makes the result more complete.

First, using Green’s function and noticing v is nonpositive with maximum value 0,
we can see that the L'-norm can be controlled uniformly. The argument is standard
for the classic case when the solution is smooth (C? would be enough). So that’ll
directly work for approximation solution u;. We need to use approximation argument
for solutions with less regularity. For a continuous solution u, Richberg’s method of
approximation provides a sequence of smooth functions {uy} uniformly converges to
u as k — oo with (14 1w ++/=19du, > 0. This would give us the desired L'-norm
control for u. For a merely bounded solution, other approximation methods will be
used. When X is projective, there is an approximation which gives a decreasing
sequence of smooth functions plurisubharmonic with respect to some metric, which
may be more positive than w, converging to u. For a general closed manifold X, a

more recent result appearing in [BlKol] also gives an approximation of u similar to
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that. 2® Classic results in pluripotential theory says the convergence would actually
be in L' space (as in [Ho] for example). 2 Anyway, we get the L'-norm bound
needed.

Then let’s observe that since X is a closed complex manifold, it’s easy to use
local coordinate balls to reduce the picture to finitely many domains in C" where
the notions introduced before can be directly used. By the uniform bound of L!-
norm and C'LN inequalities, we can see that the capacity of {u < —s} locally in
each coordinate ball will be uniformly controlled by % Strictly speaking, we are
considering {u < —s} N B, inside B; where B, and B; are balls with 0 < r < s in the
(same) coordinate patch (say r = 1, s = 2). In each local coordinate balls, we have

30 Since w is a Kahler metric,

the local potential, ¢, for the background metric w
we have no trouble to make the potential convex in a standard way, i.e., the central
part is strictly smaller than the very outer part by some positive number with some
uniform gap in between. Anyway, we have now switched the picture of a manifold X
to finite Euclidean balls with the background information uniform for all of them.

Clearly we only need to get a uniform lower bound of w. Let’s consider the
“minimal” value point of it. There is no trouble to consider this point for a continuous
u. It might seem to be a problem for a merely bounded function. But in fact, we can
just consider the point whose value is very close (up to some small constant § > 0
which can be as small as we want) to be the infimum of u. The argument can go
through once we choose § to be controlled by another uniform constant which will
appear below.

This point must fall in the central part of one of the coordinate (unit) balls. Since
we have mentioned above about the uniform controls of the background information,
there should be no trouble to ignore the fact that we don’t know exactly which ball
it falls in. Now we want to apply the results from the previous parts.

Considering in By, the function “u” in Step (1) would be u+ ¢ here and “v” would
be the minimal value for ¢ of the outer part, ¢, which we can choose to be 0. It’s
easy to see {u+ ¢ < ¢+ s} will be relatively compact in the coordinate unit ball for s

small enough and won’t be empty for proper choice of s 3'. We need the point chosen

28We'll talk about these approximations in greater details later in discussion about comparison
principle.

29The above way to see uniform L'-norm bound might look too complicated especially for bounded
functions. I believe classic pluripotential theory might have more elementary ways to see this.

30This terminology of background metric is quite illusive and will be used repeatedly during the
process.

31For example, take s = infxu. It doesn’t matter that this value is not uniform apriori. We only
need the gap “D” of the interval [S, S + D] to be uniform.
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to have the “minimal” value of u to achieve the relative compactness here. But we
also see that it’s still OK if the constant § before is chosen to be dominated by the
uniform gap of the local potential ¢.

Clearly there would be some room for the constant s from the strict convexity
of ¢. So we some uniform room, which is essentially just the difference between the
values of ¢ for central and outer parts of the ball, to move s around while still having

{u+ ¢ < ¢+ s} nonempty and relatively compact in B;. That room will be our D.

Remark 3.2.6. The uniform room is coming from the uniform convexity of local
potential of w, i.e., from the positivity of w. This would be the main difference for the

degenerate situation that we are interested in and the current situation.

Condition (A) for Part (2) is justified since LP-norm for some p > 1 is uniformly
bounded for F'. Hence the constant A in the condition is uniformly controlled as from
Part (3). Now from the conclusion of Part (2), we have for Q(r) = (1 +r)™,

D < k(Cap(U(S + D), V)).

The D is uniformly bounded from below as mentioned above, and so Cap(U(S+D), V)

must be uniformly bounded from below. But we’ve already seen the upper control of
Cap(U(S+ D),V) as —SJFLD. Here we use By as V', but U(S + D) is still contained
32

in B; by definition. So we see S has to be uniformly bounded from below (say
S > —('), which means U(—C') would have to be empty. This indicates uniform lower

bound for u. Hence we have got the apriori L* bound for the solution.

Remark 3.2.7. Actually, a more global argument has already been carried out in
[Koj2] for this result which looks more concise and simple as one doesn’t have to go
through the previous point-pick construction. We shall use the essential computation
of it later. But the local argument is still interesting in the sense that it tells you what
1s really needed for the argument in a more explicit way, and so we can locate the
difficulties more easily when trying to go through similar argument for more general

situation.

As mentioned before, after getting the uniform L bound for the approximation
solutions, a quite routine argument using some general results about plurisubharmonic

functions allows us to take a limit of them in a weak sense (say pointwise almost

32This freedom of choosing domains has been discussed before.
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everywhere or in L'-norm) #* and the upper semi-continuation of the limit, u, will
be bounded and plurisubharmonic with respect to w (but may not be continuous

apriori). Of course we also know u solves
(w+ V—=100u)" = Fuw"

where both sides are (Borel) measures over X.

We’ve mentioned that Hartogs’ lemma will tell us that the maximum of the solu-
tion u thus got over X is still 0, just like the approximation solutions. This argument
just uses the convergence of u; to u. But we can have another argument as follows.
Actually, we can have the limiting function u as a limit of a decreasing sequence of
functions {v;} plurisubharmonic with respect to w and with maximal value 0. 3¢, and
then we can see the maximum value of u is also 0 which simply uses the fundamen-
tal fact that if a decreasing sequence of closed sets has empty set as the limit, then
already one of them would have to be empty since {u > C} is closed for u upper
semi-continuous and any constant C'.

The cohomological condition [  Fw" = / + w" is naturally involved when one tries
to deduce from the inequality (w + v/ —190u)" > Fw", which is got by taking limits,
the equality (w + /—190u)® = Fw" by noticing the integrals of both sides are the

same over X.

Remark 3.2.8. In fact, the argument up to now can already be used to provide L*>
(or say C°) estimate for the classic problems considered in Yau’s original paper ([Ya]).
This method is very different from the classic one featuring maximum principle and

can be used to improve some of the classic results a little bit.

In fact, if one tracks down all the steps more carefully, the argument can actually
give L>-norm bound for the normalized (with 0 as the maximum value) solution by

LP-norm of F' in a more explicit way as follows:
[ulle < C - [[Fl|Zo

where constant C' > 0 depends only on X, w and p > 1.

The argument is pretty elementary and fairly universal, i.e., it can be directly

33Let’s point out that there is an expression of this limit using the whole sequence which is just
the upper semi-continuization of the upper limit for the sequence. So the choice of a subsequence
involved will not affect the limit. It’s just that sometimes it would be more convenient to use a
convergent sequence.

34 Just take v; = (supgs;ux)* which clearly has maximal value 0 and decreases to u pointwisely.
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applied to our generalized situation and gives the relation claimed in Theorem 1.3.2.
Let’s give the details below. There are some relations used below which will be more
obvious from later treatment. They are also true for the current situation.

The constant A in Condition (A) would now be chosen as || F'||r» with function
Q(r) be chosen as Cy, - (1 + 7)™ for some m > 0, C,, > 0. The lower index m of C
indicates the dependence on m. This choice is slightly different from before because
we want the affect of || F||.» to be more explicit for the current purpose. The constant
C,, in Q(r) contains the other constant which is essentially from the upper bound of
Lebesgue measure by relative capacity.

Now we can consider x(r) from the pretty complicated definition and get

m

k(r) < Cp, - Arlb(/ y WAy + ) < C - Anpa.

It seems to me that it’s still most convenient to get the estimate by following the
logic of contradiction argument used before. Suppose the sublevel set of u, U(s), is
relatively in V' and nonempty for any s € [T'— D, T] with some T" < 0 where the D

is the uniform gap got before by the local construction 35, then we need to have
D < k(Cap(U(T),V)) < Cp, - A%Cap(U(T% V)E <O A%(—T)_%

where in the last step , we have used the same C'LN inequality as before.
Now we have T > —C,, - Am. This is an explicit expression about how negative
the S + D used before can be. From the way in which this picture is chosen %%, we

have the following L estimate for any m > 0 37
Jullzee < Cr - |1 F| -

The one claimed above is for m = 1. It might seem better to have bigger m in sight
of the lower L' bound of F. If one considers “rescaling” relation between u and F,

m = n? might be a good choice.

Remark 3.2.9. This above discussion makes use of the local argument. As mentioned

35Let’s emphasize that this D only depends on the background form w over X. Of course, we can
choose it to be smaller than 1 for the convenience of later application where D is more favorable to
be like that. It’s not that essentially anyway. This T is just the S + D before.

36The function v = 0 and the minimal value of u would be larger than T — C for a positive constant
C which depends only on the background form w over X.

3TWe need the obvious lower L' bound of F' from the cohomology condition, i.e., the global integral
over X is known to be a positive constant.
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before, there is a corresponding global argument for boundedness result and we can also

use it to do the same thing as above. Actually for this argument, we can consider an

1
-2

are not empty. 3% Then similarly we can get a lower bound of T and hence for u. It

interval [T T| where the values of u can stretch over which means the sublevel sets
seems to be simpler than the previous argument. Usually, we can argue more brutally
and concisely using global argument. But in my opinion, local argument gives better
description about what’s really happening. Furthermore, local argument is necessary

for the continuity result in the case that we are mainly interested in at least for now.

There might be another way to get this bound as follows.
If we can choose S + D such that

Co - An (Cap(U(S + D), V))#? = Z-ono (W),

then we have L < €, - A% (=S — D)™ which gives —S — D < Cpp- A% = Cp - |F |15
Combining with D < x(Cap(U(S + D),V)) < 4, we have the same L* estimate for
any m > 0 as above.

Here we do need the equality in (W) 3% but T am not so sure about whether we
can actually do it. The trouble comes from the picture of u when relative capacity of
U(T) might jump to “0” which seems possible to me. This seems to be an interesting

question.

e Part (5): Continuity of Bounded Solution

For many reasons, it would be good to know the solution from above is continuous.
For example, there are a lot of choices involved in getting the solution, but we would
like to see the solution is independent on all the choices, i.e., we want some kind of
uniqueness of the solution. It’s quite natural to see a proof for such a uniqueness result
would involve comparison principle. For the case of a closed manifold, continuity of
the functions we want to compare is usually required in classic version of comparison
principle. 4° And in classic pluripotential theory, it is also more favorable if the

function is continuous.

38Clearly if the values of u can’t stretch over an interval of length %, we are done since the
maximum is 0.

39What we need is upper and lower bounds of the left hand side by constants. In the previous
discussion, we immediately apply the CLN inequality. Maybe now we have chosen a wrong time to
fix the number.

40We'll see later that for projective or even closed Kihler manifolds, this is not so necessary. We
can compare any two bounded plurisubharmonic functions.
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Now we start to prove the continuity of the solution u got before. The essential
step of the argument, as in [Kojl], is mainly contained in the proof of the uniform
L> bound above. Let’s point out that this argument actually works for any bounded

solution u for the equation
(w+ V—=100u)" = Fuw"

where w + v/—1900u > 0 in the sense of current and both sides are in the sense of

(Borel) measure. We do not need that the solution is from the approximation method.

All the following is quoted from [Kojl]. Suppose a bounded solution u is not con-
tinuous (over X). Since it’s already upper semi-continuous from plurisubharmonicity,
we can assume d := supx{u — u,} > 0 where the lower “«” indicates taking lower
semi-continuization. Provided the boundedness of u, we know d < oo.

By noticing that —u, is upper semi-continuous, we can safely use “max” instead
of “sup” in the definition of d and in fact the set Y := {u — u, = d} is closed and
nonempty by assumption. Moreover we can have zq € Y such that u(xg) = infyu as
follows.

Suppose u(z;) — infyu as j — oo with z; € Y. Since Y is closed, we can assume
x; — o. Just need u(xg) has the right value which does not trivially follow from the
upper semi-continuity. But we can get this from the simple argument below.

We already have as j — o0,
u(z;) — infyu, —u(z;)=d—u(r;) —d—infyu.
From upper semi-continuity, we know
u(ro) = infyu, —u.(wo) > d—infyu.

Now we can take the summation to conclude u(xg) — us(zg) > d. It has to be
equal from the definition of d, and so the two >’s before the summation would have
to be =’s. That’s just what we want.

In the following, we want to draw a contradiction from the existence of such a

point z.

Consider a coordinate chart centered at the point xy. Assume it’s a unit ball,

B(0,1) where zg is the origin 0. Then as before, we can take the local potential for
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w, ¢, which is minimal at the center xy and there is a uniform gap between the values
of ¢ for the very outer part of the ball and zg, saying infsp — ¢(0) > b > 0 where
S = B(0,r) \ B(0,%) with 7 € (0,1) being fixed and b is a positive constant which
does not depend on the location of zy on X #'. Here of course ¢ is also uniformly
bounded no mattter where x( is. Since we know that u is bounded over X, it is
justified to assume v := u+ ¢ > 0 on B(0,1) and A := u(zg) + ¢(0) > d by using
some proper choice. Of course we have already implicitly identified the coordinate
neighbourhood on X with the unit ball in C".

Using convolution in B(0,1), we can get a sequence of smooth plurisubharmonic
functions v; decreasing to v in any relatively compact sets in B(0,1). In fact we
just need to have the decreasing approximation for a smaller ball in the following

discussion.

Now we claim that considering in B’ = B(0,r), for some ag > 0 and t > 1, the
sets W (j,¢) := {w + ¢ < v;} where w := tv + d — ay are nonempty and relatively
compact in B’ for ¢ belonging to a uniform interval which does not depend on j for j
sufficiently large. Here the constant ag and ¢ might well depend on the situation. But
this would still be enough for us to apply the results before to draw a contradiction
at the end.

Proof of the claim: We consider the family of sets
E(a) ={v—v.2d—a}NnB ={u—u,>d—a}NB

for a € [0, d] where we've used the smoothness of the local potential ¢ for w.

We have 0 € E(a), E(0) = Y N B/, and E(d) = B’. Furthermore, they are all

closed by upper semi-continuity of u—u, and of course F(a) shrinks to F(0) as a — 0.
Define ¢(a) := u(0) — in fg@uyu. We can see lim,oc(a) = 0 below.

First, since ¢(a) > 0 which is trivial from above, we have lim,_,c(a) > 0.

Now suppose lim,_o c(a) > 0. We have a positive constant v and a sequence {ay}
going to 0 such that u(0) — infr,)u > 2. Moreover, we can take a sequence {x}
such that zy € E(ax) and u(0) — u(zx) > . Then take a subsequence if necessary,

we may assume x, — ¢ € £(0) C Y.

From the definition of zy (i.e., the origin of the ball), u(x) > u(zy). And using

the upper semi-continuity of u and —u, together with the inequality for x;’s above,

4 Actually we don’t need the uniformality for all points on X here. This argument for continuity
is more local in flavor than that for boundedness.
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we get:

lim u(zy) <u(0) —y <ul@) =, lim (—u(z)) < —u(@).

k—o0 k—oo

Sum them up to get:

u(z) = uu(r) — v > m (u(zp) = u(zp)) > lim (d = az) = d

which contradicts the choice of d.

Thus we have lim, . c(a) < 0 and so lim,_c(a) = 0.

Now let’s fix a positive constant ay such that

b b
0<ag< min(g,d), 0<c(a) < 3

for a < ag. Then we can choose t > 1 such that

(t_1)(A—d)<a0<(t—1>(A—d+2§b).

A special version of Hartogs’ Lemma as follows would be useful for us.

Lemma 3.2.10. With all the notations from before, if v —tv, < C' on a compact set
K C B, then we have v; < tv+ C on K for j sufficiently large.

Proof. For any x € K, we have that there is a neighbourhood V' of it and a constant
C'" < C such that tv > supyv — C’" over V as follows.

Suppose it is not true. Then for any constant ¢’ < C and a sequence of shrinking
(to x) neighbourhoods {V;}, there exist {x;} such that x;, € Vj and t - v(z;) <
supy, v — C'. Taking limit as k — oo, we have t-v,(z) < lim, ¢ -v(zy) <ov(x)—-C".

Thus v(x) — tv.(x) > C" which clearly contradicts the assumption of the lemma
at x since this would be for any C’ < C.

In the mean time, from Hartogs’ Lemma, we have v; < supyv + (C' — C) for j
sufficiently large and on a smaller neighbourhood of z. 42

Combining these two inequalities, we would have the result for a neighbourhood
of x and the compactness of K can now be used to conclude the proof for this version
of Hartogs’ Lemma.

O

42In fact, we can have this without using the original form of Hartogs’ Lemma since our v;’s are
from convolution of v.
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Now let’s come back to our picture. Considering y € SN E(ag) and recalling the

definition for all the constants, we have:

ve(y) = ¢(y) + ualy) = 0(0) + b+ uly) —d = ¢(0) + b+ u(0) — c(ag) > A —d + %b

We can also get (¢t — 1)v.(y) > ag from the definition of constants ¢ and ag, which

would obviously imply the following;:
v(y) < vly) +d < tu(y) + d — ao.

By a simple contradiction argument using the semi-continuity for both sides and
the closedness of SN E(ag), we see this inequality actually holds for a neighbourhood
of SN E(ay).

By the special version of Hartogs’ Lemma discussed above, we see v; < tv+d—ag
on a neighbourhood V' of SN E(ag) for j sufficiently large.

Then consider the part S\ V. We have v — v, < d — ag over it since there is no
intersection with F(ag). Thus we can use Hartogs’ Lemma again, noticing ¢ > 1 and
v > 0, to get:

v; <v+d—ag<tv+d-—ag

over S\ V for j large enough.
Hence we have v; < tv +d — ap on S for j sufficiently big. Thus if we set
w = tv+d— ag as stated before, it’s easy to see W (j, ¢) will be relatively compact in

B’ for ¢ > 0 and j sufficiently large.

Also notice that we have:
tv.(0) +d—ag—v(0)=t(A—d)+d—A—ay=(t—1)(A—d) —ag < —a4

for some positive constant a; from the choice of ¢.

That is just tv.(0) +d — ap < v(0) — a1 < vj(0) — a;. From the definition of v,
and the smoothness (even just continuity) of u;, we can see below that for ¢ < ay,
there are points as near to 0 as possible which will belong to W (j,¢) for any j and
this would imply the nonemptiness of those W(j, ¢)’s.

More precisely, if ¢ - v(x) + d — ag = vj(x) — ¢ for z in some small neighbourhood

of 0, then we see for any § > 0,
to(z) +d—ag = v;(0) —c—9
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in some small neighbourhood of 0 depending on § from the continuity of (each fixed)
vj. Thus t-v,(0)+d—ag > v;(0) —c—¢ for any § > 0, and so tv,(0)+d—ay > v;(0)—c.

This would provide a contradiction if ¢ < a;.

So far we have seen that for all j’s sufficiently large, W (j, ¢) would be nonempty
and relatively compact in B’ for ¢ € [0, a4].
Remember the equation v (similarly for w after a rescaling) would satisfy in
B(0,1):
(vV—=100v)" = fdX

with nonnegative function f € L? for some p > 1 and d\ being the standard Lebesgue
measure. This would justify Condition (A) in Part (2) from the discussion of Part
(3) just as before.
Thus we are completely in the set-up for using the previous results and can arrive
at:
ar < k(Cap(W(3,0), B(0,)))

for all j’s large enough where 0 < r < s < 1. This would give a lower bound for
Cap(W(j, 0), B(0, s)) for all large j’s. But notice that

W(5,0)={w<v}={tv+d—ay<v;} C{v+d—ay <wv;}

and the fact mentioned before that v; would converge to v with respect to capacity.
This would give a contradiction for j large enough since we have d — ay > 0 from the
choice of ay and W(5,0)’s are in B'.

So such a situation can not appear. Hence u has to be continuous.

Remark 3.2.11. In fact there is another way of proving the continuity of the solution
got by approrimation argument. The essential computation has also been carried out
in [Koj2] in a local version. But it is easy to observe that the argument would work
perfectly in case of a closed manifold. We’ll give some details later. Unlike the proof
above, this proof works only for any bounded solution got by approrimation, i.e., the
method we actually use to derive such a solution since basically we are proving the
convergence 1s actually uniform there.

Though it is at least not apriort trivial to see that any bounded solution can be
approrimated like that, since the first argument works for any bounded solution, using

the stability result in the part coming up, we see that it is indeed the case.

e Part (6): Stability and Uniqueness of Continuous Solution
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For this part, we are going to use some global version of the notions, which are
defined previously for domains in C", for the closed manifold X. And of course, global
version of the results from previous parts will also be used. Since such generalization
of the notions and results are quite natural and in fact will be put into details later,
we’ll just use them without explicitly defining or stating them here.

Just notice that for now we only use continuous functions basically for the consid-
eration of comparison principle following the argument in [Koj2] ** and some other
results. The subtlety will be put out along the way and probably more related details
will appear for further consideration.

Specifically, in this part, all the plurisubharmonic functions with respect to the
Kihler metric w (or say w-PSH) are continuous by definition 4. Tt makes sense to
only study these functions for uniqueness result of bounded solution for the current
Monge-Ampere equation as we have already proved in Part (5) that bounded solution
for this equation is actually continuous.

The main difference from the local discussion before, where there is no background
metric w appearing explicitly 4°, would be that convex linear combination is now used
in order to preserve the background metric. But actually we can easily see this is a
rather superficial point and at many places, there is no need to follow this rule that
seriously.

Basically, all the following argument is directly quoted from [Koj2].

Claim: Let ¢, € PSH,(X) (i.e., being w-PSH functions on X) and satisfy
0 < ¢ <, then for s > C' + 1, we have

CH+1.n
S

Cap,({+25 < 6}) < (

/ (w + v =T080)".
{Y+s<¢}

Proof. Define E(s) := {¢p + s < ¢}. Take any p € PSH,(X) valued in [—1,0]. Set
V= {¢ < Cj—lp+ (1 - Cj.1)¢ - S}‘
Since —s < &P — 79 < 0, we can easily deduce the following chain relation

of sets:
E(2s) CV C E(s).

Now quite similar to what is done in Part (1), we can have the following compu-

43Richberg’s method of approximation is well known to be able to justify comparison principle in
this case. However, it turns out that we can do much better than this as we’ll see later.

44This is not the case before!

45Local potential is used, so we only need to study plurisubharmonic functions.
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tation:

G [, VT80 < [ (Eqent (0= g

g/wy;"

1%

</ wy"
E(s)

by the relation of sets above and applying comparison principle for the two functions
appearing in the definition of the set V. Here we have used the notation w, =
w + v/—100p, and similar for the others. This natural simplification of the notation
has appeared in Chapter 2 and will also be frequently used for less regular case here.

Finally we can conclude the result from the definition of C'ap,, just as for the local

version of relative capacity.
]

Now let’s state the following version of stability result which is slightly weaker
than what’s achieved in [Koj2] because it can be proved for more general class of

functions (measures) than LP class. But it quite suffices for our concern.

Theorem 3.2.12. In the same set-up as usual, for any nonnegative LP-functions
f and g with p > 1 which have the proper total integral over X, i.e., fX fw™ =
Jx gw™ = [ w", suppose that ¢ and p in PSH,(X) satisfy ws" = fw" and wy™ = guw"
respectively and are normalized to have maxx{p — 1V} = maxrx{y — ¢} by adding
constants.

If |l f = gllo < (@)t for v(t) = Cr™Y(t) with some proper nonnegative constant
C depending only on the LP-norms of f and g *® , where k~1(t) the inverse function

of essentially the K function appearing in Part (2), then we can conclude that
16 —Yllr= < Ct
fort <ty where tg > 0 depends on v and C' depends on the LP-norms of f and g.

Proof. Suppose || f||ze, ||gllzr < A. We'll be careful about the fact that the constants

in the argument will only depend on A and the function ~.

46The dependence on the manifold X and Kéhler metric w should be clear.
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For simplicity, let’s normalize to have [ ww" =1. And in fact, we can also assume

mazx{p — ¥} = maxrx{y — ¢} > 0 since the case for < 0 is trivial 47.
Without loss of generality, assume | (w< ¢}( f+g)w™ < 1since [  fwt = S L gw" = 1.
Then by adding the same constant to ¢ and i which obviously affects nothing,

[P

we can assume 0 < ¢ < a where “a” is a positive constant only depending on A from

the boundedness result before.

Of course it is OK here to take a larger “a”, which we’ll actually do below, as long
as the dependence on A is clear enough, or say finally we can still fix it to be some

positive constant only depend on A.

As lim,_,y(t) = 0 by definition and the property of the function x, we can fix
0 < to < 1 sufficiently small such that ~(fo)to™™ < 1, which will also hold for

0 <t <ty since 7 is obviously decreasing.

Fix such a ¢ for now and set Ej, = {1 < ¢ — kat} where the “a” is from above but

we still have not made the choice yet.

Clearly we have:

/Eogwnz%[EO((erg)Jr(g—f))w"g%(1+%):§_

Now we construct a function g; which is equal to 379 over Fy and some other
nonnegative constant power of g for the complement. By the above estimate, it

is easy to see that one can choose a proper constant (in [0,1]) such that g; is still

3A

nonnegative with LP-norm bounded by %7, and more importantly it has the proper

total integral over X.
So we can find a continuous solution p € PSH,(X) as before by the approximation

method such that

n n
w," = gqw", marxp =70

with lower bound of p only depend on A 8. By enlarging “a” if necessary which
clearly won’t affect the set Ey, we can assume the lower bound of p is —a. Now we

can finally fix our constant “a” which clearly only depends on A in an explicit way.

47In this case, we can have ¢ — ¢ < 0 and ¥ — ¢ < 0, which says ¢ = . In other words, we have
the compatible direction.

48Here besides directly using LP-norm, one can also use the fact that fs g™ < %fs gw™ for any
set S to justify Condition (A) in Part (2). Essentially, we still have to use the result in Part (3),
and the control would of course be the same. Notice we’ve used the existence of continuous solution
at this point for the solution p.
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By noticing that —2at < —t¢p +tp < 0, it is easy to see
EyCE:={¢Y<(l-t)p+tp} C Ep.

Let’s denote the set {f < (1 —¢*)g} by G. Then over E; \ G, we have:

n 3 1 n
(=) 7w)" > gur, ((5)77w,)" = gu

Hence we can conclude that over Ey \ G, as measure,
(51— ) Rk A, > gt

Remark 3.2.13. This is a rather trivial result in smooth case which is just a direct
application of algebraic-geometric mean value inequality. Then by approximation ar-
gument, it should also hold in our case here. For the conclusion above, there is no
need to restrict us to the set Eg\G. We can consider over X and use IXppaw" for the
right hand side. Actually the rigorous approrimation argument is local and uses quite
some results about Dirichlet problem for Monge-Ampere equation. The continuity of
the functions are very involved in the proof which seems to be the main obstacle to go
through the whole argument in this part for merely bounded solutions *°. We’ll give

some details later when feeling necessary.

Let’s set ¢ = ( %) > 1, and rewrite the above inequality as:
w(l; A wpn—k > qn—k(l . t2)§gwn

over Ey \ G. Now the following computation is quite obvious:

Wipra-t)e" = (1 —1)( (1—%)n +qt)" gw”
> ((1—1)(1— %) +qt)"gu"
2(1+t(q—1 —t2)g (3.1)
2(1+t(q—1)g

2

49Tt might seems unnecessary to consider merely bounded solutions in the current case as they are
in fact continuous. But it might still be interesting for more general cases.
50¢ below can be taken to be sufficiently small.
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From the definition of G and assumption of the theorem, we also have:

e [ g < [ (9= pun <o
G G
which is just:
/ g™ < (). (3.2)
G
Hence we can have the following inequalities:
t . .
(1 +—(q— 1)) / gw" < / Wipt(1—t)p (the measure inequality (3.1))
2 E\G E
< / wy" (comparison principle)
E

< / gw™ + ()" (the integration inequality (3.2)).
E\G

and arrive at:
qg—1

gw"™ < ()",
2 Jea

Therefore by noticing Fy C E, we get:

—(/ gw —v(t)t“)<—(/ gw —/gw)<—/ g < A(t)E",
2 Jp, 2 ' Jg, G 2 Jee

and so we have

for ¢ small enough.

The claim proved before tells us:

a-+1 n n
Capa(B2) < (50) /E "
2

Combining this with the previous inequality, we have:

a+1 3
" (t).
()

Cap, <E4) < (

Thus if E' := {4 < ¢ — (4a+ 2)t} is nonempty, by the argument for boundedness

result before, we should have:

a+1 3

)" —=(1)) = t.

2t < k(Cap,(Ey)) < K(( 20 7 qg—1
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Clearly this is a contradiction for ¢ > 0. Here as mentioned at the beginning, we
have used a slightly different version of the result from what’s quoted before, which
considers the global case when we are not in a domain in C" and have a background
metric. We'll say more about this later.

Anyway, we have from above that ¢ > ¢ — (4a + 2)t.

Hence maxx(yp — ¢) = mazrx(¢p — ) < (4a + 2)t, which will give the desired
conclusion.

O

Now from this stability result, it is easy to get uniqueness result for continuous
plurisubharmonic solutions which are normalized to have maximum 0 over X for
Monge-Ampere equation with the general right hand side since they would be the
same up to a constant °!, but the constant would have to be 0 by the normalization.

One can easily see the proof can be simplified a little if we only care about the
uniqueness result. But this result above actually gives much better description of the
variation of the solution under the perturbation of the right hand side of the equation

(i.e, the measure).

Remark 3.2.14. For our main consideration, as we’ll see later, the discussion in this
section would be of little use since we have an extra term e* on the right hand side
of the equation mainly interested in and the argument above can’t be carried through
directly.

In the mean time, the favorable sign of u here might make comparison principle
alone sufficient for proving uniqueness result, and so it’s only left to justify the appli-
cation of comparison principle in all kinds of situation. In fact there would be some
other ways to get uniqueness result for this modified equation in various cases. More
discussion can be found in Appendiz.

However, the discussion in this part is quite logically satisfying as a generalization

of classic uniqueness result where the right hand side is smooth.

3.3 Application to Modified Equation

In this section, we apply or adjust the argument quoted above for the modified equa-

tion below which is more like the equation discussed in the previous chapter:

(w+V—100u)" = e"Fuw"

5lConsider the case f = g here. In fact the constant C' in the definition of v can be 0 in this case.
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where w is a Kéhler metric over X and F' is a nonnegative LP(X) function over X for
some p > 1 with [, C'- Fw" = [, w" for some positive constant C. In other words,
we are in exactly the same situation as before with just an extra term e" on the right
hand side.

In classic consideration about Monge-Ampere equation, this term e* makes our
life much easier 52. For the current discussion, it at least won’t give us too much extra

trouble as we’ll see below.

Let’s first prove the existence of bounded solution for this equation. We still try
to solve it by using approximation (of F') in the same spirit as before. In other words,

we want an apriori estimate for (smooth) approximation solution.

Considering the following family of equations:
(w+ V—=100u;)" = e“ Fyw"

where {F}} is a sequence of positive smooth functions over X which converges to F

in LP-norm as constructed before.

Classic result guarantees the existence and uniqueness of smooth wu;’s. As be-
fore, we should first see u;’s are uniformly bounded. Being motivated by the classic

argument for this kind of equations, let’s consider another family of equations:
(w + V —1831}])n = Cj . Fjw"

where C}’s are positive constants chosen to satisfy [ < Cj - Fjuw" = | cw". It’s easy to
see that as j — oo, C; — C, and moreover C; - F; — C'- I in LP-norm. Clearly C;’s

are uniformly bounded.

From the results before, we have a uniform bound for all v;’s if we require
mazxv; = 0. Thus by taking a positive constant C' large enough, for v; := v; 4+ C,
we have

(w + V —185’173)n = Cj . Fjw” < eEfFjw”.
Comparing this with the equation for u;, we arrive at

(w +V=1007;)" < "7 (w + v —10u;)

52We should have got a little taste of this fact with the discussion in the previous chapter, though
we are already in degenerate case there.
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which can be rewritten as
(w + V=100u; + V—=100(0; — u;))" < €% (w + V/—100u;)".

By maximum principle, considering the minimal value point of v; — u;, it is easy to
see U; = u;.

Thus we have got a uniform upper bound for all u;’s. Similar argument will pro-
vide the uniform lower bound. Just as the discussion in the previous chapter, the sign
of u in the term e* is very important to carry through this argument. Smoothness
is important for maximum principle argument used above, and so we do not claim
the apriori estimate for bounded solution here. ®* Actually, it can still be achieved
by going around this point using the continuity and uniqueness result which will be
discussed shortly. Basically, we want to say that any bounded (and then continuous

in this case) solution appears like that.

Now we want to get a solution for the original equation by taking limit in some
proper sense and then taking the upper semi-continuation of the limit. There is a
little difference in justifying that the limit would be a solution, i.e., make both sides

of the equation be the same measure, which can be clarified as follows.

In fact we only have to justify the function u got from the above procedure will

/e“Fw":/w”:/(w—i—\/—l@éu)”,
X X X

which then guarantees the measure inequality (w++/—1900u)" > e“Fw" got from the

satisfy:

limiting argument * an equality. And this can be easily done below.

Obviously we have [, e“ Fjw" = [, w". The following inequality is also trivial:
/ e F; — e"Flw" < / e F; — e F|w" +/ e F — e"F|w".
X X X

The control for the first term on the right would come from the uniform bound
of u;’s and the convergence of F; to F. And we can use Dominated Convergence
Theorem, which is justified by the uniform boundedness of u;’s got before, to control

the second term.

53The L>-norm of u is involved in the LP-norm of the measure on the right hand side. It’s even
in the exponent which makes the explicit bound derived before hardly be of any help.

4Use lower limit for u; on the right hand side to get u there. The limit would be pointwisely
almost everywhere, and so different kinds of limits will actually give the same limit.
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Hence the sequence {e“ Fj} converges to e“F in L'-norm *°.

/e“Fw":/w”.
X X

Finally, we can

conclude that

It is easy to observe that the continuity of the above solution u follows from ex-
actly the same argument in Part (5) before. This is also the case for any bounded
solution for this equation. Actually, we can directly apply the result there since the

measure on the right hand side is clearly LP>! provided the solution u being bounded.

Then we can see the uniqueness of continuous solutions as follows. It should be
pointed out that the full strength of the stability result as in Part (6) in the previous
section is useful here because the obvious argument using comparison principle and
the favorable sign of u on the right hand side of the equation can not quite get us
there in sight of that our F' may have 0 locus with nonzero measure. We have to
be more careful than that. More precisely, by comparison principle, if we have two
continuous solutions u and v for the equation, then F' has to be almost everywhere
0 in the set {u # v}. Thus the right hand side of the equation will have to be the
same LP-measure after plugging in u or v. Now by applying the stability result in
the previous section, we conclude that v and v will be up to a constant. Hence they
should actually be the same simply by considering the integral of the right hand side

of the equation over X.

Remark 3.3.1. As mentioned before, continuous and uniqueness results actually
Justify the apriori L> bound for bounded solution. But this method would not be so
satisfying logically.

Besides, it’s also very natural to ask about similar stability result for the equation
discussed in this section. As mentioned before, the original argument in the previous
section would not do the job directly. Intuitively, if one directly apply the stability
result there, then since the solution is also involved in the measure on the right hand
side of the equation, the assumption looks even stronger than the result. °° But a

more delicate argument is likely to do the trick.

55We can actually have the convergence in LP-norm by the above argument.
56This is fairly similar to the concern before about apriori L™ estimate for bounded solution of
this equation.
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3.4 Direct Application of Kolodziej’s Results

In this section, we want to directly apply the previous results in this chapter to the
case considered in the previous chapter. But first, we’ll give some idea about how the
set-up of Theorem 1.3.2 stated in Introduction comes into being.

Recall our main interest there is the case when the class [w] is no longer Kéhler,

i.e., for the equation below
(Woo + vV —100u)™ = €“Q

over a projective manifold X where 2 is a smooth volume form and w,, is not a
Kéhler metric but with [ws] integral, nef. and big.

Let’s further assume [wy] is semi-ample. Thus we can have a map P : X — CPY
for some positive integer N using the holomorphic sections of the holomorphic line
bundle correspondent to kf[ws] with some large enough positive integer k. We also
know the (possible singular) image will have the same dimension as X since we have

[weo]™ > 0 from the nef. and big assumption.

Remark 3.4.1. Classic results in algebraic geometry (as in [Ka2]) tell us this would
be the case if we are talking about nef. and big canonical bundle, Kx. But it is
not true that general nef.and big line bundle would be semi-ample. This semi-ample
assumption is quite essential for our argument in this whole business.

Moreover, instead of the general semi-ample line bundle, we’ll frequently talking
about the canonical bundle, Kx, where there is some other terminology related, but it
should be quite clear that our argument works perfectly for general line bundle in the

corresponding situation.

Now we have [we] = 1 - P*[w,.;] °" where w, is the Fubini-Study metric on CP".
Of course our main interest is for P not being an embedding. But we’ll still require
it to be birational to its image at least for now °® Basically one just considers the
blow-down picture at this moment.

By a simple transform of the original equation, we can use % -P*w,, instead of we,
in the expression without changing any essential character. Thus we basically arrives

at the set-up in Theorem 1.3.2 in Introduction.

57Usually, * is used to stand for pullback or pushforward action, but in this section we use %
instead since upper semi-continuization also appears below which we have used * to denote it.
58We'll see later that it’s indeed the case if we take the interger k large enough.
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In this section, we consider the case when the image, P(X), is actually a complex
submanifold of CPY . And we also assume that P is a birational morphism from
X to P(X), i.e., P is biholomorphic after removing some (strictly lower dimensional)

subvarieties from X and P(X) respectively.

In this case, we can consider the original equation over X as an equation over
P(X) as follows:

1 _
(EWFS + vV —=100v)" = ",

where € is a measure over P(X) with its pullback over X by P to be the (smooth)

measure (), i.e., P*Q) = Q in the sense of measure.

For the well-definedness of 2 with any general smooth volume form 2 over X, we
have used the birationality of the map P. In fact, 2’ is essentially just the pullback
of © by the inverse of P out of some subvariety in P(X). In other words, {2’ = P,{}

where P,{2 is considered as the pushforward of the measure €2 over X.

It is quite easy to see that ' will be LP for some p > 1 with respect to a usual
smooth measure over P(X) which corresponds to a smooth volume form on P(X).
The idea is that actually one can see the singularities (or poles) are just along the
part of P(X) where X has some subvarieties crushed onto each point by the map P,
moreover the orders of the poles basically just correspond to the dimensions of the
corresponding subvarieties which are clearly strictly smaller than the dimension of X
(and also P(X)). Using this picture, as we can see that P,Q) is clearly L' over P(X),
by the explicit form of (possible) singularities as r% where r is like the distance to the
subvariety, we can conclude it to be actually LP for some p > 1 since it is an open

condition for r here.

The equation we want to solve now is exactly in the situation discussed in the
previous section. So we’ll have a continuous solution v of it which is plurisubharmonic

with respect to w = fw, . And both sides of the equation are measures over P(X).

Now we can pull back everything to X by P. The following equation over X is

what we get:
1

P*((EwFS +V/=199v)") = "V P*P,A.

Notice obviously that P*v is a continuous plurisubharmonic function with respect
t0 P*(fw,g) = Weo, and 80 (weo + v/ —1090P*v)™ is a (Borel) measure over X.

At the first sight, it looks like that by a local argument using approximation (from

590f course with complex dimension n from discussion before.
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convolution) and the classic weak convergence result, we can deduce:
1 - _
P*((EwFS + \/—_1081))") = (Woo + V/—100P*v)".

The natural idea is as follows. Both sides are obviously the same when v is smooth,
so it would be true for the smooth approximation functions and then taking the limit
seems to give us the conclusion. Here for the left hand side, we are using the natural-
looking fact that the pullback of a convergent sequence of measures (as measure, i.e.,
the integration over any Borel set converges) is still a convergent sequence of measures

with the corresponding limit. We are not saying

P*(%wm +V=100v) = we, + V—100P*v

(for complex dimension greater than 1) and in fact the left hand side above does not
even make sense in general.

But notice there is yet some other problem for the above argument. More pre-
cisely, the convergence of measures coming from the monotonous convergence of the
potentials is in the sense of distribution and will not give the convergence in the
sense of measure as used above (though it gives the convergence in the weak sense of
measure, i.e., one can use compactly supported continuous functions to test the con-
vergence) generally speaking. We can use the following simple example to illustrate
this point.

Consider in the Euclidean ball By C C™. We have seen before that the (Borel)
measure (v/—100u B,)" is supported on 0B, where up, is the relative extremal func-
tion of By with respect to By. Now consider the convolution of the function u By Ue
At this moment, it should be easy to see (v/—190u,)" converges to (v/—190ug, )" in
the sense of current (distribution) as ¢ — 0 %°. Since the measures correspondent
to u.’s are smooth, the integrals of them over dB; should be 0. But the integral of
the limiting distribution (measure) over 9B is equal to Cap(By, By) from the results
introduced before which is clearly positive. Hence there is no convergence in the sense
of measure like that in general case.

So it is not justified to use the convergence of the pullback measures on X. But if
a positive top degree distribution is = or > to another one in the sense of distribution,
then this relation also holds in the sense of measure by definition. This is of course a

trivial but handy fact for us.

60We can say this over By as ¢ — 0. The convolution which is defined in a slightly smaller set but
enlarging to Bs.
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As we see it, the result itself considering the pullback equation on X is so natural,
and so it should be true. In fact a more careful global argument will justify it as
follows.

For convenience, we set w = jw, ;. Let’s take a look at how we get v first.

Consider the equation on P(X): (w + +/—109v)" = e’ P.).

Take a sequence of functions {F}} such that
F; €e C*(P(X)), F;>0, F; — %7? in LP(P(X)) as j — 0.
We start with solving the approximation equations,
(w +V/—100v;)™ = " Fjw".

And the solution v for the original equation is basically the pointwise limit of v,
almost everywhere as 7 — oo after taking a subsequence if necessary, which is in fact
the everywhere pointwise limit for the first convergence below from the property of

plurisubharmonic functions. Let’s set
* . .
U; = (maxgsvr)*, W;=mingsvg, Ej; = mings; Fj.

It’s easy to see from definition that

P.Q

. . . * . .
Uj — v decreasingly, W; — v increasingly, LE; — —— increasingly
w

almost everywhere on P(X) as j — oo.
Furthermore, it is OK to pull back the approximation equations to X as follows

since they all contain only smooth objects:
(Woo + V=100(P*v;))" = e P* Fjws".
And we also have the correspondent convergences:

Q
P*U; — P*v decreasingly, P*W; — P*v increasingly, P*E; — —— increasingly
w, n

o

almost everywhere over X and in fact the convergence is everywhere for the first one
as mentioned before. It might be a good place to point out the trivial fact that the

pullback of a plurisubharmonic function by a holomorphic map is still plurisubhar-
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monic (see [Le], here the situation of pullback being —oo clearly won’t happen.).

It is quite easy to see:
(woo + —185(P*U]))n 2 GP*WJP*EJ'WOO“

by applying the classic fact about the measure from the function maz{u,v} with
u and v plurisubharmonic, and the weak convergence of current coming from the
monotonous convergence of potential which is stated before. And of course, the
inequality for two positive currents will also give the inequality in the sense of measure.

Now by taking j — oo, we arrive at
(wWoo + V=100(P*v))" = """

Here we’ve used the monotonicity of the (increasing) convergences to draw the con-

vergence for the right hand side. Finally, one uses
/ el v = P = [w]" = [wee]” = / (woo + V—100(P*v))"
X P(X) b'e

to get = from >. The first and third =’s above comes from the birationality of P
and the rest two make use of the fact that v is bounded. Of course, [w]™ and [weo]™,
which are topological pairings, also make sense as integration of smooth forms over
closed manifolds.

Anyway, now we can conclude that
(woo + V=100(P*v))" = "V P*P,Q.

The birationality of P and boundedness of P*v will justify that the right hand side
is the same as e”"*Q in the sense of measure. So we can say u = P*v is a (continuous)

solution for the original equation (over X) being considered.

For this case, we can have the uniqueness of such (continuous) solution from the
simple argument using comparison principle since 2 is a smooth (nondegenerate)

volume form over X.

Remark 3.4.2. We only know the solution is continuous by the discussion in this
section. Actually we can have more properties of it. ® In fact, we can see that this

solution 1s actually the same one got from flow or perturbation methods used in the

61We have already assumed that P(X) is smooth and P is birational to the image up to now.
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previous chapter. One just has to prove that solution got there is continuous (or even
Just bounded %) in order to apply classic versions of comparison principle and go
through the simple argument above. Thus we can combine the properties got from all
these methods.

Actually this also the reason why we assume that 2 is a smooth volume form
which can clearly be weakened only for the argument in this section. Of course, then

the uniqueness argument won’t be so trivial as above.

The discussion in this section up to now is in the direction of pullback. Strictly
speaking, we have only treated the existence of continuous solution for the original
equation over X using it.

Actually the other direction can also be treated in this case. More precisely, start
with any bounded solution for the original equation over X. We can push forward it
to the smooth image, P(X) %. Using classic extension results for plurisubharmonic
functions, we can easily see the pushforward function would be a bounded solution
for the corresponding equation over P(X) considered before. And clearly these two
operations, pullback and pushforward (of the solutions), are indeed inverse to each
other. So we can get everything for the equation over X in this degenerate case just

as in Kolodziej’s case.

Furthermore, it is quite straightforward to justify that the argument quoted before
from Kolodziej’s works can be well adjusted to the case when X is an orbifold. Of
course then all the things involved in the equation would be required to be compatible
with the orbifold structure.

Basically, instead of considering a domain in C", now we need to consider the
quotient of it by a finite group. It might seem to be quite different, but in fact all the
essential discussion would still be done in the domain contained in C", i.e., using the
orbifold coordinate chart, and all the notions from pluripotential theory are still for
this domain.

With this observation, we can see that the previous results discussed in this sec-
tion will still hold when the image, P(X), is a Kéhler orbifold with the restriction of
w,¢ being an orbifold Kahler metric and the map P also being compatible with the

orbifold structure %4.

62 Actually, we do not need any more informationm than we already have now to see they are the
same in sight of the discussion for unbounded functions at the end of the previous chapter.

63Birationality is important to justify this.

64Tn order to preserve nice pullback property. In fact, later we’ll also consider the case of oribifold
image when the orignal argument in [Kojl] is generalized. At that time, we’ll need much less

139



This ends our attempt to directly apply the results from Kolodziej’s works. Later
on, we'll try to generalize the original arguments to prove more general and interesting

results, i.e., Theorem 1.3.2 in Introduction.

compatibility with the orbifold structure, for example, the map P doesn’t have to be a map between
orbifolds.
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Chapter 4

Generalized Results and Strategy

to Prove

Recall the (degenerate Monge-Ampere) equation we want to study is the following:
(Woo + V—100u)™ = Q)

over a projective ' manifold X, where [wy] is big and semi-ample, (not ample though,
i.e., we = 0 with {ws™ = 0} nonempty and not X itself) and 2 is a smooth volume
form for X.

In this chapter, we want to see which parts of Kolodziej’s original argument quoted
in the previous chapter need to be modified in order to be carried out similarly for our
case above. The main goal is still to find a bounded (and even continuous) solution

of this equation.

4.1 Generalization

This equation above has e" on the right hand side whose affect has been discussed
before. In other words, for L> estimate (of smooth approximation solution), little
effort is needed to translate the result for a proper equation without e* to that for

this equation. So instead of the equation above, let’s consider the following equation

(Woo + V' =100u)" = Q

IThe projectivity is required to be compatible with the terminologies in algebraic geometry. We
can consider general closed Kéhler manifolds using a more general picture as used in Theorem 1.3.2
which will be explained later.
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with the smooth volume form  satisfying [ = | x Woo" > 0, which is more like
a generalization of the main equation considered by Yau a long time ago in [Yal.
This equation is also the main object in Kolodziej’s argument quoted in the previous
chapter.

Just as in Part (4) of Kolodziej’s argument, the solution is supposed to be obtained
by taking the limit of solutions for a family of approximation equations. Of course we
want the solvability of the approximation equations to be classic (well known). This
strategy is natural and I haven’t found any other essentially different way.

Unlike the situation before where the difficulty is from the general right hand side

of the equation, our trouble now comes from the semi-positivity of we.

Remark 4.1.1. Actually, for most consideration using pluripotential theory, there is
no need for €2 to be a smooth (nondegenerated) volume form. We merely need it to be
a nonnegative LP volume form just as in the original argument quoted before. And for
the approrimation equations, one only needs to combine the approximation of 0 by
smooth volume forms with the additional approximation which will be introduced below.
Indeed, by directly applying Kolodziej’s results, we don’t have to make the measure on
the right hand side of the equation to be reqular in order to have a (unique) continuous

solution for the following approximation equations.

We have already got a natural family of approximation equation as used in the

discussion about one of the perturbation methods in Chapter 2 as follows 2:
(Woo + €w + v/ —100u )™ = C.0

where w > 0 and [, C.Q = [} (weotew)" for e € (0,1]. Obviously, we have C. € (1,C].

From the classic (or Kolodziej’s when 2 is not so regular) results, we have no trou-
ble to find a unique (continuous) solution for each of these equations after requiring
the normalization supxu. = 0 (or mazxu, = 0).

Just as before, we only have to prove that u.’s are uniformly bounded (from below)

in order to get a bounded solution for the equation

(Woo + vV —100u)™ = Q

2This strategy also works when using flow method or other perturbation methods. One just
notices the background metrics can be made in the form awq, +w where « is a positive constant and
w is a changing metric, so the generalized argument below for boundedness (and other properties)
still works.
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by taking a limit of (a sequence of) u.’s as € — 0. 3 There are also some other prop-
erties we want to prove for the possible solution got like that. But as one can easily
observe in the quoted argument in the previous chapter, the boundedness argument
is really the heart of the whole program. We shall see later that it is almost the same
case for our case. For readers’ convenience, let’s restate the main theorem (Theorem
1.3.2) that we prove in this part of the thesis by pluripotential-theoretic argument

below.

Theorem 4.1.2. Let X be a closed Kdahler manifold with dimcX = n > 2. Suppose
we have a holomorphic map P : X — CPY with the image P(X) of the same dimen-
sion as X. Let wy * be any Kdihler form over some neighbourhood of P(X) in CPY.

For the following equation of Monge-Ampere type:
(P*wy + vV —100u)" = 4, (4.1)

where ) is a fived smooth volume form over X and f is a nonnegative function
in LP(X) for some p > 1 with the proper total integral over X (i.e., [, fQ =
Jx (P*war)™), we have the following:

(1) (Apriori estimate) Suppose u is a weak solution in PSHp«,,,(X)NL>*(X) of
the equation with the normalization supxu = 0, then there is a constant C' such that
|ul|lpe < C|f|}» where C only depends on P, wyr and p;

(2) (Existence of bounded solution) There would always be such a bounded solution
for the equation;

(3) (Continuity and uniqueness of bounded solution) If P is locally birational, then

any bounded solution is actually the unique continuous solution.

The understanding of the above statement should not be a problem now after all
the previous discussion in pluripotential theory. Let’s emphasize that we require an
extra assumption for (3) which is the local birationality of the map P. The meaning of
it should be self-evident at least intuitively and we have explained it in Introduction.
It would be better to explain this in the actual argument. We also know that this extra
assumption is not that restrictive and will be satisfied in most interesting geometric

pictures.

3In the original equation interested in, there is the term e on the right hand side of the equation.
We can still see that the limit, which would officially be the upper semi-continuization of the upper
limit, indeed satisfies the equation. The crucial idea has already appeared in the previous chapter
where by taking subsequence if necessary, the limit would also be pointwisely almost everywhere as
in [Ho].

4The “M” is the initial of “model”. wy; can be understood as the model metric of original
degenerated metric interested in.
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Remark 4.1.3. Let’s point out that the integral fX(P*wM)” 15 actually positive. This
is very easy to see by Sard’s Theorem since the dimension of P(X) is the same as
that of X.

For projective X, the bigness and semi-ampleness of |ws| is to provide us with a
map P as in the theorem. We require the image to be in CPY in order to control the
image P(X) a little bit.

To connect with the equation considered at the beginning, we put ws = Prwys

which is semi-positive.

In the following several sections, we discuss the idea of the proof for this theorem,
focusing on the differences from Kolodziej’s case and the arising difficulties. Brief

description about the way to treat them will also be provided.

4.2 Apriori L™ Estimate

In this section, we consider (1) in Theorem 4.1.2 above. Let’s consider the apriori L
bound for those approximation solutions first.

We can’t just use the original argument of Kolodziej’s since wy, + €w is no longer
uniformly positive for € € (0,1] which means if we consider the local potentials in
coordinate balls, they will be no longer uniformly convex. And then we can not have
a uniform “D” for the interval “[S, S + D]” considered there which is of course very
crucial for the (uniformality of) argument. This actually says that the picture of a

coordinate ball is too local as we see it now.

A closer look will tell us that this will only cause trouble when the minimum of u,
occurs close to the set {w,," = 0}. An important observation is that if one chooses a
domain which has those degenerated directions (of w, as metric) going around inside,
we may still have the uniform convex potential for the domain, i.e., the values for
the very outer part are greater than those of the central part by a uniform positive
constant.

More precisely, assume each component of {ws"™ = 0} is mapped to a point by the
map P. If we take a ball around that point in CPY, then the preimage of that ball in
X would be a neighbourhood, V', of the component we start with. As w,, = %P*wFS,
we have the (global) potential of w., in V' be convex in the sense above. This domain
V' can no longer sit in C" since it contains a closed subvariety.

Furthermore, we can see the domain V' is also hyperconvex in the usual sense which

is quite important at several places for the original argument in [Kojl] as we've seen
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before. Of course there are a lot of other pullbacks on V' of plurisubharmonic functions
in that ball in CPY. Though we’ve observed before that apparently hyperconvexity
may not be that essential at those places, it still give us the confidence to treat this

general domain V' just as a nice domain in C".

It seems the treatment above will cause another problem since the perturbing met-
ric w may (and should) not have a global potential in the domain V. But we can deal
with this by considering plurisubharmonic functions in V' with respect to wy + ew for
each € € (0,1]. In fact we can also include the case when e = 0 in the discussion where
they essentially coincides with the usual plurisubharmonic functions since w,, has a
global potential in V. The idea is that our argument would actualy be uniform for all

such €’s once we get for the worst one, € = 0 (or say ws, which is degenerate as metric).

From all the previous consideration, we see that in order to go through similar
argument for uniform boundedness of the approximation solutions in our situation,
it’s necessary (and sufficient) to have all those results in Parts (1) and (3) for the
domain V' which is no long inside C" together with the C'LN inequality which is
used to control Cap(U(S + D), V). Part (2) will be the same since it only contains
algebraic computation using the result from Part (1) °.

We can easily have the version of C'LN inequality over the above domain V' from
the locality of the result itself. © We just need to get the uniform bound of L'-norm
for u.’s. As before, that should just be an application of Green’s formula using the
fact that supxu. = 0. Let’s provide some details since at first sight the changing
background metric we, + ew might look troublesome.

For the L!'-norm, we choose to use the smooth volume form w”, and in fact we
use the Green’s function for w. For fixed ¢, suppose u.(z) =0 7 and C > G, where

G, is the Green’s function for the metric w. Since we + €w + /—100u. > 0, we have
Ajue = {(w, vV —100u.) > —ne — (w,ws) = —C

where C' is uniformly chosen for € € (0,1]. Basically, this tells that there should be

no worry for the changing background metric. Then we have the following standard

SWe'll see later there is a little difference here from the slightly different result for Step (1) with
background metrics. But it won’t affect the main argument.

6We can just divide V further into domains in C". The inequality for V can be got by taking
summation. The background metric and the local potential are changing in a very controllable way.

"u, should achieve its maximal value only by upper semi-continuity.
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computation:

/ U™ + Gw(x, YA ue - "

X

/ Uw"™ + /yeX (Gw(x, y) — C)Aqu cW"
/;<u€w / (Guley) = C)wr

\/uew + C,
X

which gives the uniform L' bound for u.’s by noticing that they are all nonpositive.
8

Part (3) looks like a difficult one to be generalized since the geometry for C" is

fairly involved in the original discussion. It’ll be our main concern later.

4.3 Existence of Bounded Solution

Once we get all the necessary preparations above done, Part (4) can be directly carried
through for our case and provides the uniform boundedness of the approximation
solutions. Hence we can get a bounded solution for the degenerated Monge-Ampere

equation by taking a limit just as in Kolodziej’s where the argument is very local.

Remark 4.3.1. Indeed, u, is essentially decreasing as € — 0 ° which will make the
limit easier to take. More details about this and some uniqueness results for bounded

solutions will appear later.

4.4 Continuity of Bounded Solution and Stability

In Part (5) of the original argument, we need a local smooth (continuous) approx-
imation of the bounded solution. At that time, we have no trouble since we have
convolution in C". But now we also need to consider the domain V' where convolu-

tion is not available. This makes the whole argument more involved.

8The subtlety about less regular function arises similarly as before and can be treated in the
same way.

9We have this by maximum principle argument when the volume for Q is good. Here we are
saying that it’s also the case when €2 is less regular.
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Remark 4.4.1. There are quite some classic and recent results about constructing a
decreasing sequence of smooth approzimation functions for a (bounded) plurisubhar-
monic function. We might get into details of some of them later. But it seems to me
that the positivity of the background form is very crucial for these results. It’s slightly

different from the situation about comparison principle which will be discussed later.

The first attempt is to restrict us to the solution got from above since we have

some kind of approximation for it. Indeed, for the equation
(Woo + V—100u)™ = €“1,

we have, from before, a smooth sequence of u,. decreasing to it globally on X with the
background metric linearly converging to w.,. Now for simplicity, we are considering
the case when 2 is a smooth volume form. In fact this is essentially also the case in
general as mentioned above. This looks enough for us at the first sight provided the
uniform L*° bound is available.

But there is a rather serious problem here. Recall in the argument of Part (5),
finally, we need to use the results from Parts (1) to (3) for the sets similar to “{u.,—s <
uc}”. At this moment, they are plurisubharmonic with respect to different background
metrics, wy, and ws + €w. More importantly, u, is not plurisubharmonic with respect

t0 weo. Of course we might want to use wy, + ew for both, but then we don’t have
(Woo + €w + vV =100uy,)" = FQ

with some nonnegative F' € LP for some p > 1, i.e., the correspondent Condition (A)
is not quite justified. In fact, if we can justify this condition, then the same result as
in [Kojl1] would have given the continuity of this solution. However we can trivially
see F' € L' as follows.

The global integration is OK from the boundedness of u,, which means the left
hand side above makes sense as a (Borel) measure. And clearly we can have F
positive and smooth out of {o = 0} for the regularity of the solution u by defining
it from the equation itself. Moreover, the integral of it over this range is finite and
obviously equal to that of the left hand side of the equation. Finally, since the set
{o = 0} is pluripolar (and measure 0), it won’t contribute for the total measure of
(Woo +€w++/—100us)™. Here the boundedness of 1, is used to justify this. We know
also any L' function would have the property that values over a Lebesgue measure

0 set are not important. Hence with a proper chosen (a.e.) positive L' function F,
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both sides are (Borel) measures and they are equal as Borel measure. But L' is not
enough for us.

Be careful that we do need the regularity out of {o = 0} in order for the measure
to be L'. In general, boundedness of potential would give finite total integral over
X, but the measure might have nonzero contribution from Lebeague measure 0 sets

as illustrated also by the example before.

Remark 4.4.2. It looks like we are facing the same problem about the degenerate
estimates as in Chapter 2. In fact, if we want to use the degenerate control for
Laplacian there, the assumption for the power is less restrictive (better) for F € LP
for some p > 1 than for the solution to be in some proper Sobolev space which would
also gives the continuity. 1© But our argument here requires the boundedness of the
potential and being in the proper Sobolev space, which is more restrictive, actually
gives Holder continuity of the solution u which is a stronger result.

However, if we can have the singularities of F' along {c = 0} be like (not just con-
trolled by) |o|=®, then F € L* would imply F € LP for some p > 1. This observation
is used before in direct application of Kolodziej’s results for some special degenerate

situations.

There seems to be another problem for the equation
(Woo + vV —100u)™ = Q

with the volume form {2 having the correct total volume over X. Obviously we can
get a bounded solution by going through the above stategy. But apriori, it is hard
to get the monotonicity of the approximation even when ) is smooth and we can
use maximum principle argument for the approximation solutions. This is where the
final remark for Part (5) about essential decreasing of the approximation will help us

a little. More details will be provided later.

Remark 4.4.3. There is a subtle difference of the discussion above and the original
one in Part (5). Namely, at that place, we can prove that any bounded solution is
actually continuous, i.e., we do not care how the solution comes up. But the discussion

above can only apply to the solution got by approximation. Of course, if we can prove

10The estimate related here is the following Laplacian estimate:
(W, Woo +V—100u) < Clo| ™.

For the argument above, we basically need |o|~("~D* to be integrable. For u being in some proper
Sobolev space, W24, one would need |o|~"% integrable where 2n is the real dimension.
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the uniqueness for the boundedness (which is actually done later in this work for the
main case being considered), then this would not be a problem. This attempt above

doesn’t seem to very successful anyway.

Actually, we seems to be in the wrong track to prove the continuity result. Pro-
fessor Kolodziej pointed out a classic extension result in [FoNar| which says a weakly
plurisubharmonic function over a (singular) variety can be extended locally to the
ambient space CV. ' In the current situation, if we can push forward the solution
which is plurisubharmonic on X to P(X) by the map P, then we might be able to get
a local continuous approximation using convolution locally on CPY. Notice that lo-
cal continuous approximation is just what we need to go throught Kolodziej’s orginal
argument for continuity. In order to push forward any (bounded) plurisubharmonic
function, we require the local birationality '? of the map P which is really not that

restrictive.

Once we have the continuity result, it would be easy to see that the further
discussion about stability works without any modification. But since there seems
to be a little more assumption about the continuity, we also want to consider the
stability result for solutions which are merely bounded. '* So in the following, we

ignore the continuity result from above.

Though the argument for stability for continuous solution in Part (6) seems to
be OK by itself ', it might be completely meaningless since we do not have the

continuity of the solution got before.

We can actually see that there is only one obstacle to carry through the stability
argument for bounded solution in this case which is just the fact used there that is
trivial for smooth case and proved for continuous case by approximation argument
using results about Dirichlet problem. But for bounded case, it’s not justified for now
or even may not be true. A little more effort using approximation can give us the
uniqueness (or stability) result for all the solutions we can get (by approximation).

But that’s still not for any bounded solution.

1'With Professor H. Rossi’s help, I am able to understand the argument there.

12Basically, we do not want any serious branching for the map P.

13In fact, the continuity result took me quite a long time to prove. During the process, I also
thought about the stability result in case we might not have continuity of solution got by approxi-
mation. There seems to be something interesting and I would like to point it out.

14Tt looks like that we need the existence of a continuous solution for the original argument in
[Koj2], but later we’ll see that it can be easily dodged by approximation argument.
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Rather differently, for the equation
(Woo + vV —100u)™ = " Q,

we can have the uniqueness result for bounded solutions once we can justify the
application of comparison principle. Somehow, we can do this by introducing a fairly

involved approximation. Here €2 needs to be nonzero almost everywhere.

4.5 Comments about Local and Global Arguments

As in [Koj2], we might want to use a global argument to prove the boundedness
of the solution. And in fact the same idea there can be carried out without major
modification. The main steps are just as before. Now we just take the domain V to
be the whole manifold X. The background metric has to be kept along the way. But
in fact they are not going to bring any essential difference. The closedness of X would
easily allow us to patch things up once we’ve known the local pieces well enough. For
our situation, we still need to study the domain V' which contains degenerated variety
(directions) of ws. The nondegeneracy of directions going out of V' would make it

easy to globalize whatever we get for V' to the whole of X just as discussed in [Koj2].

The good point for global argument is that we don’t have to go through the point-
picking as mentioned before. Hence it looks more concise. And globally on X, the
justification of comparison principle for bounded functions would also be easier since

there is no boundary to worry about.

Basically, we have both local and global arguments to prove apriori L*° estimate
for bounded solution and existence of bounded solution. But for continuity, until
now, I can only prove it by local argument since the approximation mentioned before
using results in [FoNar| is only local. Anyway, the differences are rather superficial
for our argument. The details for the global argument have been carried out in [Zh]
15 and in this work, we’ll mainly focus on the local argument which in my opinion,

illustrates the idea in a better way.

15We include part of its main argument, which contains all the details about the technical differ-
ences from the local argument below, in Appendix for readers’ convenience.
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4.6 Application of Boundedness Result

Before going into the details, let’s point out some implication of the boundedness
result, which might motivate readers a little.
From Chapter 2, using Kahler-Ricci flow or perturbation methods, we can get a

solution for the following degenerate Monge-Ampere equation:
(Woo + V' —100u)™ = €“Q

where [w] is nef. and big, € is a smooth volume form. The solution would be smooth
out of the stable base locus set of [ws] with possible singularities along this variety
which are described by some degenerate estimates.

Now in the case when the class [we] is also semi-ample, we can further have the
boundedness of the solution u. By classic results in pluripotential theory, we can have
all kinds of positive currents and Borel measures with the global integrals over X to

be the natural (finite) ones, for example
/ (Woo + vV —100u)* AW = / woF AW k=1, .n
X X

where w is a smooth real closed nonnegative (1,1)-form. Of course, the integrals
would be the same when restricted to the regular part of u because the stable base
locus set is pluripolar. But in fact, those measures would just be the natural smooth
ones when restricted to the regular part. So the integrals over that part would also
be finite, which are not completely available only from the degenerate estimates got

before by maximum principle argument.

Also as we can see in the arguments quoted from [Koj1] and [Koj2|, the bounded-
ness is important in applying classic results in pluripotential theory to further study
the solution itself (continuity, uniqueness for example). Though there are some re-
sults about unbounded plurisubharmonic functions, boundedness is very welcome for

the whole business.
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Chapter 5

General Adjustment of Original

Argument

In this chapter, we adjust Kolodziej’s original argument quoted before to our current

situation. Most of the modifications are still classic and can be found in [Koj2].

5.1 Obvious Generalization of Classic Results over

General Domains

As explained in the previous chapter, in order to go through similar argument as in
[Kojl] for our degenerate case, we need to justify those classic results used there,
which are originally for plurisubharmonic functions defined over domains in C", for
functions defined in some general domains and plurisubharmonic with respect to some
background (Ké&hler) metrics with possible degeneration. More precisely, the general
domains are (connected) open subsets of the closed manifold, X and the background
metrics are w, := ws, + ew > 0 for € > 0.

In this section, we are going to see that some of those results are trivially true in
this situation by their own locality and the following observation.

The (general) domain can be covered by finitely many coordinate balls and the
corresponding local potentials for the background metrics (i.e., background poten-
tials) can be uniformly controlled since everything is on a closed manifold. Though
the background metric is changing, the background potentials can be chosen to vary

in a mild way such that their own values will cause no trouble for us *.

! Actually we can even manipulate the choice so that the background potentials are increasing or
decreasing as we wish.
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Now let’s list these results. In the following, the potentials u, etc. stand for the
functions in w + v/—190u where this current is positive with w only needs to be a
smooth real closed (1,1)-form. The item b’) below is the correspondent one for b)
in the Chapter 3, similar for the others. Notice all the functions appearing are not

required to be continuous 2.

b’) Relative capacity can be defined in the same way by using positive current
we + v/—100u instead of /—190u as before and also imposing condition on u to be
PSH, 3 instead of PSH. It’s natural to require w, > 0 in order to make sure such u

always exists. Those basic properties as for the classic notion will trivially hold.

Remark 5.1.1. Obviously we can still extend the definition of relatively extremal
function to this case. But then we don’t have the relation of these two notions as
before. Basically, we don’t have the description about the support of the measure cor-
respondent to thus defined relative extremal function since the background potentials
will get involved in the pluritharmonic lifting argument used before. But this is not a
big deal to us as we have already realized before that the notion of relatively extremal
function is actually not that necessary even for the original argument.

When the background “metric” is ws which has a global potential for the domain
we are considering and so can be taken as a bounded plurisubharmonic function, the
treatment can be even more flexible. Actually it can easily be proved that the relative
capacities defined with or without ws, will be equivalent up to positive constants. We
won’t use this fact explicitly, though it is possible to make the argument nicer by taking
this into account.

As mentioned before, with only Richiberg’s method of approzimation at hand, in
order to go through the original argument for our case here, we’ll have to clarify the
difference if we only use continuous plurisubharmonic functions in the definitions. Of
course, it turns out to be not so important once we have more advanced methods of

getting approximation for plurisubharmonic functions.

¢’) Weak convergence results of currents from the monotonous convergence of po-

tentials is OK since for this result, everything is local. Here the general case when

2The proof of all the results here does not need comparison principle which might need continuity
generally speaking as discussed in details later.

3Forget the requirement about continuity for now. In fact we can still require v to be PSH as
before without changing most of the argument below. The relation between the different definitions
is quite obvious.
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the convergence of potentials is with respect to capacity can also be considered and
is true indeed. The original argument in [Koj2] works perfectly if one includes some

fixed background metric.

d’) CLN inequalities are basically OK with minor changes, i.e., on the right hand
side, we should change ||u;|| to ||u;||+C; where C; is coming from the fixed background
potentials. The result appearing in the discussion of d) will also have its counterpart

in this case.

5.2 Comparison Principle

In this section, we discuss comparison principle for general domains not necessary
in C™. Notice that the statement of comparison principle is rather global. So local
argument which has been very successful in the previous section will no longer be
enough for justifying it.

In that brief discussion of the proof of classic comparison principle, we need a good
approximation of those plurisubharmonic functions which are compared. In case of
a domain in C", we can use convolution, which is not available for general domains.

This is our main concern here.

After all the discussions below, we should be able to apply comparison principle in

all the places needed.

5.2.1 Restriction to Continuous Functions

Let’s first point out that for our argument, it is only necessary to be able to com-
pare functions like relative extremal functions and smooth plurisubharmonic functions
since we basically only consider sets like {u < v + s}. Moreover, for the definition of
relative extremal function, we would like to use functions in PSH (V)N C(V) instead
of PSH(V). As described before, for compact sets, we can easily see this definiton
would be equivalent to the original definition when considering a hyperconvex do-
main in C". In fact we also want to see similar results for relative capacity. But the
situation for it is a little bit more involved as follows.

For K compact in a bounded open set V' C C" which is hyperconvex. Let u,
and u/_ be the original relatively extremal function and the one using only continuous

functions respectively. Similarly the two notations, Cap(K) and Cap.(K), stand for
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the two relative capacities where the latter one has the lower “c” to indicate the use of
PSH(V)NC(V) instead of PSH (V). The (background) domain V is fixed and so we
omit it in the expression of capacities for simplicity. Notice that we are considering
a domain V' in C™ at this moment.

One direction is trivial by definition,

>, Cap(K) > Capi(K).

u O

K

The other direction will be proved below. From the hyperconvexity of V, we
have that there exists h € C(V') N PSH(V') where V is relatively compact in V|
V ={h <0}, and h = 0 on V. Clearly one only needs to consider any v € PSH (V)
such that u < 0 on V and v = —1 on K for u,. We can extend such a function
plurisubharmonically to some neighbourhood of V' as follows.

Define a function v, by Ah + € on V' \ V and maz{u, Ah + €} over V. For ¢ > 0
sufficiently small and A > 0 large enough, it is easy to see that v. = u near K and
max{v, Ah + €} = Ah + ¢ near JV. Thus v, is clearly plurisubharmonic in V. For
any small constant 6 > 0, by taking V" to be a sufficiently small neighbourhood of
V', we can have v, € [—1,9 + €] over V".

Also as € — 0, v. — v for v € PSH(V') and v € [—1, 0] over V". Moreover, v = u
near K and v = 0 on 9V %. And of course it would still suffice to consider functions
like maz{u, Ah} for u, since the information near K is completely preserved.

Now by taking convolution of v, we have functions v; € PSH (V)N C(V) valued
in [—1, ] such that v; — v decreasingly on V' (as j — oo of course, also for the other
v =6 v=3

vj—04 .
5 158 where 5 18 valued

in [—1, 0] which is good in view of the definition of relative capacity.

convergences in the following). Of course. we have

Simply by using Dini’s Theorem, we can see v; converges uniformly to v over

OV UK since v =0 on 0V and v = —1 on K. From this, by maximum principle, it

is trivial to see v’ > v > u °. Thus we can conclude ugx = uf. °
K

The situation is a little bit more involved for relative capacity as we’ll see now. For
any function v € PSH (V) valued in [—1, 0], we can still have the extension of it as v

above which is equal to u near K and valued in [—1, §] in some small neighbourhood

7)]—5 1;_5
1+6 1+46

weak convergence in the sense of distribution. But we can not say the integral over

to

of V. Using convolution, the decreasing convergence of clearly gives the

4In fact v is just the extension of the function max{u, Ah}.

5Here the uniform convergence will take care of the values. There is just a little modification
involved anyway.

6This has been discussed before. Because the auxiliary functions will also be used below, we give
the argument again for convenience.
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K also converges. In fact it can’t be true if you consider K in lower dimension as in

the example before. But we can see that for any open set U containing K, for j large

[

enough,

/ (\/_aa(zl:g)) —e

> (148 / (vV=100u)" e,

where ¢ is a properly chosen cut-off function and € is any fixed (small) positive
constant.

Thus we have Cap.(U) > (1 + 6)"Cap(K), and so Cap.(U) > Cap(K). Hence
we can conclude

Cap,(K) = Cap(K)

where the upper “x” represents the outer capacity using C'ap.. More precisely,
Capi(K) =inf{Cap.(U)|K C U,U open }.
Actually the following chain is obvious

Cap™(K) = Capi(K) > Cap(K) > Cap.(K)

7

where “Clap*” is the outer capacity defined using “Cap”, but the first and third >

are the same in our setting (cf. [Koj2]), so the first two “>" are actually “=".
Recall that for the discussion of original relative capacity “Cap”, there is no need
to require the compactness of K, so it is true for any E relatively compact in V.
But from our argument above, as in the definition of outer capacity, it seems that we
should only take open U such that FE is relatively compact in it. Actually it is easy

to see that we don’t need this for the inequality Cap(U) = Cap(U) to be true since:
Cap.(U) = Capi(K) > Cap(K)

for any compact set K C U. Hence Cap.(U) > Cap(U) from the property of Cap(U)
(i.e., it can be approximated by those of K’s), then obviously it should be equal since
the other direction is trivial. So we can actually define Cap’(U) = Cap.(U). 7

"This is consistent with the usual treatment which considers compact sets first and uses them to
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The discussion above requires V' to be hyperconvex in C" except for the previous
paragraphy which clearly holds in more general case as used for our case.

We'll see later that the above is enough for us to go through the argument after
restricting us to continuous plurisubharmonic functions in the definition of relative

" instead of “Clap” for generalizing the original ar-

capacity. Basically we use “Cap}’
gument in [Kojl] ® and the results above would allow us to use all the classic results

about relative capacity after getting into local picture in C™.

Now we can indeed have a nice approximation of relative extremal functions using
continuous plurisubharmonic functions by the (modified) definition of relative capac-
ity. And in order to justify comparison principle for them, the approximation near the
boundary should be nice. We’ll require the domain to be hyperconvex which will give
the nice boundary behavior of the approximation for relatively extremal functions in
the following sketch of the argument.

Given the nice continuous approximations for both of the functions being consid-
ered (which can just be the function itself if it is already nice enough) which behave
well near the boundary, we can use Richberg’s smooth approximation for the contin-
uous approximating functions, which is like convolution for general domains ?. The
plurisubharmonicity might be lost a little bit, but we can add some ew to save that
with € being as small as we want. Anyway, it is quite routine (just as in [BeTa]) to

take all the limits to justify comparison principle in this case.

Remark 5.2.1. As mentioned before, we only need to consider the continuous plurisub-
harmonic funtions instead of u'. provided that the definition of relative capacity is well
adjusted as above (i.e., using essentially “Cap.”). For them, we have the Richberg’s
approximation just as described above. Then it’s easy to see that we actually don’t
need the hyperconvexity of V' here.

From abowve, the justification of applying comparison principle for relative extremal
functions earlier in this section is quite redundant in some sense. But it makes sure
that we are allowed to use comparison principle, which is such an important tool in
pluripotential theory, for certain functions in more general domains and this might be

helpful for other consideration.

A final remark for the discussion above would be that all these difficulties come

define for (open) sets in general.
8This modification clearly won’t essnetially do anything for the original case considered there.
9Basically the idea is to smooth the function locally in a proper manner and then use a clever
way to patch them up (see in [Del] for example).
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from the absence of convolution which provides a smooth approximation with value
highly related to the original function. So once we are in C", it is just the classic case
being discussed before. And also if we can have something like convolution for some

case, then there should also be no trouble in that case to justify comparison principle.

We still want to discuss a little more modification about classic comparison prin-
ciple which is about the case when we have some background metric. Basically there

7 10 involved as

should be no major difference when there is a background “metric
clearly suggested in the smooth case where the proof would be exactly the same as
in the classic case when we only consider smooth plurisubharmonic functions. The
boundary condition is still on the (relative) potentials. It should still be OK when
the potentials are continuous since Richberg’s approximation will then be enough to
reduce the situation to the smooth case. And that is basically what we are going to

work with.

We emphasize here the trivial but important fact that for comparing of two func-
tions plurisubharmonic with respect to the same background “metric”, it is impor-
tant that the (1,1)-currents are positive after combining the background form with
the potential. Clearly we can have some cheap generalization if we have some in-
equality between the possibly different background “metrics” in the favorable di-
rection. More precisely, in a general bounded domain V' which might not be in
C™, suppose 0 < w; < wy where both are real smooth closed (1,1)-forms. For
uw € PSH,,(V)NnC%V) and v € PSH, (V)N CYV), if limg_av(u — v)(z) = 0,
then

/{U<v}(w1 VE1000)" < / (wo + V—100u)".

{u<v}

The interesting point for this observation is that we can compare two functions with
different plurisubharmonicity. The proof is rather easy after realizing for the smooth
case, wy — wy = 0 is in our favor. For the rest part which is just like the term for
classic case, after applying Stokes’ Theorem, the sign of boundary contribution is only
related to the comparison for the values of v and v. Of course we still use Richberg’s
approximation. In fact, this can also be trivially seen from the version of comparison
principle with the same background form by noticing that we can actually use ws on
both sides.

Also see if we are considering a domain in C" with a background form which can

10Tt just needs to be a real smooth closed (1,1)-form, not necessary to be positive. So sometimes
we also call it as background form. But in most cases, it’ll be nonnegative.
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not be put into a global potential itself on this domain, we still have comparison
principle for general (bounded) functions plurisubharmonic with respect to this back-
ground form since convolution can still be applied to both the background form and

the relative potential by noticing the trivial computation below:

V00 [ pllu = 2u2)dse) = V100 [ pllzut — 2)ds.)
- / PV =10, Bt — ).

Here the convergence of the convoluted smooth potentials to the original potential
can be seen in more or less the same as for plurisubharmonic functions by considering
the local potential for the background form (which is closed). Then we see the classic

proof can go through with little modification.

Remark 5.2.2. There will be more discussion about comparison principle in the
next two subsections where we can see it holds for a closed manifold even when the
functions are not continuous.

For a projective manifold X, if the background form is representing a semi-positive
class, we need another approximation of general plurisubharmonic functions which
makes use of a quite deep extension result.

Finally, a more recent result in [BlKol] allows us to remove the projectivity as-

sumption on X.

5.2.2 Approximation Result for Projective Manifolds

In this subsection, we introduce another approximation of general plurisubharmonic
functions which can be used to justify comparison principle for cases other than what
we've already discussed before and containing our main interest. For completeness,

let’s give the details which is essentially quoted from [GuZe].

Proposition 5.2.3. Let L be a positive holomorphic line bundle over a closed (projec-
tive) manifold X . h is a hermitian metric for L with curvature form w > 0. Then for
any ¢ € PSH,(X) ', there exists a sequence of functions, ¢; € PSH,(X)NC>(X),
which decreases to ¢.

Furthermore, considering any hyperconvex domain U in X, for any ¢ € PSH,(U)
with upper bound C' < oo, there exists a sequence ¢; € PSH,(U) N C>(U) which

decreases to .

1Not identical to —oco by definition.
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Proof. The proof for X or U will be almost the same. Just notice in the case of
a closed manifold, we always have ¢ < C. Let’s prove for X below and make the
argument general enough to work also for U.

Consider the following Bergman spaces (for each fixed j large enough):
Hy = {s € TG L) [ [slfPe i < oo},
X

where || - || is norm for the metric h and h; = (j — N)¢ with N being a big enough
integer which will be fixed later. Basically, the curvature form for the hermitian

2e=hi 12

metric || - | is

jw =+ (j — N)V—=100¢ = (j — N)(w + v—190¢) + Nw > Nw.

For N large enough, it can dominate all the auxilliary terms coming out and justify
the application of the extension result used later.
This space H; would at least be separable '*. Taking an orthonormal basis (with

respect to the natural norm as appearing in the definition of the space), {si}, we set

1 . 1
Uy 1= S 10g(3 lIsIP) = Zsupees, log s

where B; is the unit ball in the space H;. The last step actually comes from the fact

that for ay, bx > 0 (Cauchy-Schwarz inequality),

(D arbi)® < (Q_ap) (Y ).

There is no need to worry about the convergence of 3 ||s1||? since we are consider-
ing the holomorphic sections for which the (local) L?>-norm 4 can control all the local
Ck-norms. And orthonormalization would reduce the control (for any finite sum) to
just one element in B;. So this summation is actually smooth over X.

It’s easy to justify that ¢; € PSH,(X) by elementary property of plurisubhar-
monic functions. For the case of U when it is infinite summation, this is also stan-
dard computation for Bergman kernel. In fact, since it is the increasing limit of such
functions and also of the form log F' for some nonnegative smooth function F', the

plurisubharmonicity should be quite easy to see.

12The lack of regularity is not a problem here.

13In fact it’s of finite dimension for a closed manifold.

14Usual local L?-norm is controlled by the norm for H; as ¢ < C locally. The notation is a little
confusing as this L? is not the one as in the proof. Fortunately, we do not use this one in the proof.
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Now for any x € X and s € Hj, consider s as a holomorphic function with respect
to some local frame. Let the metric h on L be represented by e™9 (i.e. /=100 = w

locally). As |s|* would be plurisubharmonic, and so we have

C C’
s@F < 5 [ lsPan< ettt | et

7 B(z,r)
for small enough r such that B(z,r) would be in a trivialized open set. All these
constants will be uniform. Notice that even in the case of U, the background data is

still global over X, and so is controlled uniformly.

Considering all the element s in B;, by the definition of 9;, we arrive at

P;(z) < (C 2nlogr + supp e (h; +jg)) g

1
J
<(1- C’—inogr

N
j )SupB(m,r)¢ + + SUPB(z,r)d — g( )

For any € > 0, taking proper r, we can see for j large enough,

¥i(z) < (1—¥)sup3“¢+e (1—§)(¢(x)+6)+e.

Upper semi-continuity (with no uniformality on x) of ¢ is used here, so this is just
pointwise argument which is not uniform on . But for the term supp(g — g(x), we
have the uniform control. For any point z out of some measure 0 set, ¢(x) > —o0,

and so we can get 1;(z) < ¢(x) + 3e for j sufficiently large.

Anyway, we've already got an upper control of ; by ¢. Now let’s search for a
lower one which makes use of a deep extension result of Ohsawa-Takegoshi-Manivel

as stated in [De2] which gives the following.
For N large enough, there exists constant C' such that for Vo € X, Vj > N and

any value s(x) € L7, we have an element s € I'(X, L) (with the assigned value at z

as suggested by the notation) satisfying
[ sl in < Clstfe .
X

This is just a simple application of Theorem 4.1 in [Del]. Notice N is chosen large
enough to allow Ky'® L’ to have a positive enough curvature form where the metric
on L7 is twisted by “¢” as mentioned before. Moreover those sections of an auxilliary

bundle used to characterize the point x can be chosen to have uniform data for all
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which is justified by the projectivity of X.
Now take proper s(z) such that the right hand side of the inequality above is 1,
and so the section s would be in B;. Thus we have
1 1 N log

1
vi(z) 2 Elog Is(2)]I* = Elogm =(1- 7)¢($) T

As ¢(x) < oo, for any € > 0, we have ¢;(x) > ¢(z) — € for j sufficiently large.

Combining these two estimates, we have the almost everywhere convergence of 9,
to ¢, thus also in L*(X) (or in L},.(U)). At this moment, the convergence is not yet
decreasing and 1); may not be smooth everywhere. Also notice that up to now, we
don’t really need the upper bound of ¢ over X (or U).

First, let’s make them decreasing. For below, we’ll use lower index N to keep track
of the chosen constant N before, for example, H; y stands for the previous space H;.

Let s € T'(X, L7""?) with [ ||s||?e™"1+2w™ < 1. It can also be viewed as the
section over the diagonal A of X x X of the line bundle 7} L' ® 7} L7?) where m;’s for
1 = 1,2 are the natural projections to each factor.

Still consider the corresponding Bergman spaces

Hj, j,n = 1{S € D(Xx X, w7 @} [7?)] 15]12e ™ 3 T e ¥ e < oo}
XxX

N

where 5

in the lower index gives the constant used in the definition of function h;’s.
Clearly the extension result can also be applied to the case when extending sections
from A to X x X with uniform chosen data as before. Thus for the section s chosen

before, we have S € I'(X x X, 7j L' ® 75 L7?) such that
o —mih. N—T3h. N &« n % n 2 —hiii N M
IS||7e T Teegiutmw” < C [ ||s||fe TNyt L C
XxX X

where C'is a uniform constant.

The space Hj, j, v (for X x X) has an orthonormal basis coming from the or-
thonormal basis of H; v and H,, N (for X'). Using this basis and Cauchy-Schwarz
inequality as before, it is easy to get:
< .1OgQ+.j1. -ﬁ"’.jQ. iy N -

Jitde it T g1t P

wjl+j27N

Now let’s use the upper bound of ¢. In fact we can make it to be 0 without

affecting the result. Then we have ¥, n, < ¥; N, for N; < Ny which is trivial from
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the relation between norms for H; n, and the expression of ;.

Define 1@ = by v + 277 log C and we can see that {2[1]} is decreasing.

It remains to make the functions smooth. The only trouble is from the possibly
nonempty 0 locus of ), ||sij |2. So we can treat just by adding some positive term
to it. Indeed, we can use the term ¢; 3 ||o7||*> where {7} is a basis of T'(X, L¥),
where the bundle is positive enough (very ample), and €; > 0 is properly chosen to
make sure this sequence is still decreasing with the limit still being ¢. The resulting
sequence would be the {¢;} we want.

]

Remark 5.2.4. As shown above, this new approzimation has more global feature then
convolution or Richberg’s approximation (for continuous functions). So it would be
enough to justify comparison principle over a closed manifold (i.e., a bounded domain
without boundary). If there is boundary for the domain, then the description near the
boundary for the approzimating (smooth) functions would not be sufficient to justify
the application of comparison principle even for themselves since the boundary values
may not have the right relation.

Of course, since the approximation is also a decreasing one, for the case of a
domain with boundary, it might be enough to justify comparison principle for functions
which are continuous near the boundary.

Actually, for sets like {u < v}, suppose that the function v is continuous, and so
the approximation for it is actually (locally) uniform. Since the approximation for
u is decreasing, so the boundary condition (i.e., “u > v”) is well preserved for the

approximations. °

Finally, we want to justify the comparison principle for bounded plurisubharmonic
functions with respect to w,, = 0. The idea is not to directly search for a smooth
approximation of functions which are plurisubharmonic with respect to ws, but to
get the inequality from comparison principle using background metric w., + ew for
w > 0 and let ¢ — 0. Here we need the facts that PSH, C PSH,__i., and
Jrueny (Weo +ew++/—100v)" — f{u@}(woo—i-\/—_l@@_v)” (also for the measure involving
u) as € — 0 1%, In fact, we don’t need the perturbation to be as clean as ew.

Let’s point out that from the approximation above for a fixed background form

Weot+ew, we can easily get a decreasing sequence of smooth plurisubharmonic functions

15We'll give another observation in the next subsection which says that approximation like this is
enough for our application even in local argument considering a domain with boundary.

16For the second fact, you might want to know the function is actually plurisubharmonic in a larger
domain in order to guarantee the finiteness of term including e, but that’s usually true especially
when we can use hyperconvexity of the domain to “extend” the function considered.
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with background forms also decreasing to w., by choosing proper functions from each
sequence of approximation before '7. This is what’s useful for the discussion at the
end of Chapter 2 for bounded functions. And one might also use this to justify
comparison principle for w,, more directly.

For a projective manifold, we can easily justify comparison principle for w,, > 0
which might not even represent a rational class as follows. By taking a cohomology
basis consisting of (finite) rational Kéhler classes, {|w;|} with w; being a Ké&hler
metric, we have woo + /—100f = Zj a;w; where a; € R. Then we can use rational
numbers to approximate each a; from above and the corresponding forms would be
the “w,, + ew” above. Clearly the extra smooth function f can be absorded by
modifying the potentials simultaneously and so won’t bring us any trouble. Hence

comparison principle for we, is justified.

5.2.3 Approximation Result for Closed Kahler Manifolds

In the recent paper [BlKol] of Blocki and Kolodziej, an improved approximation
method has been given which can be applied for a closed complex manifold. More

precisely, they proved the following theorem. ®

Theorem 5.2.5. For a closed manifold X and a Kdahler metric w over it, suppose u €
PSH,(X)NL>*(X), then we have a sequence of functions, u; € PSH,(X)NC>(X),

decreasing to u.

The proof is a generalization of the proof for Richberg’s approximation result for
continuous case, and so is more elementary than the proof of the previous result for
projective manifolds. The construction used is fairly local. So the result can still be
used to treat a domain in X. Then the approximation might be for a smaller domain
(just as for convolution), but that won’t give us any trouble, especially when the

domain is hyperconvex and we can extend the function u being approximated.

Using the approximation result above, we can get the following version of com-

parison principle.

Proposition 5.2.6. Suppose X is a closed Kahler manifold and w is a smooth real
nonnegative (1,1)-form over it. For u, v € PSH,(X)N L>*(X), we have

/{KU}(W +V=190u)" < / (w0 + v/=1080)".

{v<u}

1"The decreasing can be made strict by adding proper constants.
18The result proved there is more general than this, but the following is all we need.
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Notice we only need the semi-positivity of w. The idea for this is just like what’s
used in the previous subsection using approximation. So we require X to be Kéhler
which gives a positive form. The life is slightly easier now.

In the proof, one still needs the boundedness of functions to control the contribu-
tion of small capacity sets. That’s also why though the approximation they got can
be for unbounded functions with Lelong number 0, this comparison principle is still

just for bounded functions.

This is a global version over X which will be sufficient for the global argument.
We also want a local version for local argument. So we need to take care of the
boundary condition for approximation functions. As mentioned before, for set like
{u < v}, by decreasing convergences and Dini’s Theorem, we can deal with function
v which is continuous near the boundary. We would like to see that this is enough
for us.

Basically, the least regular v would appear in the definition of relative capacity.
Let’s consider the case that continuity of the “test” function is not require there. As
we have seen before, one only needs to consider the capacity for a compact set. Let’s
also notice that the (background) domains we are considering in the definition of
relative capacity are hyperconvex. So it’s easy to see that by taking the maximum of
any bounded function v and a large multiple of the function from hyperconvexity, we
can make sure that the resulting function is continuous near the boundary without
the same value as u near the compact set being considered. Clearly this function
would obviously be valued in the proper range and we only need to consider such

functions for the relative capacity of this compact set.

5.3 Presence of Background Form

In this section, we mainly take care of the technical differences when there is a back-

ground form involved in the computation of Kolodziej’s argument quoted before.

5.3.1 About Parts (1) and (2)

In Part (1) of the quoted argument from [Kojl], we need the relation between relative

capacity and relative extremal function of any (compact) set inside the domain we
are considering, i.e. Cap(K,V) = [,.(v/=100u, )" for K compact set in V. Though

we've already seen it’s not that crucial, the hyperconvexity of the domain V' (in C”
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at that time) behind this fact would still be important for us in a general domain in
X.

In view of the discussion about the difficulty coming from the degeneracy of w.,
as a metric, the natural idea is to consider a neighbourhood of each component of
{ws™ = 0} separately. And from above, we want the neighbourhood chosen to be
hyperconvex.

This can be achieved if we assume the set {w.." = 0} gets mapped to a set of
(finite) points in CPY because each general domain that we need to consider now is
just the preimage of a ball around one of those points in CP" (or say CV locally) and
the exhausting function can be obtained by pulling back the usual one for a ball in
C¥. So now let’s assume this for simplicity. Of course, in general, the preimage of a
ball in CP" under the map P would have similar property. So this simplification is

not a big deal.

Remark 5.3.1. This situation we are considering here is quite special but still farily
natural to start with as a prototype. Moreover, for complex dimension 2, this is the
general case. Later on, we’ll try to show this is also not needed for generalizing the

rest of argument.

For this crush-to-point case, we have the potential of w., globally on V. And so
it seems that we don’t have to treat the case when there is a background form. But

since our approximation functions u, for the function u are from the equations
(Woo + €w + vV —100u,)™ = € Q,

we still need the results with some background form involved in a nice and explicit
way. That’s what we are going to deal with below. All these are basically quoted
from [Koj2].

Now the domain V' is a general domain on a closed Kéahler manifold X with Kéahler
metric w.

For any u, v € PSH,(V)NCV) ¥ with U(s) := {u—s < v} # @ and relatively
compact in V for s € [S, S + D]. Assume v is valued in [0, C].

YFor simplicity, we use PSH, (V) N C°(V) which means they are actually defined in a neigh-
bourhood of V' with these properties, but of course that’s not so necessary. Basically, u can be just
bounded and v is continuous. At the place where comparison principle will be applied, it’s possible
that “v” might be a bounded function which are continuous near the boundary depending on the
definition chosen for relative capacity. But it’s still OK as has been well explained in the discussion
about comparison principle before. Let’s keep this picture in mind from now on.
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Thus for any w € PSH,(V) N C°V) 2° and valued in [—1,0], we have for any
t>0:

Uis)cV(s)={fu—s—t—-Ct<tw+ (11—t} CU(s+t+Ct)

since 0 < t 4+ Ct+tw —tv < t+ Ct. So we have the following computation for
O0<t< I

/ (w4 V—=100w)™ =t (tw + V=109 (tw))"
U(s)

<t

(tw + V=100(tw) + (1 — t)w + V=199((1 — t)v))"

<t

(w+ V=199(tw + (1 — t)v))"

<t | (w+V-100(u—s—t—Ct)"

|
/|
_ t‘"/U (w + V=10d(tw + (1 — t)))"
|
/.

<t / (w+V—100u)",
U(s+t+Ct)

where the next to the last inequality comes from comparison principle. Hence we can

conclude

£ Capu(U(s), V) < / (w + vV=T08u)"
U(s+t+Ct)

for t € (0, min(1, 232=5)]. Of course, for our purpose, it is always safe to assume

1+C
Sirfg £ < 1. In fact, we’ll only apply this result for intervals with the length, D,

smaller than 1, so there is no need to worry about the value of ¢ appearing in the

computation as in [Kojl].

The definition of this C'ap,, should be clear from above and one uses only contin-

uous functions when taking supremum. 2!

In order for the result to look more like the one in Part (1) in Chapter 3, we

20The requirement of continuity may not be that important as discussed before, depending on
how one wants to justify comparison principle and the correspondent definition of relative capacity.

21This won’t bring any essential trouble, and clearly it’s also OK if we don’t require the continuity
as just discussed. Notice that the set U(s) would always be open which makes the outer capacity
easier to handle.

168



rewrite the inequality as:

t" - Cap,(U(s),V) < (1 + C’)n/ (w +V/—100u)"

U(s+t)

for t € (0,5 + D — s].

It is important to notice that this result will not affected by the choice of w. In
fact it is even not necessary for it to be positive, which is useful if one wants to prove
apriori L* bound for bounded solution of the original equation. 2> So this can actu-
ally be considered directly as a generalization of the original computation in Part (1)

quoted before where w = 0.

Then provided that we have a similar Condition (A), it is easy to come to a similar
conclusion as the one at the end of Part (2). We just have a few more constants
involved. In fact for our application of this inequality to prove boundedness result, v
can be chosen to be 0, and so there could be no difference between the expression of

the results at all.

5.3.2 About Parts (4), (5) and (6)

Part (3) will be the main topic later. Let’s take a look at Parts (4), (5) and (6) now.
Basically, they are not affected at all.

For Part (4), using the global version of CLN inequality mentioned before with
background metric, we can get the (uniform) apriori L> bound in the same way.
Notice that though the background metrics are not the same, their local potentials
are obviously controlled uniformly and so the C LN inequality has uniform constants.
The way to get a bounded solution is by taking the limit of approximation solutions
where the convergence is considered locally as in [Koj1] and so can still be applied in
our case. In fact, a global version is also discussed in [Koj2] where the background
form is fixed, but that’s not a big issue as the convergence of background forms for
us is very explicit.

For Part (5), as we’ll see later, local argument is what we are really going to use
to prove continuity. So background form will not appear as before. There will also
be an attempt to argue globally later for continuity motivated by the argument in

[Koj2]. At that place, the background form would still be the same for each pair of

220f course, the potential still needs to be plurisubharmonic with respect to it.
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functions considered in our case, and so will not bring any more trouble than what’s
treated in [Koj2] which would be quoted there.

For Part (6), there are background forms in the argument quoted in Chapter 3
already, and so that’s not a problem for us. Indeed, in this part, we only need to

consider the backgound form, w., and no approximation of it is really involved.

5.4 First try about Part (3)

In this section, we start the discuss about Condition (A) which is the essential part
of our generalization. First, Let’s make an easy observation which gets rid of all the
background metrics. For any w > 0, considering the right hand side of Condition (A),
it clearly becomes smaller when one uses the correspondent relative capacity without
w. Thus it suffices to justify this condition in the form as in Part (3) there. The
only difference would be that now the domain V' may no longer be in C". The LP

functions have the naturally generalized meaning on a smooth manifold.

Now take a closer look at the argument in Part (3).
From the original discussion, we can see the result needed is still just the “claim”

there, i.e., we want to have something like:
MNU,) < C-e @,

where U, = {u < —s} and [,,(v/=100u)" <1. %

At the first sight, it would be helpful to use some kind of correspondence between
the general domain V' in X and the other picture of it, i.e., the picture of its image
P(X) in CP" where this domain V really comes from. Here we can use this idea to
treat the case when locally the map P will crush a subvariety, i.e., one component of
{ws™ = 0}, to a point and map a neighbourhood of the subvariety biholomorphically
to a neighbourhood of that point in P(X) € CP" after removing the subvariety and
that point respectively. More importantly, we assume that point is also a smooth
point on P(X). Basically, one can think of it as a blow-down map from B _, pn
where B?" is the blow-up of B2?" at the center. It is quite easy to go through the
original argument in this case which just corresponds to using a singular volume form

on B?",

23This u is essentially just (Cap(K,V)) wu,. Of course here X is a smooth measure over V
corresponding to a nondegenerated smooth volume form.
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In this situation, bounded plurisubharmonic functions on these two domains have
one-to-one correspondence which is clear from the obvious correspondence for the
punctured parts and classic extension result for plurisubharmonic functions. Thus we
have convolution for those functions on B2". So we can just use the classic definitions
of relative capacity, etc. for this domain. And they are actually correspondent to the
same things on B?" since it is easy to see the exception divisor will essentially have
no contribution.

Also the smooth measure over B2" corresponds to a measure with the only singu-
larity like 1”2”%2 near the origin of B?" where r is the distance to the origin. Clearly
this measure, )\, is L on B?" with respect to the standard measure. By studying the
extremal case when there is a difference between these two measures on B?" 24, it’s

easy to see by direct computation that
N(K) < C-\NK)*

for some positive constants C' > 0, a € (0,1) and K C B?" where A(-) is the
standard measure over B**. Of course N (K) can be looked on as the measure of
the correspondent set in B2 which is defined up to the exceptional divisor (variety)
which is of measure 0.

In fact for all the above discussion, we only need to notice that the singularity for
the measure A\’ with respect to A is of the form Tiq and obviously the total integral is
finite from the definition of it since we can then see it is actually LP for some p > 1.
In other words, once we have the explicit form of singularity like that, the fact that
it is L? for some p > 1 comes from it being L' by the openness of the condition on g.
We have used the same idea before.

Thus for justifying Condition (A), we can see the only modification would be in
the proof of the “claim” where (%) is changed by taking power o and multiplying some
constant, which clearly will not affect the argument too much. Hence for this case we

can have the boundedness of the approximation solutions and so for the solution.

The situation discussed above might look very similar to what has been treated
in Chapter 3 in sight of the smooth image assumption. But the argument now is
fairly local in flavor. We actually generalize the original argument a little bit instead
of directly applying the original results. In fact we can see that this argument here

works for the case when the map P is locally blow-down to a smooth image in CPV.

24This is of course the case when the set considered is a disk centered at origin in B2".
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This should be more general than the situation considered in Chapter 3 where P is

required to be birational.

Remark 5.4.1. There could be similar discussion when the image has an orbifold
structure instead 5. More precisely, we can use the convolution on the orbifold coor-

dinate chart to get continuous approximation of bounded plurisubharmonic functions

on some general domain in X 2°.

25We don’t require the map P to be compatible with the orbifold structure now.

268trictly speaking, the construction still needs to go through the image P(X) and the classic
extension of plurisubharmonic functions is used. Here we should also need that the convolution
of G-invariant plurisubharmonic functions will still be G-invariant where G is the finite group for
orbifold structure which is essentially made up of rotations. Basically, we require G C SL(n,C) in
order to preserve the Euclidean volume form when using this (averaging) convolution.
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Chapter 6

Essential Estimate

In this chapter, we justify Condition (A) for our degenerated case in general. The
argument we are going to use is different from the original one in [Kojl] as quoted in
Part (3). Let’s motivate it first.

It might seem natural to push the discussion at the end of last chapter to the case
when the image of the domain in CP? is singular at the center, i.e., that point onto
which a subvariety in X is crushed is no longer a smooth point of P(X). But there
seems to be some substantial difficulties when trying to carry out similar argument

as explained below.

The difficulty is basically lying in the proof of the “subclaim” where some trivial
but important geometric information of C" is heavily used. For the singular image
case, we still consider plurisubharmonic functions over the original domain V' which is
smooth. But at the same time we want to push them onto the image to get some help.
If we are considering the simple local picture of P(X) as {z? + y* + 2% = 0} C C?,
there are still a lot of problems which make it too difficult to carry through the same

argument as described below.

The obvious attempt is to defined similar £-functions on this singular variety since
the infinity is still regular (see for example [Ze]). But then notice that in the proof
of the subclaim, there is a point “a” which will not be on the origin (0,0,0), and so
we don’t have all the complex lines through it to cover the whole domain. It might
seem reasonable to consider general algebraic curves instead of Riemann sphere. But

somehow it turns out to be at least too difficult for me at this moment.
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6.1 Reduction to Essential Estimate

Let’s give up this line by line generalization and search for something different. In
fact by taking a closer look at the discussion in Part (3), it is easy to see that before
we arrived at the “claim” there, we did something very rough. We can actually do

something else.

For our consideration where the measure is L” for some p > 1, just from the
original form of Condition (A) and using Holder inequality for the left hand side, we
can see in order to prove Condition (A), it suffices to get for any compact subset
KcV,

MEK) < C - (Cap(K, V)(1 + Cap(K, V) 7))

where A is the smooth measure over V' and ¢ is some positive constant depending on

p. Here we have already used the explicit form of function Q(r) there.

Obviously, it is enough to prove that
AK) < Cr-Cap(K, V) - (%)

for [ sufficiently large. Of course we have A\(K) < C, so in fact we can get for every [
in between. In the following, we’ll consider Condition (A) in this form. Let’s observe
that this inequality can be easily summed up in the sense that if we have it for
different V'’s, then we can get a similar version for the union of all these V'’s as long
as there are only finitely many of them. Since X is closed, this makes the essential

estimate for the global argument available once we get it for all the local pictures.

When V C C", we’ve mentioned before that the result for [ = 1 is trivial from
definition. And the general inequality would follow from (%) in Part (3) before which
actually gives the exponential control and is a much stronger result. The estimate

(xx) we want here is a generalization of it for general domains.

As discussed before about comparison principle used in the proof, we may use
“Cap.” instead of “Cap”. ' Notice in the proof of boundedness result, the function
v as in Part (1) is taken to be smooth (constant in fact), so the set U(s) there is
open. Thus by the discussion before about “Clap.”, we can in fact use Cap} for the
result of generalized Part (1) in the case of general domains. Then for Condition (A),

we can also use Clap} on the right hand side, and so we have reduced the proof of

! This is how we first came up with the proof, though the discussion before allows more flexibility.
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boundedness result to the following inequality:

uniformly for any K compact in V' where [ is large enough. It’s easy to see that it

suffices to prove this when Cap} (K, V) is small.

Remark 6.1.1. Once we justify the essential estimate above, then we have proved
the boundedness result and the careful track-down argument in Chapter 3 would also

give us the explicit apriori L™ estimate as claimed in the theorem.

6.2 Proof of Essential Estimate

When P(X) is smooth, the argument at the end of the previous chapter would give
us this estimate. Basically, we can directly use the estimate in for domains in C"
which are in P(X). The singular measure on P(X) can be controlled by power of
smooth measure on it. For the rest part, we consider the case when P(X) is singular.
Let’s start with the easiest case and gradually remove the extra assumptions in order

to give a clear picture about what’s happening.

6.2.1 Blow-down to Point Case

At the beginning, let’s look at the case of crush-to-point which has been illustrated
before. Basically, we still require the map P to be biholomorphic away from those
points locally, i.e., a blow-down picture locally.

We have V. C V C V’/ where V" is the preimage of a small ball in CP" around one
of the points being crushed onto. Here “small” means it only contains one singular
point in the image and the punctured ball is biholomorphic to V' after removing the
corresponding variety being crushed to this point. The domain V', which is our main
concern, corresponds to a smaller ball inside. Naturally, V' is referred to whenever
we want to extend functions over V' to a bigger domain. They are both hyperconvex

in the usual sense.

In our proof of the estimate (A), the essential step is to prove the inequality below:

&
loge - Cap(K, V)%

MEK)LC-éM 4O - e_NQexp(

175



for any (sufficiently small) % > € > 0 where K is a compact set in V. All the other

constants C;’s are positive and NOT depending on e.

After getting this, it is easy to see we can put e = Cap’(K, V)ﬁ for some proper
B to justify the inequality for any chosen [ we need when Cap(K,V') > 0. Basically,
one just needs to use the dominance of exponential growth over polynomial growth
(over logarithmic growth). If Cap’i(K,V) = 0, then it’s easy to see A(K) = 0 by
using the potential of w,,, which makes Condition (A) trivially true and won’t give

us any trouble.

The rest part of this subsection will be devoted to the proof of this inequality in
the current situation. The following construction, which will be called “small-piece-

cover”, is of fundamental importance for this goal.

We can use finite unit coordinate balls on X to cover V'. Essentially, only one
needs to cover the crushed variety. Then we take two finite sets of open subsets

depending on € > 0 as follows: 2

{U;} and {V;} with i € I, two finite coverings of V\W, where W is e-neighbourhood
of the crushed variety, i.e., corresponding to the intersection of a ball of radius € cen-
tered at the point being crushed onto with the image, P(V'), such that V; C U; in one
of the coordinate balls chosen above. Moreover, when mapped to CPY, U; and V; are
in fact the intersections of the image of V' with balls of size %e and %e. The [ is the

index set with |I| being controlled by C' - ez,

It is easy to justify such a choice by considering the picture in CPY. Basically
in the current case, for the upper picture (i.e., the preimage side of the blow-down
map), each coordinate ball on V' which covers some part of the crushed variety should
contain a positive “cone angle” in the lower picture (i.e., the image side of the blow-
down map). That allows us to put in U;’s and V;’s. The numbers of these sets are
controlled by the number of balls needed to cover the whole ball in CP". One can
use the example, {z? + 3> + 22 = 0}, to see what’s really happening. We know that
the tangent cone (lowest order part) of the singular point should be something like
that and it’ll be basically the situation when we talk about very small scale 3. Our
construction would clearly survive small peturbation from the primitive situation.
Furthermore, in the construction above, we can choose the size of the small pieces to
be in the scale € for any fixed (large) C' > 0 without affecting the application below.

This would be useful for more general cases.

2All the e-dependences involved are explicitly stated below.
3the situation for small € > 0 is obvious the only essential content of the inequality we are proving.
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The essential computation to prove (B) is the following:

AK) SAW)+ > MENT)

icl
<O M4+ C-exp(— — T

iezl ( Cap(KﬂVi,Ui)")

C

<C-M 4 C-exp - 1

Z-EZI (loge-CapZ(KﬂVi,V)") (6.1)
<C-6N1+ZC-exp( ¢ 1)

el loge - Capi(K, V)"

C

<O e -exp(

).

S|=

loge - Capi(K,V)

That gives just what we want. Here we use C and Cs because the C’s at different
places have different affects on the magnitude of the final expression. In the following,
we’ll justify the computation above.

First, let’s notice that the computation above is clearly justified even if some
capacity terms are 0. If one doesn’t want such terms, then he can take summation
over a subset of I such that this won’t happen, which would not affect the final
control. Anyway, 0 capacity implies 0 measure as pointed out before (using we).

The only nontrivial steps are the second and third ones. # In fact the second one
is the direct application of (x) in Chapter 3, the classic result in C" because V; and
U; are in one of the finitely many unit coordinate balls of V' which can of course be
taken as the unit Euclidean ball in a uniform way and we are even using a smaller
domain U; as the background domain, which increases the relative capacity. Here we
should realize that the only difference is that the measure is not the standard one,
but not too different either.

The third step makes use of the following inequality:
Cap(K NV, U;) < C - (=loge)" - Cap:(K NV, V).

This is nontrivial since we are enlarging the background domain from U; to V', while
the coefficient (—loge)™ can be really big.

This is also a classic fact in case of a hyperconvex domain V' C C". In the following,
we prove it by extending plurisubharmonic function from U; to V. Argument using

the similar idea has appeared before.

4The “eN1>0” control of the measure of W should be clear from the holomorphicity of the map
P and the definition of W.
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Consider v € PSH(U;) valued in [—1,0]. Define the function

36]z|*
h= (bg(%)f -2,

where the upper + means taking maximum with constant 0 which clearly preserves
the plurisubharmonicity, on the unit ball in CPY but with the coordinate system z
centered at the center of V 5.

Then it’s easy to see the pullback of this function on V, still denoted by h, is
plurisubharmonic on V. Of course the function maz{h,v} on U; is equal to v near V;
and equal to h near JU;. So we can use this function to extend v to the whole domain
V while keeping the value near K N'V; (and so the extended function will correspond
to the same measure near K NV; as v itself under Monge-Ampere operator.). We call
this function H.

We also want to deal with the subtlety that the orginal v may not be continuous
but the definition of C'ap} requires continuity of the functions that one can use to take
supremum. ° Consider the convolution of maz{h,v} in U; 7, H;. This might be a
confusing notation, but notice that it is actually the convolution of H, just not global
on V. Since H is in fact equal to h and so continuous near dU;, by Dini’s Theorem,
H; converges to H uniformly in some annulus near 0U;. Thus the continuous function
maz{h + 0, H;} will be equal to h + ¢ for some small 6 > 0 and j sufficiently large,
and so it can be extend to the whole of V' continuously by h + . Let’s call it H; ;.
Notice that near V;, this function Hs; will be equal to H; as H; > H and h is —2
there. So as j — oo, it’ll still decrease to v near V;. Moreover, Hs ; is valued in
[—1, —2loge + (.

Now by applying the convergence of (v/—199Hs ;)" to (v/—190v)? in the sense
of distribution over some open neighbourhood of V; as j — oo, we can draw the
conclusion just as before by using cut-off functions and the definitions of those relative
capacities. The coefficient C' - (—loge)™ appears because the values of function Hj ;

range in an interval with length controlled by some multiple of —loge.

Remark 6.2.1. The classic result for domains in C" can be proved using the relative
extremal function as in [AlTa]. It’s very likely that we can also do this here if the
relation between the relative extremal function and relative capacity is still available.

For this consideration, it might be better to work with open sets instead in sight of

5This would only change things in a uniform way. The power of ¢ would be some 2C' for general
cases discussed later, but it clearly won’t affect our following discussion.

6This part is rather superficial as we can see it now.

"This is OK since Uj; is in some coordinate ball.
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Cap.(U) = Cap(U) for open sets. Anyway, the idea of extending plurisubharmonic

functions by hyperconvexity of the domain is really what’s behind the screen.

Also we see it is OK for us to work with open sets only since the sets U(s) = {u <
v+ s} there in the argument, which we’ll apply the Condition (A) over, are all open

as the v 1s always chosen to be continuous.

However, for later discussion about stability, in sight of the quoted argument before,
we are going to working with sets which might not be open (if the functions are not
continuous). In this case, we can come back to the relative capacity “Cap” and we

know there should be no worry about comparison priciple.

Thus we conclude our justification of Condition (A) for the case of crush-to-point

and get boundedness result.

* 99
C

Finally, let’s point out that we get the estimate above with “Clap’” on the right
hand side simply because that’s what we currently need since continuous functions
are used instead of general (bounded) functions. But it is easy to see the argument
for this estimate, as sketched below, would actually be simpler if we want “Cap”
instead, i.e., for any [ > 0, there exists a constant C; > 0 such that for any compact
set K inside V,

AMEK) < Cp-Cap(K, V).

Clearly, it still only takes to prove the corresponding inequality (B). In the
computation used above for justifying the corresponding (B), we can just change
“Capy” to “Cap”. In order to prove the third step, the argument is easier since we
only have to extend the function on U; to V basically using the function A and we

don’t even bother to make it smooth (continuous) now.

Remark 6.2.2. As mentioned before, there could also be a global version of the
argument for boundedness result. It is quite natural to imagine that we’ll need a
global version of Condition (A). For the classic case as in [Koj2], it is quite easy to
get the global version of this condition from the local version by patching things up. For
our case here, to carry out the patching argument, the degeneracy of the background
metric will cause trouble if one wants to patch thing up in exvactly the same way
(using coordinate balls). But since we have already treated the neighbourhood of the

degenerate part, similar argument can go through now.
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6.2.2 Birational Case

In this section, we remove the assumption about crushing varieties to points. But
we still assume P : X — P(X) to be a birational morphism. In other words, we are
considering the case of crushing varieties to varieties 2.

We start by assuming that the map P is locally a blow-down map with (possibly)
singular image with the blown-down part to be the set {w." = 0}. Here the “locally”
means we are considering the map P from an open set of X to an open set of P(X)
inside some Euclidean ball in CPY. The one in X is the preimage of the one in P(X).

There couldn’t be more than one component by the birationality assumption.

At the first sight, this is very different from the previous case because if we want
to consider the neighbourhood of {ws™ = 0}, it’ll no longer correspond to something
inside a ball in CP" under the map P. Thus we lose all the local functions we can
construct on this neighbourhood by pulling back those elementary functions over a
(Euclidean) ball inside CPY. But the following observation would help a lot which
can actually be traced back to our original idea of generalizing the argument discussed
in Chapter 4.

Basically, we don’t have to consider a general domain which contains (one con-
nected component of) the degenerated variety of w... It’s only necessary to make sure
that the degenerate directions will not go through the boundary of the domain being
considered transitively. Then the semi-positivity of ws ? will provide some room D
for us which is crucial for the argument. '°

Now we can easily see that there is actually no difference between the case now
and that of the previous subsection. Let’s describe the argument a little bit as follows.

Take finite Euclidean balls to cover P({ws" = 0}) in CP". Then the preimages
of them are our general domains V. Just as before, we can have a slightly larger ball
for each of them. Now it is only needed to consider them one by one.

It is easy to see that we still only need to check Condition (A) in the form as in
the previous subsection, i.e., inequality (B) there. The most important part is the
construction of small-piece-cover (i.e., the U; and V; there). The construction used is
pretty local. Basically you just have to avoid the degenerate part by removing the
e-neighbourhood of it and then cover the rest by such sets. Clearly it still works here

just as before. The justification doesn’t even need to be modified except that the

80f course, we expect the dimension to decrease by calling it “crushing”.
9In fact the convexity of its potential.
0We do need wq, to be reduced to potential globally over the general domain considered.
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scale of small ball needs to be like € with some large but fix C' > 0.

Hence we can conclude the boundedness result when P is locally blow-down.

Remark 6.2.3. In fact, as we can see for the discussion above, the only essential
part of the proof is just to prove (B). Our proof here is essentially only dependent on
the construction of the small-piece-cover before.

For the construction, we only have to make sure the sets are kind of regqular in
CPY and can be put in coordinate balls in the neighbourhood V in X. In fact their
preimages don’t have to be connected or even in the same coordinate ball respectively.
Moreover, the cover we need is not for the whole neighbourhood V. In fact we can
remove some e-neighbourhood of any subvariety in it and the algebraic structure of
the (singular) image will generally provide us with the uniformality with respect to
all € sufficiently small, which is very important for the argument. We only need
holomorphic structure on X since it’s smooth.

All the observations above provide quite some flexibility for our argument. So it is
very natural to guess that we can conclude the boundedness result without assuming
the local blow-down picture of P by finding enough properties for such a holomorphic
map P with dimcX = dimcP(X). In fact, combining with the argument in the next

subsection, we’ll justify that it is indeed the case.

Now we justify our argument for the case when P : X — P(X) is a birational
morphism. In the following, we are going to make sure that our small-piece-cover
construction works in this case which will provide us with the proof for Condition
(A) and so the boundedness result.

Let’s start with a better description about the map P : X — CPV.

First by Proper Mapping Theorem, we know the image P(X) is a subvariety of
CPY. And so we have the local picture of it as a finite-sheet covering of a standard
Euclidean ball of the same dimension branched over some subvariety (see in [GrHa]
for example).

By the birationality of the map P : X — Y where Y = P(X), we can find
dense open sets X, C X and Y, C Y such that the restriction P : X, — Y, is
an isomorphism (i.e., a biholomorphism). We also have several obvious relations as
follows.

Y, C Y\ {singular locus}, {ws" = 0} C X \ X, where {w,," = 0} and the image
of it are subvarieties of X and P(X) (or CP") respectively. Also Y \'Y, C P(X \ X,)
and the equality will not be true in general. In fact, the equality case is more or less

just the crush-down case considered before.
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Set W = P(X'\ X,). From above, it is a subvariety of Y containing Y\ Y,. Finally
set Z = P~1(W) which is clearly a subvariety of X containing X\ X, (and {ws." = 0}
of course). We can now summarize the following picture of P:

Z and W = P(Z) are subvarieties of X and Y = P(X) respectively, {w =0} C Z
and the complements are biholomorphic to each other under the map P. Observe
that this is essentially what we need from the crush-down picture. The only difference

is that we are now “crushing down” more than the degenerate variety of wy.

Now for the construction of small-piece-cover, one can use W and Z instead of
the variety being crushed down to (P({wx"} = 0)) and the variety being crushed
({wae™ = 0}) as in the picture of crush-down considered before. More precisely, we
consider the local picture of P(X), i.e., the picture of it inside a small Euclidean ball
in CP", and its preimage in X. Here notice that without loss of generality, we can
consider only connected X and so is P(X). In fact P(X) is irreducible, and so the
smooth part of it is connected (see in [GrHa] for example) as well as all the open
sets appearing above. So we can conclude that P(X) N B and its preimage in X are
connected open sets in P(X) and X respectively for sufficiently small Euclidean ball
B in CP".

Moreover, if we want to make sure the pullback of the elementary functions over
P(X) N B onto the preimage can be used as before as the defining functions of the
hyperconvexity of the domain !, it is important to make sure that the boundary

value is correct, in other words, we need
(P (P(X)NB)) c P 1(8(P(X)N B)),

where for a general open set U, U := U \ U. The relation above is generally true for
a continuous function f : X — Y and an open set U in Y in place of P and P(X)NB
above. The proof is trivial from definition as follows.

For any = € 9(f~(U)), by definition, we know z is not in f~!(U) but there is an
element of f~1(U) in any neighbourhood of z. Thus f(z) is not in U by definition
and there is an element of U in any neighbourhood of f(z) by the continuity of f, so
f(z) € 0U and x € f~1(0U). Of course one can also see this by noticing f~*(U) is a

1 Actually, hyperconvexity (of the domain in X) is not that necessary for the extension used in
our construction. Basically, we only need the pullback function from the image side valued in an
interval with controllable length. So the following discussion is only for the sake of a picture more
similar to the classic situation. The only place where it’s useful might be the hyperconvexity of the
domain in a projective manifold which is require in the approximation results discussed in Chapter
5.
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closed set in X containing f~1(U).
Let’s emphasize that the equality may not true in general, but the extra part of

the preimage of QU is not in our consideration of the domain f~1(U).

Remark 6.2.4. This result could be a little confusing when one thinks about the map
of a close disk in R? being projected to an interval. This confusion actually comes
from the definition of boundary OU. The boundary of the whole space would always
be empty using the above definition. But this definition of boundary would correspond
to the usual one, which is also what we want, when X andY are closed (i.e., without
boundary). It might get people nervous since Y = P(X) is singular as used before, but

for this concern here, the “Y'” can be chosen to be CPY, and so everything is classic.

P~Y(P(X) N B) also needs to be able to be enlarged to be a strictly bigger open
set in X as part of our requirement of hyperconvexity. But there is also no need to
worry about this since it is come from P(X)N B in P(X) and so we may take ball

B’s of different sizes to get all the open sets needed with desirable functions.

Anyway, we've seen from above that the global geometry of the domains (preim-
ages) in X is good enough for us. Now we need to take care of the small pieces.
Obviously, it is enough to consider them out of Z and W respectively. Since P is
biholomorphic between those parts, we can do just what we did before and there is no
need to worry about the geometry which would give the uniformality for the size of the
small pieces. Just as mentioned, the point is that in the construction of small-piece-
cover, we can avoid any subvariety in the preimage by removing e-neighbourhood of
it. The reason for us to introduce all the other varieties above is to make the sure
that the neighbourhood in X would correspond to a Euclidean ball in CP? in order
to use the geometry there.

So in fact we are actually considering more than what we need (domains covering
a neighbourhood of {w." = 0}) in order to justify Condition (A).

The birationality will then make sure that it is good enough to compute the
measure of any set in X using the data from P(X) 2. Again the uniformality with
respect to € is from the algebraic picture of P(X) and the complex analytic picture
of P described above. Simply speaking, any coordinate neighbourhood which covers
part of the variety Z would contains a uniform “cone” pointed at the corresponding
part of W.

This ends the proof of boundedness result when P is birational to its image.

12T fact it just says the total number of the small pieces are controlled well, and from here we
can see the birationality is actually not that crucial.
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6.2.3 General Case

Actually when we are considering a semi-ample (and big) class [L] (for example, the
canonical class Ky which is nef. and big), for sufficiently large integer m, the map
P : X — CP" given by the holomorphic sections of m[L] would be birational to its
image. Of course, now the manifold X is algebraic (or projective). So the discussion
in the previous subsection would be sufficient to conclude boundedness result with
such a (nonnegative) class [w.| (rational or ratinal up to a positive real constant) in
the degenerated Monge-Ampere equation. The reasoning is simple as follows.

Suppose the class [L] is semi-ample (and big). We know for some (integral) ef-
fective divisor E, [L] — L[E] would be positive for sufficiently big integer m > 0.
Thus the holomorphic sections of the holomorphic line bundle ml[L] — [[E] (for large
enough integer [ > 0) would provide an embedding of X to some projective space.
Hence the sections of ml[L] would do the same thing (i.e., tell apart the points and
tangent vectors) out of F at least, which would give the birationality of the map P
thus got.

We can actually do better. The stable base locus set of [L] is the (finite) inter-
section of of those E’s, and so sufficiently large finite multiple of [L] can take care of
the tangent vectors at each point out of the stable base locus set since by taking N
large enough, we can have N[L] — N;[E;] to be the ml[L] — [[E] above for those finite
1’s and each z out of N;E; would be out of some FE;. The situation for telling apart
points out of the stable base locus set would be a little different since for two points
not inside the stable base locus set, they might not be out of the same E;. So as far
as I can see, we only have local isomorphic out of stable base locus set and the image
of the complement of the stable base locus set under the map from N|[L] might not
be smooth. Even for the special case of complex dimension 2, the situation is not
much better. Of course, when [L] = K, the picture is much more clear as we’ll see

in our application.

Remark 6.2.5. Ths discussion above actually tells that the map P would be locally
isomorphic out of the stable base locue set of [L], telling apart the tangent vectors.
So the pullback of Fubini-Study metric on CPY to X would be nondegenerated out
of the stable base locus set. Thus {ws" = 0} C {stable base locus}. We have also
mentioned before that Nakayame’s result tells that the stable base locus set is just the
union of all the subvarities, Z, such that [L]*™<Z . Z = 0. Since [L] = [ws), we
know {stable base locus} C {wx" = 0}. Hence we conclude that for m large enough,

{ws"} = {stable base locus}.
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The above discussion tells that we have done enough to get the boundedness result
when the class [L] = |[ws] is semi-ample (and big). This could be the main interest

for this problem.

In the following, we’ll show that by combining all the previous arguments, the
boundedness result can be proved in case of [we] merely coming from a map. More

precisely, as stated in the theorem, there exists a holomorphic map
P:X —-Y ccCPV

with dimcY = dimcX, and ws = P*wy where wy is a Kéahler metric defined on a
neighbourhood of Y. Here we just need X to be a closed Kéhler manifold. This wy

is denoted by wy, before.

As before, it is still only left to justify Condition (A) using the small-piece-cover

coming for the map P.

First, it’s easy to see the differential of the map P would be invertible at one point

as follows.

Use W to denote the singular variety of Y, and Z = P~!(W), a subvariety in X
which can’t be X itself as P(X) = Y. Now for the restriction of the map P from
X\ Z to Y \W (of the same dimension), by Sard’s Theorem, the set of critical points
is of measure 0 on Y (and thus a genuine subvariety of V). So there are actually
plenty of points on X at which the differential of P is invertible. Actually, this is also
how we know [, P*(wy)™ > 0.

In fact, the injectivity of differential for one point implies also for a dense open
subset of X. Thus by removing a big enough variety W in Y = P(X) which contains
the singular locus variety of Y and defining Z = P~'(W) which is a subvariety in X
just as in the previous subsection, we have the restriction P : X \ Z — Y \ W be a

covering map (i.e., with injective differential at each point).

For any y € Y \ W, P~(y), which is a subvariety of X consisting of points,
should just be a finite set of points. Since Y \ W is connected, we can say the map
P:X\Z — Y\ W is an y-sheet covering map for some finite positive integer ~.
Then still taking the local picture of P(X), i.e., P(X)N B for small Euclidean ball B

in CP", now the preimage might have several (< 7) components and the boundary
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of each one still gets mappped to the boundary of P(X) N B 3. So we can consider
each of these components as the domain V' and this would be enough for proving the
boundedness result as explained below.

It is easy to confirm that the small pieces can be constructed just as before. There
is just a small difference here. Recall that for the construction, the small pieces in
V C X are the preimages, V; C U;, of the small pieces, S; C T}, in P(X) which
are the intersections of the image with small balls in CPY. Of course, we now only
cover the part away from W (or Z). In the cases considered before, each small piece
in X would be connected just as in P(X) (from birationality). But for the current
situation, the preimage of a small piece in P(X) may have several components even
when restricted to V' and the numbers of components for preimages of open sets O;
and Oy with Oy C O may not be the same in V' since when one enlarges the open set
in the image, the components in preimage might become connected. We are done if
it is true that there is one component of T; for each component of S; such that both
sit in the same coordinate chart in V. But this is still obvious from the consideration
of “cone” mentioned before from the analyticity of the map P and the algebraicity
of the image P(X). The pullback of the functions from the lower picture in CP"
would work as before since the boundary values would be preserved by the simple
topological result discussed before.

But we have to be careful here since the above statement would be true if we can
make sure that the preimage of the small balls in CP" will have each component sit
in one of those chosen coordinate charts in a relatively compact way. This is not as
obvious as in the earlier case when the map is birational at least locally. For the case
here, we can’t get this no matter how small the neighbourhoods that we choose are
since the neighbourhoods of W and Z are considered near these varieties where in
general there could be things like branching happening.

To deal with this problem, we still just need to see the size of the “ball” T} can
be chosen as €“ for some fixed C' > 0 large enough. Again, we need the properties of

the map P to justify this.

Actually, there is another way to understand this picture which might give more
intuition as follows.
Still choose finitely many coordinate balls on X to cover V. Then let’s consider a

curve (for a complex direction in CPY) in P(X) passing through a point z € Z. It’s

13Classic result for covering spaces and the simple relation proved in the previous subsection are
used here.
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easy to see that the preimage of it would be the union of several (< 7 in fact) curves
on X, which intersect W transitively, and a subvariety of W. Now by choosing a
complex cone (with some high order as the C' > 0 in the power of € before) pointed
at z around the curve, after removing the part in W from the preimage of it, we can
have each component contained relatively compactly in a coordinate ball. Of course
we might have to consider in a smaller ball in CPY for each curve like that. But we
can do this for each curve and the parameter space of all such objects is compact just
as all the complex directions from Z. Thus we can definitely choose finitely many
such cones which cover P(X)N B’ for some presumably ball B’ smaller than the ball
we started with in CPY and the preimage of each cone is contained in the coordinate
balls in X in a nice way. Now we can have the small pieces in X by pulling back the
small balls in those cones and they will work just as before. For the argument, we do

not even need to make sure that U; and V; are connected.

Also there is another difference coming along which is that the total number of
small pieces in this domain V' might be a multiple of the number of small pieces in
P(X) N B. Fortunately that’s just a uniformly finite (< 7) multiple, and so it will
not affect our essential computation used before to prove the inequality (B). Thus

the inequality (B) can be proved in exactly the same way, and so is Condition (A).

Hence boundedness result has been proved for the general case. Until now, we
have finished proving (1) and (2) for Theorem 4.1.2 (or Theorem 1.3.2).
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Chapter 7

Continuity of Bounded Solution
and Stability

To begin with, let’s recall that in the proof for the classic case as in Part (5) of
Kolodziej’s argument, we pick a special point after assuming the discontinuity of a
bounded solution. We can still do the same thing for the degenerated case here. The
argument is completely local. If the point lies in the part where w,, > 0, then the
original argument would give us the contradiction. So it’ll suffice for us to provide the
argument when that point thus chosen actually lies on the degenerate set, {w." = 0}.

As before, we can still get a neighbourhood which has the convexity for the po-
tential of w.,. But the problem is that now there is no convolution to provide us with
a smooth (decreasing) approximation, which is very involved in the argument, since
this domain is no longer in C". As pointed out before, we do need the approximation
functions to be plurisubharmonic. In other words, for u € PSH,,_ (V)N L>*(V), we
need u; — u decreasingly as j — oo with u; € PSH,_(V) N C*>(V). This is not

available from the approximation results listed before because ws is not positive. *

7.1 Orbifold Image Case

A trivial doable case would be when the map P is locally birational with a smooth
image P(X). This is basically the first case considered for the proof of bounded-
ness result in which the original proof in [Kojl] is easily carried through with little
modification.

The whole point is that we can use the convolution locally on P(X) for functions

!The situation is slightly different from that of comparison principle.
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over V. C X. Now V is the preimage of a Euclidean ball B in P(X) by the smooth-
ness. The main observation is that plurisubharmonic functions over V' are one-to-one
correspondent to the plurisubharmonic functions over B. This can easily be justified
by considering the biholomorphism between the dense open parts, which is the reason
we require the local birationality, and using the extension property of plurisubhar-
monic functions to treat the rest part which is analytic (algebraic). ? Clearly this is

enough for us to carry through the original continuity argument for this case.

We can actually generalize the above case a little bit. When P(X) carries an orb-
ifold structure instead, since we also have the continuous approximation of plurisub-
harmonic functions by using the convolution on the orbifold coordinate chart, the
continuity argument still goes through. Let’s provide a little detail below.

We can still push a plurisubharmonic function u over V' to the image P(V') which
has orbifold singularities. Denote the function over P(V') by v. Clearly v is plurisub-
armonic on a dense open (smooth) part of P(V), and the values for the rest part
would make v satisfy essential upper semi-continuity over P(V'). Thus the pullback
of v over the orbifold coordinate chart U would be a G-invariant plurisubharmonic
function w where G is the local orbifold group and P(V) = U/G. The convolution
of the oribifold coordinate chart can be descended to the (singular) quotient if it
preserves the G-invariance. This would be the case since G usually consists of just
some rotations. More precisely, we just need G C SL(n,C) which would preserve the
Euclidean volume form over U. The functions from this “convolution” would only be
continuous in general, but that’s is still enough for our application. Here we do not

require the map P to be compatible with the orbifold structure.

Remark 7.1.1. There is also some other thing for the above case. Usually, the func-
tions on X which are pullbacks of orbifold smooth functions on P(X) would actually
be Holder continuous. So we would also get more than the continuity of the solu-
tion. This somehow makes us feel the orbifold structure of P(X) should not be that
necessary merely for the solution to be continuous.

One might also want to use the obvious generalization of the results in [Kojl] in
orbifold case as mentioned before, i.e., treat a proper equation over the image P(X)
instead. But if the map P is not birational, then it’ll be impossible to get a proper

(singular) volume form corresponding to a general volume form over X .

There might be a small issue about the convolution we get from the image since

2More complicated picture will be considered later where more details can be found.
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the convolution needs to avoid boundary. But the boundary of the domain where we
actually use the convolution might be more than the boundary of the general domain
when we consider on X as from the simple topological relation discussed in Chapter
6. But we can deal with this by considering bigger domains. More presisely, the idea
is pretty easy as follows. For the application in continuity argument, we have the
function in a domain strictly containing V', so in a strictly bigger domain in P(V)
and also in the orbifold coordinate chart. Thus we can have the functions from the

convolution defined over V. 3

7.2 Attempt for Global Argument

For a long time, it seems too hard for me to carry through the continuity argument
as above in general. So a different route has been tried a little. It’s interesting in its
own way and provides some useful information about the solution. This section is
devoted to this “wrong” way.

Let’s provide the global proof mentioned before for the continuity of the solution
in the classic case when the background form is actually a (Kéhler) metric. We would

like to point out that essentially everything is already contained in [Koj2].

Lemma 7.2.1. Let w be a Kdhler metric over a close manifold X. Suppose we have
a sequence of uniformly bounded plurisubharmonic (with respect to w) functions {u;}
such that

(w+ V—=100u;)" = F;u"

with F; > 0 and uniformly bounded in LP-norm for some p > 1. Then there is a

subsequence which uniformly converges to a bounded plurisubharmonic function .

Remark 7.2.2. For the original approximation as in [Kojl], u;’s are actually smooth
from classic results since the measures, Fyw", are smooth nondegenerate volume
forms. So the limit u would also be continuous by the above lemma. In fact, the
uniform convergence would tell us that the corresponding measures would converge
weakly to some measure which will just be the Monge-Ampere measure of u. Thus

this discussion actually provides a slightly different point of view about the results in
[Kojl].

3Sometimes we have to extend the original function to achieve this and the hyperconvexity of the
domain will be eough for us if we do not worry too much about the values near the boundary which
is usually the case.
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Proof. Suppose |u;| < C for some positive constant C' > % As usual, the same C'
with starting value greater than % might change during the process. From the earlier

discussion about the limit, we can assume u; converges in L'-norm to w.

Set a;r = Cap,(E;;(20)) where ¢ is some sufficiently small positive constant and
E;1(26) = {u; + 20 < ug}.

For any v € PSH,(X)NC°(X) valued in [-1,0], set Vj = {u;+0 < (1— 55 )uy+

20+ ¢}, From the following inequalities

) ) ) 20
uk—(S (1—%)1%4—%’0—1- \uk—|—3
we have the following chain of sets:
)
Eg,k(25) C ‘/ng C Ej,k(—).

3
Comparison principle gives the following:

/Vj’k(w\/_aa((l—%)uwr%w g)) /Vj’k(w+\/__1@5(uj+5>>n

which can be rewritten as

/Vk(gc(w+¢_aav) (1_3%)(w+\/—_13@uk))"</ (w + vV—=100u;)".

Vik

Considering arbitrary such a function v and using the relation between those set,

5w §
ax(0)(35) </E_ (é)Fjw :

Since ug — u; = g over Em(%% we can have the following computation

we arrive at

5n+1
jk3n+10n / ‘uk U3|Fu)
—/ |ug — i Fjw™ +/ |ug, — u;| Fjw"
{Fj>M} {F<M}

<QC’/ Fjw”+M/ |ug, — ujlw”
{F;>M} b

2 n
< 3Bl + M [ o= e,

From the uniform bound of || F}||z» and the L' convergence of u; to u, by choosing
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the constant M large enough, we can have that for any (small) € > 0, if j, k are large

enough, then the following is true
ajr <es "t

Let’s emphasize that the discussion above is uniform for all 6 > 0 sufficiently
small. 4

Suppose Ej;(36) is nonempty. Then the global argument (for Part (1)) quoted
before would give for j, k sufficiently big,

30 —20 = 6 < Klajr) < k(ed™™ 1),

When € is very close to 0, this would be a contradiction. Hence we conclude that
fixing any 6 > 0, for large enough j, k, we have u; + 30 > wu;. The indices are
symmetric, so we get the uniform convergence of this sequence {u;}.

]

Remark 7.2.3. The proof actually tells that a sequence would be uniformly convergent
if it’s L' convergent provided the measures are uniformly controlled. The background
Kahler metric w 1s fized which is important for the symmetry of indices j, k mentioned
at the end.

The argument is globally over X and the relative capacity used here is not “Cap
But it’s OK as discussed before.

* 2
c

However, the situation is very different for our current consideration, the approx-
imation solution, u, € PSH,__.,, have less plurisubharmonicity than the solution
u e PSH,, itself.

More precisely, the plurisubharmonicity is “increasing” as e decreasing to 0. So
we’ll meet with the same kind of difficulty as in applying the local argument which
is discussed before, i.e., not knowing (Aw + wa + €w + /—199u, )" as an LP-measure
for some A > 0 and p > 1. Notice now the condition will be on all the approximation
solutions (with some uniform bound of the norm) instead of the limiting solution itself.
These two conditions are not quite equivalent. In some vague sense, the condition for
local argument before looks less restrictive which is sort of natural to accept as the

local argument makes use of some fairly delicate construction.

Remark 7.2.4. In fact, from the way (flow or perturbation method) we get the

4Actually we just need “1 — % > 0".
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(bounded) solution °, the continuity of the solution out of the stable base locus set
is justified. But as we know from results in algebraic geometry, the stable base locus
set is contained in {ws" = 0}. ¢ So we actually do have to consider the degenerate

set.

7.3 General Case

Professor Kolodziej pointed out a classic extension result in [FoNar| which can be used
to treat the main difficulty of the argument for continuity, i.e., the lack of smooth
(or just continuous) local approximation of plurisubharmonic functions in a general
domain which is not in C". In this section, we prove (3) in Theorem 4.1.2 (or Theorem
1.3.2).

The idea is again to use the image of the map P. Let’s restrict ourselves to the
case when the map is birational. This covers our main interest when the map is
from a semi-ample (and big) bundle as discussed before. Indeed, it’s OK if the map
is locally birational which also allow us to push forward the solution to the image

locally as explained below.

7.3.1 Weak Plurisubharmonicity

For a birational map P : X — P(X), we can push forward the solution u for the
degenerate Monge-Ampere equation (ws, + v/ —190u)® = fQ over X to the image
P(X) as follows.

First, by the local isomorphism from birationality, we get a function v on a dense
open part of P(X) (out of a subvariety). For the rest part, we can see the preimage of
each point in P(X) would have to be a connected subvariety of X. In order to justify
this, we only have to use the connectedness of a neighbourhood in P(X) (which is
clearly irreducible) of this point and the birationality of the map P. The background

forms w,, and ws, = P*w,, 7 have corresponding local potentials, and so we can still

S
get a lawful value of v for this point from the function u. It’s quite easy to see the
function v thus get will be upper semi-continuous on P(X) just from definition. Of
course, P*v, the pullback of v on X would be w itself from the construction. The

function v is clearly bounded.

5Q) is a smooth volume form and e is on the right hand side of the equation.

6In fact, we have seen they are actually the same set using proper choices.

"We can use any Kéhler metric wys as in the statement of the theorems. But w,, comes with
the most geometric interests.
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Remark 7.3.1. It’s also natural to think about this pushforward in another way. By
the birationality of P, we can get v out of a subvariety of X. Then we can use upper
semi-continuization to extend v to the whole P(X), 0. Clearly, the pullback of this
function to X by P would be u itself out of that subvariety, but we can’t just say
P*v = u from this since we haven’t seen the plurisubharmonicity of P*v.

But if we use the essential upper semi-continuity (along varieties) discussed below,
it’ll be easy to see v would exactly correspond to the function over P(X) constructed

before. So these two points of views are actually equivalent.

Now the idea is to locally extend v plurisubharmonically (after being combined
with the local potential of w, ) to a neighbourhood of P(X). Everything is inside a
Euclidean ball of CPV. So finally the usual convolution would provide the approxi-
mation for v (and also for u by pulling back to X'). The following is some discussion
about the extension result.

First, we want to make sure that the function v is weakly plurisubharmonic as
used in [FoNar|]. The definition would be clear from the discussion below.

We have already seen that it is upper semi-continuous. In fact, it’s essentially
upper semi-continuous just as in classic case for plurisubharmonic functions over a
domain in C” since a measure 0 set in the image P(X) would have the preimage also
with measure 0 in X. ® Indeed, we can only consider subvarieties on P(X) and X
instead of all those measure 0 sets. It might be easier to feel more convinced like this.

The above property is emphasized because it tells that the value at any point of
P(X) can be decided from the values for enough points near it. Since we have the
plurisubharmonicity of the function v in a big part of P(X) which is isomorphic with
its preimage in X, this will make it easier to control the values for the remaining part.

In fact, for the functions in the general domain in X ¥, we can go one step fur-
ther to get essential upper semi-continuity along closed varieties. Classic results tell
us (restriction of) any plurisubharmonic function over a variety would have to be a

constant. 10

Combining the observations above, we have the following fact.

Claim: Keep the above notations. Then for any surjective holomorphic map

8The measure for P(X) is induced from some metric in CP" which is clearly dominated by the
pushforward measure from some smooth measure on X.

9The following is for any domain in a manifold which contains closed varieties.

10The constant can be —oo apriori, but clearly we don’t have to worry about this as the functions
are all bounded for our consideration.
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R:Y — P(X) ™, where Y is a smooth manifold with the same dimension as P(X),
we have R*v € PSHpx, (Y).

The dimension assumption guarantees that R would be a covering for a dense
open part. This assumption is not very restrictive since R would be a resolution of
singularities for P(X) in our application.

The justification of this result is as follows. First, R*v is plurisubharmonic with
respect to R*w,., for a dense open part of Y coming from the regular part of P(X).
Over Y, we can extend such a function plurisubharmonically to the whole of Y since
it’s smooth. This element would be essentially upper semi-continuous along varieties
which are preimages of points on P(X). Clearly, this is also true for the original

pullback R*v over Y. Hence they should be the same and we get what we want.

The property left to be justified in order to see that v is weakly plurisubharmonic
is the following.

For any holomorphic map f : A — P(X) where A is the unit (open) disk for
C, we need to know f*v is subharmonic over A. Clearly, this is a local statement
about P(X) and would be the same as requiring v to be plurisubharmonic if P(X)
is smooth.

Let’s start with a prototype to illustarte the proof first. Suppose P(X) has the
local picture of {z? + y* + 2 = 0} C C?® which has been our favorite choice of
singularity. If the image f(A) does not contain (0,0,0) which is the only singular
point, the subharmonicity of the pullback function is classic. Otherwise, we can
assume the following two local cases. One is that f(A) = {(0,0,0)} which is a trivial
case for us. The other one is that only the center of A is mapped to (0,0,0). In
the second case, it’s easy to see that the map f can be lifted by the resolution of
singularity map for P(X) since one just needs to blow up the point (0,0,0) once to
make it smooth. 1?2 As we have seen before, the lift of function v by the resolution of
singularity map is indeed plurisubharmonic. So we conclude f*v is subharmonic.

Using the similar idea, we can treat the general case as follows. In general, by
Hironaka’s classic result about resolution of singularities, we can make P(X) smooth
by blowing up along subvarieties for finitely many times. Thus if we are in the
counterpart of the second case considered above, then similar argument would work.

Basically, we have a nontrivial tangential direction at f(0) and it can be used to life

UThe “holomorphic” means that the map R : Y — CPY is holomorphic with the image inside
P(X).
12Essentially it’s the tangential direction that is used to lift f at the center.
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the map f, though we might have to do this several times to get a smooth range
object as mentioned above. The nontrivial case becomes the counterpart of the first
case considered in the above example. Now we have to consider the map f: A — W
where W a subvariety of P(X) with lower dimension which is basically the variety
being blown up in the resolution of singularities. Consider the restriction of resolution
map R : Z — W, we know for dense open (regular) parts Z, and Wy for Z and W
respectively, the map R : Zy; — W) is a smooth holomorphic fibration, and so the map
f A — W can be lifted locally for this part and if the image is not in the complement
of Wy in W, the local lift can be done for A. Then we have the (pluri)subharmonicity
of f*v. Now we only need to further consider the case when f(X) C W\ Wy and it
can be treated similarly using smooth fibration picture as above. The dimension is
strictly decreasing and so it must end after finitely many steps.

Hence we conclude the subharmonicity of f*v in general and get the weak sub-
harmonicity of v. This would allow us to apply a classic extension result which is
discussed in the next subsection and provides us with the local plurisubharmonic

approximation needed to run through continuity argument.

7.3.2 Extension Result and Application

In [FoNar|, a local extension result is proved. Let’s state the result below. The proof
is not that long, but it’s fairly much unrelated to the rest part of this work, and so

the details won’t be presented here.

Theorem 7.3.2. Any weakly plurisubharmonic function over a complex space can be

locally extended to a plurisubhamonic function over the smooth local ambient space.

The complex space has local picture of (singular) analytic varieties and so the
smooth local ambient space is just a ball in CN. The locality of the extension depends

on all kinds of things including the function itself.

Remark 7.3.3. The proof actually makes use of the results in another big branch in
pluripotential theory. Stein domain, Runge domain, etc. are the main objects there.
Rossi’s local maximum modulus principle is also used in an essential way. Professor
Rossi’s help is very important for me to get a hold of the argument used in proving
this theorem. A few things will be discussed in Appendixz in order to make it possibly

easier for people who are not so familiar with these stuffs to understand the proof in
[FoNar].

197



Now let’s see why this result helps us to eventually prove the continuity of any
bounded solution of the degenerate Monge-Ampere equation under the assumption
that the map P is locally birational.

First, as pointed out before, the original argument (by deriving contradiction),
which we want to follow, starts with picking a special point x € X. This point
obviously has its own image P(z) € P(X) which is a variety in CP". Moreover,
we only need to consider the case when this point is in the general domain V' which
covers (a part of) the degenerated set {wy" = 0}.

By the assumption for the map P, the solution @, (after combining with the po-
tential of the semi-positive background form wy,) restricted to the general domain V'
can be pushed onto P(V). Then the result above allows us to extend this function
to a Euclidean ball in CPY centered at P(X). We can clearly pick our new domain
V' from this. Then convolution in this ball gives a smooth decreasing approximation
locally for this pushforward function over P(V') and so the pullback to V' by P gives

a decreasing approximation by smooth plurisubharmonic functions.

In the following, we briefly sketch how this would give the continuity. The punch-
line of the argument is as follows. Suppose {1;} is the sequence of smooth plurisub-
armonic functions constructed above which are defined on a neighbourhood slightly
larger than V' '3 which decreases to @ pointwisely. Then by the construction in [Kojl]
quoted before, which is very local and can be easily adjusted to our case, we can
prove the sets {@ + ¢ < @;} are nonempty and relatively compact * inside V for all
c € (0,a) for a >0 and j > jo.

The local argument for L estimate before gives

< r(Cap({i+ 5 < @}, V).

|

We also notice that the relative capacity of the set {@ + § < ;} would go to 0 as
J — oo. This can be justified by the decreasing convergence and § > 0. Finally, we
can draw the contradiction by letting j — oo in the equality above because the right

hand side is going to 0.

Remark 7.3.4. Recently, Professor Kolodziej has proved some Holder continuity

result in the classic case in [Koj3]. Things like convolution and the geometry of

13This is not a problem by the flexibility of our choices.

For the relative compactness of the sets, strictly speaking, we have to use another function (as
w there) which is constructed from @ linearly instead of @ itself in the setting. The quoted argument
in Chapter 3 contains details for this.
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FEuclidean disk seem to be involved in a more essential way. But somehow, this should
give us hope for further results in the degenerate case. In fact, when the map P is
very nice (but not an embedding), Hélder continuity of solution can be seen from other

ways for special equations.

7.4 Stability for Continuous Solution

Let’s end this chapter by pointing out that the Kolodziej’s argument for stability of
continuous solution can be used line by line for our case without any change. So
we can have exactly the same conclusion as in Theorem 3.2.12 for the degenerate

Monge-Ampere equation. Of course, this gives uniqueness of continuous solution.

Remark 7.4.1. It’s not that satisfying in comparison to Kolodziej’s case when the
background form is positive. In that case, boundedness implies continuity which means
the stability result is also for bounded solution. But now, the assumption on the map P
for boundedness result is slightly weaker than that for continuity result. In Appendiz,

there are some discussions about corresponding results for bounded solution.
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Chapter 8
Applications and Further Problems

In this chapter, we present some applications of the results got from the previous
(two kinds of) arguments. Further consideration about this whole program is also

discussed.

8.1 Miyaoka-Yau Inequality

In this section, we give an application of the (singular) metric constructed in Chapter
2. As we see below, the result is in a strong flavor of differential geometry, and so
unfortunately the results from pluripotential-theoretic argument, which are basically
about C%norm at least for now, are not so useful. We’ll also see one reason why
we introduce the perturbation methods after we've already got the metric by flow
method.

There is a classic result about the Chern classes for a Kéahler-Einstein manifold
which could be seen as a standard application of the Kahler-Einstein metric. We want
to see that our (singular) K-E metric can also do similar job possibly with proper
assumption about the singularities. In the following, we’ll use the same convention
and notations as in [CheOg] where standard computation is carried out explicitly.

The original result in that paper is as follows.

Theorem 8.1.1. For a closed Kdhler-Einstein manifold of complex dimensionn = 2,

M, we have:
n

2(n+1)

where w is Kihler-Einstein ', “{ - |7 means taking the corresponding cohomology class

[w]”_202 2 [w]”_2012

!There is no need for normalization of the constant as is clear from the rescaling invariance of
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as usual. ¢; and co are the first and second Chern classes of X (i.e., the holomorphic
tangent bundle of X ). The pairing on both sides are the standard topological one.

Furthermore, the equality holds only when the manifold M is a complex space form.

The proof basically makes use of the following two classic results (see [CheOg])

which are obtained by pointwise computation.

Lemma 8.1.2. For any closed Kahler manifold, M, with Kdhler metric w, we have:

W2, = A /M (7 — IS + |RI)",

W72 =24 /M (7 —2|S|P)

where p, S and R are scalar curvature, Ricci tensor and curvature tensor with respect
to the metric w respectively and the norm || - || is also taken with respect to w. “A” is

some universal positive constant depending only on n.

Remark 8.1.3. The statement can actually be made pointwise if we use the metric
w to compute the Chern forms. In that case we do not have to require the closedness

of the manifold. But what we really need is just the cohomological statement above.

Lemma 8.1.4. For any Kahler manifold ,M , with Kdhler metric w, we have point-

wisely that
n(n+1)
2

All the notations have the same meaning as in the previous lemma. The left equality

IRI* > 2n[|S]* = p*.

holds when w is a complex space form metric. The right equality holds when w is
Kahler-Einstein.

After getting these two results, there is only a little algebra left to conclude the
theorem above. In fact we’ll do something quite similar for our case with just a little
modification. Basically, we’ll use Lemma 8.1.2 for the approximation metrics and

Lemma 8.1.4 for the limiting metric.

We’ll use the perturbation approximation below. So let’s recall the setting first
O = (We + V—190u,)" = € Q

where w, = Wy + ew for a fixed Kéhler metric w, and [w] = Kx nef. and big.

this inequality.
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The following are the main estimates got from before:
O > Cylo)w™,  (w,@) < Cglo| ™7, (8.1)

where «, (3 are positive constants uniform for all € € (0,1]. Notice that o can be
as close to 0 as we want, but that’s not the case for 5. Actually, we can have the

following control of the approximation metrics as metric 2
Clo|m=V8*ey < & < Clo|Pw,

where the right “<” is obvious from the bound of trace, while the left one can be
seen by using contradiction. Notice w, is a smooth metric for all these €’s.

We also have the convergence @, — @so = Woo + v/ —100Uy locally smoothly in
X \ {o =0} as € — 0. Here the oo is used in wy, to indicate it is also the one from
flow construction.

The observation below is trivial but useful:
Ric(@,) = —v/—100log(e" Q) = —wso — vV —190u,.

Remark 8.1.5. We see above that the Ricci form is essentially the metric form for the
approzimating Kdhler metrics up to an explicit term. If we use the flow construction,
then v/=100(%%) comes up. Of course we have the local control of it in X \ {o = 0}
from the bounds for higher derivatives by classic interior estimate, but that is not as

explicit as the estimates listed above.
Now for all € > 0, we suppose

[J)E]R_QCQ = a, [&6]71—2612
which is also true if one uses w, instead as basically a cohomology result. The limiting

situation is

]n—2 ]n—2 2

[Woo] ™22 = Aoo|weo]™ 1",

Here we have the well-definedness of a, and a. — as, as € — 0 because [wso|" ?c1? # 0
by noticing the right hand side is some nonzero multiple of [ws]™ > 0 from nef. and
big assumption. The lower index oo is still inherited from the flow construction which

does not look so natural in this setting.

2This has been mentioned and used before as uniform control of the metrics locally out of the
set {o = 0}. Here we just put it into a more global-looking version.
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Now we can carry out the following computation:

0= [ (1= 2002 =40 = @IS + |R.JP)3!

> [ (=200 — 457 — alISdP)ar (8.2

n+1
:/X((l—QaE)peQ—éL( r

o 2 UEQ
ntl a€)||55|| )e )

where p. and ||S||* are essentially (up to positive constants) just the following two

terms respectively
(D¢, —~Woo — V/—100u,),
(—Woo — V=100, —weo — V' —100u,);,.
Thus if we can take [ in (8.1) to be small enough, then we can apply Dominated
Convergence Theorem for the last expression above as e — (0. In this case, we can

of course only consider the integration over X \ {o = 0} where the limiting metric is

Kéhler-Einstein. The following is what we’ll get:

n
n+1

0> / (1 = 2a00)poc? — 4( ac0) | Suc 2) 2
X\E

n

= 4(n—1) /X\E(m — o) || S 20

By noticing Sy, is essentially just —@,, over X \ {o = 0}, we get ao, > ﬁ
Hence we arrive at the following inequality:
n
—1)"¢ n72c 2 1y "
( ) 1 2 ( ) 2(n + 1) 1
because C - [ws] = —¢; for some positive constant C' due to different convention and

[weo]™ > 0.

Remark 8.1.6. In the classic case, there is also characterization about when equality
would hold. But that’ll make use of (8.2) for the (singular) Kdhler-Einstein metric,
which means we have to use Dominated Convergence Theorem there. So we’ll need
the control for ||R¢||. But just as mentioned before, until now the control we have is

not very satisfying for this purpose.
Hence we conclude the following theorem:

Theorem 8.1.7. For a smooth projective manifold X with Kx nef. and big, if there
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18 some proper control of the trace of the singular Kahler-Einstein metric constructed
before near the singular variety, i.e., the 5 in (8.1) can be taken to be sufficiently

small, then we conclude, just as in the case when Kx positive, that:

n
—1)" n—2 > (—1 n__ " .n
(=1)"c" e = (=1) 2<n+1)01
Remark 8.1.8. The inequality should hold when X is a projective surface and Kx
is only big (see in [Mi]). So it seems reasonable to conjecture that the assumption in

the above theorem will always be satisfied in the case of complex dimension 2.

8.2 Combining Results

In this section, we give an example about how to study interesting geometric ob-
jects by combining the results got before from the two kinds of arguments. More
specifically, we prove Theorem 1.4.1 stated in Introduction.

From the discussion in Chapter 2, we can already prove statements (1), (2) and
(4) of this theorem. Now by the argument from pluripotential theory in Part II of
this work, we can get (3) as follows.

Consider the Kahler-Ricci flow equation (2.1) with S = 0:

0y

ot

= —RlC((I)t) — (I)t, (:)0 = Wp,

where wy is any given Kahler metric.
Let wo = —Ric(Q) for a volume form Q. Set w; = wy + e (wy — W) and
O = wy + v/—100u, we can put (2.1) on the level of potential and more in the

Monge-Ampere setting as:
(w; + V—100u)" = ed Q.

We have seen in Chapter 2 that the right hand side has a uniform LP-norm bound
for all £ with any 1 < p < co. In fact, we know u and g—? are bounded uniformly from
above.

Now we know |ws] = Kx is nef. and big by assumption. Hence it would be semi-
ample and provide us with a birational map P from X to some CPY as mentioned
before, and so it falls right into the picture of Theorem 1.3.2.

Though in w; = we + € (Wy — Weo), we do not assume that wy — wy > 0 which

would make it more like the perturbation previously used in Part II, by combining
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with the degenerate lower bound of u from Chapter 2 which works like assuming
“mazxu(t,-) = 07, we can still have the uniform L estimate for u(t, -) with t € [0, 00)
simply by using part of w,, in the front to dominate the second term. In other words,
let’s consider w, as %woo +et (wo —(1- %et)woo) where %woo can be used as P*wjs in
Theorem 1.3.2 (or Theorem 4.1.2) and the rest part is a harmless positive perturbation
for our argument for ¢ sufficiently large. 3

This would give us the boundedness of the potential and so its limit. The conti-
nuity follows directly from Theorem 1.3.2 since the map P is birational to its image.
Hence (3) in Theorem 1.4.1 is true.

Actually we can also see that the limiting solution is more canonical than what’s

stated in (4) since it’s even unique for the limiting equation by comparison principle.

Remark 8.2.1. The above is more or less like building connection between different
pictures. But we have very good reasons to expect that they can eventually tells us

much more about these objects.

8.3 Surface Case

In complex dimension 2 case, using the rich theory about complex surfaces, we can
show some relation between the (singular) Kéhler-Einstein metric constructed before

with other known metrics as follows.

Now X is a minimal complex surface of general type. This is just another way
of saying that Ky is nef. and big. It is well known that a basis of sections of mKx
for some m > 0 gives rise to a holomorphic map P : X — CP". The map P will
contract finitely many rational curves to points (as stated in the appendix of [Za] by
Mumford which basically makes use of the results in [Ar]) and the image X = P(X)
is a Kéhler orbifold (see for example in [Du]) with rational double points. We can
explain part of this picture using some simple algebraic geometry argument below. It
looks simple only because we make use of some results already been mentioned before
which might not be easy to prove at all.

Since Ky is nef. and big, we know the map P would be a local isomorphism out
of the stable base locus set of Kx for m sufficiently big as discussed before. From
Nakamaye’s result mentioned and also used before, the stable base locus set should

be the union of the varieties over which the class Kx is degenerate as Kahler class.

3In fact, the uniqueness result already proved before allows us to only consider the case when
wp > Weo. But the treatment here gives some idea about the flexibility of the argument.
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In the surface case, it should just be the union of the (irreducible) curves C' such that
Kx-C=0.

We can use adjunction formula to study these curves.

0=Kx-C=Ks-C—-C-C=29c—2—-C-C. Since Kx — eF would be Kahler
for some € > 0 and curve E from the bigness of Kx, we have (Kx —€eE) - C > 0.
As Kx -C =0, we have F - C' < 0 and so C' - C < 0. By plugging this back into
the adjunction formula above, we see go = 0 and C' - C = —2. So C' is a (rational)
(—2)-curve. Clearly, there could only be finitely many of them by cohomological
consideration. It’s easy to see that the argument above can be reversed. So the
stable base locus set of Kx consists of all (—2)-curves. Anyway, we now know that
every C' is contained in the divisor F used above. And we can see by a simple
computation that the intersection between different C’s can only be 0 or 1. In the
following, C' would stand for a connected component of the union of (—2)-curves in
sight of the possible intersection 1 between them.

These properties would characterize the singularity of the image and give the pic-
ture above. In fact, as Ky - C' = 0, we know that a holomorphic section of mKyx
would have its 0 locus set either not intersect C' or contain C. Since mKx is also
base-point-free, both situations should appear. We can easily conclude from this that
the map P would contract each C to a point, though we can not see here that the

point would be different for each C' (a chain of (—2)-curves). 4

Anyway, we have the picture of the map P described before. The argument in
[Ar] tells that P*K+ = Kx and now K is an orbifold K-E class. Set mw,, = P*w
where w,, is the standard Fubini-Study metric on CP". We know that the (singu-

FS?

lar) K-E metric (from Kéhler-Ricci flow or other perturbation methods) got before is

smooth outside those rational curves contracted by P.

In the following, we’ll show that the singular metric constructed before actually
coincides with the pullback of the unique Kihler-Einstein orbifold metric on X with
K+ as its Kahler class.

Let w = Lw, |5 Since it represents K, there is a (orbifold) volume form € on
X such that Ric(Q) = —@.

Moreover, we can see the pullback of this form to X is a smooth volume form

Q2 such that Ric(Q2) = —w., as follows. Basically, since Kx - C' = 0, we know the

4Actually, this situation is called as A-D-FE singularity. See for example [BaPetVa] for more
systematic discussion.
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canonical bundle is actually trivial in a small neighbourhood of C'. Thus the orienta-
tion bundle is also trivial there. The pushforward of a local volume form |s|? in that
neighbourhood in X, where s is a nowhere 0 holomorphic function (i.e., a section of
K there), is a volume form away from the rational double point. We can lift it to the
orbifold coordinate chart. This volume form is defined only out of a point which is of
codimension 2. Applying Hartogs’ Theorem to the function s, we know the extension
would be a orbifold volume form and that’s exactly what we want.

Now write the Kéhler-Einstein orbifold metric as @ 4+ /—100v °, where v is a
smooth function in the sense of orbifolds. In particular, v is continuous on X. Fur-

thermore, on X, it satisfies the following Monge-Ampere equation
(@ +V/—100v)* = Q.
This equation can be pulled back to an equation on X:
(Woo +V/—100u)? = €“Q,

where u = P*v clearly belongs to PSH,_(X)NC°%(X).

By uniqueness result of such a solution for the degenerated Monge-Ampere equa-
tion which is rather trivial by applying comparison principle, we know that these two

metrics have to be the same.

Remark 8.3.1. In fact, we don’t even need the boundedness of the solution got before
(from flow method) to conclude this because we can justifty comparison principle for

more general class of functions as mentioned at the end of Chapter 2.
The following corollary is what has been proved.

Corollary 8.3.2. If X is a minimal complex surface of general type, then the global
solution of the Kahler-Ricci flow converges to a positive current Oy which descends
to the Kdhler-Einstein orbifold metric on its canonical model. In particular, @s s

smooth outside finitely many rational curves and has local continuous potential.

Remark 8.3.3. Of course the consideration above also works for higher dimensions

under proper assumption. But it’s of course much more restrictive.

°This can be obtained essentially by applying Yau’s argument in [Ya] to the orbifold picture as
done in [Koi] for example.
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8.4 Direct Generalization

We have kept mentioning the canonical line bundle Kx over X and Kahler-Einstein
metric and correspondingly in the equation (ws + v/—100u)" = €“Q, we assume
Weo = —Ric(Q2) besides the more essential assumption on the class [we], though it is
pointed out that this assumption is not necessary for most of our argument. But at
that time, the real meaning (or say more geometric meaning) of the equation without
this extra assumption is not quite clear. Now we are going to clarify this.
Let’s reconsider the equation (2.1) which is the main flow equation being consid-
ered on the level of metric:
0w,
ot

= —RIC(J)t) — (:)t + S, (:)0 = W

where wy is the initial Ké&hler metric and S is some smooth real closed (1, 1)-form.

This is just the &k = —1 case of (1.1) at the very beginning which is our main
interest. Notice that in the general computation in Introduction, S always appears
in S — Ric(§2) where Q is a smooth volume form. So we might want to replace S
by Ric(€2) + L where L is another smooth real closed (1,1)-form. Now the equation
becomes: R

% = —Ric(&y) — @y + Ric(Q) + L.
In this form, at least cohomologically, it is clear that the flow is a tool for us to deal
with the class [L].

If we remove the “—Ric(@;) 4+ Ric(2)” part on the right hand side of the equation,
the remaining part is a rather trivial evolution equation and the limit is trivial L in a
strong sense which it is not so interesting. In fact we use the part —Ric(@;) + Ric(92)
to make sure that the solution (if exists) will be a metric for each time slice while
hoping the limit in any sense would preserve the positivity.

Now intuitively we want to get a limit as ¢ — oo for the flow which means we are

heading for a “metric”, 0., satisfying
0 = —Ric(@s) + Ric(?) — 0o + L.

Formally considering in the level of cohomology, we would have @] = [L] which
means we could find a metric representative for the class L if there is such a limit. Of
course we do not expect this to happen for general L, but this will give one way to
see how we are going to fail or succeed in finding such a representative. Moreover we

might lower our standard of the limit by allowing singularities (essentially allowing
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weak convergence), which is just what have been done earlier.
Let’s explicitly write down what we have to treat. Set wy = L 4+ e *(wy — L), and
@y = wy++/—100u. Then formal computation tells us that u will satisfy the following

evolution equation:

which should look very familiar up to now. And we’d better focus on this equation in-
stead of the equation on the level of metric as usual. Clearly all the equivalence about
these equations can be justified in the same way as before. The limiting equation now

becomes

(L ++/—190v)" = €'Q,

and there is no relation between Ric(€2) and L now. In fact there is nothing very
fancy here if one notices that in the discussion before, we suppose S = 0 and so
L+ Ric(2) = 0. At this moment we just make it more explicit that it is the class [L]
that the flow is heading for and it could in fact be anything.

No difference needs to be made to essentially all the discussions for the flow
equation above in dealing with this general case and we briefly sketch the output
below.

For [L] positive, for any choice, we always have that the limit exists in C*-topology

which satisfies

(L 4+ vV —100us)" = "=

for any L and €2 we might choose. This is classic.

For [L] numerically effective, for any choice, we still have the global existence of
the solution for the flow equation. In fact the flow exists as long as the class remains
to be Kahler in general.

For [L] nef. and big, we still have [L] — eE positive for some effective divisor E
and € € (0,a). So there is no change for all the local discussions. We get a limit .,
which is smooth out of the stable base locus set of [L] with some estimates near the

stable base locus set and globally plurisubharmonic over X, satisfying

(L + vV—=100us)" = €"=Q

over the regular part in usual sense ©.

And recall we have seen if the stable base locus set is empty for Kx, then the limit

50ver X in the sense of measure since the left hand side is a measure even if u, is unbounded
as discussed at the end of Chapter 2.
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is a smooth metric which represents [Kx|. It is of course also the case here. Hence

the following is true just as before:
[L] nef. and big with empty stable base locus set <= [L] positive.

The perturbation method using a positive class is totally unaffected. Now for
the other perturbations using v/—190log|o|?, notice that if ws, > 0 which is now
L > 0, then we can actually take a proper norm |- | which makes all the perturbed
background forms actually positive, and this will make the argument looks cleaner.
In the case when [L] = Kx (and related ones), by Kawamata’s result, nef. and big
will imply that [L] is semi-ample, and so it is easy to get such a representative. We
don’t have this for general class. But clearly our argument is not so affected by this
fact.

Remark 8.4.1. For all the discussion above, we can consider real class, while ra-
tional class, which essentially comes from some holomorphic line bundle, is usually
considered for notions like nef. or big. But the meaning can clearly be generalized to
real case.

But even when restricted to rational class which is of basic interest for geometric
consideration, we yet can not say that there is an L > 0 for such class [L] in general.

So it is indeed nice to recognize all the results still hold without requiring L > 0.

In sight of the previous discuss, there would be a tough issue when applying results
from our argument using pluripotential theory to general class [L]. We need the map

P which should come from the semi-ampleness of this class.

8.5 Further Problems

In this section, let’s list some directions for further consideration on the degenerate

Monge-Ampere equation.

8.5.1 Big Bundle

As pointed out before, the flow method seems to be the most promising one in this
situation. It corresponds to the case of T < oo as in Section 2.4, i.e., finite time
singularity.

We've already known if the limiting class [w.] is the canonical class Kx which

is big, then |[wr| would be big and semi-ample for a rational initial Kéhler class by
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Rationality Theorem and Kawamata’s result. Thus all the results before can be
applied in this case. The only unsatisfying thing is that the finite time limit of
potential ur, which is continuous, would not satisfy the K-E equation since the term
9u|,_r is not 0.

The problem would become more serious in general since though the class |wy]
which would be real nef. and big class for us, it may not even be rational and so
the map P is out of reach. Even for the surface case with [wy] to be rational, the

semi-ampleness won't follow from the rationality of the class [wr] from results in [Ka2)].

In any case, the possible strategy is to continue this flow in some weak sense and
get a weak limit. There are two ways of looking at this as we see it now.

The first one is to continue the flow on some other (singular) space. The space
might come from the map P from the class [wr] in some cases. The simplest situation
for a smooth surface of general type is still of quite some interests. We have had some
discussion about it in Chapter 2. At that time, the new space is still a smooth
manifold. But we should expect singularities on the new manifold in general, which
would obviously bring some substantial difficulties in the analysis.

The second one would be to try keeping the flow over X in some weak sense. As
suggested in [Tsh2], Dirichet problem for domains on X might be a proper object
to study for this purpose. Here the choice of the domains and the boundary values
should be quite subtle.

Somehow, these two points of views should be equivalent and the (weak) limit
should be canonical, i.e., independent on all the choices. At this moment, it seems

that we need a little bit better estimates for the situation at time 7.

This program is suggested in [Ti2] as stated in Introduction.

8.5.2 Nef. Bundles

As discussed before, the equation (L + /—100u)® = %€ can’t have a bounded
solution when the rational class [L] is nef. but not big. But that doesn’t mean this
equation is of no interest at all. In fact, as we’ve seen, the corresponding Kéahler-
Ricci flow has a global solution for all time by nefness and it would be interesting to
study the limiting behavior of the metric along the flow. Basically, no bigness means
the volume should be collapsing when ¢ — co. It’s expected that the volume would

degenerate to the dimension equal to the Kodaira dimension which in this case is
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strictly smaller than the dimension of the manifold X itself.

In Song and Tian’s recent work [SoTi], the case when [L] = Kx for X, a minimal
surface of Kodaira dimension 1, has been successfully treated with complete descrip-
tion about the collapsing. Quite some arguments there can be applied to general
dimensions provided the Kodaira dimension is still 1. Hopefully we can address this

problem further by combining the different techniques.

8.5.3 More General Equations

It should also be natural to consider the following version of the degenerate Monge-

Ampere equation:

(Woo + vV —100u)™ = Q (8.3)

where |wso| is nef. and big and  is a smooth volume form. Of course we should
require [, © = [weo]”. In fact this is exactly the main equation considered Part IT of
this work. But now we focus on the case when 2 is smooth so that the maximum
priciple argument used in Chapter 2 can also be applied. Basically, the feature of
the degeneration is just like in our main interest before, so we can also try to solve it
using the same spirit.

It’s easy to see the perturbation methods used before also provide families of
approximation equations. We can just rescale the right hand side by positive constants
to maintain the equality of integrals over X for both sides.

Now since there is no e* term on the right hand side, we can not get uniform
degenerated C” estimates as in Chapter 2. Indeed the classic method as in [Ya] doesn’t
look feasible to me either at this moment. But once C° estimate is available, it is
easy to realize that there is no difficulty in carrying out the (degenerate) Laplacian
estimate and higher order estimates. Then we can have the same kind of limit as
before.

When [ws] is big and semi-ample (or just comes from a map P as in Theorem
1.3.2), we can have the uniform C° estimate for the (normalized) approximation
solutions which even better than what we’ve used before in Chapter 2. 7

The solution is actually continuous when [w.] is semi-ample and big (or the map
P locally birational). The uniqueness of such a solution is clear from the stability

result mentioned before. Hence we have proved the following theorem.

Theorem 8.5.1. For the equation (8.3), if [we] is semi-ample and big, we have a

unique bounded solution uw € PSH,_(X) which is smooth out of the stable base locus

"This is also the case for equation with e* on the right hand side.
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set of [weo] and continuous over X. We also have some controls about the singularities

along the stable base locus set of [woo).

It would be a different story if one uses flow method to study the equation above.
Clearly that type of flow introduced in Introduction is not going to help us. But using
the original flow equation in the level of potential, it is easy to cook up the following

flow equation that’ll have (8.3) as the limiting equation:

au_

O log a0, =0 (8.4

(w; + v/ —100u)"
Q

where w; = Wy + € H(wp — weo ). Then we can trace back to see what is the equation
in the level of metric. Set & = w; + v/—190u as before. We can get the following by
taking “4/—100” on both sides of the above flow equation:

Oy . . —t ~

i —Ric(@:) + Ric(Q) — e " (wy) — wWeo),  @Wo = wp
which is no longer canonical as before, i.e., depending on the choices of w.,, wy and
Q.

We still have the long time existence when [w.] is numerically effective. In fact,

general existence result can be proved using similar argument as in Chapter 2.8

Quite mysteriously, in order to get a similar convergence result under proper

assumptions on the limiting class [wy], the main obstruct, as I see it now, is merely

the lack of a proper lower bound for ‘2—;‘. And even for the case when the limiting

class is Kéhler, such a bound is not yet available in general as far as I know at this

moment. Related discussion can be found in Appendix.

80mne can do a change of the unknown to create a “—u” for (8.3). It won’t do any harm when
searching for finite time estimates.
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Chapter 9

Appendix

9.1 Inequalities for Laplacian Estimate

In this section, we clarify the computation for the inequalities used in Chapter 2 to
get Laplacian estimate. And there are also some other things we might want to pay
attention to when using the inequalities for local estimate. A very brief discussion
for higher order derivative estimates will also be provided. It’s the flow method that
requires the most intention. Essentially all these are a direct application of the result
in Yau’s original work [Ya]. So let’s recall what Yau’s classic computation gives at
the beginning.

On a (closed) Kahler manifold X with dimcX = n > 1, consider the following

equation

(w+V—100u)" = eFw™,

where w is a Kahler metric and F' is a smooth function. wu is supposed to be a smooth
solution. Set @ = w + /—100u.

Then we have the following inequality at any point p € X:

n

e Ay (e7(w, @) = (ALF — n*infizRij;)

— Cn{w, @) + (C + infi;éjRﬁjj)(%@?@"_la

where C' is a positive constant such that C' + infi.;xR;;; > 0 (i.e., the sum is a
positive constant) and R;;; is for the metric w where i and j are for some local or-
thonormal frame for the holomorphic tangent bundle with respect to the metric w.
Let’s emphasize that this inequality is pointwise and the “inf” is taken at the point

p. So there is no requirement on the global topology of X which is closed in all our
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consideration.

Let’s consider the flow case first. The equation considered is the following:

ou _
ot

(w; + v/ —100u)"
log 9 —

u?
where w; = L + e *(wg — L) is uniform as metric for the range in which we use the
computation and everything is smooth. Here we use L to match the notation in

general case. This equation can be rewritten as:

Q

(w; + V—100u)" = e 3 tutloggim .

Now we can apply Yau’s computation to get: (&; = w; + v/ —190u)

Ou

eC“A‘;,t (e_cu<wt,@t)) > (Awt(at

Q .
+ u + logﬁ) - nQaniinﬁﬁat)
t

ou Q
_ ot tutlosgmw n

— Cnfwy, ) + (C +infiz Rz )e a1 Wy, W) T

where C' is a positive constant such that C' + infix;R;5, > 0 and Rjj;, is for the

metric wy (i and j are for local frame correspondent to w;). This is still pointwise (for
(t,x)) and here we just use Yau's computation for each fixed ¢.

The t-derivative can be treated directly as follows:

(= ) e ) = O e ) — o,
= O, ) — o, o+ V10O + (G ).,
= 0% o) = (G — (o V100 + (2 )
= C%m,@g + (%, V—100u),, — A%(%).

7

Here the second “=" can be justified either by local explicit computation using coor-
dinates or can be seen intuitively by using the diagonal form of the metrics . We have
also used the obvious relation (wy, ) = (wy, +)o, above. This computation is general,

i.e., not relying on the special form of metric wy.

n fact this intuitive way can be made rigorous by noticing we can use wy, + %h:to < (t —to)
instead of w, for each ty, and then we can diagonalize them simultaneously.
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Noticing A,,u = —n + (wy, @), we can sum up the above two to get

9 —Cu ~
a) (6 (wt, Wt>)
ou

Q
t

GCU<A&,t .

ou Q
ot tutloeg n

V—=100u)w, + (C +infiziRige = (wi,@) .

awt
o

Now we include the relation w; = L + e *(wg — L):

(%Jt

(E’ V—100u),, = (—eH(wo — L), — wy)

wi

(L — Wi, Wy — wt)wt
= (L, 01)w, — (L, wi)w, — (Wi, Ot)w, + (wr, W),

> —Cwy, @) — C,

where for the last step, we use —Cw; < L < Cuw; from the uniformality of w; as
metric.

By the uniformality of w; as metric, we can get uniform controls for logw%,
A, (logw%) and n fix;R;;;5,. Noticing the uniform upper bounds for u and % always
got before taking care of Laplacian estimate, the above would be sufficient for the

Laplacian estimate before we localize the estimates by including “log|o|*”.

Now we want to justify the inequality when terms like log|o|? are involved. The

equation is now in the following form: 2

3 2\\ 1 %—l—u—l—log% n
(Wt,(s + v —188(u — (5log\a] )) =e 8" Wy 5",

where wy s = L + dy/—1log|o|? + e *(wp — L) is uniform as metric ® for the range we

are applying this inequality. Again by Yau’s computation, we have

eC(U*MOg'UP)A&)t (670(u7610g|0|2) <wt,57 (I)t>)

ou Q
> (A,  (— 1
( t,S(at +U+ ngtén

)

) — ’I'LQZTLfHé]Rﬁ]‘;’t’(s) - C?’L(Wtﬁ, CDt)

ou Q
Y +u+lo,
ot & “’t,(Sn n

+(C+infigjRijzes)e” 7 (Wi, @)™ T,

2Everything should be understood out of {o = 0} now.
3Tt can be considered as over X to feel more comfortable about the uniform bounds.
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where C' + infizjRi545 > 0 and R34 is of course for the metric wy 5.

iij7,t, iij7,t,

One can also compute the t-derivative part as before:

ec(u_6log|0|2)(_g)(e—C(u—élog\o\Q)<wt767J)t>)

ot
ou _ 0 -
— Oa<wt’6’ Wt> - E(wtﬁ) Wt)
ou . —t / 50U - .
= Ca<wt,57wt> + <wt,57 € (WO - L)> - <wt157 _1aaa> - (6 (CUO B L)’ wt)wt,(s
ou - ou —t ./ 9 2
= CE<Wt,67Wt> - Awﬁ,a(a) - (6 (WO - L)? —188(u B 610g|0_| ))wt,é'
Sum them up to get: (A, ,u = —(wis,wr) + (Wis, @1))
(Clu—tloglo) (A %) (78 (0 5, )

Q .
= (Awt,é (logwt 5”> - RZanz‘;«éjRﬁjj,t,a - <Wt,éawt>)

Ou

+ <_Cn+08t

+ 1w s, @1) — (e’t(wg — L), vV/—190(u — 5log\a|2))

ou Q
~+u+lo;
ot S wi s v n

+ (C+infigRijes)e » 7 (wis, @)

W §

We can still get rid of the only term not explicitly containing (w:s,&:) by the

following consideration:

— (e "(wo — L), vV—190(u — (510g]0\2))%6

= (L + 6v/—100dlog|o|* — wys, @ — Wt e s

= (L + 6v/=100log|0 2, &y )u, , — (L + 6v/—=10D10g 0 [?, @i 5)u, 5
— (W3, @r) + (Wi.5, W8 ) w5

Z —C<Wt,6,@t> - C,

where the last step is justified still because w;s is uniform as metric in the range
considered. Actually in our application, since L + dv/—190dlog|o|? > 0, one can just
use (L + (5\/—_18510g]0|2,d)t)wt)6 > 0, and so the coefficient for (w;s, ;) can be just
—1 in the final expression.

Still from the uniformality of w;s as metric and the upper bounds for v and %—?,
we can get the controls for the coefficients in the inequality above. Notice that for

the term (w4, wy), we have w; uniform as form.

This should be enough for the Laplacian estimate for the flow method.
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If we want to get the estimates for higher order derivatives directly, we can just

use Yau's computation for G = §9g* g u;z,uj,-. In the case of flow equation, we

have to do the computation for t-derivative directly, but it is not hard to see that

«wOu»

ot
get an inequality with A, —

will still cancel themselves just as before and finally we’ll
&l
ot
local estimates is very similar to what’s used in [CafNiSp|. Though elliptic equation

the terms containing

instead of A, in Yau’s work. The idea for getting

is considered there, the argument can be used for parabolic case without essential
modification. From the (local) estimates of G, we have enough derivative estimates
to run the iteration using standard estimates in parabolic case (as standard Schauder
estimates in elliptic case) to get all the higher ones.

All these above should be enough for the flow case.

For the perturbation methods, there is no t-derivative, so it should be a more
direct application of Yau’s computation. In case when the perturbation is only for
the background “metric” (as in Subsection 2.5.1), it’s rather trivial to see the original
Yau’s computation is enough.

For the case when perturbation happens on both sides of the equation as in Sub-

section 2.5.2, our equation becomes, out of {¢ = 0} where everything is smooth,

Q

a n UeTEILO; 0'2 (0] I
(we,(S 4 /_1aa<u€ o 510g”0”2)) — ¢ +eloglo|®+] gwe,a wgén’

where w.; = L + ev/—190log|o|? + 6v/—100log||o||? is uniform as metric for fixed
small 6 > 0 and sufficiently small ¢ > 0. Notice there is even no need for w. =

L + ey/—100log|c|? to be a metric. Once more, Yau’s computation gives:

eClue—dlogllol®) A (o=Clue=dlollol®) (1, o )

€

Q
> (Awe,é(uE + elog|a|? + log ) — n%nflﬁRigj‘;,E?(;) — Cn(wes, we)

we,52
ue+elog|o|?+log — an
+ (CH+infizjRijjes)e n—1 (We s, De),
where C' +infisjRg5..5 > 0 and R;; is for wes.

Just as before, using the equation A,,_;uc = (Wes,0e) — (We,5, We), We can continue

the above inequality as follows:

= (Aweﬁ (610g‘0’|2 + log ) - nQinfi;féjRigjj,e,& - <we,57 We>) - (Cn - 1)<W6,67 (I)e>

n
We,6
Q
“’e,&n n

+ (C + Z.nfiyéjRﬁjj,e,é)ei n-l <we,57 a)e> nel

ue+elog|o|?+log
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By noticing that u, +elog|o|> < C got before in Subsection 2.5.2, /—190log|o|? being
the curvature for the line bundle “E” with respect to the norm |- |, and w.s being
uniform as metric, we can get the controls for all the coefficients. This is enough for
the Laplacian estimate there.

In fact if we want to get the estimates for higher order derivatives directly, we can
also use Yau’s computation for G = G fjkl_gs{uil—su%g. In this case, since there is no
“t-derivative”, we just have to use the original computation by Yau since we already
have local uniformality of @ as metric *. From the (local) estimates of G, we have
enough derivative estimates to run the iteration using standard Schauder estimates

to get all the higher ones.

9.2 Uniform Estimates

In this part, let’s take care of the uniformality of the estimates in [Ya] mentioned in

Subsection 2.5.2. We are considering the following family of equations:

(w+ V—=100u,)" = "< |o|*Q

for € € [0,a], where | - | is fixed, and a fixed Kéhler metric w. We want to get some
uniform estimates for all u.’s.
Following Yau’s argument, we just need to find uniform estimates for the family

of equations: °

(w4 V=190u5)" = e (|a]* + §)Q

where € € [0,a] and ¢ € (0,C].

We know that a smooth solution u. s exists and is unique for each of these equa-
tions. For simplicity, the lower indices will be omitted below. All the positive con-
stants C' in the following should be independent on € and ¢ above which is the uni-
formality wanted. The most essential part will be proving the C° uniform bound for
u’s.

Lower bound is easy to get as follows. Considering the minimal value point of

(each) u, we get at that point,

e“(|o]? +6)Q > w.

“4Since the condition is local, it will give us local estimates for G as in [CafNiSp].
5In fact this also gives the solvability of each equation with € > 0 above.
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So u > log — elog(|o|? + 6) > —C at that point, and so for the whole of X.

The proof for uniform upper bound is more involved as follows. Consider the
family of equations

(w +V/=1080)" = C.4(|o]? + 6)°Q

where C is the proper constant such that [, C.s(|o]* 4+0)Q = [, w". Clearly C. s
can be uniformly controlled for all the above € and §. We know that the smooth

solution exists for each equation and is unique by requiring [ cow" =0 6,

It’s easy to see the uniform upper bound for such v above by using Green’s function
for w over X. If we have uniform lower bound for v, then we can take a contant A
such that v =v + A > C. 5. Then we see

(w4 V/—=1000)" < €*(|o|® + §)Q
with o still being uniformly bounded. Thus we get by taking quotient:
(w + V=100u + vV=100(v — u))" < " *“(w + vV—190u)".
Considering the minimal value point of ¥ — u, one gets at that point, ® —u > 0. So
we have v > u on the whole of X. Hence we get a uniform upper bound of .

Then the argument will be quite standard after noticing

ki
Ay(lo> +6) = mAwlog]aP.

We can only get local estimates for higher order derivatives since the volume
bound is not so good from the equation itself. But we already have enough to get
uniform C!estimate for all the solutions with a € [0,1) and that’ll be enough for

getting a b solution by taking limit.

So now it only remains to show the uniform lower bound for v. Let’s recall the
equation

(w4 V=190v)" = C(|o|* + §)Q

with proper C' controlled uniformly for €, ¢ and the normalization [ v = 0. One still

6X and w" will be omitted in the integration expression later for simplicity.
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uses Yau’s computation to get: (& = w + /—109v, ef'w™ = Q)

A@(eicv <w7 (:J>)
> e (eAlog(|of® +6) + A F — n*infiyRj5) — Cne” " (w, @)

n

+(C + infigi Ry Cllof* + 0) 7 Te mre O w, ) w1

> —Ce % — Ce % (w, &) + Ce % w, @)1,

where one requires C' +in f;2; R;;;; > 0 and notices (|o]? + §) "1 > C for all € and 0.

Applying the arithmetic-geometric inequality in the form C, + na# > Ca for
any positive C' and 7, we arrive at:

Ap(e7(n+ Ayw)) = —Ce % + Ce A .

Using the volume form &" = C(|o|* 4 §)°efw" to integrate both sides of above

over X, we get:
C/(Io|2+5>€e‘0”
> [ (1o + 8 @ an
— /(d((|0|2 +0)e” "), dv),,

= C/(|<7|2 + 5)56_01’|dv|2 — 6/(|0|2 + 5)6_16_0”(d|0|2, dv),.

For the case € = 0, of course we have

/(W +8) e du]? < c/(yay2 gy Cr.
For the case € € (0,a], we can do the following computation: 7
ot + 87t e dloP v
:/eCv(C(yaP+5)3“’dya|2,0(|a|2+5)5dv)
< C/e‘cv(|a|2 4+ 8)2|d|o*]* + C’/e‘c”(|0|2 + 6)¢|dv|?

< C/e_C”(|0|2—|—5)6+C/e_0”(|a|2+5)5|dv|2,

"The case when € = 0 can be included below, but it’s not necessary.
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where the last step is justified by the fact that |d|o|*|> < Clo|* < C(|o]* + 6).

Thus by combining with the previous inequality, we can get

/e_C“(|a]2 +6)dvf? < C/e_C”(]U|2 o)

by choosing C"s properly, which corresponds to the trivial one claimed for € = 0
above. Here the (s are positive constants, but may not be the same at different

places.

Now we can have from the discussion above that

/ d((Jof? + 8)5eF)?
< C’/(|0|2+5)6_2e_0”|d|0|2|2+C’/(|a|2+5)€e_0”|dv|2

< c/(w 4§y,

Afterwards, Yau’s original argument can be applied to get a uniform lower bound

for v without any modification.

9.3 Relation between Different Flows

The following general flow equation is our main interest

a5
% = —R,IC((:)t) + k- (I)t + S, (:J() = Wy
where k = —1, 0, or 1 for simplicity and S is some real smooth closed (1, 1)-form.
When k£ = —1 or 1, the equation can be reformulated as follows:
6(6 kt(;)t . _kt ~
ST k) = —Ric(e ™M&) + S

We will call it as the rescaled flow in the following. Notice that the time and metric
are getting rescaled simultaneously and Ricci curvature form is invariantly under

rescaling.
Different £ makes the new time parameter —%e‘kt behave in a very different way.

ok = 1: —e ' € [-1,0), so it becomes finite time situation. As before, we can
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have the changing background form as:
wy = Ric(2) — S + €' (wp — Ric(Q) + 5) = (' — 1)(wp — Ric(Q) + S) + wo.

If [Ric(2) — 5] is positive, then we can take a proper initial metric wy with |[wy] =
[Ric(2) — S]. The original flow will exist forever (¢ € [0, 00)) which is not hard to see

and will be discussed later.

The rescaled flow has [e '@ = e *[wo] go to 0 (cohomologically) as ¢t — co. So

© approaches 0. The fairly famous recent work

singularities should appear when —e™
of Perelman’s ([Per]) on finite time singularity might be applied to study the current
situation.

Clearly, as t — oo, the convergence of e '@, is a much weaker result than the
convergence of @, itself. If we know more information about the possible convergence
of @&y, for example, it converges to a Kéhler-Einstein metric or a soliton (which has
to be shrinking), then we have e~'@; — 0 as ¢ — oo in a very nice way. But clearly,
this is not the only situation we can expect from this simple-minded consideration.

We can also consider the case when [wy — Ric(2) + S] is nef., then the original
flow will still exist forever just as before. Now we have [e'@;] — [wo — Ric(Q) + 5]
as t — o0o. For the rescaled flow, we should still expect finite time singularity when

—e ! approaching 0 in this case.

ok = —1: e € [1,00), so it is still infinite time situation. Basically we are going
to see the interaction between this case and k& = 0 case which has been considered in
[Cao]. ® The two equations considered here and in [Cao] are:
09,
0s

0y

ot

= —Ric(@,) — & + S, = —Ric(¢,) + S

and we can easily find the relation ¢, = e'@;, s = e with ¢y = @y = wo. We also have

the following background forms:
wi = —Ric(Q) + S + e *(wo — Ric(Q) + 9),

¢s = wy — Ric(Q) + S + s(—Ric(Q) + 5).

Thus if we want any kind of convergence for ¢, it is natural to require [S—Ric(€2)] = 0.

8This kind of interaction might also be used to prove the global existence result for the modified
flow discussed at the end of Chapter 8.
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The volume form €2 can be chosen properly so that S = Ric(2). So actually we have

_ -t _
Wy = € "Wy, ¢s = Wo-

The result in [Cao] gives us the convergence of ¢, (or e'@;) as s — oo (or t — 00).

Obviously this implies the nice convergence of &y — 0 as t — oo.

The equivalence relation above also gives the equivalence of long time existence

results.

Actually, combining with the results in [Cao], we can draw more information about

the convergence as follows.
In the level of potential, we have the following equations:

Ou

(we + V=100u)" = €5 Q. (wo + V—100(c'u))" = e 5 TuQ,

Using the parameter s = ' and setting h(t) = ne'(t — 1), U(s) = e'u + h(t), we have

ou __

5 = %—7; + u + nt. Thus the second equation is just

(wo + V—=100U)" = €5 Q)

which is exactly in the setting of [Cao]. From the convergence result there, we know
e twy + v/—100u converges to 0 since wy + v/—190U converges to the K-E metric
as metric. So we should expect that u would converge to a constant after proper
normalization. In fact, it is quite easy to see this below.

From [Caol: %—g — (' as s — 00. Thus for any small ¢ > 0, we have proper

constants ' and C5 such that
(C—e)s+C, <UL (C+e)+Cy
which gives us that
C—e+Cie'<u+nt—n<C+e+ Coet.

So we conclude u +nt —n — C as t — oo and the convergence would be in C'*°-

topology by all the uniform estimates.

The above can also be seen in the following way. As proved in [Caol,

(SUpr{s} - infxx{s})U(s) < C.
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In our setting, this is just

(supx gy — infxxq)(u+nt) < Ce™.

Then if we only use the boundedness of u + nt from the discussion before, combining

with the higher order estimates, we still get the convergence of u+nt to some constant.

du
ot

t — o0o. But here we don’t have the convergence of U itself, which will be considered

The limits of v + nt — n and %—g are the same. So we have £* converges to —n as

later.

In the following, a careless point in [Cao] is pointed out and treated. In fact, we

can give further description of the convergence in the level of potential.

Recall the flow in the level of potential as in [Cao]:

E—O

ou lg(w—i-\/gla@u) Cu(0,) =0

where @, = w + v/—100u with w being the initial metric and Ric(Q) = S. Using

Yau’s computation for Laplacian estimate, it can be shown that over X x [0, T:
<w’ CDt) <C- eClu=infx o, mu)

where C’s do not depend on T'.

In [Cao], the function v = u — #(X) Jx uw™ is considered. Of course Vol,(X)

means the volume of X with respect to the metric w which is just [ +w". For simplicity

of notations, let’s assume the volume is 1. All the integration will always be over X.

It’s proved there that [v| < C on X x [0,00). But notice that [ uw™ well depends

on t. So though we have
v —1infxxomnV =u-— /UW" —infxxpm(u— /an),
the following inequality
in fx o (U — /uw") =i fxxpmu 4 infom(— /an)
means that we don’t have the relation

u— mex[o,T]U =v - mex[o,T]U
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or even just “<” which would be enough.

But it’s not so hard to get around this by the following simple modification of the
9u — 9+ O(t) where C(t) = [ %“w™ which only depends
on t. Since |§ < C by maximum principle argument, we have |C(t)| < C. Anyway,

original argument. We have 2

|% < C. Now let’s rewrite the flow equation as follows:
(w + V/—190v)" = S aadle)
Then we apply the classic Laplacian estimate for this equation to get:
(w,w+ V—=100v) < C

which is what we want. This might make people feel that the classic inequality used

for Laplacian estimate is not that optimal, but the flexibility is also great.

In [Cao|, the convergence of metric @; is proved. More precisely, the convergence
of v as t — oo is proved together with the convergence of . to a proper constant
which only depends on the choice of 2. In fact, we can get more detailed information
about the convergence of u itself. Basically, we just carry out more computation
similar to those in [Cao] and the convergence about @; is heavily used.

We consider ¢ = @ = %1; 7 as he did. The metric @, is used instead of w as in
the definition of v. It’s proved there that |[¢)||r2x) < C - e

In the following, the Laplacian A will always be with respect to the metric @;.
For [ > 1, we consider the function Alyy = Al(%%). We'll prove below that [|A[| <
C-e~“ for all I's. The essential part is the deduction of an ODE equation just as in
[Cao]. Induction is used, i.e., we’ll assume this estimate up to !l —1 for some [ > 1
[ =1 (i.e., | =1 =0) case has been proved there. A lot of .’s below are actually just
ordinary differential < 5

We start with the following computation where %t can be replaced by v since
[ >1.

0 00U, B 0, .,0u ,0u 0u 0w
a</<A 7)) = 2/8t(A o) A t+”/(A o) o

Notice here that the term 6‘” =+v- @08? would go to 0 as t — oo.

Recall the following equatlons.

0 ou

0
(a _A)E

(%)t
(3¢

=0, A)f = ( N —100f)s,.
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Thus we have the computation

0, .,0u 8 au 1-a( ou
oA o) = 8t o) ) A a2 )
[—12a>0
+1 a l—a—1 .~ o 8u
=A (6t > AT T(Ric(@) — S, v/-100A (5 ).,
1—1>a20

So we can have the following:

0 ou ou
A=) Al
/ 875( ot ) ot “r

/ A8 010U, / > Al‘l‘“(Ric(th)—S,\/—lagﬁa%)@t'(All/’)@f

ot ot o
[—1>a2>0
= —/|V(Al 3;p+/ > A (Ric(@) — 8, V-1 aaAa(a ) - (A L)@
—1>a2>0

By the convergences of &, and . and the induction assumption, applying Holder’s

inequality and Poincare’s mequahty, we can conclude that for large enough ¢,

0 o o, o, 5 ,0u
5(/(Al§)2wt) < —2/|V(Al—) 2w, —I—e/(A 815) n4 Ce ¢!
0
< c/(Ala“f "1 CyeC.
where all the constants are positive, € is properly chosen to be small enough and the
two C’s can be chosen to be the same. The metric @; is uniform as metric, so the

constants in those inequalities can be uniform. Hence we have for large ¢,

0

S (eCIA ) < Co

where the L*(X) is with respect to the metric &;. This gives [|A")| r2(x) < Ce "
which would be for any I. Of course now the definition of L?(X)-norm can be more

flexible in result. ?

Classic LP estimates then give [|1)||yr2 < Ce " for any I. Sobolev inequalities

would give ||¢||cr < Ce™¢" for all I. Of course, the constant C' would depend on .

9We need a good choice for the computation above.
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ou ~

Now let’s consider [ 2%@" which is the difference between 1) and 2 B

ot
g, [ou_, [0, 0u ou &utw 1
P AT Al Bl Ul B ni v

ou ou ou _
—[a AN
/ e +/ o Sar

/|V§: 202> —Ce .

In fact, we only need [|A¢||z2x) < Ce " and we have a more delicate proof only
for this (I = 1) case as follows. It basically makes use of the following inequality: °

ou , ou

|V — aaat o = (A—

ot )
And in this case, we have the special form of the equality considered before as

o ou ,u ~0u
B =& o + (Rie(&) =5, V-10075)

—AQ——|\/ 88 |M

We can carry out the following computation, using the results above, for ¢ sufficiently

large,

0 Oy 0 . Ou auw ou ., 0wy _, 4
5(/@5)%)_2/&@(%) Aa Wi /(Aat) ot

ou ~Ou ou ou ou
277 el o 2 _~n N2 7 ~n
/A T A 2/|\/ 86(% o A@t # /(A ) A—w

6u 9 -m ou ou _,
2 [Iv@aZEar+ [agra - Haga

C’/ 8u2n.

It’s the second term in the second to the last expression that we use sufficiently large
t to control. If n = 2, that term is 0 automatically. This final inequality gives the

exponential control as before.

Anyway, now we have 0 > %( %&Jf) > —Ce Ct. Let’s consider Ty > Tb,

ou ou _ _omn

0> ([ 570)(T1) = ( 5oor)(T2) > Cle™ = ™M) > —Cem .

10Recall that the Laplacian A is with respect to @;.
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Hence we have

19423) — ST e
= o) — v + ([ Fan @) - ([ Fran e
< JoTlles + ReTleo + 1 [ Tearym) — ([ Teapym)

< Ce T2,

We already know ; converges to a constant as ¢ — oo. By choosing 2 properly,
the constant would be 0 and indeed it’s equivalent to considering u + Ct instead.

Anyway, by taking T} — oo, we arrive at
Ju _
15 0o < O

Thus we have |u| < C and more precisely, the exponential convergence of u in C°-
norm. Together with all the higher space derivative estimates of 7 (just as for ¢),
we can see the exponential convergence is for all norms.

Let’s try to say something about the limit. It should be different from the one
for v which has integral over X with respect to w be 0. Clearly this is a canonical
construction for a metric w which will decide the choice of 2 as Ric(2) = S and
| <= / cw". Of course, if we choose some general constant instead of 0 as the
initial value, then the limit would change accordingly. But it seems hard to say
more, for example, about the relation between limits with respect to different initial
metrics. Even in the same class which means the limiting metrics are the same but

the potentials might be up to some constant as I see it.

9.4 Other Flows

For this part, we give brief discussions about some modified flows mentioned in Chap-
ter 8.

9.4.1 Class-Changing Flow for k£ = 0 Case

Let’s consider the following flow

ou - (w+/—100u)" _
E - IOg 0O ) U(O, ) =0
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where wy = weo +€7 Wy —wWeo ). wo is any initial Kahler metric and [wy] is the limiting
class as t — oo. The goal is to study the equation (wse + v—100us)” = Q. € is
a smooth volume form with proper total integral over X. As we have shown before
in Chapter 8, the corresponding metric flow is no longer canonical, i.e., the equation
itself depends on wy and w, generally.

We can still have the existence of the solution as long as w; remains Kéhler. One
way is to set e!v = u. Then we can get C°-norm bound for v similarly as in Chapter
2 and run through the similar argument. So we can still have &, = w; + vV/—100u as

the metrics along the flow.

The discussion for convergence will not be so easy. When [w,] is nef. and big, the
local convergence would be expected for t — co. Basically, we just need to get the C°
estimates for u and 8“ to run through the argument used before. The situation is very
different and the trlck above is not going to work. We can still have the following.

Take t-derivative once to get:

0 Ou ou L
2O = ) — ¢ (Bt — ). (0.)
Another t-derivative gives:
0 0%u 0%u B 0, O

) + €7@, wo — weo) — (5 (9.2)

5t ar) = Palgm 5t or )

Sum up the above two equations to arrive at:

0 0% Ou u  Ou 0wy 0wy
aiam o) = dalGa T 5~ (G g e

Maxmlum principle then tells us that ‘gt;‘ —|— v < C. Thus 5 ( ta“) < Ce' which
glves L < C. If we know [ws] is also “semi- ample then this Would give C° bound
for normahzed u by Theorem 1.3.2 proved as one of our main results. Say the nor-
malized v is v = u — [, uf) if we assume [, Q = 1. But the uniform (degenerated)

lower bound for remains to be a big problem.

If we consider the classic situation when w, is a Kdhler metric, it should be true
that the convergence is in C'*°-topology over X (to the smooth metric got in [Cao]).

In fact, in this case, once we have the uniform lower bound for %@‘, then we can run

" For these estimates, ¢ is always in a finite time interval, and so the term e’ is not going to give
us any trouble. But it causes big trouble in search of the estimates for ¢ € [0, 00).
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through the argument in [Cao] and get the convergence. Clearly, if wy < wso, then
(9.1) gives this bound and hence we have the convergence. It would be an interesting
question to get this in general which might help to understand the degenerated case

because we can’t have wy < ws When w,, can not be positive.

A final remark would be that for the case when [w.] is merely big, i.e., the local
convergence should be for ¢ — T' < oo. There are some differences since now the time
is always finite, so the term e’ used in proving global existence is also acceptable. So

the trick used before might be of some help.

9.4.2 k=1 Case

Now we consider the following evolution equation

ou - (wr+/—100u)"
Q

E_log +u,  u0,)=0

where w; = we + €7 (wp —Weo ). wp 18 any initial Kahler metric and [wy] is the limiting
class as t — oo. The goal now is to study the equation (we, + v/ —100Uq )" = e U< ().

As in the previous subsection, the corresponding metric flow is no longer canonical.

This equation would be the classic one if we have wy = ws. The Kéhler class
would then be fixed along the flow, i.e., w; = wy. As mentioned in Introduction,
we can easily have global existence of the solution in this case. In fact, let’s take

derivative with respect to t for this equation to get:

0 ,0u ou ou
—(—)=A
875(875)

= @t(a) T o

By maximum principle, we can easily get a bound as |%| < Ce' which also gives
similar bound for u. These finite time C° estimates would be enough for us to carry
out finite time higher order estimates through Laplacian estimate as usual. Hence we

get the global existence of the solution.

Here we also consider the flow when the class is changing. The limiting equation
is still the classic and interesting one. Clearly the way in which w; changes, though
is quite artificial, is inevitable if the class [ws] is no longer Kéahler.

Likewise, the global existence (as long as [w;] remains Kéhler) is not too hard a

problem by direct justification as before. One still needs to notice that ¢ would be in
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a finite time interval for this question and the form of w; can be changed according to
the potential u without changing the flow. Meanwhile, in certain cases, we might also
use the relation discussed before between the equations with different &’s to translate
the existence result from one to the other. More precisely, one can set v = e*u for
k = 1,or 1 and this would change the equation to a form quite similar to the one in

the main text. Then we can prove the global existence similarly.

The convergence, as expected in sight of people’s usual consideration of this prob-
lem, should be a completely different story even in the classic case when the limiting

class [ws| is Kéhler. The degenerate case should even be harder in a sense.

9.5 More Facts in Pluripotential Theory

In this section, we discuss some more results in classic pluripotential theory which

are used or briefly described before. For greater details, we refer to the classic works
in this field.

e Borel Measure

We explain why (v/—190u)™ is a (Borel) measure for u € PSH(V)NL>(V). This
is clearly just a local statement, and so it won’t hurt to assume V' is an open subset
in C™.

(Classic results in measure theory allow us to reduce this result to prove that it is
a positive distribution. As mentioned before, we only need to prove /—199(uT) is a
positive distribution when u is as above and 7' is a closed positive (k, k)-current.

We can assume u > 0 for simplicity by boundedness. Then uT is a positive dis-
tribution. Convolution can be used to locally construct smooth plurisubharmonic
functions wu; decreasing converges to u pointwisely (as j — o0). Results in mea-
sure theory would give the convergence of u;T" — T in the sense of distribution
(i.e., weakly). Thus /—199(u;T) — +/—109(uT) weakly by the definition. As
V—190(u;T) = v/=100u; AT > 0 as T is closed, so the limit is also positive.

e Positive (1, 1)-Current
We explain why the (1,1)-current /—10u A Qu is positive for v € PSH(V) N

L*>(V). This is still local. Basically, it’s a definition as follows. Let’s again assume
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u > 0 for simplicity.
_ 1 _ _
vV —10u A Ou := 5\/—186(u2) — uy/—100u.

The meaning of right hand side is clear as a distribution. To see it’s positive, let’s
use the same u; as above. Clearly, the equality is classic when we have u; in the place
of u above. '* We have the convergence of u; — u and so the weak convergence for
the first term on the right hand side. The weak convergence results in [BeTa|, whose
special version is introduced before, give the weak convergence for the second one.

Hence we conclude the positivity of this current.

Remark 9.5.1. Starting from this, it’s easy to consider the case when the u above
1s replaced by linear combination of bounded plurisubharmonic functions. Basically,
we can do all the classic computation, while using convolution and weak convergence

results to justify them.

e Semi-continuity of Plurisubharmonic Functions

The logic order for this part might be horrible. We just want to illustrate the
picture in a simple way.

The upper semi-continuity of plurisubharmonic fucntions can be seen by the de-
creasing convergence of functions from convolution. But it’s not the case for the
essential upper semi-continuity which is most useful for us. The rigorous way to
describe this fact is discussed (in the best way as I see it) in Lelong’s book [Le] by
giving several equivalent definitions of plurisubharmonic function. The monotonicity
of convergence from convolution plays an important role there.

It’s important to keep in mind that plurisubharmonic functions we are talking
about are functions with a fixed value at each point. They are not classes of func-

tions as elements in L!.

The rest of this section is aiming to help beginners understand the proof of the
extension result in [FoNar] which is used in our proof for the continuity of bounded
solution. The result in [Si] is also important in the proof. The proof for Siu’s result
is very technical, but the result itself is quite natural and easy to catch (even just by
the title of the paper).

e Stein and Runge Property

12Tn fact, the distribution would be positive as long as u has enough regularity.
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The definition of Stein space used there is classic as in [Le]. But the definition
of Runge space seems to be a little different from the one in [Le]. We would like to
know that they are actually the same. Actually this is a very classic observation as
showed in [AnNar] which is also where I got to know it.

Suppose Y is an open set in a Stein space X. We claim Y is Runge in X iff for
any compact set K, Kx C Y. The definition in [Le] only requires KxNY is compact
inY. Ky is the holomorphically convex hull of K in X, i.e., the largest set where the
C%norm of any holomorphic function over X over K controls that over this set. 3.

To prove the equivalence, We need to see Ky is actually in Y since it’s compact
because X is Stein. It’ll be done once we know the fact that each component of K y
would intersect K since we have Kx NY compact.

Using Oka-Weil’s approximation result, this fact can be proved once we know that
there is a Runge neighbourhood basis for Kx. Theideais the following. By contradic-
tion, we can have a Runge neighbourhood of K x which has at least two components
with K in only one of them but both containing part of Kx. Then the characteris-
tic function for the other part can be approximated by holomorphic functions using
Oka-Weil’s result. This would contradicts the definition of holomorphically convex
hull.

The construction of a Runge neighbourhood basis for Ky (any holomorphically
convex set) is classic by using sublevel sets of the norms of holomorphic functions as

shown in [Nar].

e Local Maximum Modulus Principle

We now explain the application of Rossi’s local maximum modulus principle in
[FoNar| which is crucial for that argument. The picture there is as follows. Suppose
X is an affine variety in the disk in CV (which is of course Stein) and K is a compact
set in it. If we have a point p € Kx \ K, then set E = dB,(r) N X with r small
enough so that £ N K is empty. The claim is that p € Ex.

This result was pointed out and explained to me by Professor Rossi. The proof
makes use of local maximum modulus principle.

Suppose it’s not true. Then there exists a holomorphic function over X, f such
that |f(p)| > |f(q)| for ¢ € OB,(r) which might apriori be empty '*. Hence the
(obviously nonempty) set {|f| = [f(p)|} has a component inside B,(r) because it

13In our application, it would be the same as polynomially convex hull and even plurisubharmon-
ically convex hull as we are basically considering over a subvariety in the unit disk.
141¢’s indeed impossible as the proof indicates.
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doesn’t intersect the boundary from above. However, by (a later version of) local
maximum modulus principle in [Ro], we know this component would intersect the
Silov boundary of Ky. Classic results tells us that this Silov boundary has to be
contained in K which brings us a contradiction. In fact, the argument in [Ro] tells
how to construct a holomorphic function which takes its global maximum of modulus
over X only in B,(r) and this would automatically contradicts the definition of Kx

without using the knowledge about Silov boundary.

9.6 Stability for Bounded Solution

In this section, we basically consider uniqueness of bounded solution for the degen-
erate Monge-Ampere being considered (with or without e* on the right hand side).
No continuity is assumed and so Part (6) in Kolodziej’s argument can not be applied
directly. This consideration makes sense when one does not require the map P to be

locally birational.

9.6.1 Integration by Part

For two bounded plurisubharmonic solutions of the equation
(Woo + +V—100u)" = "9

with € > 0 almost everywhere and w,, > 0. The manifold X is at least a closed
Kéhler in our problem and so comparison principle is justified. By comparison prin-
ciple, we have the set where these two equations are different would have measure 0,

and so they have to be the same by plurisubharmonicity.

There is actually another way of proving uniqueness of bounded solution for this
equation which is by justifying the classic argument for the smooth and nondegener-
ated case as follows. Suppose u, v € L>(X) N PSH,_(X) satisfying

(Woo + V=100u)" = €, (woo + V—1000)" = €“A).

where [woo] is semi-ample (and big) and 2 is a smooth volume form. Let’s use w,, and

w, to denote the two positive (1, 1)-currents (singular metric). Then we have

0< /X(u —v)(e" —e")2 = / (u — v)V—=100(u — v)(w," 7t + -+ +w," ).

X
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In the classic case when everything is smooth, integration by part can give that the
integral on the very right is nonpositive which tells u = v. Now we want to justify

this with less regularity of the functions.

Basically, we use a fact introduced in the previous section. For v € LS (U) N
PSH(U) where U is a domain in C", we can define the following positive (1,1)-

current

V—10u A Ou = %85(u2) — v/ —1udow.

We’ve mentioned that this fact can be generalized to the case when the function u
are linear combination of bounded plurisubharmonic functions and in fact, we can
consider the function v — v with u, v € L>*(X) N PSH,(X) when w has a local

potential representation. Thus we have the following computation

/X(u — )V =100(u — v) (W, + - Fw," )
— /X(%\/—_l@a(u —0)? = V=10(u —v) ANI(u—0)) (W, "+ +w, )
_ _/ V=100 — 0) A D — v)(@a™ -+ w1 <0

which gives the uniqueness result.

Remark 9.6.1. Apparently, this argument looks better than the previous one using
comparison principle as there is no assumption on we (and even the Kdhlerity of X ).
But as we have seen before, those assumptions are needed for the existence of such

solutions.

Recall that in Chapter 2, we have repeatedly used maximum principle to prove that
the solutions got by all kinds of methods (flow, perturbations) are actually the same
and also not dependent on all the possible choices. But if we have the boundedness of
the solutions, it’s easy to see that in order to prove all these solutions are the same,
we only need to use the fact that the solutions got are smooth out of some subvariety
of X, which is the same for all solutions, namely, the stable base locus set of [ws] %,

using the following argument.

15We do not actually need this fact here.
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0< /X(u —0)V=100(u — v)(w," "t + - Fw," )
= —/ V=10 —v) AN O(u — ) (w," 1 4+ w," )

< - V=10(u —v) AO(u — v)(w," " 4 +w,") <0,
X\E
where F is the subvariety out of which u and v are both smooth with w, and w, being
smooth metrics. The positivity of the currents justifies the second < above which is
actually = since the set F is pluripolar. Clearly, this tells that O(u —v) =0 on X \ E
which means u and v are the same up to a constant out of £/, and so over the whole
of X which gives u = v from this equation. Here we need the regularity of both

and v.

A good point about this discussion is that it works, to some extent, for the case
when there is no e" on the right hand side of the equation. So now let’s discuss the

following equation:

(Woo + V—100u)™ = Q

where € is a smooth volume form with proper total integral over X. We’ve seen in the
argument for Theorem 8.5.1, if we can have boundedness of the approximation solu-
tions (with certain normalization of course), then the Laplacian estimate and higher
derivative estimates can be obtained just as for the equation (we ++/—190u)" = €,
and so we can obtain a bounded solution with similar kind of regularity. But now
uniqueness result for bounded plurisubharmonic solution of this equation can’t be
proved by merely applying comparison principle since there is no e" term on the right

hand side of the equation. There are two ideas to treat this.

The first one would be trying to generalize the original argument in [Koj2| quoted
before. Unfortunately, there is a little fact involved which seems to rely on the
continuity of the functions a lot as I see it right now. But this method should work

for more general () as discussed in the next subsection.

The other idea would be the justification of the argument for the classic case.
But the argument earlier would not work, which is not surprising since the argument
should be different even in the classic case for these two kinds of equations. We can

do it in a slightly different way as follows.

For two (bounded plurisubharmonic) solutions w and v for this equation above.

We want to see that they are the same. Obviously it’s enough to prove for the case
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when one of them (say ) is the solution got before by perturbation methods (and so

with some more regularity). We still have the following computation.

0= /X(u —0)(w," — wy")
= /X(u — v)\/—_lé?é(u — ) (W w, T
= — / V=10(u —v) A O(u — v)(w," 4+ w," )

N
|

V100w — 0) A B(u — v,

X\E

where the subvariety E is for u from before. Since w, is a metric over X \ E, we have
the current v/—19(u —v) Ad(u —v) = 0 over X \ E. This actually tells that u — v is

a constant over X \ E. The proof is as follows which is local argument.

By convolution, we can have smooth w;’s converges weakly to u — v (of course as
j — o0). Also from the discussion about the current v/—19(u — v) A d(u — v), we
know /—10w; A dw; — /=19(u — v) A O(u — v) = 0 weakly. This would imply that
Dw; — 0 weakly (or even locally in L?) essentially from the definition. But we also
have Dw; — D(u — v) weakly. Thus we see D(u — v) = 0 which gives the desired
result (as an exercise in [Ev]).

For the last part of discussion above, we can also try to argue on the manifold X
instead of X\ E. The advantage is that on X, Poincare inequality, which directly gives
the constant difference between the two solutions, is at least easier to be justified.
The idea is quite natural since on a closed manifold, (local) interior result is enough
for the global result and the spectrum of Laplacian is very clear. The detail is as

follows. Let’s keep the setting above.

We have already seen /—10(u—v) Ad(u—v) = 0 as (positive) current over X \ E.
This current is actually defined over X and positive globally. Notice that the set E' is
a subvariety and so is pluripolar. Hence we actually have /—19(u —v) Ad(u—v) = 0
over X by splitting the integration into two parts and taking a limit. By the same
kind of local argument as above, we know u —v € W'?(X) and D(u —v) =0 on X.

Now we can finish by using the following Poincare inequality over X

/|Du—v|d,u /|u—v Col*du

which can be justified by the obvious one for smooth case from the spectrum of Lapla-

cian and using approximation argument.
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Remark 9.6.2. Most of the argument before only uses pluripotential theory, so there
1s no need to require €2 to be a smooth volume form. In fact let Q be an LP measure,
which will be enough for the boundedness result, and we can argue similarly. But there

are also several places where we do need more reqularity.

9.6.2 Generalizing Kolodziej’s Stability Argument

In this part, we can see that for the the equation without e“ on the right hand side
considered before with general LP>! measure on the right hand side which we have
existence of bounded solution, all the solutions that we can get (by approximation)
are the same.

We basically generalize Kolodziej’s original argument for stability result to our
case. But as mentioned before, there is a fact which needs continuity and we further
discuss below.

V is an open set in C". Suppose u, v € PSH(V)NC®(V) with (v/—190u)™ > g-d\
and (v/—100v)" > g - dX for nonnegative g € L' where d) is standard Euclidean
measure, then (v/—100u)* A (v/=100v)" % > g - d\.

When everything is smooth, this is just an application of algebraic-geometric mean
value inequality. Approximation is used to get in this case. Be careful that we have
to make sure the approximation is nice for the potential (“— «”) and the measure
(“> ¢”), and so convolution will not do the job well. In the above case, one has to
set up proper Dirichlet problems to get the approximation needed.

If one can justify this result for bounded instead of continuous functions, then
Kolodziej’s stability argument quoted before can be applied in our case to get stabil-

ity for bounded solution.

In the following, we try to get around with this. Indeed, it’ll be OK if the solutions
we considered are from approximation (i.e., continuity method). It’s more or less
like we are using this in the place of the Dirichlet problem used above. The “g”
above is now well chosen and in LP>!. And we only need to make sure that the
convergence of potentials (approximation solutions) is good enough (to gaurantee the
weak convergence of distribution).

Actually, we can construct a decreasing sequence of functions converging to the
solution which comes from approximation solutions. Here it’s OK that the plurisub-

harmonicity of those functions is weaker than that of the solution. More precisely,
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the construction makes use of the global argument for continuity quoted before in
Chapter 7.

Recall the way we get a solution for (we, + v/ —190u)" = €**Q where k = 0 or 1
and () is a nonnegative volume form with LP-norm bounded for some p > 1. Of course
we need [, e"Q = [, w." to be possible. 6.

Consider the perturbation (w. + /—190u.)" = C.eF"Q where w, = ws + w
for some Kéhler metric w and C. is some positive constant to make this equation
cohomologically possible. For all ¢ > 0, we have a continuous solution u, uniformly
bounded (after proper normalization for k = 0 case). Then we have a sequence {u,, }
for €; decreasing to 0 (as i — 00) converges to a bounded solution u of the original
solution in L!'-norm and pointwisely almost everywhere.

Now let’s construct a decreasing sequence of functions converging to u from the
sequence above. For simplicity, we use u; to denote u., above.

From the global argument for continuous quoted from [Koj2] before, for any § > 0,
there exists N such that u; —u; < §if j > i > Ns. Take subsequence {uy, } such

that ug, —ug, < 2% for « > 3. Then set v, = ug, + 2%1.

s s s 5 5
We have v, —vg = Up, — Uy + 527 — 357 < 55 T 5a-1 — o1 < 0 for a > .

So {v,} is a uniform bounded decreasing sequence of continuous solutions of the
perturbed equations which clearly still converges to u. This is what we need for the

weak convergence of distribution with mixed terms.

Remark 9.6.3. Actually, this tells us that the obstruction for proving the continuity
of the bounded solution from approximation will be the same with or without €* on the
right hand side and for general volume form  if we want to use the global argument
in [Koj2].

Hence, we can get uniqueness of solution from approximation for this equation.
In fact, we can have similar stability result as Theorem 3.2.11. But this is not that

satisfying.

9.7 Global Argument for Boundedness Result

In this section, we present the global argument for boundedness result as in Theorem
1.3.2. Tt has already appeared in [Zh] and so we only include the main part here for

readers’ convenience. We also provide a little more explanation along the way.

16This is known as the cohomological condition which just means that (2 is not almost everywhere
0 when k£ = 1.
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9.7.1 Preparation

Many classic results in pluripotential theory are quite local, for example, weak con-
vergence results, and so can be used in our situation automatically. Many definitions
also have their natural versions for the domain V' with background metric which can’t
be reduced to potential level globally in V', for example, relative capacity. Since it is
of the most importance for us in this work, let’s give the definition below in the case

when V' = X, which is the version that we are going to use in the following discussion.

Definition 9.7.1. Suppose w is a (smooth) nonnegative (1,1)-form. For any (Borel)
subset K of X, we define the relative capacity of K with respect to w as follows:

Cap,(K) = sup{/ (w++V/—100v)"|lv € PSH,(X), —1<wv<0}
K

We require w to be nonnegative so that PSH,(X) is not empty. We also point
out that usually, it only takes to consider any compact set K in order to study any
set by approximation.

In fact, if X can be covered by finitely many domains which are hyperconvex
with respect to the local potentials of w, then the global definition above would be
equivalent to the summation of locally defined relative capacity. The case that we
are interested in here is clearly in this situation. Basically, one just needs to give
a method to extend any bounded local plurisubharmonic function to an element in
PSH,(X) valued in an interval with a proper length. Let me illustrate the idea
which is from [Koj2]. Suppose we have V; CC V; where both of them are hypercon-
vex domain mentioned above 7. Let’s consider the relative capacity for any compact
set K € V5. For v € PSH(V,) valued in [—1,0], the uniform multiple of a proper
chosen local potential of w, ¥, can have max{v,?¥} equal to v near K and equal to
¢ near 0Va. Then the extension to the rest part of X would be very clear (by ).
The multiple used is uniform controlled and won’t bring us any trouble. In fact this
argument above also works if the background form used in tha global definition is no

smaller than w.

The only thing which is not so trivially adjusted to our situation might be com-
parison principle which is so important and has a global feature. Now let’s state the

version of comparison principle we are going to use later.

Proposition 9.7.2. For X as above, suppose u, v € PSH,(X)NL>*(X) where w is

17This is our usual setting of a local picture.
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a smooth nonnegative closed (1,1)-form, then

[ v s [ vy

{v<u}

This version is slightly different from other more classic versions because X may
not be projective, w may not be positive and the functions may not be continuous.
The brief description of justification is as follows.

Basically we still just need a decreasing approximation for any bounded plurisub-
harmonic function by smooth plurisubharmonic functions according to the argument
in [BeTa]. This is not as easy as in Euclidean space where convolution is available.
And the possible loss of projectivity of X makes it difficult to use some other classic
results.

But according to the recent result of Blocki and Kolodziej in [BlKol|, we can
have a decreasing smooth approximation for plurisubharmonic function over X. The
approximation result need the background form to be positive (i.e., a Kéhler metric),
but clearly nonnegative form (as w., for us) is acceptable when it comes down to
comparison principle by simple approximation argument by a simple approximation
used before. '® This is also why we can now have X to be just Kéhler instead of

projective as stated in [TiZh].

The next few subsections will be devoted to prove each of the statements about

boundedness result in Theorem 1.3.2.

9.7.2 Apriori L™ Estimate

e Bound Relative Capacity by Measure
In the following, w is a (smooth) nonnegative closed (1,1)-form. Keep in mind
that w stands for w., +€¢ 1 for any € € [0, 1] for our application and all the constants
do not depend on e.
For u, v € PSH,(X) N L*(X) with U(s) :=={u—s <wv} # @ for s € [S,5 + D].
Also sssume v is valued in [0, C].

Then Yw € PSH,(X) valued in [—1,0], for any ¢ > 0, since

0<t+Ct+tw—tv<t+Ct,

1B0Of course, we do need X to be Kihler to guarantee such an approximation.
19This ¢ is a Kdhler metric.
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we have the following chian of sets:

Uis)cVis)={u—s—t—-Ct<tw+ (1—-t)v} CU(s+t+Cht).

So we have for 0 < ¢t < 1:

/ (w4 V100w =t [ (tw + V—100(tw))"
U(s)

N
~
3

(tw + V=190(tw) + (1 — t)w + V=109((1 — t)v))"

—~
w
~

(w+ V=199(tw + (1 — t)v))"
(w +V=100(tw + (1 — t)v))"

—
w0
=

<t (w+V=100(u—s—t—Ct))"

Il

—~
w
~

< t_”/ (w+V—100u)".
U(s+t+Ct)

Comparison principle is applied to get the second to the last <. All the other steps

are rather trivial from the setting. Thus from the definition of Cap,,, we conclude

t" - Cap,(U(s)) < / (w + V/—190u)".

U(s+t+Ct)

for t € (0, min(1, 52=5)]. Of course, for our purpose, it is always safe to assume

1+C
SJ{ECT £ < 1. In fact we can just choose D < 1. Now let’s rewrite this inequality as:

t" - Cap,(U(s)) < (1+ C’)"/ (w + V/—100u)"

U(s+t)

for t € (0,5 4+ D — s by rescaling the t before.

Intuitively, the constant D can be seen as the gap where the values of u can stretch

over.

e Bound Gap D by Capacity
We are still in the previous setting. Now assume that for any (Borel or compact)
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subset E of X, we have:

Cap,(F)
Q (C’apw(E)*%)

/(w—i— \/—_185u)” <A-

for some constant A > 0, where Q(r) is an increasing function for positive r with
positive value. From now on, this condition will be denoted by Condition (A).

The result to be proved in this subsection is as follows:
D < k(Cap,(U(S + D)))

for the following function

[e.e]

3=

B(r) = (1+ C) - C A ( / Q) Fdy + (Qr )

r

)

3=

where C), is a positive constant only depending on n and 1 + C' comes from the
resacling at the end of the previous step.

The proof is a little technical but quite elementary in spirit. We will briefly
describe the idea below.

The previous part gives us an inequality as “Cap < measure”.

Condition (A) gives the other direction “measure < Cap”.

We can then combine them to get some information about the length of the interval
which comes from ¢ in the inequality proved before. The assumption of nonemptiness
of the sets is needed because we have to divide Cap,,(U(+)) from both sides in order
to get something purely for ¢.

Finally, we can sum all these small ¢’s up to control for D. 2°

Of course we’d better use a delicate way to carry out all these just in sight of the
rather complicated final expression of the function k. It has been done beautifully in
[Kojl]. In that paper we do not have the extra 1+ C' for s, but it won’t bring any
essential difference here as we can just add it into the computation there. We just
need to rescale the interval a little. In fact, for boundedness consideration, we can
choose v to be 0 (so C'=0) and there would be no difference at all. But we do need
general v when apply this result to prove continuity.

Let’s emphasize that in the argument, we do not have a positive lower bound for

the t’s to be summed up, so it is important that the inequality proved in the previous

20We use the trivial fact that nonemptiness, nonzero (Lebesgue) measure and nonzero capacity
are equivalent for such sets U(s) from the fundamental properties of plurisubharmonic functions.
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part holds (uniformly) for all small enough ¢ > 0.

e Bound Capacity
For w € PSH,(X) N L>(X) and u < 0, suppose K is a compact set in X which

can well be X itself, then there exists a positive constant C' such that:

CHUHLl(V) + C

Capw(Km {u < _j}) < j

This is aiming for a uniform upper bound for the relative capacity appearing on

the right hand side of the inequality proved in the previous subsection.

Proof. For any v € PSH,(X) and valued in [—1, 0], consider any compact set K’ C
K N{u < —j}, using CLN inequality *! in [Koj2]:

//(w +V/—100v)" < %/ |u|(w + V=1800)"

J

From the definition of relative capacity, this would give the inequality above.

Now we consider the L'-norm for those approximation solutions u, (and also the
solution w if it exists by assumption). The following is just the standard Green’s
function argument. Strictly speaking, the computation needs the function to be
smooth, but we can achieve the final estimate by using approximation sequence given
by the result in [BlKol] for our situation. So let’s pretend that we have the needed
regularity in the following.

For fixed € € [0, 1], suppose u.(x) = 0 and C' > G where G is the Green function
for the metric wy = wao + ¢. Also since woo + € + v/—100u, > 0, we have

Au e = (w1, V—100u) = — (w1, —we — €¢) = —C

where C' is uniform for € € [0,1]. Basically, this tells that there should be no worry

21The global version of this inequality over X is quite easy to justify in sight of the locality of the
result.
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for the changing background metric. Then we have:

0=uc(zr) = / Uewr” +/ G(z,y) A, Ue - w1
X yeX
= / uewln +/ (G(a:,y) - C)Aunue ' Wln
X yeX
< / Uy — C/ (G(m,y) — C’)w1"
X yeX

< / uewr " + C.
X

(9.3)

This gives the uniform L' bound for u.’s by noticing that they are all nonpositive.
Hence we know the set where u. has very negative value should have (uniformly)

small relative capacity.

e Conclusion
Combining all the results above, if we assume Condition (A) for some function

Q(r) and set the function v at the beginning to be 0, we have:

C

D < F&(E)
if U(s) = {u < —s} nonempty for s € [-2D, —D] where C' is a positive constant.

Furthermore, if we can choose the function Q(r) to be (1 + r)™ for some m > 0
so that Condition (A) holds, this would imply that the function u only take values in
a bounded interval since D can not be too large 2. This D can well be larger than
1 and so can’t be used directly as the gap D before. But since it’s clear that the
existence of a big gap would imply the existence of small ones (with length smaller
than 1), one can still get contradiction from above. Of course, one can also use argue
for an interval like [S,S + %] and see S can’t be too negative. There is no essential
difference between these ways to draw the conclusion.

That’s enough for the lower bound in sight of the normalization supxu = 0. The
more explicit bound claimed in the theorem is not hard to get by carefully tracking

down the relation just as in the main text.

e Condition (A)
In this part, we justify Condition (A) under the measure assumption in the main

theorem. This part is the essential generalization of Kolodziej’s original argument.

22As D goes to oo, k goes to 0.
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In our case, f € L? for some p > 1, which is the measure on the left hand side of
Condition (A) from the equation we want to solve. For the approximation equations,
the measures are different, but clearly we can bound the LP-norm uniformly.

Applying Holder inequality, we know that it suffices to prove the following in-
equality:

AK) < C - (Capu(K)(1 + Capu(K) ) ™)",

where A is the smooth measure over X and ¢ i s some positive constant depending

on p > 1 2. Obviously, it would be enough to prove:

for [ sufficiently large.

Of course we have A\(K) < C, and so in fact we can get for any nonnegative [ if the
above is true. And the case when measures or capacities of some sets are 0 trivially
brings no harm just as in the main text. In the following, we’ll consider Condition
(A) in this form.

For w (uniformly) positive, this can be easily reduced to a Euclidean ball. As
by the argument quoted in Chapter 2 from [Koj2], using a classic measure theoretic

result in [Tsm|, we have:

€ .. ().

MK)<C- exp(—m

This is actually stronger than the version above after noticing small capacity situation
is of the main interest.
In the following proof of Condition (A), the essential step is to prove the following

inequality:

Cy
loge - Cap,,(K)w

ME)SC - 40y - e_NQexp(

for sufficiently small 0 < € < 1. All positive constants C;’s do NOT depend on e.
This € has nothing to do with the € appearing before in wy, 4+ ew. After proving this,
by putting € = Cap,, (K )5 for properly chosen 3 > 0, we can justify Condition (A)
for any chosen [ by noticing the dominance of exponential growth over polynomial
growth.

It is easy to notice that we can have uniform constants for all w’s related once

23%+%:1andq:lwhenp200~
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we get for w,, from the favorable direction of the control we want. And we also only
need to prove Condition (A) for sets close to the subvariety {w." = 0} in sight of
the results in [Koj2] by localizing the problem.

The rest part of this section will be devoted to the proof of inequality (B). The
following construction is of fundamental importance for this goal.

Let’s start with a better description of the map P : X — P(X) c CP". For
simplicity, we’ll assume here that P provides a birational morphism between X and
P(X). This assumption will be removed at the end.

Using this assumption, we have subvarieties Y C X and Z C P(X) such that
X \Y and P(X) \ Z are isomorphic under F' and P(Y) = Z. Clearly Z should
contain the singular subvariety of P(X). It’s the situation near Y (or Z) that is of
the main interest to us.

Now we use finitely many unit coordinate balls on X to cover Y. The union of
the half-unit balls will be called V. Then we take two finite sets of open subsets
depending on € > 0 as follows.

{U;}, {V;}, with i € I, finite coverings of V' \ W, where W is the intersection of e-
neighbourhood of Y 2* with P(X), such that each pair V; C U, is in one of the chosen
unit coordinate balls. Moreover, P(U;) and P(V;) are the intersections of P(X) with
balls of sizes %ec and %ec where some fixed C' > 0 are chosen to be big enough in
order to justify the above construction.

Clearly |I] is controlled by C' - e~ 2,

For any compact set K in V| we have the following computation:

AK) SAW)+ > NENT)

icl
<0'6N1+ZC~e:cp(— C_ -
iel C’ap(KﬂV;,Ui);
<C-M 4> Ceap( ¢ —)
el loge - Cap,,. (K NV,
C
<C’-6N1+ZC'-exp( T
el loge - Cap,, (K)»
C

<O-M et -emp(

).

3=

loge - Cap,,. (K)

That’s just what we want. C; and Cj are used in the original statement of (B)

24That’s a neighbourhood of Y correspondent to the intersection of balls of radius e in CPY
covering Z.
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since the (s at different places have different affects on the magnitude of the final
expression. Of course, the same C' for each term in the big sum have to be really
the same constant. In the following, we justify the computation above. The only

nontrivial steps are the second and third ones.

The second one is the direct application of (x), the classic result in C", as V; and
U; are in one of the finitely many unit coordinate balls which clearly can be taken as
the unit Euclidean ball in a uniform way, and we are using U; instead of the big ball

here.

The third step uses the following inequality:

Cap(K NV, U;) < C - (=loge)" - Cap,,.. (K NV;).

This result also has its primitive version in classic pluripotential theory for domains
in C". Extension of plurisubharmonic function is all what we need to prove it as

described below.

For any v € PSH(U;) valued in [—1,0]. If we can “extend” this function to an
element —Cloge - ¥ where 0 is plurisubharmonic with respect to ws, valued in [—1, 0]
over X, and also make sure that the measures (v/—190v)" and (weo + /—1000)"
are the same over Vj;, then this would clearly imply the inequality above from the

definition of relative capacity.

The construction will be done mostly on P(X). The function v can be considered
over P(U;). We'll “extend” it to a neighbourhood P(X)\ O; in CPY where O; is a
neighbourhood of V; in U;.

Let’s first extend it locally in CPY. We can safely assume that the construction
happens in (finite) half-unit Euclidean balls in CP" which cover the variety Z and
have wy, defined on the correspondent unit balls. wj; can be expressed in the level of

potential, and so the construction is merely about functions.

Consider the plurisubharmonic function function

36/z|?
h=(os*5) -2,

where the upper + means taking maximum with 0, on the unit ball in CPY but with
the coordinate system z centered at the center of P(V;). It’s easy to see that the
pullback of this function, still denoted by h, is plurisubharmonic and maz(h,v) on
U, is equal to v near V; and equal to h near OU;. So this function extends v to the

preimage of the unit ball in CPY while keeping the values near V;.
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Now we want to extend further to the whole of X. We still work on F/(X) c CP".
And it’s only left to extend the function h for the remaining part where the value is
less restrictive.

|h| is bounded by —C - loge in the unit ball. So we can have
V—100h = —C - loge - (war +/—100H)

for H plurisubharmonic with respect to wy, valued in [—1, 0] in the unit ball 2. Then
using the same argument as in [Koj2|, which has been illustratd before to give the

equivalence of globally and locally defined relative capacities, we can extend H to
(uniformly bounded) H € PSH,,  (0), where O is a neighbourhood of P(X), using

the positivity of wy,. Finally we just take v = P*H.

This ends the argument for the case when P : X — P(X) is a birational map.

Now we want to remove the birationality condition. In fact, after removing proper
subvarieties Y and Z = P(Y)) of X and P(X) respectively, we can have P: X \ Y —
P(X)\ Z is a finitely-sheeted covering map, since the map is clearly of full rank there
and the finiteness of sheets can be seen by realizing the preimage of any point in
P(X \ Z) should be a finite set of points.

Then it’s easy to see that the argument before would still work in this situation.
Basically, we can still have the construction used before, and now the only difference
is that the numbers of small pieces U; and V; need to be multiplied by (at most) the
number of sheets, which clearly won’t affect the previous argument too much.

Hence we get the apriori L> bound in general.

Existence of bounded solution follows after getting this apriori bound.

25We can clearly achieve this by requiring the potential of wj; is valued in a short interval.
Actually, it’s OK if we have H valued in a interval with length C' > 1 as long as C is uniformly
controlled which is of course the case here.
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