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HARMONIC CURRENTS OF FINITE ENERGY
AND LAMINATIONS

J.E. FORNASS AND N. SIBONY

Abstract. We introduce a notion of energy for harmonic currents of bi-
degree (1,1) on a complex Kéhler manifold (M,w). This allows us to
define [T AT A wF=2, for positive harmonic currents. We then show that
for a lamination with singularities of a compact set in P?, without directed
positive closed currents, there is a unique positive harmonic current which
minimizes energy. If X is a compact laminated set in P? of class C! it
carries a unique positive harmonic current 7" of mass 1. The current 7' can
be obtained by an Ahlfors type construction starting with an arbitrary leaf
of X. When X has a totally disconnected set of singularities, contained in a
countable union of analytic sets, the above construction still gives positive
harmonic currents.

1 Introduction

The notion of invariant probability measure is a quite central notion in
dynamical systems. It permits in particular to study statistical properties
of orbits. The corresponding notion for smooth foliations of a compact
Riemannian manifold was introduced by L. Garnett [G]: it is the notion
of harmonic measure. She proved their existence and studied their ergodic
properties. The article by A. Candel [Ca] contains a more recent approach
to that theory.

Let X be a compact set in a complex manifold M. When X is laminated
by Riemann surfaces, the Garnett result implies the existence of a positive
current 7' of bidimension (1, 1) which is harmonic, i.e. such that i99T = 0.
Moreover in a flow box B, the current can be expressed as

T— / halValdp(a),

the functions h, are positive and harmonic on the local leaves V,, and u
is a measure on the transversal. On the other hand there is a well-known
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problem. Does there exist a compact laminated set X in P? which is not
a compact Riemann surface? See [CLS], [BoLM], [Gh] and [Z], where the
problem is discussed. If such an X does not exist then the closure of any
leaf L of a holomorphic lamination in P? will contain a singularity.

For nonexistence of Levi flat hypersurfaces in P2, see [S2], [CaoSW]
and [TI]. When X is a C' laminated compact set in P2, so that no leaf
is a compact Riemann surface, a result by Hurder-Mistumatsu [HM] im-
plies that it supports no positive closed current directed by the lamination.
Deroin [Der], using a result by S. Frankel [Fr] has shown that an immersed
Levi-flat hypersurface X in P? does not carry a positive harmonic current
with a strictly positive continuous density with respect to Lebesgue mea-
sure.

In a recent paper Loray and Rebelo [LoR] have made important progress
in the study of holomorphic foliations of P*¥ by Riemann surfaces. They
show in particular that for any degree d > 2, there is a non-empty open set
of foliations with singularities of degree d, such that every leaf is dense in P¥.
It seems that this should be the generic case for this class of holomorphic
foliations with singularities. It is then of interest to extend Garnett’s theory
of harmonic measure to laminations with singularities.

In a recent work with B. Berndtsson, the second author, [BS] proved the
existence of directed positive harmonic currents for holomorphic foliations
with singularities. It is however useful to develop an intersection theory of
such positive harmonic currents.

In this paper we study harmonic currents. For example in P? a harmonic
current T can be written in the form

T =cw+0S+0S
where w is the standard Kéhler form on P?2,¢c € R, S is a (0,1) current.
It turns out that S depends only on T and that for a harmonic current
one can define the energy E(T) of T by the following integral, when 95 is
in L2,

E(T) = / 9S N OS

and that 0 < E(T) < oo. It is hence possible to introduce a Hilbert space
of classes of currents of finite energy. We prove that positive harmonic
currents have finite energy. With this in hand, the integral

Q(T):/T/\T

makes sense for positive harmonic currents and has the usual meaning when
T is smooth. The theory extends to compact Kahler manifolds. We apply
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this intersection theory to positive harmonic currents directed by a lam-
inated set with singularities in a complex Kahler surface M. More pre-
cisely we consider compact sets X laminated by Riemann surfaces out of
an exceptional set E. We will assume that F is locally pluripolar and that
X \ E = X. We will call such a set (X, £, F) a laminated compact set with
singularities. On such sets, we consider harmonic currents T" of order 0 and
bidegree (1,1) in M. We then prove (Theorem 3.9)

Theorem 1.1. Let (X, L, E') be a laminated compact set with singularities
on a compact Kahler surface. There is a closed positive laminated current
on X or there is a unique positive harmonic laminated current T on X
minimizing energy.

We then study the geometric intersection of laminated currents. We
show, see Theorem 3.9 and Theorem 6.2,

Theorem 1.2. If X is a C' laminated compact set in P?, not containing
a compact curve, then X carries a unique laminated positive harmonic
current T' of mass 1. The class of the current T is extremal in the cone of
positive harmonic currents. Moreover f TANT=0.

A problem that is left open in our approach is how to estimate
c(P?) = inf{/T/\T;/T/\w: 1, T>0, z'aETzo}.

If ¢(P?) > 0, then there is no C' laminated set in P2

When X is not C' we have to assume “finite transverse energy” to get
the result in Theorem 1.2. The main tool is that the quadratic form @ is
negative definite on the hyperplane {T; JTAhw= O}, Corollary 2.10.

It follows from results of Lins Neto and Soares [LS] that a generic holo-
morphic foliation of P*¥ by Riemann surfaces does not admit a directed
positive closed current. So in particular the above results apply to the fo-
liations studied by Loray—Rebelo. In that case the minimal set X is equal
to P2,

When X is a compact space and f : X — X is a continuous map one
can construct invariant measures by taking cluster points of % ZZ]\L _11 Ofi(z)s
where J, denotes the Dirac mass at the point a. When f is uniquely ergodic
all such cluster points are equal to the unique invariant measure p.

We introduce an averaging process a la Ahlfors along the leaves. We
recall the classical Ahlfors process. Given a holomorphic map ¢ : C — M,
let A, denote the disc of radius r. We define the current S, [6(Ar)]

= T @A
where [|[¢«(A,)]|| denotes the mass of the current of integration on ¢, (A,).
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It follows from the estimates of Ahlfors that there are sequences r, — oo
such that S, converges weakly to a positive closed current S. In our case,
there is no positive closed current on X directed by L. Hence the leaves
are covered by the unit disc. Mimicking the Ahlfors approach we construct
instead a positive harmonic current. Let ¢ : A — L be the universal
covering map from the unit disc to a leaf L. Let G, (z) = % logt % Define

[2]
T, == ¢.(Gr[A]), r < 1. If A(r) is the mass of T, we define

Ty 1= % .

When (X, £, E) is a laminated set with singularities such that E' is totally
disconnected, and contained in a countable union of analytic sets disjoint
from X \ E, we show that all cluster points of (7;,) are positive harmonic
currents directed by £. For that purpose we need to estimate the derivative
of ¢, the estimates are valid for any laminated set. This is the analogue
of the Krylov—Bogoloubov construction of invariant measures. It will be of
interest to prove an ergodic theorem using this averaging procedure. When
X is a C' laminated set in P? we get, since it carries a unique positive
harmonic current 1" of mass one, that

limr7, =1T.
r—1

Acknowledgement. We thank the referee for his careful reading. He
helped to improve the exposition.

2 Harmonic Currents

2.1 Harmonic currents.

DEFINITION 2.1. Let M be a compact complex manifold of dimension k.
For 0 <p,q <k, let T be a (p,q) current on M of order 0. We say that T
is harmonic if i00T = 0.

Observe that if 7" is harmonic then T, the conjugate, is also harmonic.
A current is real if T'= T, in which case p = q.

Decomposition of harmonic currents. We want to prove a repre-
sentation theorem for real harmonic currents on compact Kéahler manifolds.
So from now on M will be a compact Kahler manifold.

There is also a notion of O harmonic forms in the 9 literature [FK],
[Del]. These are smooth (p, q) forms € for which O0Q = (89" + 8 9)Q = 0.
These forms consist of the common null space of & and @ . Note that when
p = ¢q, O = O so the conjugate of a O harmonic form is also O harmonic.
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Since O harmonic forms are 0 closed they are also harmonic in the sense
of currents as defined above. The operator O is elliptic, selfadjoint. For
basics on Hodge theory we refer to [Del]. According to the theory of elliptic
operators there is an operator G so that Id = H + GO = H + OG. The
operator H = H? is a projection on O harmonic forms and G is a Green
operator, which extends to currents and is continuous for the weak topology
of currents.
On a compact Ké&hler manifold, for a closed current u of bidegree (p, q),
the following are equivalent:
i) wu is exact;
i) w is O exact;
iii) u is 00 exact.
See Demailly [Del, p.41] for smooth forms. The proof is the same for
currents since cohomology groups for currents and smooth forms are the
same [De2].

PROPOSITION 2.2. Let T be a harmonic (p, q) current on a compact Kéahler
manifold M of dimension k. Then

T=Q+0S+0R (1)
where ) is a unique closed smooth O harmonic form of bidegree (p, q), and
S is a current of bidegree (p — 1,q), R is of bidegree (p,q — 1). When T is
real we can choose R =S. If T and dT are of order 0, one can choose S, R
of order 0. Moreover the linear map

L:T—(Q,5 R)
is continuous in the topology of currents.

Proof. The current 97 is O closed, hence d closed and is d exact. It follows
from the 09 lemma that 0T is 00 exact so there is a current Sy of bidegree
(p — 1,q) such that _ _

0T = 008 .

One can choose the canonical solution given by Hodge theory, hence it
satisfies (Sp, 3) = 0 for all O harmonic forms §. Then Sy depends linearly
on T and is of order zero if 9T is of order zero.

Let 2 be a smooth O harmonic representative of the Dolbeault coho-
mology class of T'— 9Sp. (See [Del] and [V].) Then T'— 8Sy — Q2 is 0 exact.
Hence _

T=Q+05+0R.

If T is real we obtain that T' can be expressed as claimed.

The current T acts on H"P"~9 the Dolbeault cohomology group, be-
cause of the 90 lemma. Hence () is uniquely determined by 7.
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The continuity follows from the ellipticity of O [Del, p.17]. O

In [DiS1, Proposition 2.1] an explicit kernel is given to solve 9 on a
compact Kéhler manifold when the right-hand side is a difference of positive
closed currents. In this case the solution is a difference of negative forms.

PROPOSITION 2.3. IfT is asin (1), then S, R are not unique, but any other
S’ R' can be obtained as 8" = S + Q' + Ov + du, similarly for R'.

Proof. The cohomology class Q is defined uniquely. If S’, R’ is another
solution we get (S — S") + (R — R') = 0. Assume Jo + do’ = 0. Then o
is harmonic. Using the above construction for a harmonic (p — 1, ¢) form,
we get .
S-S5 =0=Q"+0v+ Ju.
Hence _

S =5+ (Y +0v+0u). O
COROLLARY 2.4. Let T' be a harmonic current of bidegree (1,p) on (M,w).
Let T = Q+0S +0R be any decomposition as in (1). Then 98 is uniquely
determined by T'. In particular it does not depend on the Kahler structure
on M. If p=1 and T is real, then T is closed if and only if 9S = 0.

Proof. If S',R' also satisfy T = Q + 905’ + OR’ then, following Proposi-
tion 2.3, for bidegree reasons S’ = S + Q' + du. Consequently 95’ = 95S.
Assume that 7 is a real (1,1) current. If T is closed, then T = 0; hence,
Sp in the proof of Proposition 2.2 can be chosen to be zero, i.e. S = 0.
Conversely, if T = Q4 9S + 0S and 9S = 0, and 6 is any test form, we
have _ _ _
(T,00) = —(9T,0) = (—00S,0) =0.
Hence T is closed. O

As Proposition 2.2 shows, the space of harmonic currents is infinite
dimensional. The cone of positive harmonic currents is also infinite dimen-
sional. It posseses however some properties reminiscent of rigidity proper-
ties of analytic objects.

e The complement of the support of a positive harmonic current of
bidimension (k — 1,k — 1) is pseudoconvex. For bidegree (s, s) it is
(k — s,k — s) pseudoconvex. See [FoS, Corollary 2.6].

e It is an observation by Skoda [Sk] that for a positive harmonic current
T of bidimension (p, p) it is possible to define a Lelong number v (7', a)
at every point.

1
v(T,a) = lim — / T AWP.
r—0r pCp B(a,r)
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This permits us to show that positive harmonic currents give no mass
to sets of 2p-Hausdorff dimension 0 [BS, p. 389].

e For positive harmonic currents of bidimension (1,1) one can solve the
0 equation on the current with L? estimates [BS].

For a positive current 7" of bidimension (p,p) we define the mass norm
of T as ||T|| = [T AwP.

In order to compute with positive harmonic currents on compact Kahler
manifolds, it is useful to approximate such currents by smooth ones. This is
easy when the manifold is homogeneous, but false in general. The following
result recently proved by Dinh and the second author is sufficient for most
computations.

Theorem 2.5 [DiS2]. Let T be a positive harmonic current of bidegree
(p,p) on a compact Kahler manifold (M,w). Then there exist smooth
positive harmonic forms TF such that T,f — T, — T weakly. Moreover,
ITE| < Cum||T||, where Cyy is independent of T.

2.2 Energy of harmonic currents. In this paragraph we introduce
a notion of energy of harmonic currents of bidegree (1,1) on a compact
K#hler manifold (M,w) of dimension k. We normalize w so that [w* = 1.

We showed above that if T is a real harmonic (1, 1) current on M, then
it can be represented as

T=Q+0S+0S

with S of bidegree (0,1), Q is a O harmonic form and 9S is uniquely
determined. We define the energy E(T') = E(T,T) of T as

E(T,T) = /55 A DS A wk—2

when 9S € L?. Observe that 95 is a (0,2) form. Hence 0 < E(T,T) < oco.
We have seen in Corollary 2.4 that the energy depends on 7" only, not on
the choice of S.

Let (Q1,€92) be some scalar product on the finite dimensional space of
O harmonic (1,1) forms.

We define H, to be the space of real harmonic (1,1) currents on M of
finite energy. We consider on H, the following (real) inner product and
semi norm:

<T1,T2>e = <Ql,QQ> + %/551 AN 8?2 A wk2 + % /552 A 8?1 A wh=2

T2 = (2,9) + / 35 A 95 AWk,
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PROPOSITION 2.6. Let T = Q+ 9S + 95, 0S € L?, a (1,1) real harmonic
current of order 0 in M. Then |T||c = 0 if and only if T = i00u, for
w e L', u real.

Proof. If ||T||c = 0, then S = 0, hence T is closed. Since Q = 0, T is exact
and therefore T = i90u [Del]. Regularity of the Laplace equation shows
that u € L'. Conversely, suppose that T' = i90u, v € L', u real, so we can
set S = %igu. Then 05 = 0, hence fgS/\ 0S AwkF=2 = 0. Clearly also, the
corresponding O harmonic form vanishes, so ||T||c = 0. O

PROPOSITION 2.7. There is a constant C = C(M) so that if T is a real
harmonic (1,1) current of order 0 on M, with finite energy, then there is
an element T in the equivalence class of T, i.e. |T' —T||. = 0, which can be
written as T = Q+ 885 +0S with S,85,0S € L2, ||S| 2, |8S]| 12, [|0S]| 2 <
C||T|le. Hence T =T + i09u and iddu is of order 0.

Proof. We can write T = Q2 + 0S5 + 051 with 0S5, € L?. Since 05 is in L2,
we can find an S € L, for which 951 = 9S. Moreover, 9S € L? as well.
Recall that by Hodge theory on compact Kéhler manifolds, if a form « is
in L? and is 0 exact, then the equation du = « admits a solution in the
Sobolev space H'. So there is a gain of one derivative. The L? estimates
are classical [FK], [Del].

By Proposition 2.3, there is a O harmonic form €’ and a distribution v
for which S; — S = €' 4 Jv. Therefore we have the decomposition

T =Q+ [0(S+0v)| + [0(S + 9v)]
=0+ 05+ 08 + 00v + 90T

=T +i0d <v;v> :
The distribution u := ”;ﬁ is real. Since T, T have order 0, i99u is also
of order 0. i
By Proposition 2.6, ||0dul|e = 0. It follows that T := Q + 95 + S is in
the equivalence class of T" as desired. O

Let H. denote the quotient space of equivalence classes [T] in He,.

ProrosiTIiON 2.8. The space H, is a real Hilbert space. Every element
[T] in H. can be represented as

T=Q+09S+0S

where S is a (0,1) form in L?, with S and 3S in L. Convergence in H,
implies weak convergence of currents. More precisely, if [T,,] — [T] in H,
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then there are representatives T, n € [Ty] such ~that Tn — T in the weak
topology of currents. In fact the mass norms ||T,, — T'|| — 0.

Proof. We show first that H, is complete. Let {[T,]} be a Cauchy se-
quence of equivalence classes, lim,, 1,00 || 17, — Tin|le = 0. We can suppose
| Tn+1 — Thlle < 1/2™. Inductively, we can (Proposition 2.7) choose repre-
sentatives 7T . So that

Tos1 = T+ Qu + 05, + 050, |l 10Snllz2, [1Snll 22, 105l 2 < O -

Hence {[T},]} converges in H.. This shows that H. is complete. The
last statement is similar. O

Next, we will introduce a notion of wedge product of real harmonic
currents of finite energy. Let T,T” be representatives of equivalence classes

as above, L L
T=Q+0S4+0S, T =0 +05 +095.

Then a formal calculation gives

/ TAT Awh—2= / QAY AR 2 + / ISNOS AP 2 + / OSNDS AWk 2

= / QA NP2 — / ASNIST AW 2 — / DSADS' NF 2,
Notice that if T, 7" have finite energy, the last expression is well defined.
We define in this case the quadratic form Q(T',T") for currents T, T" of finite
energy:
QIT, T = / AN A Wh=2 — / IS N IS AWFT2 — / S NS A wh?
and, motivated by the formal calculation, we define

/T AT ANWE=2 = Q(T, T")

when T, T" are harmonic (1,1) currents on M with finite energy. Recalling
the definition of energy, we get

/T/\T/\wk_QzQ(T,T):/Q/\Q/\wk_Q—ZE(T,T).

Note that Q(T,T") is well defined on equivalence classes in H.

Theorem 2.9. Any positive harmonic current T of bidegree (1,1) on M is
of finite energy. If a sequence (T,) of positive harmonic currents converge
weakly to T, then [T,] — [T] weakly in H.. The quadratic form Q(T,T")
is continuous on H.. If M is homogeneous then fT AT AwF=2 >0 when
T is a positive harmonic current.
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Proof. Assume first that T is smooth, then T' = Q+ 905+ 0S with  smooth
and S smooth. We get, after integration by parts,

/TAT/\w’H:/Q/\QAw"f‘QJrQ/aSA%/\w’“‘?

/Q/\Q/\wk_2—2/55/\8§/\wk_2

v

0.
So B
2/(95/\8§Awk_2§/9/\ﬂ/\wk_2.

Assume (7)) is a sequence of smooth harmonic currents, 7.7 — T+
weakly.

Then we can write 7.7 = Q, + 9S,, + 35, and T+ = Q + 39S + 95,
with Q, — Q and S, — S weakly. Indeed S,, and S are constructed using
canonical solutions to the equations 01} = 095,07+ = 09S.

We have seen that

Z/ESnAaﬁnAwk‘2 < /Qn/\ﬂn/\wk_2.

The T, have bounded mass, hence their classes €2, are bounded. Using
a basis for the finite dimensional space H:D it follows that —Cw < Q,,
< Cuw.

Hence the left-hand side is bounded by a fixed constant. So any weak
limit of 95, is equal to 0S and hence

2/55/\8§Awk_2§/§2/\9/\wk_2.

Consequently 77 is in H,. The same argument shows that 95, — 05
in L? and hence [T},] — [T] weakly in H,.

Theorem 2.5 implies that any positive harmonic current 7" on M, can
be written T'= TF — T, with TF = lim 75, and ||| < Cu || T, T, T
positive, TF smooth. So T is in H, and

/55/\8§§/Q+AQ+Awk_2+/Q_/\Q_/\wk_2§CHT|],

where C' depends only on M. It remains to show the last part of the theo-
rem. First we show that f TAT AwF=2 > 0if T > 0 can be approximated
by positive smooth harmonic currents. Secondly we show that smoothing
works when M is homogeneous.
If T,T" are in H, then we have the estimate
Q(T, T)| < CIT[eIT|le -
So @) is continuous on He.
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If T = lim T,,, with 7;, > 0 smooth and harmonic, then [ 0S5 N OS A whk—2
< lim inffgSn/\agn/\wk_2. Hence fT/\T/\wk’_2 > lim suprn/\Tn/\wk’_2
>0.So [TATAwWF2>0.

When M is homogeneous, any positive harmonic current 7' is the limit

of a sequence of positive smooth harmonic currents. Indeed define T, =
Q¢ + 0Sc + 0S¢ with

Se = / pe(9)g«Sdv(g),

v is the Haar measure on the component of the identity in Autg(M), and
Pe is an approximation of unity on Autg(M).
In this case we have S, — 05 in L? and hence E(T,,T.) — E(T,T). O

One can define a notion of positivity in H.. A class [T] is positive if
there is a positive harmonic current in the class [T]. We denote the convex
cone of positive classes by K. If T = T +i00u and —T = T, 4+ i00v, with
T; > 0, then Th + T = i00w. Tt follows that [(Th +T2) A w1 =0 so
Ty =Ty = 0. Consequently K. N (—=K.) = 0. The cone K, is closed in H,.
If T, > 0 and [T,,] — [Tp] then [T, Aw*~! is bounded. So we can assume
that (7},) converges weakly to the positive current T and by Theorem 2.9
[T6) = [To]-

We have seen that any element T of H, can be written

T=Q+0S+0dS

where €2 is a O harmonic form. By Proposition 2.2, € is unique, so the
map T — € is linear. Moreover T' — () is continuous in the topology of
currents.

We consider as in Hodge theory the “primitive” classes of harmonic
currents. Let [Q] and [w] denote the classes in the Dolbeault cohomology
group HD(M). Note that [Q)A[w]* 1 is a (k, k) form proportional to [w]*.

Define

H={T;TeH., QAf'=0}= {T;TeHe, /TM,’H:O}.

Clearly ‘H is a hyperplane in H.. It is the hyperplane of harmonic
currents with primitive class €2, in fact this is how primitive classes are
defined, i.e. by [Q] A [w]*~! = 0. In this context, we give a version of the
Riemann-Hodge theorem.

COROLLARY 2.10. On H,, the quadratic form

Q(Tl,Tg) = /T1 A T2 /\wk_2
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is strictly negative definite on the hyperplane H. If M is homogeneous and if
T,T" are positive harmonic currents, non-proportional, then [T AT A wh=2
> 0. If[Q] is the class of a positive harmonic current T and [ Q A Q A w* =2
=1, then T is non-closed if and only if 0 < [T AT A wh=2 < 1.

Proof. Assume that the O harmonic form corresponding to T satisfies
[Q A [w]*~! = 0. The classical Riemann-Hodge theorem [GrH, p.123]
asserts that when [Q] # 0, we have

/Q/\Q/\wk_2<0.

Hence
Qaym:i/QAQAw“2—2/55Aa§Aw“2<0

It is zero only if "= 0 in H.. Hence @ is strictly negative definite on H.
Suppose the space generated by T”,T is of dimension 2. There is an a > 0,
so that T" — aT € H. Hence

0>Q(T' —aT,T' —aT)
=Q(T", T + a*Q(T,T) — 2aQ(T",T).
When M is homogeneous we have seen in Theorem 2.9 that

Q(T',T"),Q(T,T) > 0. Tt follows that Q(T",T) > 0.
The last part is an immediate consequence of Corollary 2.4. O

PROPOSITION 2.11. Let (M,w) be a compact Kéhler manifold. The func-
tion T — Q(T,T) is upper semi-continuous for the weak topology on H,
and for the weak topology on positive harmonic currents. It is strictly
concave on {T; [T ANw = 1}.

Proof. First, we prove that T — Q(7T,T) is upper semi-continuous for the
weak topology of H,. This means: Fix T} € H, and € > 0. Let T € H,.
Then there is a § > 0 so that if

Ty € He, [(To,T)e— (T1,T)e| <6, then Q(Tp,Tp) < Q(T1,Ti) +e.
The function @ is the sum of a continuous function [ QA QA wk=2, and of
— [0S NS AwF2 = —||T|? + (2, Q). Hence it is upper semi-continuous
for the weak topology on H,.. We have shown in Theorem 2.9 that if T,, > 0
and T,, — T weakly as positive currents, then T;, — T weakly in H,.

To prove concavity, observe that if [(T—T")Aw*~! = 0 then T—1" € H.
Hence Q(T — T, T —T') <0, s0 2Q(T,T") > Q(T,T) + Q(T",T"). Hence
QT ) > 3Q(T.1) + 3Q(T". T'). 0

Notice that C = K. N{T; [T A wk=1 =1} is weakly compact in H,.
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PROPOSITION 2.12. Let M be a compact Kéahler manifold. Let C =
Ke N {T; [T AwF~t =1}, If Ty € C and Q(Ty, Tp) = inf{Q(T,T); T € C}
=: m, then [Tp] is extremal in C. In particular, if M is homogeneous and
Q(Tv, Ty) = 0, then [Tp] is extremal in K.

Proof. 1f [Tp) = B and Q(T3,T;) > m,j = 1,2 then Q(Ty, Tp) >
m by strict concavity of . When M is homogeneous we have seen in
Theorem 2.9 that Q(T,T) > 0 for every T € K. 0

The next proposition shows that the energy norm on currents gives a
different topology than the weak topology on positive harmonic currents.

PROPOSITION 2.13. The map T — 0S is not continuous for the weak
topology on positive harmonic currents T' of bidegree (1,1) on P? and L?
topology on 0S. However, the map is continuous for the H, topology on T
and the L? topology on 0S.

Proof. The standard Kahler form w on P? is a generator for HV(P?).
In the case of (1,1) harmonic currents T on P2, one can decompose T =
cw+ 0S8 + 0S if T is real, ¢ € R. Let T = w + €(dS + 9S) for a smooth
(0,1) form S supported in the unit bidisc. For ¢ > 0 small enough, T is
positive and [TAT = [wAw —2€e2 [0S AOS < 1. If the map T — 95
with weak topology on T and L? topology on 05 were continuous then,
when T;, — Tp, [Tn AT, — [To A Tp. Let f be an endomorphism of P?
of algebraic degree d. The map f* : H. — H, is a linear map of norm d if
the algebraic degree of f is d. Indeed

‘/f*T/\w2:|/T/\f*w

/ TAw
because fiw ~ dw. We also have
/f*@s A 85)‘ _ /55 A c‘ﬁ‘.
This can be obtained by smoothing.

Therefore E(f*T/d) = E(T) so [ f*T/dA f*T/d = [T AT.
Let flz:w:t]=[22:w?: %] and T = w + €(0S + 95) as above. Then

1>/T/\T

= [unre aimy e

2
2
= {2

)
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- / (P w/2 A (F7)wf2m — 2 / B (S)/2° A O™ (B) /2"

—1-2 / (™) (S)/2" A O(f7) (B) /2",

If we choose S = a(]z|, |w])dz it is easy to check that (f™)*S/2" — 0 weakly.
Hence (f™)*T /2™ converges weakly to a closed current A = lim (f™)*w/2"
whose class in HY is [w]. If T — S were continuous, the second integral
would converge to zero. Since [w Aw = 1, we get that the map T — 08 is
not continuous, since the first integral is equal to 1 and the second converges
to zero.

The last statement follows from the definition of the weak topology
in H,. O

3 Laminated Compact Sets with Singularities

Let M be a compact complex manifold of dimension k. We will say that
the triple (X, £, F) is a laminated compact with singularities if it satisfies
the following conditions:

(i) X, E are compact subsets of M with £ C X and X \ E = X;
(ii) E is locally a pluripolar set, called the singular set;
(iii) X \ E has the structure of a lamination £ by Riemann surfaces.

Recall that a closed set FE is locally pluripolar if any point @ in E has
a neighborhood U(a) such that ENU(a) C {z;2z € U(a),u(z) = —oo}
where u is plurisubharmonic in U(a). It is locally complete pluripolar if
ENU(a) ={z;2 € U(a),u(z) = —oo}. An analytic set is locally complete
pluripolar. For basics on pluripolar sets and extension results of positive
closed currents, see the book by Demailly [De2].

A closed subset Y of a complex manifold M is laminated by Riemann
surfaces if it admits an open covering {U;} and on each U; there is a home-
omorphism ¢; = (h;, \;) : Ui NY — A(z;) x T;(t;) where A is the unit disc
and Tj; is a topological space. The ¢; I are holomorphic in z. Moreover,

Gij(zi i) = ¢j 0 &7 H(zi, ti) = (haj(zi,ti), Aij(t))
where the h;;(2;,t;) are holomorphic with respect to z;.

When T is in a Euclidean space and ¢; extend to C* diffeomorphisms,
we say that the lamination is C*. We call the U; flow boxes, {\; = to} is a
plaque. A leaf is a minimal connected set such that if L intersects a plaque,
then L contains the plaque. We will say that (X, £, E) is oriented if there
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are continuous non-vanishing (1,0) forms «v;, j = 1,...,k — 1, defined on
X\ E such that v; A [A,] = 0 for every plaque Ay; [A,] denotes the current
of integration on the disc A, and the ~; are pairwise linearly independent
over C. Otherwise, we can still find a larger finite set of v; of rank & — 1
everywhere.

A positive current 7" of bidimension (1, 1) with support in X is said to
be directed by L if on any open set U where L is defined by non-vanishing
continuous (1,0) forms ~;, j =1...,k—1, ie. v A[A] =0, we have

TA Y= 0.

The wedge product makes sense because T' has measure coefficients and
the forms «y; are continuous.

It is interesting to introduce the notion of a minimal set for X.

DEFINITION 3.1. A minimal set for (X, L, E) is a compact subset Y C X
such that Y is not contained in E, moreover Y \ E is a union of leaves L

and for every leaf LCY \E, L =Y.

PRrROPOSITION 3.2. Let (X,L,E) be such that there is a neighborhood
VY of E, so that no leaf is contained in V. Then there are minimal sets
Y C X. Two different minimal sets intersect only on E. If M is a surface
where the Levi problem is solvable and E is locally contained in a complex
hypersurface, then any two minimal sets intersect.

Proof. Let V be an open neighborhood of E such that no leaf is contained
in V. Let (X,) be an ordered decreasing chain saturated for £. Let X/, :=
Xo N (X \ V). Then X/ # (. Hence NX, # 0. So Zorn’s lemma applies.
This shows that minimal sets exist.

If M is a surface, it follows that each M \ Y is locally pseudoconvex
away from F, and since F is locally contained in a complex hypersurface,
M \'Y is pseudoconvex [GrR]. If the Levi problem is solvable on M, i.e. if
pseudoconvex domains are Stein, each M \Y is Stein. Since Stein manifolds
cannot have two ends, it follows that any two minimal sets must intersect. O

REMARK 3.3. Fujita [Fu] solved the Levi problem in P*. See [E] for a
proof of this and some generalizations. The condition on E in the above
proposition, can be relaxed to assuming that F is meager in the sense of

[GrR].

EXAMPLE 3.4. Let £, be the foliation in P? defined in an affine chart
by wdz — azdw = 0, with « real and irrational. Then Y, = {|z| = cJw|*}
is minimal for every ¢, the closure is in P2. Let 7 denote the projection
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from C3\ 0 to P2. The associated positive closed current T is defined by
7T = i00u, u(z, w,t) = log(max{|z|[t|]*!, cjw|*}) if @ > 1 and is directed
by Lq.

Garnett has shown in [G] the existence of positive currents T, satisfying
i00T = 0 and directed by foliations. In [BS] a version of this result is
given allowing singular sets. Here we are interested in constructing laminar
currents for a foliation with singularities that are only holomorphic motions
in flow boxes, the holomorphic case is treated in [BS].

Theorem 3.5. Let (X,L,F) be a directed set with singularities in a
surface M. Then there is a laminated harmonic positive current T, i.e. of
the form T = [ hq[As]du(a) in flow boxes. Here p(c) is a measure on
transversals, h,, are strictly positive harmonic functions, uniformly bounded
above and below by strictly positive constants, h, are Borel measurable
with respect to .

Proof. Let {~;} be a rank 1 finite collection of continuous (0, 1) forms such
that v; A [A] = 0 for every plaque A. In [BS, Theorem 1.4] a current 7' > 0
supported on X satisfying i00T = 0 and T A v; = 0 is constructed. The
fact that F is locally pluripolar is used. It is shown that the current is
laminar in flow boxes when the foliation is holomorphic. We consider here
the general case, we need to modify the argument.

Let C be the convex compact set of positive currents of mass one, di-
rected by the lamination and supported on X. Any element T' € C, can be
written in a flow box B as T' = ||T'||iy A% where || T|| is a positive measure,
possibly zero.

Assume z = 0 is a transversal and 7 is the projection along leaves in B,
on (z =0). Let (1) be the disintegration of ||T'|| along 7. If ¢ is a smooth
test form of bidegree (1, 1) supported in B, then

:/@M[Dw],qb}du(w),

here [D,,] denotes the current of integration on the plaque through w and
Uy is a measure. Let Vi denote the space of continuous functions on X,
compactly supported in a union N of finitely many (open) flow boxes and
C? along leaves, with the topology of uniform convergence on X and C?
along leaves. We can use the previous formula to extend the action of T" on
OOy for ¢ € Viy. On a plaque where w = f(z) we can identify 0,0,v with

%dz ANdzZ = % with abuse of notation. If (x;) is a partition
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of unity associated to UB; = N and ¢ € Vy, then we define
T.0950) == Y [ (Dl Bul30) du(w)
J

where A, denotes the Laplacian on D,,. Then T is continuous on Vy.
Moreover if a sequence T, in C converges weakly to T" then it converges
also weakly in the dual of Viy. Define W = {8} @ V. Here {3} refers
to the space of (1,1) forms where 3 is a C* (1,1) form on M and we use
the supnorm topology on X for the forms {3}. Let W denote the Banach
space completion of Wy. Then each T € C extends as a continuous linear
functional on Wy. Hence we have a natural map A : C — Wj’v, the dual
space of Wy. If {T,} C C is any sequence, replacing with a suitable
subsequence we can assume that T, — T € C in the weak topology of
currents. In addition to the norm topology on Wz/v there is also the weak
topology from Wy, i.e. the weak topology for which all elements of Wy give
rise to continuous linear functionals on WJ’V Since this topology is weaker,
we obtain that A(C) is a convex compact set in this weak topology. Let
By := {i00¢} © Vi as a subspace of Wy.

Suppose that A(C) N By = 0. Then, by the Hahn-Banach theorem, it
follows that there is a continuous linear functional L : WJ’V[WN] — R so
that Lo A(T) > § > 0 for all T € C. Moreover this linear functional is
given by an element of Byy.

Hence there are functions ¢y € C*°(M) and ¥y € Vy [we extend
the latter trivially to X|, such that (T,i00¢yN ® i0y0ptbn) > & > 0 for
every T in C. Hence the function uy := ¢n + ¥y is continuous and
strictly subharmonic on leaves of £. The max of uy can be reached only
at a point zg € E. Choose r such that N B(zy,r) C {v = —o0} for v
plurisubharmonic near B(zo, 7). Then u — |z — 2|2 + ev will still have a
maximum at z; near zp,z1 ¢ E, a contradiction.

Hence there is a current Ty in C vanishing on By. Taking a weak limit
we get a harmonic current 1" such that for any v continuous in a flow box
B and C? along leaves

[ (Dl i)t 0.
Hence (U [Dy), Awtp) = 0 p a.e. So 1, is a positive harmonic function
on the leaf [D,] p a.e. O
The following corollary was suggested by T.C. Dinh.

COROLLARY 3.6. Let (X, L, E) be a laminated set with singularities in M.
Assume E does not support a non-zero positive harmonic current of
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bidimension (1,1). Then there are minimal sets Y C X. In particular
for X C P? it is enough to assume that P? \ E is not contained in a Stein
domain.

Proof. Let X, be an ordered decreasing chain saturated for £. Let (T})
be positive harmonic currents of bidimension (1,1) of mass 1 supported
on X,. If T is a cluster point of (T},), then T is supported by NX,, and
not only on E. Hence N(X, \ E) is non-empty and saturated for £. In
section 2, we have seen recalled that the complement of the support of a
positive, harmonic current is pseudoconvex, hence Stein in P2 [FoS]. O

PROPOSITION 3.7. Let (X, L, E) be a compact laminated set in a compact
Kahler manifold M. Assume E is locally complete pluripolar. Let T be a
positive laminated harmonic current on X, which is extremal in the cone
of such currents. If A is a measurable set which is a union of leaves then A
has zero or full mass for T.

Proof. Define Ty = 14T. Then T is clearly harmonic on M\ E and T} < T.
Hence T has bounded mass and the extension by zero defines a current.
Since E is complete pluripolar, according to [DEE] the trivial extension T
satisfies 199T; < 0. The manifold being compact and Kahler, we get by
Stokes that i09T; = 0. Hence T) = cl', ¢ > 0. So A is of zero or full
measure with respect to 7. O

Theorem 3.8. Let (X,L,E) be a laminated set with singularities in a
complex Kéhler surface M. There is a unique equivalence class of harmonic
currents directed by £ of mass one and minimal energy.

Observe that we don’t assume X is minimal.

Proof. Let Cy = {T;T > 0, [T ANw = 1,T is £ — directed, harmonic}.
Then (' is compact in the weak topology of currents since the forms ~;
directing the lamination are continuous. From Theorem 3.5 we know that
(1 is non-empty.

The energy is a lower semi-continuous function on C; by Proposi-
tion 2.11. Since C is compact it now follows that E(T,T) takes on a
minimum value ¢ on Cj.

If E(T,T) = cand [T Aw = 1, then Q(T,T) = 1 —2c. If T.T"
are two elements of non-collinear equivalence classes of currents where the

minimum c is reached, then Q(TJFTTI, TET/) > 1 — 2¢ by strict concavity
of @ (Proposition 2.10), a contradiction. So the minimum is unique. O

We next show that under mild extra hypotheses, equivalence classes of
laminated positive currents contain only one current. Recall that a current
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on a laminated compact X is said to be a laminated positive harmonic
current if in local flow boxes it has the form [ h,[Va]du(a) for a positive
measure p(«) on the space of plaques, and h, > 0, harmonic functions on
plaques V,. The current is closed and laminated if the h, are constant.

Theorem 3.9. Let (X, L, FE) be a laminated compact set with singularities
in a Kéahler surface M. Suppose E is locally complete pluripolar with 2-
dimensional Hausdorfl measure Ay(E) = 0. Assume there is no non-zero
positive closed laminated current on X. Consider the convex compact set
C' of laminated positive harmonic (1,1) currents of mass 1. Then there is
a unique element T in C' minimizing energy.

LeEmMMA 3.10. Let (X, L, E) be as above. If T, T, are two positive lami-
nated harmonic currents such that [T1] = [T3], then Th = T5.

Proof of the Lemma. Since [T}] = [T3], then it follows from Proposition 2.6
that Ty — Ty is closed. In a flow box we have Tj = [ h$[Valdu;(), j = 1,2.
Let v(a) = pi(a) + po(), so pj = rj(o)v. Then

T — T = / ( ry(a) — hg‘rg(a)) Val]dv(a) .
Since d(T} — 1) = 0 it follows that
h{ri(a) — h§re(a) = c(a) .
We decompose the measure c(«)v(«) on the space of plaques, c¢(a)v(a) =
A1 — Ag for positive mutually singular measures A;. Then

T Ty = / Valh(a) — / Valho(a) = T+ — T-

for positive closed currents T+. These locally defined currents fit together
to global positive closed currents on X \ E. Observe that the mass of T+
is bounded by the mass of 17 + T5.

Since E is locally complete pluripolar the trivial extensions of 7% are
also closed [De2].

Consequently 7+ =0 and T} = T on X \ E. It follows from a theorem
by Skoda [Sk]|, mentioned in section 2, that no positive harmonic current
of bidimension (1,1) can have mass on a set of 2-dimensional Hausdorff
measure Ay = 0. So T1 = Ts. O

Proof of the theorem. Observe that we do not assume that X is minimal.
We know C' is non-empty. We showed in Theorem 3.8 that the class of
currents minimizing energy is unique. The lemma implies that the current
T is unique. |
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COROLLARY 3.11. Let (X, L, E) be a laminated set with singularities in a
homogeneous compact Kahler surface M. Assume As(E) = 0. At least one
of the following statements holds:

i) There is a closed positive laminated current of mass 1 on X.
ii) All positive laminated harmonic currents of mass one on X satisfy
J T AT = 0. In this case the space they generate is of dimension one.
iii) There is a positive laminated harmonic current T' of mass one on X
such that [ TAT > 0. In particular the current Ty minimizing energy
satisfies [Ty ATy > 0.

Proof. If 1), ii) don’t hold, then we can assume [T; AT; = 0, the {T}}
being harmonic and linearly independent. By Corollary 2.10, [T ATy > 0.
Hence Q(%, %) > 0. O

REMARK 3.12. The above corollary holds for surfaces such that every pos-
itive harmonic current is a limit of smooth positive harmonic ones. Oth-
erwise we can only say that either there is a unique current such that
[T AT =0 or there are currents with [T AT # 0.

In view of the previous corollary it is interesting to show that generically
for a holomorphic foliation by curves on P* the first case does not occur.

Let F be a holomorphic foliation of P* of degree d. It was proved by Lins
Neto and Soares, [LS] see also [LoR], that for a Zariski open set of foliations
of degree d, all the singular points are hyperbolic and no leaf is contained in
an algebraic curve. Let A\,...,A; € C be the eigenvalues of the linear part
of the vector field Z, defining the foliation near a singular point p. Then the
foliation is hyperbolic at p if for every (i, ), i # j, A\i/A; ¢ R. In such case
Chaperon [Ch] has shown that the foliation is topologically linearizable in
a neighborhood of p. The following result is well known according to the
referee. We give some indications for the non-experts.

Theorem 3.13. Let X be a minimal set for a holomorphic foliation F of
dimension 1, in the complex projective space. Assume X is not an analytic
set and that X contains a singular point p of hyperbolic type. Then there
is no non-zero positive closed current directed by F.

Proof. Suppose 7 is a positive closed current on X directed by F. In [Br]
it is shown that if a closed current is directed by the foliation, then near
the hyperbolic point p, it should be supported by the separatrices. One
has to consider the case where p is in the Siegel domain. One can conclude
as follows. Let v(T,q) denote the Lelong number of T at q. A theorem
of Siu [S1], [De2| asserts that Y := {q,v(T,q) > ¢} is an analytic set. In
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our case we know that this analytic set contains nglA]—, a union of local
separatrices. Any irreducible branch of Y containing one of the A;- gives a
global analytic set of M, contained in X and directed by F, contradicting
the assumption on X. Hence 7 = 0. O

The following is an analogue (for singular laminations) of Theorem 1
in [G].
Theorem 3.14. Let (X,L,FE) be a lamination with singularities in a
compact Kéahler manifold M. Let C, denote the convex compact set of L-

directed positive harmonic currents of mass 1. Let T' be an extreme point
in Cg. Ifu € LY(T) and id0(uT) = 0, then u is constant |T| a.e.

Proof. If u is bounded, v must be constant a.e. by extremality. Assume next
that u is unbounded. Let (u,,) be a sequence of smooth functions u,, — u in
LY(T). Let x be a smooth convex function such that x(t) = [t| for |¢| large.
Then x(u,) — x(u) in LY(T). We want to show that i90(x(u)T) = 0. We
compute

D0 (x(un)T) = X" (tn)Oup A Ot AT + X' (un)00un AT — X' (up)upn A OT
+ X' (un)Ouy A OT + x(uy)0OT
= X" (un)Oup A Oup AT + X' (up) [00(unT)] -
Since 99(u,T) — 0, we get since x” > 0 and iOu, A Qu, AT > 0,
that i09(x(u)T) > 0. Since M is compact 9d(x(u)T) = 0. Observe
that x(u)T is L-directed. If x1,x2 are convex functions as above, then
i00((x1(u) — x2(uw))T) = 0. Since x1(u) — x2(u) is bounded, it follows that

x1(u) — x2(u ) = some constant for all such 1, x2. This is only possible if
u is constant. O

REMARK 3.15. Assume T > 0 is harmonic and extremal in the convex
cone of positive harmonic currents on M of Izjdegree (p,p), p < k—1. The
above proof shows that if u € LY(T) and 09(uT) = 0 then u is constant
|T| a.e.

4 Intersections of Laminar Currents

4.1 (! laminations. Here we assume that X C P? is a laminated com-
pact covered by finitely many flow boxes B;. We suppose that X locally
extends to a C! lamination of an open neighborhood. Since X is laminated
it contains a unique minimal laminated set X’. Choose p € X’. We can
assume that p := [0 : 0 : 1] € B; C X and that the leaf L through p has
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the form w = O(2?). So we will assume that the local extension of the
lamination of X is of the form w = wy + fu,(2), fuw,(0) = 0, where the map
WU (z,wp) = (2,wo + fuy(2)) is a C* diffeomorphism in a neighborhood of p.

Let ®([z : w: t]) = [z : w+ €z : t] denote a family of automorphisms
of P2. Notice that each of these automorphisms fixes the w axis.

For two graphs Lj, Ly given by w = g1(2), w = go(2), z € S, we

define the vertical distances over S between the two as d§**(Lq,Lo) =
sup.cg | f1(2) = fa(2)| and d§™(L1, Lo) = inf.es | fi(2) — fa(2)].
Theorem 4.1. There exists an integer N independent of € # 0, |e| small,
so that in any of the flow boxes B; local leaves L1 and ®.(Ly) can at
most intersect in N points, counted with multiplicity. Moreover there exist
neighborhoods U, of Id in U (3) so that the same conclusion holds for U1 (L)
and \112((136(1/2)), U, 05 e U..

The main idea of the proof is that if plaques L; and ®.(L2) have many
intersection points, then their distance is at most a very small multiple
of e. Following the leaves back to By, their distance is still at most a small
multiple of e. We use the following lemma repeatedly:

LEMMA 4.2. a) There is a constant 0 < cg < 1 so that the following holds:
Let g be a holomorphic function on the unit disc with |g| < 1 and suppose
that g has N zeroes in A(0,1/2). Then |g| < ¢ on A(0,1/2).

b) Let g denote a holomorphic function on the unit disc and suppose
that |g| < 1 and that |g| <n <1 onA(0,1/4). Then|g| < \/n on A(0,1/2).

Proof. To prove a) set
|z —a
cy = sup — < 1.
lal<1/2,]z1<1/2 |1 — 2@
To prove b) observe that log|g| < logn when |z| < 1/4. Hence by sub-
harmonicity

log |z
log |g| < max {log nloggl‘/ll,log 77} :

This implies that if |z| = 1/2, then log |g| < logn/2. O

Using this lemma, we obtain that the continuation of the plaques to By
have distance at most a small multiple of €. This contradicts the explicit
form of ®..

Proof of the theorem. Fix a § > 0. Let L, denote the plaque through
[0 : w: 1] and let LS, denote its image under ®.. Say L,,, is given by
w = wo + fu,(2) and L, is given by w = wo + fu,(2) + €z. Note that the
vertical distance dg®* between L., and Lg,  is [e|0 at the boundary S of the
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disc |z| < 4. In order to use vertical distance we need € to be small enough.
Because the lamination is of class C!, there exists a constant K > 1 so that
if (0,wy), (0,w;1) € By, then, using that the graphs satisfy
zelwr — wo| < |wo + fuy(2) — w1 — fuy (2)| < Klwi —wol,

we get that there is a constant C' > 1 such that

sup |wo + fuo(2) — w1 — fu, (2)| < C inf |wo+ fuy(2) — w1 — fu, (2)| (2)

|2|<6 |z]<6

If plaques Ly and ®.(Ls) intersect in a flow box B;, then L; and Ly must

be at most ale| apart in B; for some fixed large a. We are going to show by
contradiction that the number of points of intersection cannot be arbitrarily
large. Let ¢ > 0 be any small constant. If Ly, ®.(Ls) intersect in N points
in B; and N is sufficiently large then L; and ®.(L2) can be at most at
distance c|e| apart from each other in B;. This follows from the lemma with
c= cév . Note that the same conclusion holds if the number of intersections
is counted for Wi(L1) and Wo(P.(Ls2)) for a small enough U.. But this
again implies that L; and ®.(Ly) have distance at most c|e| also in this
case. Hence we only have to consider Ly and ®.(Ly). Since X’ is minimal,
there is a path of at most a fixed length along these leaves ending in the
flow box Bj containing [0 : 0 : 1]. It follows that continuing these leaves
to this neighborhood, they will have to stay at most bc|e| apart, for a fixed
constant b determined by the length of the path. Choosing ¢ small enough,
we get be < §/2C. Let Ly = {w = w1 + fu,(2)}, Lo = {w = wa + fu,(2)}
denote the continuations to By. Then

0
‘wg + fuy(2) + €2 —wy — fwl(z)‘ < bele| < % when |z| <4§.  (3)

Hence, using (2)
di2Z5(La, Ly) < Cdff2s(Ly, Lo)
< CdP(Ly, Ly)
= Cd;Z5 (L1, Pe(L2)) (4)
< (L1, 0.(L)
<P
For the third inequality we use that 0 is fixed for ®., and the last
inequality follows from (3). Applying this estimate when |z| = J, we get
using (4)

|e|o |e[o
2~ 3c

> "UJQ + fuo(2) + €2 —wy — fw1(z)’
> [ed = [wa + fuy(2) = w1 = fu, ()]
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lelo
> |el6 — 5=
_ leld
=12,
a contradiction. Hence N cannot be arbitrarily large. a

REMARK 4.3. We only used that the lamination is transversally bilipschitz
in a neighborhood of a point in the associated minimal set.

4.2 Laminations by holomorphic motions. Now we consider the
case of laminations which are not C'. We recall the following result by
Bers—Royden [BeR].

PROPOSITION 4.4. We are given a lamination of a neighborhood of the
unit polydisc in C2. Assume that the leaves are of the following form:

Ly, teC, |t| < C, w:Ft(z), Ft(O) =1, F(](Z) =0.
The map ®(2)(t) = F;(z) is a holomorphic motion and we have the estimate

1+]=] 1-]z|
|t — 8|77 < | Fy(2) — Fo(2)| < K|t — 5|4

Theorem 4.5. Let X C P? be a compact subset laminated by Riemann
surfaces. Then there exists a holomorphic family ®, : P> — P2 for e € C,
&y = Id with the following properties. There are finitely many flow boxes
{Bi}i=1,.0 covering X and an ey > 0 and a constant A such that if L, L’
are any plaques in any flow box B; then:

If 0 < |e| < €p, the number of intersection points counted with multi-
plicity of L, ®.(L') is at most Alog1/|e|. Moreover there exist neighbor-
hoods U, of Id in U(3) so that the same conclusion holds for ¥(L;) and
\IIQ(CI)G(LQ)), with U, ¥y € U,.

Proof. We first choose a finite cover by flow boxes, B;. We can do this so
that for each flow box there is a linear change of coordinates in P? so that
[z:w:t]=[0:0:1] € B;NX. Moreover, we can arrange that if L is any
local leaf intersecting A(0,2) then LNA(0,2) is contained in a local leaf L of
the form {w = f,(2),|2| < 3}, (0,) € L, and || fallco < 3. Moreover we can
assume that each || f.|| < 0.1 and that f}(0) = 0. Redefining the flow boxes,
we can let B; denote the union of those graphs over |z| < 3 intersecting
A(0,2). We can assume that the smaller flow boxes B] consisting of those
graphs over |z| < 1 for which the graph is in A%(0,1), already cover X.

Next we fix the coordinates z,w,t on P? used for the first flow box B,
such that pp = [0: 0 : 1] is on the minimal set X’ C X. Define the family
®, by

O fz:w:t]=[z:w+ez:t].
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LEMMA 4.6. There exists a § > 0 and C > 0 so that if w = fu(2),
w = fg(z) are two local leaves in By, then

a—p?

0P < |fule) ~ Sol2)| < Cla— 812, 92,l2 <6
Proof. This is a special case of the Bers—Royden result. O

LEMMA 4.7. Fix § > 0. Let ¢g > 0 be small enough. Then if Ly, Ly are
plaques in the first flow box then dr{rfglxq}(@e(Ll), L) > |e|? for all |e| < €.

Proof. Let L; be given by w = f;(z), fi(0) = w;. Then ®.(L;) is the graph
w = f1(2) + ez. Suppose that |f1(2) + ez — fa(2)| < |e]? for all |2] < 4.
Then, we get that |w; —wo| < |e[>. Hence, by the previous lemma, we have
that | f1(2) — fa(2)| < C|f1(0) — f2(0)|*/2 < C|e[>/? for all |z| < §. Hence if
|2 =6,
e’ > [ f1(2) + ez = fa(2))|
> |eld — | f2(2) = fu(2)]
> |eld — Cle[*/?

> [e (6 — CV/lel) »

&>e?>6-C\le=6-Cyea
=

a+Cye >0,
a contradiction if €g is small enough. O

Continuation of the proof of Theorem 4.5. Pick p > 0. Let p € X. Since
every leaf clusters everywhere on X’ there is a (nonunique) continuous
curve v,(t), 0 < t < 1, from 7,(0) = p to a point v,(1) = (0,w,) € Bj
which is contained in the leaf through p. By continuity, for every ¢ € X
close enough to p, a curve 7, can be chosen so that dist(v4(t),7,(t)) < p
forall0 <t <1.

A chain of flow boxes is a finite collection C' = {Bz’(j)}?:l- Let p € X.
We say that the leaf through p follows the chain {Bi(j)};?:l if there are local
leaves L; C By(;), Lj := L; NB;p € Ly, LinLjg1 #0Vj <k, i(k) =1.

By compactness there are finitely many chains of flow boxes C1,...,Cy
such that for each p € X, there is an open neighborhood U(p) and a chain
C, so that the leaf through ¢ follows C, for any ¢ € U(p) N X.

We will apply Lemma 4.6 repeatedly along a chain. We need to apply
Lemma 4.6 at most a fixed number of times, m depending on the length of
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each chain. Note that every time we switch flow box there is a change of
coordinates which distorts distances by at most a factor C' > 1.

LEMMA 4.8. Let € be sufficiently small and suppose that N = N (e) is an
integer such that C’zcév /2 < |e|>. Then no local leaves of the laminations
Ly, ®.(Lo) can intersect more than N times in any flow box.

Proof. Suppose that local components of L; and ®.(Lg) intersect in more
than N points in some local flow box BY. Then these local graphs differ by

at most cév . Using Lemma 4.6 they differ by at most cév /% in a suitable larger
flow box. Changing to the coordinates of another flow box might increase
the difference to C’cév 2, Applying Lemma 4.6 the difference increases to at
most C’1/2cév/4 and after another change of flow box to C3/2cév/4. Following
the leaves along a chain of flow boxes we see inductively that the distance

k
between continuations of the leaves grows at most like C’Qcév /2" after k steps.
Hence once we are in the first flow box, the leaves differ by at most |e|>.
By Lemma 4.7, this is impossible for any pair of leaves. O

End of proof of theorem.  From the above Lemma there is a constant
A so that for all small enough € local leaves Li,®.(Lg) have at most
N, := Alog1/|e| intersection points. The construction is stable under small
perturbations by W, W5 close to the identity. O

5 Construction from Discs. Ahlfors Type Construction

In this section we consider a laminated set (X, £, F) in a compact complex
Hermitian manifold M of dimension k. We assume that F is a compact set

We want to construct harmonic currents using the Ahlfors exhaustion
technique.

5.1 When leaves are not uniformly Kobayashi hyperbolic. We
consider only the case when X does not contain a compact Riemann surface,
possibly singular. Consider the universal covering for each leaf. We can
assume that the covering is C or the unit disc A. Let ¢ : A — L be a
holomorphic map.

PROPOSITION 5.1. Let (X, L, E) be a laminated set with singularities. If
there is no positive closed current on X, laminated on X \ E, directed by
the lamination, then there is a constant C such that |¢'(z)| < <= for

1—[z]
every holomorphic map ¢ : A — L.
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Proof. 1f {|¢/(0)|} is not uniformly bounded, then using the Brody tech-
nique, one can construct an image of C. The part of the image not in F is
locally contained in a leaf of X.

The Ahlfors exhaustion technique furnishes a positive closed current of
mass 1 directed by the lamination. Since A2(E) = 0, the current gives no
mass to E. So there is a constant C' such that |¢'(0)] < C for every holo-
morphic map ¢ : A — L, where L is a leaf of X \ E. Using automorphisms
of the unit disc, one gets the above estimate. O

When the |¢/(0)] are uniformly bounded, we say that the leaves are
uniformly hyperbolic.

5.2 The case with no positive closed current directed by (X, L, E).
Let (X, L, E) be a laminated set with singularities. We assume that there
is no non-zero positive closed current on X directed by £. We showed in
Proposition 5.1 that there is a constant C' so that for all holomorphic maps
¢: A — X\ E, directed by L, we have |¢/(0)] < C.

Let ¢ : A — X \ E be a covering map for a leaf. As above, we define
the (1,1) positive current 7). by

(1) = & [ dox™ 0°(6).

We want to interpret the concept of ergodicity within this context. The
currents T, can be thought of as averages on an orbit ¢(A). They corre-
spond to partial sums of Dirac masses on an orbit, Ziv dyn(z,) for a con-
tinuous map f from a compact space to itself. We want to show that after
normalization the limits when r — 1 are “invariant”, i.e. define harmonic
currents. The ergodic theorem would be to show that the limits exist for
almost every leaf of a positive harmonic current. We start with a general
result.

Theorem 5.2. Let ¢ : A — M be a holomorphic map where M is a
compact complex Hermitian manifold. If

[ @ =lel¢@Para) = .
A

where X\ is the Lebesgue measure, then there is a positive harmonic cur-
rent T, supported on ¢(A). If (A) is contained in a leaf of a lamination
(X, L, E), then the current T is directed by the lamination on X \ E.

Proof. Assume that ¢(0) = p. Define
Gr(z) == glogt L, T, :=¢.(G,[A]), r<]1.

Bl
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where logt = sup(log z,0). If 0 is a (1,1) test form on M
(1.0) = = [ 108" 507 0).
A

So T, is positive of bidimension (1,1). The mass of 7, is comparable to
Sa log ﬁ\qﬁ’(w)? ~ f{\x\<r}(r — |z|)|¢'(z)]? =: A(r). A direct computation
gives _

100T, = ¢s(vy) — 0p
where J,, is the Dirac mass at p and v, is the angular measure on the circle
of radius r. Let T be a cluster point of 7). := T,./A(r). Since A(r) — oo
we have i00T = 0.

If (A) is contained in a leaf of a lamination and ~ is a continuous
(1,0) form so that [A,] A~y = 0 for all plaques, then T, Ay = 0. Hence T
is directed by £ on X \ E. O

Theorem 5.3. Let (X, L, E) be a laminated set with singularities. Assume
FE is totally disconnected, and that E is contained in a countable union of
irreducible analytic sets UA;, with UA; N X \ E' = (). Then

[ @=lel¢ @ ane) = .
A

and all cluster points of the normalized currents 7, := T,/||T;|| are har-
monic.

Let X be a minimal laminated compact set in M. Suppose that there
is no non-zero positive closed current on X, directed by £. In particular,
X does not contain any non-constant holomorphic image of C. Let B; be
a locally finite covering of X \ E by flow boxes which in local coordinates
are of the form w; = f4(2;), |zi| < 1 [but the graphs extend uniformly to
|zi] < 2]. Let ¢ : A — L denote the universal covering of an arbitrary
leaf in X \ E. We say that x € A is a center point if ¢(z) = (0, w;)
in some B;. We can normalize ¢ for any center point, say ¢, : A — L,
0.(0) = ¢(x) [i.e. we move x to 0 with an automorphism of the unit disc].
Let w; = fr(z;) denote the associated graph in the flow box. Denote by
Uy, := ¢ ({ (2, fo(2));|z:] < 1}). If ¢ is a multisheeted covering, we let U,
denote the connected component containing 0. Then U, C A is a relatively
compact open subset of A containing 0. Let 0 < r, < R, < 1 denote the
largest, respectively smallest, radii such that A(0,r,) C U, C A(0, R,).

PROPOSITION 5.4. Let (X, L, E) be as above. Consider the family of uni-
versal covering maps ¢ from A to an arbitrary leaf. Given € > 0, there exists
a constant c. > 0 such that |¢'(2)| > 1f€|z|, for all ¢, if dist(¢(z), E) > e.
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LEMMA 5.5. R, <1/2.

Proof. Since ¢, maps A(0,2) into A(0,1) and sends 0 to 0 this follows
from the Schwarz’s lemma. 0

LEMMA 5.6. Fix a finite number of flow boxes B; N E =0, i=1,...,¢.
Then inf{r,;z is a center point, ¢(z) € U‘_;B;} > 0. In fact the same

holds if we take the infimum over all leaves and all covers of the leaves by
discs. We also have |¢/.(0)| > 1/4r.

Proof. Fix an z and a covering ¢ : A — L of the leaf through x. Note that
#71(A(0,1)) D A(0,7;) hence by the Koebe 1/4 theorem, [¢;!]'(0) = a,
|a| < 4r,. Hence ¢,(0) = 1/a, |1/ > 1/4r,. If r,, — 0 then a@ — 0. Using
the Brody technique we construct an image of C contained in X. O

Proof of Proposition 5.4. Using automorphisms of the unit disc, we only
have to show that if dist(¢(0), E) > €, then |¢'(0)| > c.. But ¢(0) belongs to
a finite number of flow boxes. Hence the estimate follows from Lemma 5.6,
since r, < R, < 1/2. The constant ¢, appears when we compare the metric
in normalized cordinates with the Hermitian metric on M. O

Next we prove a density theorem for the above minimal laminations
with only Kobayashi hyperbolic leaves:

Theorem 5.7. Assume (X, L, E) is a minimal lamination. Fix a locally
finite cover of X \ E by flow boxes B;. Fix a compact set K C X \ E.
There are constants R, N so that if ¢ : A — X is a covering of any leaf
and ¢(z) € K, B;N K # 0, then ¢(Agop(z, R)) intersects at most N of the
graphs over {|z;| < 3/2} in B; and contains at least one complete graph
over |z| < 1.

Proof. The estimates in Proposition 5.4 show that as long as ¢(z) is away
from FE, then ¢ is a bilipschitz map, from the unit disc with the Kobayashi
metric to X \ E with Hermitian metric induced from M. O

Proof of Theorem 5.3. The main difficulty is to deal with the behaviour
of leaves near E. If ¢(0) = p, we get as in the proof of Theorem 5.2,

i00T, = ¢u(vy) — 6y (5)
where 0, is the Dirac measure at p and v, is the Lebesgue measure on the
circle of radius r. The mass ||T}|| is comparable to

ogt ¢ (x)|* ~ r— x| (x)|* =: A(r).
Joogt Hlo @ ~ [ = lahle @l = aw

|| <r
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It’s enough to show that A(r) — oo when r — 1, i.e.

/ (1 - 2])| ¢ (@) [PdA(z) =
A

For simplicity we consider first the case where F is just one point ¢ =
[0:0:1]. Let ¢ = [¢1 : P2 : ¢3] in homogeneous coordinates.
Let
A= {eit; e € A, such that lim‘l p(re™) =10:0: 1]} .
rT—
We show first that v1(A) = 0. Let e® € A. Since |¢/(z)] < 1= |x|, then

¢ is bounded in an angle with vertex at e®. Since ¢ has radial limit at
e by the Lindelof theorem [CoL, p.19], ¢ has non-tangential limit zero
in some smaller angle. By a theorem of Privalov [CoL] for meromorphic
functions, the functions ¢ /s, p2/¢s are identically zero if A has positive
measure.

Privalov’s theorem [CoL, p. 166] asserts that if a meromorphic function
f on the unit disc has non-tangential limits equal to zero for e? of positive
measure, then f is identically zero. Since the cluster set of ¢(re) is con-
nected and E is totally disconnected, ¢(re?) has radial limit at a point p
is equivalent to lim,_; dist(¢(re?), E) = 0. If ¢ has radial values in E for
a set of positive measure we can choose a neighborhood of a point p € £
such that ¢ has radial limits in A; on a set of positive measure. Then we
apply Privalov’s theorem to the function h; o ¢ where h; is a holomorphic
function defining A; in U;. Since UA; does not intersect X \ £ we get a
contradiction.

As a consequence there exists 6 > 0 and a set F' C A with v1(F) > 1/2,
such that for every e’ € F there is a sequence r; — 1 and dist(¢(rje’), E)
> 20.

Let E5 = {g¢;dist(q, F) < 6}. Since |¢/| < 13x| there is a constant
¢ > 0 such that ¢(A(rje’, c(1 —r;))) does not intersect Es. It follows from
Proposition 5.4 that on ¢~ !(L \ Fas) there exists a constant cs > 0 such

that |¢/(z)| > c“; - Hence for e € F, we have

rj+e(l—r; 1
/‘qb ret 1—rdr>Z/J 8 —65210g1+2
j—c(1—rj) -
Hence A(r) — oo as r — 1.
Equation (5) implies that
i00T,

lini 1007, = lim

r—1 A( )



992 J.E. FORNAESS AND N. SIBONY GAFA

REMARK 5.8. In Theorem 5.3 we don’t need the assumption that Ay(E)=0.

REMARK 5.9. If we assume that lim,_,1(1 —r) fDT | (2)|? = oo, it follows

from a result of Ahlfors that lim,,_d% — 0, ¢ represents length.

Hence one can choose the current T' to be closed.

In the usual Ahlfors procedure to construct a closed current start-
ing from an image of C one has to first extract good subsequences from
% when R — oo. Then cluster points of these give closed currents.
In our case, there is no need to first take a subsequence.

REMARK 5.10. Let (X, L,E) be a compact laminated set out of a totally
disconnected set F, satisfying the assumption of Theorem 5.3. Theorem 5.3
gives a new construction of positive harmonic currents directed by L. In-
deed the currents constructed by the averaging process in Theorem 5.3 are
harmonic. We only have to show that they cannot be supported only on E.
But Stoke’s formula shows that a positive current cannot be completely
supported on a Euclidean ball,

O</T/\ddc(|z\2—R2) =0.

PROPOSITION 5.11. If a positive harmonic current on a laminated compact
X gives mass to a leaf, then this leaf is a compact Riemann surface.

Recall that in a flow box T' = [ ho[La)dp(a), {La} are the plaques and
{ha} are the harmonic positive functions.

LEMMA 5.12. Let T be a laminated harmonic current. Let ¢ denote the
covering map A — L. If H, denotes the analytic continuation of hy o ¢ in

a flow box, then we have the estimate
1
c(1-|z)) <Hy, < C—-—x.
(1= lel) < Ho < O
Proof. The harmonic function h defined by the current on the leaf L is
determined up to a multiplicative constant. So H is positive. The estimate

follows from Harnack’s inequality and the Hopf lemma. O

Proof of the proposition. We assume first that the leaf is hyperbolic. Let
¢, H, be as in the lemma. Suppose at first that H, is unbounded. Then we
can choose a sequence p, — JA and H,(p,) — oo such that H, is uniformly
large on A(p,, R) by Harnack, where R is as in Theorem 5.7. Hence T will
have infinite mass on a flow box. If H is bounded and nonconstant, we
can choose 6,, so that lim,_,; H (rew”) are different. We can again choose
pn — OA so that ¢(A(pn, R)) are disjoint and again T will have infinite
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mass on a flow box. If H is constant, we get a positive closed current and
the leaf has an analytic closure. The same argument applies to the case
when the leaf is not hyperbolic. O

6 Vanishing of [T AT

Suppose that 7' is a positive laminated harmonic current on (X, £, E') which
in local flow boxes can be written as [ ha[Aq]dp(a), ha (0, o) =

DEFINITION 6.1. The harmonic laminated current has finite transverse
energy if in some local flow box [log|a — B|du(a)dp(8) > —oo.

Having finite transverse energy is well defined and independent of the
choice of flow box.

Recall that ®([z : w : t]) = [z : w+ ez : t]. If T is a current, let
Te := (®c)«(T). Observe that T, — T' in H,.

Theorem 6.2. If a harmonic current for a minimal laminated compact in
IP? has finite transverse energy, then the geometric intersection T AT, — 0.
The same conclusion holds for C'-laminations without the hypothesis of
finite transverse energy. In both cases we have [T AT = 0.

Proof. We calculate the geometric wedge product T'A T, in a flow box. Set
T = [ha[Ad)dp(e), T. = [ hi[AGldu(B). Note that functions defined on
plaques w = k(z), can be locally extended to be independent of w. Let ¢
be a test function supported in a flow box. To avoid confusion, we index
with ¢ during the proof when wedge products are geometric. We define

TATLd)y = [ 3 oha@h)due)dn(s)

pEJ6

where J¢ &, consists of the intersection points of A, and AE Assume at
first that 1 has finite transverse energy. The estimate on the size of J, pn
Theorem 4.5, implies that the number of points in Jg ; is of order at most
log 1/e. Since hy, hg are uniformly bounded we get

(T A Ty(6)| < e [ Alog tdp()du(3)

dist™2(Aq,A5)<Ce
1

< Chl|o oo/ log —F—F———
2lloe fpminia a < 8 Tt Bp)

—0ase—0.

dp(e)dp(B)
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In the C! case the number of intersection points is bounded by N inde-
pendent of € (Theorem 4.1). Hence

(T ATL),(6)] < Clléllo / Ndu(a)du(B)

dist(Aq,Ag)<Ce
— 0,
since p has no pointmasses by Proposition 5.11.

Next we show that Q(T,T) = [T AT = 0. It suffices to show by Theo-
rem 2.9 that Q(T,T.) — 0 or even that for smoothings 7%, 7%, Q(T°,T°")
— 0 when 4, 8" are sufficiently small compared to € and 6, ¢, ¢ — 0. Indeed,
T. — T in H,, and for §,¢" small enough, Tfl, T9 converge also to 7.

Note that the estimate on the geometric wedge product is stable under
small translations of T, T,. This is what allows us to smooth.

Let ¢ be a test function supported in some local flow box. As above,
the value of the geometric wedge product on ¢ is

TATd)y = [ 3 ohalo)b(du(a)du(s).
pEJq,
We can write this as ’

@ ATy = [ ([ 1ohatsliofios |~ fa(o)] ) du(a)ins)
s
Note that these expressions are small when € is small. The same applies
when we do this for slight translations within small neighborhoods U (¢) of
the identity in U(3) and their smooth averages T9. Considering ¢T° as a
smooth test form, we get

gor®) = [ ([ 1nslon )aus).
s
Averaging also over small translations of T, we get that (T%, ¢T°%) — 0
when 4,8 < €,e — 0. Adding up for a partition of unity of ¢s, we get
(19, 7% = Q(TY, T%) — 0. Hence Q(T,T) = 0. O

COROLLARY 6.3. If a laminated compact set in P? carries a positive closed
laminar current T, then T has infinite transverse energy.

Proof. If T # 0 has finite transverse energy, then 0 = [T AT =
| [T Aw|?> — E(T,T) but E(T,T) = 0 since T is closed. Hence T = 0,
a contradiction. O

J. Duval has independently obtained this corollary. Hurder and Mit-
sumatsu proved that there is no nontrivial C' lamination in P? which carries
a positive closed current [HM].
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COROLLARY 6.4. If (X, L) is a C' lamination on P? with only hyperbolic

leaves, then
(log* () [Dy])
A,

T = lim ¢,
r,/'1
uniformly with respect to ¢.
Proof. We know from [HM] that there is no positive closed current directed

by L. It follows from Corollary 3.11 and Theorem 6.2 that there is a unique
harmonique current of mass 1 on (X, £). Hence the result follows. O

7 Examples of Harmonic Current

If X is a non-singular C! lamination in P2, then there are positive harmonic
currents 1" such that f T ANT = 0. The problem of existence of such
currents is interesting in itself. A possible candidate is a current of the
form T = iOu A Ou. In this section we investigate harmonic currents on
P? of the form 7' = i0u A du. Our main result is that if u € C2(P?) and
i00T = 0, then u is constant, hence 7' = 0. We also compute the energy of
some positive harmonic currents.

Let M be a complex manifold of dimension m. For 1 < k < m, we
define P(_k)(M ) as the cone of upper semi-continuous real functions v on
M such that for every p € M, there is an open neighborhood U of p
and {v,} C C%(U) such that v, \, v in U and (—1)*(i00v,)* < e,w",
€n "\ 0. We say that U is associated to v. Here w denotes a strictly positive
hermitian form. Notice that this condition implies that when ¢, = 0,
not all eigenvalues of i90v, can be strictly negative. We define PJ(rk) =

—P(_k)(M) and P*) = PJ(rk) nP®. particular, PY consists of the
plurisubharmonic functions and P() are the pluriharmonic functions. In
dimension 2, a smooth function v belongs to 77(_2) if and only if its Levi form

has at most one eigenvalue of each sign. These functions then, also belong
to 734(3) and hence P?). Pseudoconvex domains are usually characterized
by plurisubharmonic functions, i.e. 73(_1). We show here that 73(_2) works as
well, and that there are similar results for P(_k), k> 2.

Let ® : M — N be a holomorphic map between complex manifolds. If
v E P(_k) (N), then vo® € P(_k) (M). In particular, if £ > dim N, any upper
semi-continuous v is in P¥ (N), hence vo ® € P(_k)(M).

We give some examples of compact complex manifolds for which P(2?) (M)

#R:
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1. Tori: Let T be a torus. Then 7' = C* mod a lattice generated by
{v;}?5,. Let m: C*F = R, (Y xv;) = x;. Let v = @(z1) where ¢ is
a smooth function supported in ]0,1[. Then (i9dv)? = 0.

2. Hopf manifolds: Let M = C2\ {0}/(¢) where (¢) denotes the group
generated by ¢(z1,22) = (121, @222) with aj, a9 fixed, 0 < |a;] <

|ag| < 1. Fix r such that |a;| = |ag|". Define
v(21, 22) = 7‘Z1‘2
’ 21 * + |22

The function v is well defined on M and (i0dv)? = 0.
3. For any surface admitting a projection on a Riemann surface, P(?) (M)

# R, for example ruled surfaces. Actually the Hopf surfaces above
admit such a projection C2\ {0}/(¢) — P, (21,22) — [z : 28] if

af =ab.
For k > 1, set z = (z1,...,2k-1), |2| = max{|z1],...,|zx—1|} and let

Hj_, denote the Hartogs figure
Hi = {(zw) eCF'xC=C"; || <147, jw| < 1}\{r<|w[ <1, || <1}.

Let ﬁ£—1 ={(z,w) € C¥|z| <147 |w| <1}

DEFINITION 7.1. Let 2 < k < m. We say that an open set N C M is
(k—1)-pseudoconvex if whenever ® : U — M is a rank k,1—1, holomorphic
map of a neighborhood U D Hj_, onto its image and ®(H}_,) C N, then
®(H] ) C N.

REMARK 7.2. In the case k = 2, the definition is equivalent to N being
pseudoconvex.

PROPOSITION 7.3. Let M be a complex manifold of dimension m > 2. Let
N be an open set in M. Assume v € P*(M), 2 <k <m and v <0 on N,
vogn =0, v <0 on M. Let U = {Us} be a cover of M associated to v.
If ®(H}_,) C Uy and ®(H}_,) C N, then ®(H}_,) C N. In particular, if
k = 2, then N is pseudoconvex in M.

Proof. Assume that @(ﬁ,’;_l) \ N # (). Then also, @(ﬁ[};_l) NON # 0.
We can assume that M = U, ® = Id, H;_; C N and that there is
an interior point of f[,:_l in ON. Assume that v, \, v, v, € C*(U),
(=1)*(i00v,)* < enw®. Let (20,wo) € ON, |20], |wo| < 1. Then v < 0 on
Hj_, and v(z9,wp) = 0. This is where we use that vy = 0. We would
like to get a contradiction.
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Let X :={]z| < 1,7 < |w| < 1}. Define the function u by

u(z,w) ;_n< Z\zﬁ) 4

where n < € < § < 1. We will choose the constants so that v < wu
on 0X and wu(zg,wp) < 0. First observe that if ¢ is small enough, then
automatically v < u on all of 90X except possibly where |w| =1 and |2| < 1.
Fix any such 6. Let € < § be chosen big enough that —mg‘ + 6§ < 0. Since
e<dand v <Oon |wl =1and|z2] <1, v <wuon all of 90X if we choose
n = 0. To finish the choice of constants, n,€,d, choose n > 0 small enough
that v < u still on X and in, addition u(zg,wg) < 0. Then i09(—u) > aw
on X for some constant a > 0.

Next choose n large enough so that v, < uwon dX. We have v, (20, wp) >
v(z0,wp) = 0 > u(zp,wp). Then if we add a strictly positive constant ¢, to
u we can assume that

vy < U+ ¢y on 0X
Up < U+ cp, on X
on (21, wy) = w2y, wi') + cn, (27, wh) € X

This implies that i09vy, (2}, w})<iddu(z}, w}). Hence i0d(—vy,) (2}, w?)

> aw.

Hence

(=1)M(i000,)F (], )
( 9D(—vn)) " (21, wh)
a k:

enwk >

v

a contradiction. O

COROLLARY 7.4. If M is a compact manifold, v € P®) and K(v) =
{p;v(p) = maxys v}, then the open set M \ K(v) is k — 1 pseudoconvex.

REMARK 7.5. Let v be a C? function on a compact complex manifold
of dimension k. Stokes’ theorem implies that if (—1)*(i00v)* < 0, then
(i00v)* = 0. In the case of compact Kihler manifolds of dimension m,
Stokes’ theorem applied to (—1)*(i00v)* Aw™ * shows that the same con-
clusion holds.

REMARK 7.6. The proof above shows that if an upper semi-continuous
function v is locally a decreasing limit of C? functions v, such that at
each point i00v,, has m — 1 non-negative eigenvalues, then M \ K(v) is
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pseudoconvex. Namely, we get by the above construction with a Hartogs
figure of dimension two:

v, < u+condX,
v <u-+conX
vn(21,w1) = u(z1,w1) + ¢ at some point of X . Hence
i00(vy, — u)(z1,w1) < 0.
Since —u is strictly plurisubharmonic there is at least one eigenvalue of the
Levi form of (v, — u) at (z1,w1) which is positive.

COROLLARY 7.7. If v is a continuous function on P™ such that v € 77(_2),

then v is constant. In particular there are no nonconstant functions in CH%
such that T = i0v A Jv satisfies i00T = 0.

Proof. We know that P \ K (v) is pseudoconvex. We show next that also
P™ \ K(—v) is pseudoconvex. It suffices to show that —v is also locally a
decreasing limit of C? functions wy,, (i00w,)? < e,w?. For this, let v, be
such a sequence for v. Taking a subsequence if necessary we can assume
that v < v, <wv+4+1/2". Then w,, := —v,+1/n works. Since on P™ the Levi
problem has a positive solution, this implies that the complements of K (v)
and K (—wv) are both Stein. But then the intersection of the two domains is
a Stein manifold of dimension > 1 with two ends, unless K (v) and K(—v)
have a non-empty intersection. But then v must be constant. O

The only property of P we have used is that the Levi problem is
solvable in P™. So we get

COROLLARY 7.8. If the Levi problem is solvable on a compact complex
manifold M, then P only contains constant functions.

Recall [BS] that given a positive closed current S on M, an upper semi-
continuous function ¢ defined on Supp(S) is S-plurisubharmonic if for every
p € Supp(S) there is an open set U C M, p € U and a sequence ¢, € C2(U),
such that ¢ = lim\ ¢y, on U N Supp(S) and idd¢, A S > 0. A function ¢
is said to be S-pluriharmonic if both ¢ and —¢ are S-plurisubharmonic.
Theorem 7.9. Let S be a positive closed current of bidegree (1,1) in P2,
Assume ¢ is S-plurisubharmonic and let K(¢) = {p € Supp(S);op(p) =
max ¢}. Then P?\ K (¢) is pseudoconvex. If ¢ is S-pluriharmonic, then ¢
is constant.

Proof. Recall that for S-plurisubharmonic functions, the local maximum
principle is valid [BS, Prop.3.1]. [The local maximum principle says that
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for every ball maxpv < maxppv.] We claim that P? \ K(¢) is pseudo-
convex. We modify the proof of Proposition 7.3. Assume that P2\ K(¢) is
not pseudoconvex. We can assume in local coordinates that K (¢) contains
a point (2o, wp), |20, |wo| < 1 and that K(¢) does not intersect the Hartogs
figure H = {(z,w);|w] < r < 1,z <1+ U{(z,w);1 < |2| < 1+,
lw| < 1}. We can also assume that on a fixed neighborhood of H =
{(z,w); |z| <1+ 6,|w| <1} there is a sequence of C? functions ¢, \, ¢ on
Supp(S), i00¢p, A S > 0. We can assume ¢ = 0 on K(¢). Then ¢ < 0 on
H N Supp(S) and ¢(zp,wp) = 0.
Let X :={]z] < 1,7 < |w| < 1}. Define the function u by
u(z,w) :==nb(1 - |z|2) - ﬁ +9

where n € € < § < 1. We will choose the constants so that ¢ < u on
0X N Supp(S). First observe that if ¢ is small enough, then automatically
¢ < uon all of X N Supp(S) except possibly where |w| =1 and |z| < 1.
Fix any such §. Let € < 6 be chosen big enough that —W + 6 < 0. Since
e<dand ¢ <Oon |w =1and |z| <1, (z2,w) € Supp(S), ¢ < u on all
of X N Supp(S) if we choose n = 0. To finish the choice of constants,
7, €, 9, choose n > 0 small enough that ¢ < u still on 9X N Supp(S) and in,
addition u(zg,wp) < 0.

Next choose n large enough so that ¢, < u on 9X N Supp(S). Then if
we add a strictly positive constant ¢ to u we can assume that

¢n < u~+ con dX N Supp(S)
dn < u+ con X N Supp(S)
Pn(21,w1) = u(z1,w1) + ¢, (21,w1) € X NSupp(S).

Now, —u is plurisubharmonic, so i09(—u) A S > 0. Hence ¢,, — u is S-
plurisubharmonic so this contradicts the local maximum modulus principle
for S-plurisubharmonic functions.

If ¢ is S-pluriharmonic, then K(¢) and K(—¢) intersect, hence ¢ is
constant. ]

PROPOSITION 7.10. Ifwv € P(_k)(M) then v satisfies the local maximum
principle.

Proof. This follows, since the Hartogs figure argument is local. In fact, let
K denote the compact set at which the maximum is reached. Let p € 0K
and use a Hartogs figure there. O
There are positive closed currents T on P? of the form T = idu A Ju,
u continuous except at one point and such that f T AT # 0, for example,
u=log" |z| in C?if [z : w : t] are the homogeneous coordinates in P2.
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PROPOSITION 7.11. Consider on P? the cone C = {T > 0,i00T = 0,
JTAw=1}. Then infrec [TAT <1-— %g
Proof. Let u(|z|?),v(Jw|?) be C* real valued functions with support in the
unit interval. Define 1 (z,w) := u(|z|?)+iv(jw|?). Let T := iy Ady on C2.
Then T > 0 and T AT = 0. Moreover, T is pluriharmonic on C2.

We want to decompose 1" as in Proposition 2.2.

10y A OY = i(u'zdz + iv'wdw) A (u'zdz — iv'wdw)
=i(u)?22dz A dZ 4 i(V)2wwdw A dw
+ u'v' 2wdz A dw + u'v'Zwdz A dw .
Let
Uz) =L /log |z — 2| (u'(a:f))Q:I;fdaj Ndz

V(w) =1 /log jw =yl (v (7)) "y A dp.
Then
o A O = 00U (z) + 109V (w) + O(uv'wdw) — wv"wwdw A dw
—wv'dw A dw + O(uwv'wdw) — w" wwdw A dw — uwv'dw A dw .
Hence,
LEMMA 7.12. On C2
T =i N O
= i00U (z) + 100V (w) + O(uv'wdw) + O(uv'wdw) .

Let A = i/m [(u)*2]?dz A dZ, B = i/m [(v')?|w]*dw A dw. Then
U(z) = Alog|z|, |z| > 1, V(w) = Blog|w|, |w| > 1. We decompose T'
further: Let h:=U(z) + V(w) — %(A + B)log(1 + |2|> + |w|?). Then
LEMMA 7.13. On C2,

T = i00h(z,w) + Z(A + B)w + 0(uw'wdw) + O(uv'wdw)
w:= 5=0dlog (1 + |2|* + |w|?), the Kihler form.

We extend T to P? as T, the trivial extension. We need to know that
T has finite mass near [0 : 1 : 0] and [1 : 0 : 0] for T' to be well defined.
To extend first across the line at infinity, ¢ = 0 away from [0 : 1 : 0] and
[1:0:0], we extend the three parts individually. First w extends as the
Kahler form, also called w. The form wv'wdw has compact support and
extends as S trivially. Next we investigate h near [0:1:0]. We calculate
in local coordinates, [z : w : 1] = [Z : 1 : t], to get h(z,w) = h(Z,t) =
U(Z/t) + V(1/t) — 3(A+ B)log(1 + | Z/t|* + [1/t[*). When |Z/t| > 1 we
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have U(Z/t) = Alog|Z/t|, V(1/t) = Blog|l/t|. So h(Z,t) =
Alog |Z|—Alog |t|—Blog [t|— 2(A+B) log(1+|Z|*+[t|?)+ 4 (A+B) log |t|?,
h(Z,t) = Alog |Z| — $log(1+ [t|* +|Z|?). Hence h(Z,t) extends smoothly
across 1 = 0 except possibly at [0 : 1 : 0] and [1 : 0 : 0]. In particular
i00h extends trivially at n = 0 except at [1:0:0] and [0: 1 : 0]. Next we
calculate in a neighborhood of [0 : 1: 0]. We get
hZ,t)=U(Z/t) + Alog|t| — A ; B log (1+ [t]* +1|Z]%).

The function U(Z/t) + Alog|t| =: ¢(Z,t) is plurisubharmonic when
t # 0 and equals Alog|Z| when |Z/t| > 1 ort =0, Z # 0. So ¢(Z,t)
is plurisubharmonic away from the origin. Hence ¢ has a well-defined
plurisubharmonic extension through (0,0) by setting ¢(0,0) = —oo. It

follows that h is a global quasi-plurisubharmonic function on P? with poles
at [0:1:0],[1:0:0]. Hence,

LEMMA 7.14. The trivial extension T is given by T = 7(A + B)w + 0S +
0S +100h, S = wv'wdw.

It is easy to check that T is pluriharmonic on P2.

End of proof of Proposition 7.11. This follows since d9h has no mass on
the line at infinity. Hence [0S A0S = AB, [T AT = (A+ B)*r? — 2AB
and [TAw=(A+ B)rsoif welet Ty =T/ [T Aw we find

2AB
/ ATy =1- ——F5—.
Eos
The minimum is reached for A = B and equals 1 — ﬁ a

PROPOSITION 7.15. Let M be a complex surface and p € C2(M). Assume
that Op is non-vanishing on X = {p = 0}. Assum<9_(z'08p)2 =0 on X and
i00p N Op AN Op = O(p?). Then T = i0,—0y0p N Op is a smooth positive
harmonic current. Moreover T' AT = 0.
Proof. Choose a x € C3°(—1,1), x >0, [ x = 1. Let
T.=itx (2)9p A Op.
Then T. — T and we have
i00T. = —5x' (2) 9p N Ddp A Op — Lx (£) Ddp A 0Dp .
Clearly then 1097, — 0. O
If a hypersurface X is foliated by Riemann surfaces, i.e. X is Levi flat,

then one does not have necessarily that (i99p)? = 0 on X for a defining
function p.
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