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Zusammenfassung

In dieser Arbeit werden harmonische Funktionen auf der Projektiven Berkovich Ger-
aden ]P)]13erk eingefithrt und analoge Resultate zu denjenigen der klassischen Potentialthe-
orie gezeigt. Des Weiteren wird eine Verbindung zu den glatten Funktionen im Sinne
der Theorie der Formen und Stréme auf Berkovichrdumen hergestellt.

In den ersten vier Kapiteln der Masterarbeit widmen wir uns, wie bereits angekiindigt,
der Theorie der harmonischen Funktionen auf P}, wobei wir [BR] von Matthew
Baker and Robert Rumely folgen. Die Konstruktion der Projektiven Berkovich Ger-
aden ]P’]136rk iiber einem algebraisch abgeschlossenen und beziiglich eines nicht-trivialen
nicht-archimedischen Absolutbetrages vollstdndigen Korpers K wird beschrieben und
wesentliche Eigenschaften, wie deren Baumstruktur, werden gegeben. Mit Hilfe dieser
Struktur kann ein Laplace Operator definiert werden, welcher es erméglicht harmonis-
che Funktionen wie gewohnt als dessen Losungen zu definieren. Analoge Resultate zu
denen der klassischen Potentialtheorie wie beispielsweise das Maximum Prinzip, die
Poisson Formel oder das Harnack Prinzip werden bewiesen.

Nachdem harmonische Funktionen auf ]Pllserk in den ersten Kapiteln eingehend studiert
wurden, werden im letzten Kapitel glatte Funktionen auf der Analytifizierung einer
beliebigen algebraischen Varietiat X iiber K definiert. Diese wurden urspriinglich von
Antoine Chambert-Loir und Antoine Ducros in [CD] als reellwertige (0, 0)-Differential-
formen auf Berkovich anaytischen Rdumen eingefithrt. Im Falle einer algebraischen
Varietdt X tiber K koénnen Differentialformen auf der Analytifizierung X2" mit Hilfs-
mitteln der tropischen Geometrie definiert werden. Hierbei folgen wir Walter Gubler
in seiner Verdffentlichung [Gul3]. Wir erhalten Differentialoperatoren d’ und d”, wobei
wir besonders den Kern der Komposition d’d” auf den glatten Funktionen betrachten
werden. Glatte Funktionen im Kern von d'd” kénnen durch die Priagarbe log|O%|
charakterisiert werden, was uns ermoglicht eine Verbindung zu den harmonischen Funk-
tionen auf ]P’]lBerk herzustellen. Es kann gezeigt werden, dass eine reellwertige Funktion
auf einer offenen Teilmenge W von P}, genau dann harmonisch ist falls sie sich als
eine Linearkombination von Funktionen der Form log |OP}< (W)*| schreiben lésst. Dies

impliziert die Ubereinstimmung des Vektorraumes der harmonischen Funktionen auf W
mit dem Unterraum ker d’'d” des Verkotrraumes der glatten Funktionen auf W. Folglich
ist jeden harmonische Funktion auf einer offenen Teilmenge W von Pk, glatt.

Um auch im allgemeinen Fall, d.h. im Falle einer beliebigen glatten algebraischen Kurve
X iiber K, eine Verbindung geben zu koénnen, fithren wir die Garbe der harmonische
Funktionen Hx im Sinne von Amaury Thuillier in [Th] ein. Insbesondere wird gezeigt,
dass Thuillier’s Definition diejenige von Baker und Rumely fortsetzt und ker d’'d” eine
Untergarbe von Hx ist. Es werden zwei explizite Bedingungen gegeben in denen die
Garbe Hx ganzlich mit ker d’d” iibereinstimmt. Dariiber hinaus wird eine Kurve kon-
struiert, sodass wir eine harmonische Funktion auf einer offenen Teilmenge von X"
finden konnen welche sich nicht im Kern des Operators d'd” befindet. Da wir zeigen,



dass glatte und zugleich harmonische Funktionen bereits im Kern von d'd” liegen, kon-
nen wir die Frage ob jede harmonische Funktion notwendigerweise glatt ist abschlieend
mit einem Nein beantworten.
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1 Introduction

Potential theory is a very old area of mathematics and originates in the 18th century.
One can say that the foundation was laid by Joseph-Louis Lagrange and Pierre-Simon
Laplace. Lagrange discovered that gravitational forces derive from a function which
was later called the potential function by George Green. A few years later, Laplace
showed that in a mass free region this function satisfies the partial differential equation
which is today known as the Laplacian equation. Todays classical potential theory
still contains the study of solutions of Laplace’s equation which are called harmonic
functions. Potential theory, and so in particular the theory of harmonic functions,
can be extended to non-archimedean analytic geometry. This is for example done by
Matthew Baker and Robert Rumely in [BR] and by Amaury Thuillier in [Th]. In
[BR], Baker and Rumely give an approach to potential theory on the non-archimedean
projective line, and Thuillier develops in [Th| a non-archimedean potential theory for
general curves. In this Master’s thesis, we first follow [BR] and elaborate on the theory
of harmonic functions on the Berkovich projective line }P’]gerk, including the construction
of P]13erk and the definition of a Laplacian operator. We will see that there are analogues
of the main results from complex potential theory, where we refer to the book [Ra]
by Thomas Ransford for the classical results. However there are some statements
in the classical theory which are not considered in this context. For example the
property that every harmonic function on an open subset of C is smooth (cf. [Ra,
Corollary 1.1.4]). This statement raises the question if there is a suitable definition
of smoothness and an analogue statement in the non-archimedean potential theory.
Antoine Chambert-Loir and Antoine Ducros introduced real-valued differential forms
on Berkovich analytic spaces in their preprint [CD]. They define smooth functions
as differential forms of bidegree (0,0). In the algebraic situation, i.e. the Berkovich
analytic space is the analytification of an algebraic variety, this theory is summarized
and compared with tropical algebraic geometry by Walter Gubler in his paper [Gul3].
For the introduction of the theory of smooth functions we will follow his approach. The
link between harmonic functions and smoothness in the sense of [CD] resp. [Gul3] is
the main purpose of this thesis.

We now outline the contents of this Master’s thesis and emphasize the main results.
In the first three chapter we do potential theory on the Berkovich projective line after
[BR]. In these chapters we work over an algebraically closed field K which is complete
with respect to a non-trivial non-archimedean absolute value | |. In Chapter 2 we
explain the construction and the natural tree structure of the Berkovich projective line
PL_..- In Section 2.1, we therefore recall the definition of D(0,1) and state Berkovich’s



1 Introduction

classification theorem of the points contained in the Berkovich unit disc (Theorem
2.1.6). This says that every = € D(0,1) corresponds to a sequence of nested closed
discs (D(aj,7i)). The nature of the intersection of these discs leads to a classification
of points into four different types. D(0,1) has a tree structure which is explained in
Section 2.2.

In Section 2.3, we describe the construction of the topological space Pk, and state
some fundamental properties. One obtains P113erk by glueing together two copies of
D(0,1) along a common annulus but there is also another way to construct Ph_ . Let
A}Berk denote the Berkovich spectrum of K[T], then ]P’]13erk can be seen as the one-point
compactification of the locally compact Hausdorff space A]13erk7 ie. Ph. . = AL, U{oo}.
The extra point oo is regarded as a point of type I, i.e. a point in K. In particular, we
will see that P]%erk is uniquely path-connected and it is homeomorphic to the inverse
limit over all finite subgraphs I' contained in PL, .. Here a finite subgraph I' of Ph ;.
is the union of the unique paths between a finite set of points of type II, III or IV.

In Chapter 3 we will see that this structure enables us to construct a measure-valued
Laplacian operator on a class of functions f: U — RU {£oo} for a domain (i.e. open
and connected) U C Péerk. Section 3.1 includes a description of the whole development
and construction of the Laplacian operator. If I' is a finite subgraph of P]%erk (or more
generally a metrized graph), Baker and Rumely give in [BR] an extension Ar of Zhang’s
Laplacian operator, introduced in [Zh], to the space of functions of ‘bounded differential
variation’ on I'.. We will denote this space by BDV(I'). Ap(f) is a finite signed Borel
measure of total mass zero on I for each function f € BDV(T'). Further, for every finite
signed Borel measure u of total mass zero on I' there is a function f € BDV(I") such
that u = Ar(f). Defining BDV(U) for a domain U of P}, as the class of functions
f: U —= RU{+oo} satistying

e flr € BDV(T) for every finite subgraph I' C U, and
o |Apr(f)|(T) < B(f) for a constant B(f) for every finite subgraph I C U,

the collection of measures {Ar(f)} is a coherent system for every f € BDV(U). This
leads to a unique Borel measure Az(f) of total mass zero on the subset U of the inverse
limit space P§, .. This Borel measure Az (f) is called the complete Laplacian and its
restriction to U is called the Laplacian.

In Section 3.2, we give concrete examples of functions contained in the vector space
BDV(P},,,.) and calculate their Laplacians. Clearly every constant function f: Pk, —
R is contained in BDV (P}, ) and APE k( f) = 0. For more complicated examples

we introduce the Hsia kernel §(z,y)oo for z,y € AL . By Berkovich’s classification
theorem z,y € Ak, correspond to sequences of nested discs D(a;, ;) and D(b;, s;),
then 0(x,y)oo := lim;_ oo max(ry, s;, |a; — b;|). Baker and Rumely introduced the Hsia
kernel as the fundamental kernel for potential theory on the Berkovich line inspired
by a function defined by Liang-Chung Hsia in [Hs]. Further, we define the generalized
Hsia kernel 6(x,y)c with respect to an arbitrary point ¢ € ]P]%erk and show that the



function f(z) := —log,(6(z,y)¢) belongs to BDV(PL, ) with A%erk(f) = 0y — o for
fixed y,( € BDV(P},,,). We use the notation log, for the logarithm to the base g,
where ¢, > 1 is a fixed real number chosen so that log, | | is a normalized valuation on
K. Moreover, we derive from the last equation the following version of Poincaré-Lelong
formula: If f(x) := —log,([g]z) on P4, for a g € K(T)* and div(g) = 31", ni(a;),
the function belongs to BDV(P},,,) and we have

m

(f) = Zniéar

=1

API

Berk

In Chapter 4 we introduce the theory of harmonic functions on P113erk and give ana-
logues of the main results in the classical potential theory where we again follow [BR].
In Section 4.1, we define harmonic functions on open subsets of IP’}Berk as real-valued
functions which are locally strongly harmonic, i.e. for every point x we can find an open
and connected neighborhood U of = such that the function f is continuous, belongs
to BDV(U) and Ag(f) is supported on OU. Among others we instance the function
f(z) == —log,([g]z) on P, fora g € K(T)* with div(g) = >/ ni(a;) as a (strongly)
harmonic function on a domain U in P}, \{a1,...,an}. Further, we state fundamen-
tal properties of (strongly) harmonic functions. Additionally to the properties stated in
[BR, §7.1], we say something about the behavior of a function f: U — R with Laplacian
Ay (f) = 0 on finite subgraphs I' C U for a domain U with |0U| < co.

In Section 4.2, we study the main dendrite of an open subset U of IP]136rk as the points
contained in the interior of paths between two boundary points of U. We will see that
the behavior of a harmonic function on U is determined by its values on the main
dendrite. The knowledge about the main dendrite enables us to compare the terms
harmonic and strongly harmonic for a function defined on a domain. We show that
every harmonic function in BDV(U) is already strongly harmonic which is not explicitly
stated in [BR]. Further, we give a concrete function which is harmonic but not strongly
harmonic.

In Section 4.3, we formulate and prove an analogue of the Maximum Principle, i.e.
that every harmonic function on a domain U of IP]13erk which attains a minimum or
a maximum value on U must be constant. Further, we give a strengthening of it
called the Strong Maximum Principle. In Section 4.4, we consider domains with a
finite boundary of points of type II, III or IV called finite-dendrite domains. First,
we see that every harmonic function on such a domain U belongs to BDV(U) (and
so is strongly harmonic on U) and has a continuous extension to QU. In particular,
we give the additional description f = fg orp on U where I' is the main dendrite
and its endpoints, rp is a retraction map (cf. Definition 3.1.17) and fy a piecewise
affine function on I'. This description of f will help us to connect the two definitions
of harmonic functions ([BR] and [Th]). Further, we give an analogue of the Poisson
formula on finite-dendrite domains, i.e. the values of a harmonic function on U are
recaptured only from the knowledge of f on OU. With the help of Poisson formula we
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will see that the Dirichlet and the Neumann problem are solvable on finite-dendrite
domains. Additionally to [BR], we consider the formula explicitly in the case of a strict
simple domain, i.e. a finite-dendrite domain whose boundary points are all of type II.

Corollary (4.4.9). If V is a strict simple domain with OV = {x1,..., 2y} and f
a harmonic function on V, then there exist cg,...c¢m € R and aq,...,a;, € K not
contained in 'V such that

F@) = o= erlogy(IT — ails)
=1

forallz V.

There is also another version of the Poisson formula (following from the first one) which
is stated in Section 4.5 and implies that the Equilibrium measure (cf. Definition 4.3.3)
and the Poisson-Jensen measure (cf. Definition 4.5.1) coincide. In Section 4.6, we
see another implication of the Poisson formula, an analogue of uniform convergence:
If f1, fo,... is a sequence of harmonic functions on an open subset U of ]P}13erk which
converge pointwise to a function f: U — R, then f is harmonic on U, and the f;
converge uniformly to f on compact subsets of U. With the help of uniform convergence
one can formulate an analogue of Harnack’s Principle which is stated in Section 4.7.
If U C P, is a domain and f1, f,... a sequence of harmonic functions on U with
fi < fo < ..., Harnack’s Principle says that the sequence either converges locally
uniformly to 0o, or converges locally uniformly to an harmonic function on the domain.
Note that we do not require that 0 < f; < fo < ... as in [BR].

In Chapter 5 we introduce smooth functions and try to link them with harmonic func-
tions. In Section 5.1 we start with the definition of (p, ¢)-superforms on open subsets
of R" together with linear differential operators d’ and d” which were introduced by
Lagerberg in [La]. Further, we consider their restriction to supports of polyhedral com-
plexes in R” (cf. [CD] and [Gul3]). Afterwards, we will recall Gubler’s approach to
define differential forms of bidegree (p,q) on the analytification X" of an algebraic
variety X over an algebraically closed field endowed with a non-trivial complete non-
archimedean absolute value | | (cf. [Gul3]). If X is such a n-dimensional algebraic
variety, we can cover X by very affine open sets U, i.e. sets U which have a closed
immersion to a multiplicative torus Gj,. Then there is a map trop;: U™ — R" such
that Trop(U) := tropy (U*") is the support of a polyhedral complex of pure dimension
n. We define superforms on U?" as a formal pullback of forms on Trop(U) (for details
cf. Definition 5.1.20). Therefore, we obtain for every open subset W of X" a real
vector space AP4(W) of differential forms of bidegree (p,q) and differential operators
d': APY(W) — APTLI(W) and d”: AP9(W) — AP4TLH(TV). We will see that a differen-
tial form of bidegree (0,0) is a well-defined continuous function f: W — R, and hence
smooth functions can be defined as (0, 0)-differential forms. We will denote the vector
space AYO(W) by C®(W).

In Section 5.2, it is shown that the function log|f|: W — R is smooth and satisfies

10



d'd"(log|f]) = 0 if W is an open subset of X*" and f € Oxan(W)*. Further, we have
the following main characterization:

Theorem (5.2.4). Let W be an open subset of X**. A function f: W — R belongs to
the kernel of d'd": C®(W) — AYY (W) if and only if for every x € W there is an open
neighborhood V' of x in W and an open subset U of X with V' C U?" such that

f=>"Nilog|fil
=1

on'V for fi,....fr € Ox(U)* and Ai,..., A\, € R.

In Section 5.3, we give similar characterizations of harmonic functions. If X = IP’}( over
an algebraically closed field K, we can formulate the following description of harmonic
functions by using the above stated Poincaré-Lelong formula and the Poisson formula
for strict simple domains.

Theorem (5.3.1). Let W be an open subset of Pk, ..., then f is harmonic on W if and
only if for every x € W there is an open neighborhood V of x in W and an open subset
U of P} with V.C U™ such that

f=>" Nilog|fil

=1

on 'V where fl,...,f,,e(’)P}{(U)X and M\, ..., \ € R.

Hence, we get the link between harmonic and smooth functions on X% if X = P1..

Corollary (5.3.2). A function f is harmonic on an open subset W of Ph., if and
only if f is smooth on W and d'd" f = 0.

In the general case, we introduce Thuillier’s approach to harmonic functions from [Th],
show that his definition is an extension to the one made in Chapter 4 (cf. Proposition
5.3.14) and state the following Theorem by Thuillier (cf. [Th, Théoréme 2.3.21]) in-
cluding an elaboration on the proof. Thuillier works over a field k which is complete
with respect to a non-trivial non-archimedean absolute value | |. Note that k is not
required to be algebraically closed.

Theorem (5.3.17). Let X be a smooth strictly k-analytic curve and Fx be the sheaf of
R-vector spaces generated by the germes of functions log|f| where f € O%. Then Fx
is a subsheaf of Hx and Hx /Fx is zero if one of the following conditions is satisfied:

i) The residue field k is algebraic over a finite field.

it) The curve X@k@ 1s locally isomorphic to ]P%erk over k% where k@ is the completion
of the algebraic closure of k.

11
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The definition of a strictly k-analytic curve is given in Definition 5.3.3. For instance
the analytification of an algebraic curve over k is a strictly k-analytic curve.

If K is an algebraically closed field endowed with a non-trivial complete non-archimedean
absolute value and X is a smooth algebraic curve over K, X" is a strictly k-analytic
smooth curve. Further, Fxan coincides with ker d'd” by Theorem 5.2.4. Hence, Thuil-
lier’s theorem delivers two explicit conditions in which a function is harmonic if and
only if it is smooth and belongs to ker d’d”. In particular, one can see that Thuillier’s
theorem leads to the same result if X = IP’}( as Theorem 5.3.1.

Corollary (5.3.21). If X is a smooth algebraic curve over K and
i) K is algebraic over a finite field, or
i) X is locally isomorphic to Pk,

a function f: W — R on an open subset W of X" is harmonic if and only if it is
smooth and d'd" f = 0.

By the proof of Theorem 5.3.17 one can construct a smooth algebraic curve X over
K such that Hxan/Fxan is nonzero (cf. Corollary 5.3.23). Thus, there is a harmonic
function which is not contained in ker d’'d”. However, we cannot yet say if the function
is smooth or not. To give finally an answer to the question if every harmonic function
on an open subset W of X?" is smooth, we state a further Theorem:

Theorem (5.3.22). Every smooth function f: W — R which is harmonic satisfies
dd"f=0.
Altogether, we have the following conclusion:

Corollary (5.3.23). Harmonic functions are not smooth in general, i.e. there is a
smooth curve X over K and a harmonic function f: W — R on an open subset W of
X3 which is not smooth.

12



Terminology

If A and B are two sets with A C B, then A may be equal to B. We denote the
complement of A in B by B\A. The zero is included in N. Further, all rings and
algebras are with 1. For a ring R we use the notation R* for the group of multiplicative
units. If K is a field, then | | denotes a non-trivial non-archimedean absolute value on K.
We write |K*| for its value group. The completion of K with respect to | | is denoted
by K and an algebraic closure of K by K% A variety over a field is an irreducible
separated reduced scheme of finite type.
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2 The Berkovich projective line

In this section, we will explain the structure and the topology of ]P’]lgerk. We start by
studying the Berkovich unit disc D(0,1) and its properties in Section 2.1. In particular,
we will see that there is a classification of points in D(0,1). Further, in Section 2.2 we
recall the basic knowledge about R-trees and show that the Berkovich unit disc carries
a tree structure. By glueing two copies of the Berkovich unit disc together, one can
construct the Berkovich projective line Py, (see Section 2.3). Hence, this construction
leads to a tree structure on IP’]lgerk as well. This property makes it possible to define
a Laplacian operator on ]P’}Serk (see Chapter 3) and do potential theory on it. In this
Chapter we fix an algebraically closed field K which is complete with respect to a non-
trivial non-archimedean absolute value | |, e.g. K = C,. Let a € K and r > 0, then we
use the notions D(a,r) :={b € K| |b—a|] <r} and D(a,r)” :={be K| |b—a| <71}
for the closed respectively the open ball.

2.1 The definition and structure of the Berkovich unit disc
For a real number R > 0, let
e k . ki _
K(R™'T) = {’;)akT | a;, € K, Jim R lag| = 0}

be the ring of formal power series on K converging on D(0, R). K(R™!T) is complete
under the norm || ||z defined by ||f||r = maxg>o RF|ag| for f = 352 axT* with
limy,_y00 R¥|ag| = 0. If R =1, we call || || the Gauf norm and use the notion || ||. We
will define the Berkovich unit disc D(0,1) as the Berkovich spectrum of the Banach
algebra A := K(T').

Definition 2.1.1. A map | |,: A — R is called a bounded multiplicative seminorm
on A if it satisfies

i) [0]; =0 and |1]; =1,
ﬁ) |f+g|x < |f|w + |g|xa
iil) |fgle =flz - 19l
for all f,g € A and there is a constant C, such that |f|, < C.||f]|| for each f € A.

Lemma 2.1.2. Let | |, be a bounded multiplicative seminorm on A, then

15



2 The Berkovich projective line

i) 1fle <IN
it) |c|z = |c| for all c € K,
iii)
|f +9|x < max(\f|x, |g|m)a

and
|f + gle = max(|f]z, |9]z)
Proof. See [BR, Lemma 1.1]. O

Definition 2.1.3. We call the Berkovich spectrum of A, i.e. the set of all bounded
multiplicative seminorms on A, the Berkovich unit disc and write D(0,1). The topology
on D(0,1) is taken to be the weakest topology such that the function

D(O, 1) — Rzo, T +— |f|x
is continuous for all f € A.

Remark. The topology is generated by the sets of the form
U(f, @) :=={z € DO, 1] [l < a}

and
V(f,a)={zeDO1)]|flo >a}

with f € A and a € R>g. This topology makes D(0, 1) into a compact Hausdorff space
(cf. [BR, Theorem C.3]).

At next, we will see that the points in D(0,1) can be classified in four different types
of points.

Definition 2.1.4. Let a € D(0,1) C K and r € (0, 1], then we define

[fla == 1f(a)] and |flp@r == sup |f(0)|

beD(a,r)

for fe A If a; € D(0,1) C K and r; € (0,1] for ¢ > 1 and = = (D(a;,r;))i=1,2,... is a
sequence of nested discs, then

‘f|x = ,}g{ |f‘D(a¢ﬂ"z‘)

for all f € A.

Remark 2.1.5. The Maximum Modulus Principle in non-archimedean analysis ([BGR,
Propositions 5.1.4/2 and 5.1.4/3]) says if D(a,r) C D(0,1) and f = >, g an(T —a)?

16



2.2 R-trees and the tree structure of D(0,1)

in K(T'), then |f[p(q,) = maxp>o(|an|r™). Hence, one can verify that |f|p(,,,) is multi-
plicative. Indeed, each of the three defined maps on D(0, 1) are bounded multiplicative
seminorms on A (cf. [BR, §1.2 p.3]).

Theorem 2.1.6 (Berkovich’s Classification Theorem). For every z € D(0,1) one can
find a sequence of nested discs D(ai,m1) D D(az,7m2) D ... such that

Moreover, if the sequence has a non-empty intersection, then (\;>, D(ai, ;) = D(a,7)
forr>0anda € K, and

’f‘x = ‘f|D((z,r)-

Proof. See [BR, Theorem 1.2]. O

Corollary 2.1.7. The points of D(0,1) can be classified in the following four types:
Let x € D(0,1) and {D(a;, 1)} be its corresponding sequence of nested discs.

Type I:  Ifinf;r; =0, we call x a point of type I
Since K is complete, ;=1 D(ai, i) =a € D(0,1), and so | |z = |a-
Type I:  Ifr:=inf;7; > 0 and r € |K*|, we call  a point of type II.
Then ;1 D(a;,ri) = D(a,r) # 0 for some a € D(0,1) C K,
and ‘ ‘1‘ = ’ ‘D(a,r)'
Type IIL:  If r:=inf;r; > 0 and r ¢ |K*|, we call x a point of type III.
Then ;1 D(a;,ri) = D(a,r) # 0 for some a € D(0,1) C K,
and ‘ ‘w = ’ ‘D(a,r)'
Type IV: If the sequence has an empty intersection, we call x a point of type IV.
Then necessarily inf; r; > 0.

2.2 R-trees and the tree structure of D(0,1)

First, we repeat the definition of a rooted R-tree and a parametrized R-tree. Afterwards,
we give a one-to-one correspondence between the two definitions. With the help of
Berkovich’s classification theorem one can show that the Berkovich unit disc D(0,1) is
a parametrized R-tree, and so a rooted R-tree. This tree structure on D(0,1) implies
that Pk, is profinite R-tree, i.e. an inverse limit of finite R-trees, which leads directly
to the construction of a Laplacian operator (cf. Chapter 3).

Definition 2.2.1. Let (X, d) be a metric space.

i) A geodesic segment is the image of an isometric embedding [a,b] — X for a real
interval [a, b].

ii) An arc is an injective continuous map ¢: [a,b] — X.

17



2 The Berkovich projective line

iii) (X,d) is an R-tree if every two points x # y € X are joined by a unique arc,
i.e. there is an arc ¢: [a,b] — X such that «(a) = z and ¢(b) = y. a([a,b]) is a
geodesic segment.

iv) A rooted tree is a triple (X, d, () consisting of an R-tree (X, d) and a point ¢ € X,
which is called the root.

v) Let (X,d) be an R-tree. A point z € X is called ordinary if X\{z} has two
connected components. It is called a branch point if X\{z} has more than two
connected components. And we call z an end point if X\{z} has only one con-
nected component.

vi) A finite R-tree is an R-tree which is compact and has only finitely many branch
points.

Definition 2.2.2. A parametrized R-tree is a partially ordered set (X, >) with a func-
tion a: X — R satisfying

i) X contains a unique maximal element (.

ii) Sy :={z € X| z >z} is totally ordered for all z € X.

iii) a(¢) =0.

iv) a(z) > a(y) for all z,y € X with z <y.
)

The restriction of o to any full totally ordered subset of X gives a bijection onto
a real interval, where a totally ordered subset S is called full if z < z < y with
xz,y € S implies z € §.

v

Proposition 2.2.3. There is a one-to-one correspondence between rooted R-trees and
parametrized R-trees.

Proofsketch. 1f (X,d, () is a rooted R-tree, one can show that z > y iff y is contained
in the unique geodesic segment [z, (] defines a partial order on X and a(z) := d(z, ()
is a function such that (X,>) is a parametrized R-tree. Conversely, if (X,>) is a
parametrized R-tree and « the required function on X, then we can set ¢ := max(X)
and

d(z,y) == a(z) + aly) — 2a(z Vy)

defines a metric on X, where
zVy:=a Hinf(a(S, NSy)) N S,

In particular, zVy satisfies zVy > x, zVy > y, and z > x and z > y imply z > zVy. O

2.2.4. Considering an R-tree (X, d), X is equipped with the topology induced by the
metric d, which we will call the strong topology of X. But we can also define a weaker
topology on X, which is given as follows:

18



2.2 R-trees and the tree structure of D(0,1)

For a p € X, we define an equivalence relation on X\{p} by = ~ y iff

[p, z]\{p} N [y, PI\{P} # 0

for the unique geodesic segments [p, z] and [y, p]. Let T,,(X) denote the set of equiv-
alence classes for this relation and define B,(7) as the set of points in an equivalence
class ¥. Then we call the topology induced by the sets B, (¥) for p € X, ¥ € T),(X) the
weak topology of X.

Now, we will use Berkovich’s classification theorem to show that D(0, 1) is homeomor-
phic to an R-tree endowed with its weak topology. One can define a partial order on
D(0,1) by = < y iff |f|, < |f|, for all f € A. Hence, the unique maximal element is
the bounded multiplicative seminorm | | D(0,1) Which we will call the Gauss point and
it is denoted by (gauss- The minimal points under this partial order are the points of

type I and IV (cf. [BR, Corollary 1.11})).

Definition 2.2.5. Let = € D(0, 1), then there exists a sequence of nested discs (D(a;,r;))
such that | |z = infi>1| [p(a,,r) by the Berkovich’s Classification Theorem. We define
the diameter of x as

diam(z) := lim 7;.
1—00

2.2.6. One can verify that the function
a:=1— diam(x)

makes D(0,1) into a parametrized R-tree (cf. [BR, §1.4 p.11]). By Proposition 2.2.3,
the metric
d(z,y) := 2diam(z V y) — diam(x) — diam(y),

where z V y denotes the least upper bound of x and y, makes D(0,1) into an R-tree.
The endpoints are given by the points of type I and IV, the ordinary points are the
points of type III and the branch points coincide with the points of type II (cf. [BR,

§1.4 p.12]).

Definition 2.2.7. The metric d is called the small metric. Note that the topology in-
duced by the small metric is not the same as the Berkovich topology. On D(0, 1)\ D(0, 1)
we can define the big distance or logarithmic distance

p(x,y) := 2log,(diam(x V y)) — log, (diam(x)) — log, (diam(y)).

Proposition 2.2.8. D(0,1) with its Berkovich topology is homeomorphic to the R-tree
(D(0,1),d) with its weak topology. Further, the metric p makes D(0,1)\D(0,1) into an
R-tree.

Proof. See [BR, Proposition 1.13] and [BR, Proposition 1.15]. O

Corollary 2.2.9. The space D(0,1) is uniquely path-connected.
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2 The Berkovich projective line

Proof. This is a direct consequence of the previous proposition and the fact that an
R-tree is uniquely path-connected in its weak topology by [BR, Corollary B.20]. O

2.3 The construction of P},

In this section, we construct P, by glueing together two copies of D(0, 1), which
was defined in the previous section, along the following common annulus. Consider the
Berkovich spectrum of K(T,T~1) := {3,,cz anT™| limp, o0 lan| = 0} which we denote
by S!. Then the points of S* C D(0, 1) of type I are the points a € K such that |a| = 1,
the points of type II and III are corresponding to discs D(a,r) with |a| = 1 and the
points of type IV are corresponding to a sequence (D(a;,7;)) with |a;| = 1 for all 4 > 1.
With the help of the involution ¢: S* — S! given by

19(T)]u(z) = 19(1/T)|2
one can glue two copies of D(0, 1) together, i.e.
EJ[E'/(z€ E ~uz) € E'),

where E := D(0,1) and E’ := D(0,1). There is also a further way to construct
PL .- Let AL . denote the Berkovich spectrum of K[T], i.e. A}, is the set of all
multiplicative seminorms on K[T]| extending | | endowed with the weakest topology
such that z — |f|; is continuous for all f € K[T]. Note that Af_, is homeomorphic
to the union g D(0, R) (cf. [BR, §2.1 Equ.(2.1)]). Hence, Berkovich’s classification
theorem can be extended to AL, (cf. [BR, Theorem 2.2]). P , can be seen as the
one-point compactification of the locally compact Hausdorff space A}gerk, ie.

P%Serk = A%Berk U {OO}

The extra point oo is regarded as a point of type L. Identifying P, with Ak, U{oo},
we view the open and closed Berkovich disc

D(CL,T‘)_ = {x € A]13erk | ‘T - a’I < T‘}

D(a,r) = {z € Apenc | T —ale <7}

1
as subsets of Py, -

Lemma 2.3.1. If the intersection of two open balls D(a,r)~ and D(b, s)~ is non-empty,
one of them contains the other.

Proof. Assume that r < s, and let « be an element in the intersection. Since [T —b|, =
la — b and
la —b] = |a — b, < max(|T — al, |T —b|z) < s,
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2.3 The construction of IP’}lBerk

a is contained in D(b, s)~. For each y € D(a,r)” we have

T =0y =T —a+a—bly <max(|T —aly, la —bly) <s,
ie. y e D(b,s)”. O
Proposition 2.3.2. Identifying Pk, with AL, U{co}, a basis for the open sets of
PL... is given by the sets of the form

N

N
D(a,r)”, D(a,r)"\ U D(a;, i), and ]P)]lgerk\ U D(ai, i),
i=1 i=1

where a,a; € K and r,r; > 0. If desired, one can require that the r, r; belong to |K*|.
Proof. See [BR, Proposition 2.7]. O

The constructed topological space IP’]lgerk satisfies the following properties:

Proposition 2.3.3. i) Pho s a compact Hausdorff topological space.
ii) Both P*(K) and Pk, \PY(K) are dense in P,

i) Phey 18 uniquely path-connected.
Proof. See [BR, Proposition 2.6], [BR, Lemma 2.9] and [BR, Lemma 2.10]. O

Furthermore, we will see that Pk, and Hper := Ph., \P(K) have a tree structure as
well.

Definition 2.3.4. i) I's C P113erk is called a finite subgraph, if there is a finite set
S C Hperk such that

I's = U [z, y],

z,yeS
where [z, y] denotes the unique path between x and y.

ii) By a vertez set for I's, we mean a finite set of points S such that I'g\S is a union
of open intervals where each of them has two distinct endpoints in I'g.

iii) Let I",T" be two finite subgraphs of P}, such that I C I'. Then we have a
retraction map rpp: I' — IV, where r(x) is given by the first point of the path
[,p] in TV for a fixed point p € T".

iv) We define the path distance metric p on Hpek by p(x,y) := p(x,y) if x,y € E or
r,y € E', and p(x,y) == p(x, CGauss) + P(¥; (Gauss) if noOt.

Remark. Every finite subgraph endowed with the induced path distance metric p is a
finite R-tree. Moreover, [BR, Proposition 2.29] states that Hpey is a complete metric
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2 The Berkovich projective line

space under p. In the next section we will define the retraction map in a more general
way and we will see that the retraction map is well-defined, i.e. it is independent of
the fixed point p € I'V. Further,

’]“F’F// = TF/,F” (@] TF,F’
for finite subgraphs I c IV C T".

Proposition 2.3.5. There is a canonical homeomorphism

1 .
Ppey =~ lim I,

reF

where F is the set of all finite subgraphs in ]P’]lgmrk and ]P’]lgerk is equipped with the
Berkovich topology.

Proof. See [BR, Theorem 2.21]. O
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3 The Laplacian on the Berkovich
projective line

The goal of this chapter is to define a measure-valued Laplacian operator on a class of
functions f: U — R U {£o0} for a domain (i.e. open and connected) U C P§, . We
will see that the profinite R-tree structure on Ph_, (cf. Proposition 2.3.5) leads directly
to the construction of such a Laplacian operator. More precisely, we give in Section
3.1 an extension Ar of the Laplacian introduced by [Zh] on the class of continuous,
piecewise C? functions to a larger class of continuous functions called BDV(T) for a
finite subgraph T' C P§_, (after [BR]). This class is characterized by the fact that for
every Borel measure y of total mass zero on I there is a function f € BDV(I") such that
1= Ar(f). We define a class of continuous functions f: P§_, — RU{4oc}, denoted by
BDV (P, such that the collection of measures {Ar(f)} is a coherent system for every
f € BDV(P§,,;.). This leads to a unique Borel measure A(f) of total mass zero on the
inverse limit space P§_ ;. In Section 3.2, we give explicit examples of functions contained
in BDV(IP’]%erk) and determine their Laplacians. Next to some natural examples, we
will define the Hsia kernel which leads to further examples of functions in BDV(Pg, ).
In particular, the function f(z) := —log,([g]s) for ¢ € K(T)* can be verified to
be contained in BDV (P}, ). We will calculate that A(f) = I, nidg, if div(g) =
>, ni(a;), which is known as the Poincaré-Lelong formula.

3.1 Construction and properties of the Laplacian on a
subdomain of P},

In this section, we first give a definition of the Laplacian operator on the mentioned
classes of continuous functions on finite subgraphs of P%erk, which were defined in the
previous chapter. For the construction we follow [BR]. Different to [BR] we just define
the Laplacian operator for finite subgraphs of P%erk instead for general metrized graphs
(cf. [BR, Chapter 3]). However, the definitions and the constructions are totally the
same and also hold for metrized graphs.

Definition 3.1.1. i) An injective length-preserving continuous map ~: [0, L] — T
is called an isometric path, and we say that v emanates from p and terminates at

g, if ¥(0) = p and v(L) = q.
ii) Two isometric paths emanating from p are said to be equivalent if they share a
common initial segment.
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3 The Laplacian on the Berkovich projective line

iii) For each p € T' we define the projectivized tangent space at p as the set of equiv-
alence classes of isometric paths in I' emanating from p, and we write 7),(I").

Remark. There is a bijection between T),(I") and the ‘edges’ of I" emanating from p.
We will associate to each element of T),(I') a formal unit tangent vector ¥, and write
p + t¥ instead of () for a representative path ~.

Definition 3.1.2. If f: ' — R is a function, and ¥ is a unit tangent vector at p, then
we define the (one-sided) derivative of f in the direction ¥ to be

dsf(p) = lim flp+t0) — f(p) _

t—0+ t t—0+ t

provided the limit exists as a finite number.

Definition 3.1.3. i) A function f: I' — R is called piecewise affine, if there is a
vertex set X for I' such that f is affine on each edge in I'\ Xy with respect to an
arclength parametrization of that edge. Let CPA(I") be the space of continuous,
piecewise affine real-valued functions on I'.

ii) Since dgzf(p) is defined for every f € CPA(T') for all p € I and ¢ € T,(I") we
can introduce a Laplacian operator on CPA(T") like Chinburg and Rumely did in
[CR]:

A(f) =) ( > dgf(p)) Op,
pel’ veTR(T)

where 0, is the Dirac unit measure at p. This Laplacian is a map from CPA(T")
to the space of discrete signed measures on I'.

This Laplacian can be extended on larger classes of functions:

Definition 3.1.4. We call a function f: I' — R piecewise C?, if there is a vertex set Xy
such that f” € C*(T'\X). Let Zh(T) be the space of continuous, piecewise C? functions
whose one-sided directional derivatives dgf(p) exists for all p € " and ¥ € T,(T").

Zhang has defined in [Zh] the following Laplacian on Zh(T")

Azn(f) = —f"(@)dz + ) (= Y daf(p)dp(),

pel  GeT,(T)

where f”(z) is taken relative to the arclength parametrization on each segment in
the complement of an appropriate vertex set Xy for I, i.e. f"(z) = Cﬁ%f(p + tv) for
T :p—i—tl_fEF\Xf.

Let A := A(T") be the Boolean algebra of subsets of I' generated by the connected open
sets, i.e. each subset S C I' is in A iff S is a finite disjoint union of sets isometric to
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3.1 Construction and properties of the Laplacian on a subdomain of IP’}lBerk

open, half-open or closed intervals, where isolated points are considered as degenerate
closed intervals. For this Boolean algebra we have the following Mass Formula:

Let In(p, S) := {¥ € T),(T')|p+tv € S for all sufficiently small ¢t > 0} the inward-directed
unit vectors at p and Out(p, S) := T,(I')\In(p, S) the outward-directed unit vectors at

p.

Lemma 3.1.5 (Mass Formula). Let S be a set in the Boolean Algebra A. Then for
each f € Zh(T)

Az(f)(S)= D> > dif(p)— D > dsf(p).

p€dS,p¢ S ve€In(p,S) pEDS,peS veOut(p,S)

Proof. In [BR, Lemma 3.4] they give a Mass Formula for sets in .A(I") which are a finite
union of closed intervals. It is easy to see that this Mass Formula can be extended on
A in the stated way. Let S € A(T"), i.e. S can be written as a finite disjoint union of
points, open, closed and half-open intervals. Moreover, we can write S = S\E U E,
where F is a finite disjoint union of points and closed intervals such that S\ E is a finite
disjoint union of open intervals. Applying [BR, Lemma 3.4] to E, we get

Azn(f - D dafp).
pEOE 7eOut(p,E)

As T is also a finite union of closed intervals, the lemma states that
Azn(f =3 > dsflp) =
peIl’ 7eOut(p,I')
because I' = (. Setting U := S\ F, then I'\U is a finite disjoint union of points and
closed intervals, so we also can apply [BR, Lemma 3.4] to I'\U:
Am(HO\D) == S def(),
p€edU veln(p,U)

where we have additionally used that Out(p, '\U) = In(p, U). Since OF = 95N S and
oU = 0S5 NT'\S, the three equations above imply

Azn(f)(S) = Azn(f)(E) — Azn(f)(T\U)

= Y > diflp)— Y > dgf(p)

pedS,p¢ S v€In(p,S) pEAS,peS veOut(p,S)

O

The Mass Formula is the start point to extend the Laplacian on Zh(I') to a even larger
class of functions which is called BDV(I").
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3 The Laplacian on the Berkovich projective line

Definition 3.1.6. i) Let D(I') be the class of all functions on the finite subgraph
I" whose one-sided derivatives exist everywhere, i.e.

D) :={f: T — R| dyf(p) exists for each p € I' and ¢ € T,,(T")}.

ii) For f € D(I') we define a finitely additive set function my on A

mp(S) = > > dsflp)— D > dsf(p).

pedS,p¢ S veIn(p,S) pedS,peS teOut(p,S)

iii) We will say that f € D(I') is of bounded differential variation, and write f €
BDV(I'), if there is a constant B > 0 such that for any countable collection F of
pairwise disjoint sets in A,

> Imy(S)| < B.

S;eF

Remark 3.1.7. i) Since 90 = o' = (),
my(0) =my(I') =0
for all f € D(T'). Consequently, we have
my(T\S) = —my(5).

ii) Consider a set S in A. If S is open,

mp(S)="> > dsf(p)

pedS,p¢S veln(p,S)

If S is closed,
mp(S)=— > dsf(p).

p€dS,peS ve0ut(p,S)

And in the case that S = {p},

me({p}) =— Y dsf(p

veT(T)
iii) If f1, fo € D(I") and ¢y, ¢o € R, then
My fr+cafo = CLIMf + C2Mf, .

iv) BDV(I) is a linear subspace of D(T").
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Theorem 3.1.8. If f € BDV(I'), then the finitely additive set function my extends
uniquely to a finite signed Borel measure m”} of total mass zero on I.

Proof. The existence of the extension is proved in [BR, Theorem 3.6]. For the unique-
ness, we assume that £ is another finite signed Borel measure extending m} of total
mass zero on I'. Since p and A(f) are extending the set function my, the measures
coincide on the Boolean algebra A(T") which is generated by the connected open sub-
sets of I'. In particular, we have the identity p(I') = 0 = A(f)(I'). Without loss of
generality, we can assume that I' = [a, ] is a closed interval. Consider an open subset
T of ', then T is the union of at most countably many open intervals in [a, b], i.e. A(T")
generates the Borel o-algebra on I'. Thus, the Theorem of Uniqueness of Measures (cf.
[El, Eindeutigkeitssatz 5.6]) states that u and A(f) have to coincide. O

Definition 3.1.9. For every f € BDV(T'), we define the Laplacian A(f) to be the
measure from Theorem 3.1.8:

A(f) = m3.

Remark 3.1.10. Conversely, if v is a finite signed Borel measure of total mass zero
on I', then there exists a function h € BDV(I") such that A(h) = v. This function h is
unique up to addition of a real constant.

Proof. See [BR, Corollary 3.12] and [BR, Proposition 3.14 (B)]. O

Lemma 3.1.11. Let f,g € BDV(T') and «, 5 € R, then
Alaf + Bg) = aA(f) + BA(g).

Proof. By construction, A(af+3g) extends the set function mq 1 g, and aA(f)+BA(g)
extends amy + Bmy. Due to masigy = amys + Bmy, the uniqueness of the extension
in Theorem 3.1.8 implies the equality. O

Lemma 3.1.12. Zh(T") is a subset of BDV(T'), and for each f € Zh(T') c BDV(T)
A(f) = Azn(f)-

Proof. Let f € Zh(I') and X be a vertex set such that f € C*(I'\X). By the definition
of Zh(T"), every function in Zh(T") belongs to D(T"), so the directional derivative exist as
real numbers in every point p € X ;. One can show that this implies f” € L1(I'\ X, dz).
Consider a countable family F of pairwise disjoint sets S; € A(T"). By the Mass Formula
my(S;) = Azn(f)(S;) and S;\ X is a again a union of n; € N disjoint open, closed and
half-open intervals. Let a;j,b;; for j = 1,...,n; be the endpoints of these segments.
Thus,

n; bij
mp(Si) ==Y [ fa)de+ Y > df(p).

j=1"4% PES;NXf FETH(T)
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3 The Laplacian on the Berkovich projective line

In sum, we have

> Imy(Si \—ZI—Z f” (@)de+ > > dif(p)

S;eF SieF  j=1"% pES;NX f TETH(T)
<Y Z / o)lde+ Y > |dsf(p)
S;eF j=1"%j pES;NX f TETH(T)
< [ 1 @lde+ ¥ Ims(tpb)] < oo.
I\X peXy

Therefore, f € BDV(I') with B(f) := fF\Xf |f"(z)|dx + > |m¢({p})], and conse-
pGXf

quently the finite signed Borel measure A(f) on I' exists. Further, we show that
Azn(f) extends my on A(I'). It suffices to consider an isolated point p € I and an
open interval (c,d) contained in an edge of I'\X . Clearly, Azn(f)({p}) = ms({p}) is
true for all p € I'. And,

AZh( / f” dx
— f'(d)
= mf((C’ d)).

Since the extensio of my to a finite signed Borel measure on I' of total mass zero is
unique by Theorem 3.1.8, we have the identity A(f) = Azn(f). O

This definition makes it possible to define a Laplacian operator on the Berkovich pro-
jective line in the following way.

Definition 3.1.13. A domain U in ]P’]éerk is a non-empty connected open subset of
Pllserk’ We call a domain V' simple if OV is a non-empty finite set {x1,..., 2y} C Hpek,
where each x; is of type II or III. A strict simple domain is a simple domain whose
boundary points are all of type II.

Remark 3.1.14. i) Different to [BR], we will say that Up is a subdomain of an
open set U if Uy is a domain and Uy C U. If we require Uy C U, this is stated
additionally.

ii) The strict simple domains (resp. simple domains) form a basis for the Berkovich
topology on Pk, (cf. [BR, §2.6 p.42]). Since P}, is a compact Hausdorff
space, the compact subsets are just the closed subsets. The closures of the simple
domains form a fundamental system of the closed, and so the compact neighbor-
hoods for the Berkovich topology on Péerk.
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Definition 3.1.15. Let C(U) be the space of continuous functions f: U — R, where
U is the closure of a domain U C P}, .

Recall from §2.3 that a finite subgraph of ]P]13erk is the union of the unique paths between
a finite set of points in Hpeyk.

Lemma 3.1.16. Let I be a finite subgraph of Ph.,.. Then
i) T is a closed subset of Pk, .

it) The metric topology on I' coincides with the relative (i.e. subspace) topology
induced from Pk,

Proof. See [BR, Lemma 5.2]. O

Now we generalize the retraction map, which was only defined for finite subgraphs in
§2.3, to every non-empty connected closed subset E C Péerk equipped with the relative
topology. Recall that a set is connected under the topology of P}gerk if and only if it is
uniquely path-connected.

Definition 3.1.17. We define the retraction map rg: Ph., — E by setting rg(x) as
the first point p in £ on the path from z to a point pg € E.

Remark. By construction, we have rg(z) =z for all x € E.

Lemma 3.1.18. The map rg: ]P’]lserk — E is well-defined.

Proof. Since Pk, is path-connected, rg(x) exists for each z € P}, . Furthermore,
we have to show that the definition is independent of py. Let x ¢ E, p{, another fixed
point in E and p’ the first point in E on the path from x to pj. In the case of p # p/,
there is a path from p/ to p in E, since E is path-connected. But we also get a path
from p’ to p which is not contained in E, by going from p’ to x and from x to p. This
contradicts the fact that Pﬁerk is uniquely path-connected. O

Lemma 3.1.19. For each non-empty closed connected subset E C Pk, , the retraction
map rg: Pllaerk — E is continuous.

Proof. See [BR, Lemma 5.3]. O

3.1.20. If By C B> C IP’]l_%erk are two non-empty connected closed subsets, the retraction
map 7g, induces a retraction map g, g, : 2 — E7 such that

TE; (33) = TEy,Ey (TEQ (33))

for all z € ]P’ll_%erk. If £y and E> have the relative topology, rg, g, is continuous as well.
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3 The Laplacian on the Berkovich projective line

Let U C Pk, be a domain, and for each finite subgraph I' C U we consider a finite
signed Borel measure ur on I

Definition 3.1.21. A system of measures {ur} on the finite subgraphs of U is called
coherent if

i) For each pair of finite subgraphs I';, 'y of U with I'y C I'y we have
(TF2,F1)*(NF2) = M1y -

ii) There is a constant B such that for each finite subgraph I' C U
|ur|(T) < B.

3.1.22. For any two graphs I';,I's there is a unique minimal finite subgraph I's con-
taining 'y and I'y. Hence the collection of finite subgraps I' C U forms a directed
set under containment. For every finite signed Borel measure p on U, the system of
measures {ur} on the finite subgraphs of U given by

Mr = (Tﬁ,p)*(/ﬁ)

for each I' C U is coherent.

There is a 1-1 correspondence between finite signed Borel measures p on U, and coherent
systems of finite signed Borel measures on finite subgraphs of U:

Proposition 3.1.23. If {ur} is a coherent system of measures in U, the map

A(F) = tiny [ F(x)dyur(z)

defines a bounded linear functional on C(U), and there is a unique Borel measure p on
U such that

A(F) = [ Pla)du(a)
for each F € C(U). This measure is characterized by the fact that

(rgr )« () = pir

for each finite subgraph I' C U.

In particular, if o is a finite signed Borel measure on U, and we put jur = (rg )« (o)
for each finite subgraph I' C U, then ug is the unique measure associated to the coherent
system {ur} by the construction above.

Proof. See [BR, Proposition 5.10]. O
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3.1 Construction and properties of the Laplacian on a subdomain of IP’}lBerk

Using coherent systems of measures and the Laplacian on metrized graphs, we are
able to construct a measure-valued Laplacian operator on a suitable class of functions
[:U—=RU{£o0}.

Definition 3.1.24. Let U C P, be a domain. We will say that a function f: U —
R U {400} is of bounded differential variation on U, and write f € BDV(U), if

i) flr € BDV(I") for each finite subgraph I' C U, and
ii) there is a constant B(f) such that for each finite subgraph I' C U,

|Ar(HIT) < B(f).

Remark. Due to I' C U N Hpey for every finite subgraph I' C U, there is nothing
required on the behavior of f on U N P!(K) by this definition, and so f may be
undefined at some points of U NP (K). We will use the notation C(U) N BDV(U) for
the space of functions f € C(U) whose restrictions to U belong to BDV(U).

Proposition 3.1.25. If f € BDV(U), the system of measures {Ar(f)}rcu is coherent.

Proof. Let I'y,I's be a pair of finite subgraphs of U with I'y C I's. Since I's can be
obtained by sequentially attaching a finite number of edges to I'q, it suffices to consider
the case where I'y = I'y UT for an attached segment T at a point p € I'y. As a segment,
T is a finite subgraph as well. We have to show that for every Borel subset e C I'y

Ar, (f)(rr,r, (€) = Ar, (f)(e)-

At first, we consider the case that e C I'i\{p}. Due to rr,1,(¢) = p ¢ e for all
g € T'2\I'1, we have r1?21rl(e) C I't. Since rp, 1, is the identity on I'y, r1?2lrl(e) =e.
Thus,

Arz (f)(TEQI,Fl (6)) = AFQ (f)(e) = AF1 (f)(e)7

where the last identity follows by the definition of the Laplacian on finite subgraphs.
Due to the additivity of the Laplacian, it remains to consider the Borel set {p} C I';.
We know that rr,1,(¢) = p for all ¢ € T and rp, r,|r, =idp,. Dueto 'y =T UT,

e, ({0}) =

Since T' is just a closed interval, we have seen in Remark 3.1.7 that

Ary(F)(T) =my(T) =~ > ds(f)(p),

FeOut(p,T)

where my is the set function on the Boolean algebra A(I'y). By Out(p,T) = T,(I'1)
and the two foregoing equations,

Ary (H)(rp,r, (1)) == > da( = Ar, (f)(p)-

veTp(I)
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3 The Laplacian on the Berkovich projective line

By the definition of the space BDV(U), there is a constant B such that |[Ap(f)|(T') < B
for all finite subgraphs I' C U, and hence {Ar(f)}rcu is coherent. O

Definition 3.1.26. Let U C P}, be a domain and f € BDV(U).
i) We define the complete Laplacian

AF(f)

as the unique finite signed Borel measure on U associated to the coherent system
{Ar(f)}rcu from Proposition 3.1.23, characterized by the property that

(rg )« (Ag(f)) = Ar(f)

for each finite subgraph I' C U.
ii) We call the restriction of Az (f) to U the Laplacian

Ay(f) == Agplu-
iii) The Boundary Derivative

Aou (f) == Ag(f)lov

is the restriction of Ag(f) to OU.

Remark 3.1.27. i) Ay(f) is the Borel meaure on U with

Au(f)(S) = Ag(H(SNU)

for each Borel set S C U.

ii) By construction,

AL () = Au(f) + Dou(f)-

iii) When U = P}, , we have

Ag(f) = Au(f),

and we will write A(f) for Api  (f).

Berk

Before we will see some examples, we give some important properties of the (complete)
Laplacian:

Lemma 3.1.28. Let U C P]%erk be domain, f,g € BDV(U) and o, 3 € R. Then

Aglaf + Bg) = aAg(f) + BAF(9)-
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3.2 Examples and the Hsia kernel

Proof. By the definition of the complete Laplacian,

Ar(f) = (rg p)«(Ag(f))

and
AF(Q) = (Tﬁvr)*(AU(g»

are satisfied for every finite subgraph I' C U. Since the Laplacian Ar is linear by
Lemma 3.1.11, it follows that

Ar(af + Bg) = aAr(f) + BAr(g)
= a(rg p)«(Ap(f)) + B(rg r)«(Ag(9))
= (rgr)«(a- Ag(f) + 8- Ap(g))

for every finite subgraph I' C U. Due to the uniqueness in Proposition 3.1.23, the
Laplacians have to coincide. O

Proposition 3.1.29. Suppose Uy C Uy C IP’}Berk are domains, and f € BDV(Usy). Then
flu, € BDV(Uy) and

A, (f) = Av,(Nlvys A (f) = g 5)«(Ag ()

Proof. See [BR, Proposition 5.26]. O

Proposition 3.1.30. Let U C Pllaerk be a domain, and let Vi, ..., V, C U be subdomains
such that U = Uj_ Vi. Then for any function f, we have f € BDV(U) iff fly, €
BDV(V;) for alli=1,...,r. Moreover, in the latter case, for each i =1,...,r

Avi(f) = Av(Nlvi, - Ay (f) = (rg7)«(Ag(f))-

Proof. See [BR, Proposition 5.27]. O

3.2 Examples and the Hsia kernel

In this section, we give explicit examples of functions having bounded differential vari-
ation and calculate their Laplacians. Next to the obvious one of a constant function we
consider the composition f o rp for a finite subgraph I' and a function f; € BDV(I).
For further examples we will define the Hsia kernel. The Hsia kernel §(z,y)s for
z,y € Al extends the usual distance |z —y| on K and the function —log, (6(z,¥)oo)
is a generalization of the usual potential theory kernel —log,(|x — y|) on K. We will
also give a definition for an analogous kernel §(z,y)¢ for an arbitrary ¢ € Pj,, which
is called the generalized Hsia kernel. The functions of the form f(z) = —log,(6(x,y)¢)
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3 The Laplacian on the Berkovich projective line

for fixed y, ¢ € P, belong to BDV (P, ) and they make it possible to verify a version
of the Poincaré-Lelong formula at the end of this chapter. Moreover, these functions
are used for the analogue Poisson formula in Chapter 4.

Example 3.2.1. If f(z) = C on P}, for a constant C € R, then f € BDV(P},,)
and

A(f)=0.
Proof. Clearly, f € Zh(I')  BDV(I") and

A(f) = Am(f) = —f"(@)de + Y (= Y dyf(p)dy(z) =0

pel’  TeT,(T)

for each finite subgraph I' C ]P)ll3erk' Due to the uniqueness in Proposition 3.1.23, we
have A(f) =0. O

Example 3.2.2. If f = foorp, for a finite subgraph Ty of P}, and f, € BDV(Iy),
then f € BDV(P},,,) and
A(f) = Ary(fo)-

Proof. First, we show that f is a function in BDV(P},,,.). We can determine the one-
sided derivative of f for all p € PL,,, and all directions @. In the case of p € Iy
and ¥ € T,(To), we have dzf(p) = dzfo(p). If p € Ph.,y and T ¢ T,(I'y), one can
calculate that dgzf(p) = 0. The case that p ¢ I'g and ¢ € T,,(I'g) is not possible, because
p = limy_o+ ¥(t), 7 is continuous and T is closed in P§,,. Hence, f € D(Ph,..)-
Furthermore, they imply for each finite subgraph I' of P;_, and S € A(T)

me(S)= Y Yo dsflp) - > > dgf(p)

p€edS,p¢ S v€In(p,S) peAS,peS ve0ut(p,S)
= > >, difol)— Y > dyfo(p)-
pedSNI'y,p¢S v€ln(p,S)NTp(To) p€ASNIy,peS T€Out(p,S)NTy(To)

In the formula above, we may write In(p, S N I'g) instead of In(p,S) N T,(I'p) and
Out(p, SNT) instead of Out(p, S) NT,(I'o). Moreover, we will see that we can replace
9S8 NTy by (SNTy). Let pe dSNT and p ¢ S such that In(p, S NTy) # 0. Hence,
there is an ¢ € In(p, S N T) such that for a representative v we have v(t) € SN Ty
for all sufficiently small ¢ > 0, and so p = tli%% v(t) € SNTy. Since we have required

that p ¢ SN Ty, p belongs to (S NTy). Otherwise, if p € I(SNTy) CToandp ¢ S

such that In(p, S N To) # 0, then there is a continuous map ~v: [0, L] — T'g such that

~(t) € S for all sufficiently small ¢ > 0. Due to p = lirOnJr y(t)e ScT,pedSnTy.
t—
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3.2 Examples and the Hsia kernel

Similar arguments show the same for the sum over Out(p,S) N T,(I'y) respectively
Out(p, S NTy).

Consequently, m¢(S) = my,(SNTy), where SNT'y € A(T'g). Since fo € BDV(I'g), there
is a constant B such that

Y Imp(Si)l = > Imy(SinTo)| < B
S¢€]: S¢€]:

for any countable collection F of pairwise disjoint sets in A(I"). Therefore, f|r is
a function in BDV(T) for each finite subgraph I' of P}, . It remains to show the
existence of a constant B(f) such that |Ap(f)|(I') < B(f) for every finite subgraph
I'. For each finite subgraph I' containing I'y, f|r is constant on branches off T'y, and

flro = (foorr,)|r, = fo, and so
Ar(f) = Ar,(f) = Ar,(fo)

by the definition of the Laplacian on finite subgraphs (Theorem 3.1.8). Due to fy €
BDV(Iy), there is a constant B(fy) such that

[Ar(HIT) = |Ary (fo)l(To) < B(fo) =: B(f)-

So we have proved that f is a function in BDV (P4, ). Proposition 3.1.23 states that
A(f) = AFQ(fO)' O

For further examples we will introduce the (generalized) Hsia kernel.

Definition 3.2.3. i) For x € A113erk corresponding to a sequence of nested discs
{D(a;,ri)}, diamso(x) := lim;_,o 5 is called the diameter of x.

ii) If 2,y € Ak, let 2 Voo y be the point where [z,00] and [y, oo] first meet. We
define the Hsia kernel

0(2,Y) oo := diamee ( Voo ).
Remark. i) If 2 corresponds to a sequence of nested discs {D(a;,r;)} and y to
{D(bz, Si)}, then

0z, Y)oo = leglo max (r;, i, |a; — bi])-

Clearly, 0(x, )00 = diamao(z) for each x € Ak, and §(z,y)oc = |z — y| for all
z,y € AY(K). If z,y are of type LII or III, corresponding to D(a,r) and D(b, s),

0(x,y)oo = max(r,s,|a—b|) = sup |z — w].
z€D(a,r),weD(b,s)
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3 The Laplacian on the Berkovich projective line

ii) The definitions above can be extended to Ph,, \D(0,1) = D(0,1)" by setting
diame () := diame (¢()),

where ¢ is the homeomorphism from Chapter 2, which maps ¢ to 1/t for all
t € PL(K)\D(0,1).

Definition 3.2.4. i) Let I" be a finite subgraph. For fixed y,z € ', [BR, §3.3] tells
us that there is a unique function j,(x,y) € CPA(T") on I' such that

Ap(j=(z,y)) = 53/(5’:) —6.(z) and j.(z,y) =0

for all z € I'. We call j,(z,y) the potential kernel.
ii) The metric p: Hperk — R>o defined by

p(x,y) = 2log, (diame (z Voo y)) — log, (diamy, (z)) — log, (diame (y)),

is called the path metric. We call the topology introduced by this metric the
strong topology of Hper.-

3.2.5. Let I be a finite subgraph, so I' C Hpek. For x,y,z € T, let w := w,(z,y) be
the point where the path from x to z and the path from y to z first meet. One can
show that

J(x,y) = p(z,w).

For a fixed z € Hpeyx we write j.(z,y)r for the potential kernel on I' where I' vary
over finite subgraphs of P}, containing z. The functions {j,(z,y)}r coher to give a
well-defined function j,(z,y) on Hpek X Hperk (cf. [BR, §4.2]). Further, we can extend
jZ to IP)IISerk X ]P)IIBerk by

J(ry) = {jz(rr(ﬂﬂ)arr(y))r if (x,y) ¢ Diag(K),
= 00 if (z,y) € Diag(K),

where T is any finite subgraph containing z and w,(z,y). Explicitly, for =,y € P!(K)
with = # y we have j.(z,y) = p(z, w.(x,y)). If z,( € Hpe, then

j((xay) - ]Z('rvy) - JZ(x7<) - JZ(C7y) +]Z(C7 C)

Proposition 3.2.6 (Retraction Formula). Let I' be a finite subgraph of Ph., and
z,x € I'. Then for any y € }P’]%erk

J=(z,y) = j=(z,7r(y))r

Proof. Since z,z € I', the path [z, z] lies in I. Clearly, w,(z,y) € [z,2] C I', and so
]Z(x7y) = jZ('CC?TF(y))F' D
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3.2 Examples and the Hsia kernel

Definition 3.2.7. i) We call the function ||-,|: Pho . X Phoy — [0,1]

|z, y| := q;chauss(x’y)
Y| e

the spherical kernel.
ii) For a fixed ¢ € IP’]lgerk, we define the generalized Hsia kernel to be the function
PL.. X Phy — RU {0} given by

o,
o(x, =
@ )¢ = e yocl

if ¢ € Ph., \P}(K), and

Mzl 1
5(z,y) = { TCTlud if 2,y € Ppe \{C}
o0 lf xr = C ory= C‘

if ¢ € P(K).

Remark. i) Since ||z,y|| = 0 if and only if + = y € P!(K), the generalized Hsia
kernel is well-defined in both cases.

ii) The generalized Hsia kernel has the following geometric interpretation (cf. [BR,
§4.4]): Let z,y € Ph ., and w := x V¢ y, i.e. the point where the paths [z, (] and
[y, ¢] first meet. Then
d(z,y)¢ = diam¢(w),

where diam¢(z) := 6(z,z)¢ for all x € PL_ .. One has the identitiy

diam¢(x) (@)

1
1€, <l
for each ¢ € Hpek and x € Ph . (cf. [BR, §4.4 Equation (4.32)]).

Proposition 3.2.8. Fiz ( € Pﬁerk.

i) The generalized Hsia kernel §(x,y)¢: Phoy X Phoge — RU {00} is nonnegative,
symmetric, upper semicontinuous as a function of two variables and continuous
in each variable separately. We have §(z,y)¢ = 0 if and only if v = y € PY(K).

i) If ¢ € Herk, then 6(x,y)¢ s bounded and valued in [0,1/||¢,C||]-

iii) If ¢ € PY(K), then §(z,y)¢ is unbounded and &(x,y)c = oo if and only if x =
ory=_(.
w) For all z,y,z € Py,

6(‘1:7 y)C < max(5(x7 Z)C7 6(3/7 Z)Ca

with equality if §(x, 2)¢ # 0(y, 2)¢.
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3 The Laplacian on the Berkovich projective line

v) For each a € PL,, and r > 0, the ‘open ball’
B(a,r)¢ = {z € Ppen 6(z,2)¢ <7}

is connected and open in the Berkovich topology. It is empty if r < diam¢(a),
and coincides with an open ball B(b,r); for some b € PY(K) if r > diam¢(a).
Likewise, the ‘closed ball’

B(a,r)¢ == {x € Phey| 6(x,2)¢ <1}

is connected and closed in the Berkovich topology. It is empty if r < diam¢(a), and
coincides with B(b,r)¢ for some b € PY(K) if r > diam¢(a) or if r = diam¢(a) and
a is of type II or III. If r = diam¢(a) and a is of type I or IV, then B(a,r): = {a}.

Proof. See [BR, Proposition 4.10]. O

Example 3.2.9. We fix y,( € P}, and consider the function f: P§,, — RU {400}
defined by f(z) = —log,(6(z,y)¢). One can show, that f € BDV(PL,,,) and

A(—log, (0(x,y)¢)) = dy(x) — ¢ ().

Proof. Let T be a finite subgraph of P5_, . By Remark 3.2.5, we may assume that the
Gauss point (gauss is contained in I'. Set § := rp(y) and ¢ := rp(¢). By the definition
of the generalized Hsia kernel and by Proposition 3.2.6,

- log’U (5(1"7 y)c) = jCGauss ($7 y) - jCGauss (;E? C) - jCGauss (y7 C)

= jCGauss (':U7 g) - jCGauss (.'L', C) - chauss (y7 C)

for all # € T'. Since the potential kernel on I' for fixed § respectively ¢ belongs to
CPA(T), flr € BDV(I"). Due to the definition of the potential kernel,

Ar(f) = Ar(egane () = Ar (g (€)= Ar(cga (4, <))
= 6:'; - 6CGauss - (55 - 6<Gauss) - 0
— 65 — 0.

Therefore, [Ar(f)|(T) = (6 + 6:)(T) = 2 < o0, and 5o f belongs to BDV(Ph.y,)
Since Ar(f) = 5 — d; = rr.(dy — d¢) for each I', we get A(f) = b, — d¢ by Definition
3.1.26. g

Example 3.2.10 (Poincaré-Lelong formula). Let 0 # g € K(T') with div(g) = > ni(a;).
We consider the function f: P, — RU {£co} defined by f(x) := —log,([g].). Then
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3.2 Examples and the Hsia kernel

f € BDV(P},,,) and
A(=log,(glz) = Y _ niba, ().
i=1
Proof. Let ¢ € PL_, be disjoint from the support of div(g), i. e. ¢ ¢ {a1,...,am}. The

decomposition formula for the generalized Hsia kernel (cf. [BR, Corollary 4.14]) tells
us that there is a constant C¢ such that

9]z = Ce- H 5(‘%%)?

=1

Hence,

f(z) = —log,(C¢) + Y —nilog, (8(z, a;)¢)-

=1

Due to Example 3.2.9, f is a function in the vector space BDV(P_, ), and

A(f) = Alog,(Co)) + Y _niA(=log, (8(x, ai)¢))
i=1

=0+ anﬁai () — Zniéc(iﬂ)
i=1 i=1

= nida,(a),
=1

where last equation is true because of >/ | n; = 0. O

Example 3.2.11 (The potential function). Let v be a finite signed Borel measure
on IP’]lgerk. We define the potential function in the following way: If ( € Hpey or

¢ ¢ supp(v), we set

(2, ¢) = / ~log, (6(z, y)¢)dv(y).

If ¢ € P1(K) Nsupp(v), then the potential function is defined by

ul/(xv C) = UV(‘T7 CGausS) + V(Pll?)erk) logv(Hx, C”)

One can show that u,(z,() € BDV(Ph,,,) and
A(UV(:L‘, C)) =vV-= V(Pll_%erk)dC(w)'

Proof. Let I be any finite subgraph containing (gauss. By the Retraction formula,
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3 The Laplacian on the Berkovich projective line

Proposition 3.2.6, one have the identity jcq, .. (%,Y) = jeau. (@ r(y)) for all y € Ph_
and z € I,

At first, we consider the case that ( € Hpegk or ¢ ¢ supp(v). If ¢ € Hperk, we can enlarge
I' such that ¢ € I'. By [BR, Proposition 3.3], jee....(,¢): Pho — R is bounded, and
SO

Ce = /jceauss(y,C)dV(y) < oo.

If ¢ ¢ supp(v), then je,, .. (-, ¢) is real valued on supp(v), because je, ... (¥, 2) ¢ R iff
y = z € P}(K). Furthermore, jc,,..(*, ) is continuous on the compact set supp(v) by
[BR, Proposition 3.3]. Consequently, j¢,, ..(-,¢) is bounded on supp(v), and so we can
set

Ce = [ om0 Odly) < o0
as well. For all x € I', we have
uw,0) = [ = log, (3w )c)dv(y)
[ G @ 9) = e :) = S (02 (0)
— [ dcan s @)r() = [ dcguun @0 (O)rty) = [ dcgun (. dvw)
—C

= [ cguan . DA ())(O) = 1o . 70(C)) = C.

Now, consider ¢ € P(K) Nsupp(v). Since ||y, (causs|| = @ B A every

y € Phop, the Retraction formula implies —1og, (6(2, ¥)¢aune) = Jeaane (T T (y)) for all
x € I'. Hence,

Uu(xa C) = ul/(xa CGauss) + V(]P)ll_%erk) logU(Hx, C”)
— [ e (@) ) ~ (P (@ 70(C)

~ [ Feon @ OAT)(0) = ¥ (P 7))

Thus, we can calculate the Laplacian jointly for both cases. By [BR, Proposition 3.11],
W) = Jp =108y (6(2, )¢ )d(rrav) (t) € BDV(T) and

Al"(h) =TTV — (TF*V)(F)(SCGauss'

We already know that h(z) := jeq, ... (7, 7r(¢)) € CPA(T) and Ap(h) = Orp(c) —

6<Gauss °
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3.2 Examples and the Hsia kernel

Together, we get u,(z,() € BDV(I') and

Ar(uy(2,¢)) = Ar(h) = v(Phen) Ar(h)
= 10,V = 0V ()0¢ e — V(Pheric) O () + ¥ (PBertd) 5 s
= 114 = V(PBertc)0¢aamee — ¥ (Pherkc)0r(¢) + ¥ (Pherk)0came
= 10, (v — V(P 8¢)-

The potential function u,(z, () is a function in BDV (P}, ) by the inequality

| Ar(u (2, O)I(T) = [rru(v — v(Phe)¢) (D)
< ’V - V(]P)}13erk)5g|(’rl:1(r))

= ’V - V(P%Berk)(sd(]?]%erk)
< Q.

Proposition 3.1.23 and Proposition 3.1.25 state that A(u,(x,()) = v — v(Phey )¢ (2).
O

Example 3.2.12. In particular, if v is a probability measure on IP’llgerk, we define the
potential function for ¢ € Hpek or ¢ ¢ supp(v) by

uw,0) i= [ ~1og,(6(z,y)0)du(y)
and for ¢ € P}(K) Nsupp(v) by

Uy (2, C) := uy (2, CGanss) +10g, ([|z, C)-
Then u,(z,¢) € BDV(Ph,,,) and
Aluy(z,¢)) = v = o¢(x).
Moreover, if ¢ € Hpex or ¢ ¢ supp(v), there is a constant C¢ such that for all z € Pk,

Uy(l'a C) = UV(CL‘, CGauSS) + logv(Hx’ CH) - CC

Proof. This example is just a special case of Example 3.2.11, so it remains to show the
last statement. Let ¢ be as required and x € Pﬁerk, then by the calculation in Example
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3 The Laplacian on the Berkovich projective line

3.2.11 and the fact that v(Pg,,) = 1, we have

0(2.0) = [ Jeana @ 9)A W) = g (:0) = C

— /— 10g,(0(, ¥) ¢ )V (y) + log, (qu TCGauss )) - C¢

- ul/(xﬂ CGauss) + IOgU(HJ?, CH) - CC'
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4 Harmonic functions

The classical potential theory is including the study of harmonic functions. Baker and
Rumely developed the theory of harmonic functions on }P’]%erk and established analogues
of the main results of this theory in [BR]. In [Th] this theory is developed in a more gen-
eral way extending the definition made in this chapter. One considers a general smooth
strictly k-analytic curve X instead of just Ph,,. We will give a short introduction to
this theory in Chapter 5 and we will verify that both definitions actually coincide. In
this Chapter we elaborate on the theory of harmonic functions on Ph,, from [BR] and
try to extend it with some new or slightly modified statements. In particular, we are
interested in the connection between the terms strongly harmonic and harmonic, which
are defined at the beginning of Section 4.1. Next to the definitions, we give examples
and fundamental properties of (strongly) harmonic functions. In Section 4.2, we will
introduce the main dendrite of a domain. We will see that the values of a harmonic
function on this R-tree determine the behavior of the function on the whole domain.
In the Sections 4.3 to 4.7, we prove analogues of the Maximum Principle (§4.3), the
Poisson formula (§4.4 and §4.5), Uniform convergence (§4.6) and Harnack’s Principle
(§4.7). Most of the mentioned main results are true in the general case. If so, we will
give a reference in [Th], and refer for a precise definition of a harmonic function on X
to Section 5.3.

4.1 Harmonic functions

In the last chapter we have seen the existence of a Laplacian for a function f of bounded
differential variation. Hence, we can define harmonic functions similarly to the defini-
tion in the classical potential theory. These definitions are followed by some examples
related to those in Chapter 3. Afterwards, we will give some nice fundamental proper-
ties which are needed for the proofs of the main theorems and propositions which are
stated in §4.3-4.7. In particular, we study the behavior of a function f: U — R with
Laplacian Ay (f) = 0 on finite subgraphs I' C U for a domain U satisfying |0U| < oc.

Definition 4.1.1. i) If U is a domain, a function f: U — R is called strongly
harmonic on U if it is continuous on U, belongs to BDV(U), and satisfies

Ay(f) =0.

ii) If U is an arbitrary open set, then f: U — R is called harmonic on U if for each
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4 Harmonic functions

x € U there is a domain V, C U with x € V,, such that f is strongly harmonic on
Ve.

At the end of Section 4.2, we give an example of a function f on a domain U which is
harmonic but not strongly harmonic on U.

4.1.2. Since the Laplacian operator Ar is linear by Lemma 3.1.28, the function a- f+b-g
is harmonic (resp. strongly harmonic) on V' for any harmonic (resp. strongly harmonic)
functions f and g on V' and a,b € R. We denote the space of harmonic functions on U
by H(U).

Example 4.1.3. Let U C P, be a domain and f: U — R given by f = C on U for

a constant C' € R. Then f is strongly harmonic on U.

Proof. The function f is clearly continuous, f € BDV(U) and A(f) = 0 by Example
3.2.1. Using Proposition 3.1.29 with Uy = U and U = PL ., we get

Ap(f)=Af)lv =0.

Hence, f is strongly harmonic on U. O

Example 4.1.4. Fix y,¢ € Py, such that ¢ ¢ P}(K) or y # ¢. Then the function
[ Phou\{y, ¢} — R given by f(z) := —log,(6(z,y)¢) is strongly harmonic on each
connected component of PL_, \{y, ¢}

Proof. Let U be a connected component of Ph_, \{y,(}, then U is a domain. Since
the generalized Hsia kernel is continuous in every x € U by [BR, Proposition 4.1], f
is continuous as well. In Example 3.2.9, we have seen that f € BDV(U) and A(f) =
8y — 6¢c. Due to U C Ph., \{v,(},

Ap(f) =Af)lv = (0y = d¢)lu =0

by Proposition 3.1.29. O

Example 4.1.5. If 0 # g € K(T) and div(g) = >_i%; ni(ai), then f(z) = —log,([g]z)
is strongly harmonic on P, \{a1,...,amn}.

Proof. Due to ay,...,am € K, ie. they are of type I, U = P, \{a1,...,am} is
connected. Clearly, U is open as well, so U is by definition a domain. In Example
3.2.10, one has seen that f € BDV(U) and

f(z) = —log,(C¢) + Y _ —nilog, (8(z, ai)¢)-

i=1
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Consequently, f is also continuous by [BR, Proposition 4.1]. We have also calculated
that A(f) = Y12 nide,, and so

m
Au(f) = ANl = Q_ nida,)lo =0
=1
since U = Pk, \{a1,...,an}. Therefore, f is strongly harmonic on P%, \{a1,...,am}.

O
Remark. In Proposition 5.3.15, we will see an analogue statement in the general case.

Example 4.1.6. Let v be a probability measure on P§_, and ¢ ¢ supp(v), then the
potential function wu,(z,() := [ —log,(6(z,y)¢) dv(y) is strongly harmonic on each
connected component of P§_, \ (supp(v) U {¢}).

Proof. By Proposition 3.2.8, the generalized Hsia kernel §(z,y)¢ is continuous in the
variable x on PL_, \ (supp(v)U{(}). Therefore, u, (-, ¢) is continuous on P§_, \ (supp(v)U
{¢}) as well. Let U be a connected component of PL . \(supp(v) U {¢}), then U is a
domain. By Example 3.2.12, we know that u,(-,{) € BDV(P}, ) and A(u,(+,()) =
(v —6¢). Hence, u,(-,{)|r € BDV(U) and

Ay (uy(+C)) = (v =d¢)|u =0

since U Nsupp(v) = 0 and U N{¢} = 0. Thus, f is strongly harmonic on U. O

Next we will see some properties of (strongly) harmonic functions, which are used to
prove important theorems in following sections.

Lemma 4.1.7. i) If Uy C U are domains, and f is strongly harmonic on Us, then
f s strongly harmonic on U;.

ii) If f is harmonic on an open set V, and U is a subdomain of V with U C V, then
f s strongly harmonic on U.

iit) If f is harmonic onV and E C V is compact and connected, there is a subdomain
U CV containing E such that f is strongly harmonic on U.

Proof. For i), let f be strongly harmonic on U,. Since f is continuous on Us, it is
continuous on U; C Us. By Proposition 3.1.29, f € BDV(Us;) implies f € BDV(U;)

and

Ay, (f) = Auy (f)lv, = 0.
Therefore, f is strongly harmonic on Uj.

For ii), we consider a harmonic function f on an open set V' and a subdomain U of V'
such that U C V. Therefore, there is a domain U, C V for each x € U such that f
is strongly harmonic on U, and = € U,. Since P]%erk is compact by Proposition 2.3.3,
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the closed subset U is compact as well. Therefore, U C |J w7 Uz implies that there are
Ugys- -, Uy, such that U c U, U,, = W. Clearly, W is open as the union of open
sets. Since U is connected, we know that N, U,, # . Therefore, W is connected
as a union of non-disjoint connected sets. Thus, W is a domain, and we can apply
Proposition 3.1.30. So we get f|y € BDV(W) and

Aw(Hlu,, = A, (f) =0

for each i = 1,...,m. Hence, Ay (f) = 0. Proposition 3.1.29 implies f|y € BDV(U)
and Ay (f) = Aw(f)|y = 0 for our domain U C W. Since f is continuous on Uy, for
every i = 1,...,m and U C ;% Uy, f is continuous on U and so strongly harmonic
on U.

For iii), let f be harmonic on V and E C V' a compact and connected subset. For each
x € E C V, there is a domain U, C V such that x € U, and f is strongly harmonic
on U,. Since E C U,ep U, and E is compact, £ C Uiz, Uz, =: U. As above, U is
connected and f is strongly harmonic on U. O

A direct consequence of part i) of the lemma above is the following:

Corollary 4.1.8. If f is harmonic on an open set U C ]P)Il_%erk’ then f is harmonic on
each open subset V of U.

Proof. Consider z € V C U. Since f is harmonic on U, there is a domain U, C
U containing = such that f is strongly harmonic on U,. Let V. be the connected
component in the open set U, NV containing . Then V, is a domain in U,, and
therefore f is strongly harmonic on V, by Lemma 4.1.7 i). O

Lemma 4.1.9. Let V be a domain with a finite number of boundary points {x1,...,Tm}
and h a strongly harmonic function on V.

i) The function h belongs to CPA(T) for every finite subgraph T C V.
i) If T is a finite subgraph of V' satisfying ry; n({x1,...,2m}) C O,

> dsh(p) =0

FET,(T)

for every p € T'\OT'.

Proof. For i), we set y; := ri; (). Since h is strongly harmonic on V, h belongs to
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BDV(I') and Ay(h) = Agy (h). Hence,

where ¢; := Apy (h)(z;). By [BR, Corollary 3.9], we get h € CPA(T").
For ii), Remark 3.1.7 and the definition of Ay (h) state

> dgh(p) = —Arp(h)(p) = —Av(h)(rﬁ}(p))-
FeT,(T)

The requirements imply 'r%lr (p) C V, and so

> dsh(p) = —Av(h)(r5 1 (p) = 0.

FeT,(I)

4.2 Harmonic functions and the main dendrite

The behavior of a harmonic function on a domain U is controlled by its behavior on
a special subset which is called main dendrite and is closely related to the skeleton in
[Th]. This subset is defined below, and some properties of it are stated afterwards.
In particular, the main dendrite is an R-tree. Further, we get from the proof of this
property (cf. [BR, Proposition 7.10]) a countable exhaustion of any domain different
from IP)IISerk by subdomains on which a harmonic function is strongly harmonic. This
leads to the fact that every harmonic function on a domain of bounded differential
variation is actually strongly harmonic. The main result of this section is that every
harmonic function is determined by its values on the main dendrite. This knowledge
enables us to give an example of a harmonic function which is not strongly harmonic
at the end of this section.

Definition 4.2.1. If U is a domain, the main dendrite D = D(U) C U is the set of all
x € U belonging to paths between two boundary points y, z € OU.

Remark. The main dendrite is empty iff |0U| € {0,1}. Clearly, if |0U| € {0,1},
D(U) = (. If |oU| > 2, there are at least two different points y,z € OU. Since
U is connected, the unique path from y to z is contained in U. So there are points
belonging to the path from y and z which are contained in U. |0U| € {0,1} for a
domain iff U = P}, or U is a connected component of P5_, \{¢} for some ¢ € P§_,..
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Lemma 4.2.2. Let W C Py, be a domain, v € W and y € Ph ., \W. Then the
unique path I' from x to y contains some boundary point of W.

Proof. Set W' := PL, \W. Supposing I' N OW = ), we have T N W' =T NPL, \W.
Hence, y e TNW and (TNW) N (T'NW') = 0. We also know that z € ' N W. Thus,
the two sets ' N W/ and I' N W are non-empty relatively open disjoint subsets with
I'=('nW)U (' NnW’). This contradicts the fact that I" is connected. O

Proposition 4.2.3. Let U be a domain in P, and D be the main dendrite of U. If
D is non-empty, then

i) D is finitely branched at every point.

it) D is a countable union of finite R-trees, whose boundary points are all of type II.
Proof. See [BR, Proposition 7.10]. O

We have defined in Section 2.1 a strict simple domain as a domain with only finitely
many boundary points which are all of type II. The proof of the last proposition implies
that every domain U # Pk, can be exhausted by a sequence of such domains:

Corollary 4.2.4. If U # ]P’]136rk is a domain in ]P]13erk7 then U can be erhausted by a
sequence W1 C Wy C - -+ of strict simple domains with W, C W, 41 C U for each n.

Proof. See [BR, Corollary 7.11]. O

Corollary 4.2.5. Let U C Pk, be a domain and f harmonic on U. If f € BDV(U),
then f is already strongly harmonic on U.

Proof. Due to f € BDV(U), the Laplacian Ay (f) exists, and it remains to show
that Ap(f) = 0. At first, we consider the case that U = P§_,. If T is a Borel
measurable set in P%erk, the compact set T C Pﬁerk, and so T, can be covered by
finitely many subdomains U,,,...,Us,, , where f is strongly harmonic on each U,, for
a point z; € Pk, . By Lemma 3.1.29 A]Pllaerk(f)’U% = Ay, (f) for each i = 1,...,m,

and so A]Palla k(f)(T) = 0. Thus, f is strongly harmonic on U = P§, .
If U # Pk, we will use Corollary 4.2.4 to verify Ay (f) = 0. Let (Wy)n>1 be the
exhaustion from the corollary. Then U = (52| Wy, W,, C W,y and W,, C U for all

n > 1. It follows directly from the o-additivity of Ay (f) that Ay (f) is continuous
from below. Since f is strongly harmonic on W), for each n > 1 by Lemma 4.1.7 ii),
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this implies

Ay(f)(T) = Au(f)(Un>1T N W)
= lim Ay(f)(TNWh)

= Tim Aw, (f)(T N W)
=0

for every Borel measurable subset T of U. 0

In the following, we will see the connection between the main dendrite and harmonic
functions:

Proposition 4.2.6. Let U C P]%erk be a domain and D the main dendrite of U. If D is
empty, every harmonic function on U is constant. If D is non-empty, every harmonic
function f on U is constant along every path leading away from D.

Proof. At first we consider the case that D # (). We fix a yp € D and let z be a
point in U\D. We denote the first point of the path [z,y0] in D by w, and we show
that f(z) = f(w). Let V be the connected component of P5_, \{w} which contains
x. V is connected and open with 0V = {w} C U, i.e. V is a domain, and V C U.
Applying Lemma 4.1.7 ii), f is strongly harmonic on V, and so Ay (f) = 0. [BR,
Proposition 5.25] implies Ay(f)({w}) = —Ay(f)(V) = 0, i.e. Apy(f) = 0. Thus,
Ay(f) = Av(f) + Asv(f) = 0. [BR, Lemma 5.14] tells us, that in that case f is
constant on V N Hpek. We know that Hperi is dense in ]P)]13erk7 f is continuous on U
and V =V U {w} C U. Therefore, f is constant on V with f(z) = f(w).

If D = (), then U is either P§_, or a connected component of P, \{¢} for some
C e Pﬁerk. We fix an element w € U, and consider an arbitrary = € U. There is a disc
V containing x and w such that V' C U because of the description of U. Then V has a
unique boundary point, and we can prove the claim as we did it in the first case. [

Remark 4.2.7. Let f be a harmonic function on a domain U.

i) There are only finitely many tangent directions at every point x € U where f is
nonconstant. This is a direct consequence of Proposition 4.2.3 and 4.2.6.

ii) The function f is locally constant outside the main dendrite for the weak topology
which we have defined in Remark 4.2.7 by Proposition 4.2.6

We now give an example of a function f on a domain U which is harmonic but not
strongly harmonic on U. By Corollary 4.2.5, our function must not be contained in
BDV(U).

Example 4.2.8. Let K = C,, and fix coordinates such that Ph,, = AL, U{oco}. At
first, we verify that the set U := Pllaerk\Zp is open by showing Z,, is closed. Since Péerk
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is a Hausdorff space, it suffices to prove that Z, is compact respective to the subspace
topology of Péerk. Let Z,, = U;c; U; for U; C Zy open in the Berkovich topology. As
the Berkovich topology is the weakest topology on Z, such that the map Z, — Rxq
given by z — |f(z)|, is continuous for all f € C,[T] and polynomials are continuous
in the p—adic topology of Z,, the sets U; are also open in this finer topology. Z, is
compact in the p—adic topology, so there is a finite number of the sets U; covering Z,,.
Thus, Z, is compact in the Berkovich topology, too. Due to Z, C C, = PYK), U is
also connected, and so U is a domain. By Proposition 4.2.6, it suffices to describe the
function f on the main dendrite D of U. So we try to describe D such that we can
define f properly on D. At first, we will show that D is a rooted R-tree whose root
is the Gauss point (gauss- As |z], < 1 for every point x € Z,, we can see the main
dendrite D as an R-tree contained in D(0,1)\D(0, 1) which is an R-tree respective to
the metric

p(z,y) = 2log,(diam(z V y)) — log,(diam(x)) — log,(diam(y))

by Proposition 2.2.8. Since 0,1 € Z, = 0U and |1 — 0|, = 1, the first point where
[0, CGauss) and [1, (Gauss] meet is the Gauss point. Thus, {(gauss has to be contained in
D, and so (gauss is a root of D. Next, we determine all branches extending down from
(Gauss- Because each point « € Z, with |z, < 1 is contained in the same branch off
CGauss as 0, it suffices to consider the points in Z). Let x,y € Z), then we can write
r = > 2ap and y = > 2, b;p' where a;,b; € {1,...,p —1}. If agp = by, we have
|z —y|p, <1, ie. x and y are on the same branch. If ag # by, then |z — y|, = 1, and so
they are on different ones. Hence, there are p different branches extending down from
CGauss- Each other node of D is corresponding to the disc D(a,p™™") for a,n € Z with
n>1and 0 <a<p”—1. One can see (Ggauss as the case where n = 0, and so a = 0.
Consider an arbitrary node D(a,p~™). One can show that there are branches extending
down from the node D(a,p™") to the nodes D(a+k-p,p~™*tY) with k € {0,...,p—1}.
Since 1/p"*! < 1/p" and

la+k-p" —al,=[k-p"[, =1/p",

we have D(a + k - p,p~"*Y) C D(a,p™). Furthermore, two such nodes D(a + k -
D, p_("+1)) are on different branches since

la+k-p"—(a+k -p")p=k—Klp-p"p=1/p" > 1/p""

for k,k' € {0,...,p— 1}, k # k’. Since we know that every node is of that form, there
are clearly no other branches extending down off D(a,p™). Thus, there are p branches
extending down from each node. Let x be the point corresponding to D(a,p~™) and y
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to D(a+ k- p,p~ ") with k € {0,...,p — 1}. Then

p(x,y) = 2log,(diam(z V y)) — log,(diam(x)) — log,(diam(y))
= 2log,(diam(z)) — log,(diam(z)) — log,(diam(y))

= log, (diam(z)) — log,(diam(y))

= log,(p~") — log, (p~"*1))
=-n+n+1=1,

i.e. that each edge has length 1. Now we are able to give a proper description of f on
D. Set f(Cgauss) = 0 and define f recursively. Let z, be a node on which f(z,) has been
already defined. Let N, denote the slope of f on the edge entering z, from above, and
if 2, = Cgauss, we put N, = 0. We have seen above, that there are p edges extending
down from z,. We choose two distinguished edges, and let f(z) have the slope N, + 1
on one and —1 on the other one until the next node. On the remaining p — 2 edges,
we set f(z) = f(z,) until the next node. By construction, f is continuous and locally
piecewise linear. Furthermore, the sum of the slopes of f on the edges leading away
from each node is 0, so f is harmonic on U (we can extend f from D to U properly by
f(z) := f(w) where w is the first point of [x, {qauss] in D for each x € U).

However, f is not strongly harmonic on U. By the definition of f, there are edges of
D with arbitrarily large slopes of f. Let I be an edge of D C U with slope mr, then
|Ar(f)|(T") = 2|mr|. Hence, f cannot be contained in BDV(U), and so f cannot be
strongly harmonic on U.

4.3 The Maximum Principle

In the classical theory, a harmonic function on a domain D in C does not achieve a
maximum or a minimum within the domain ([Ra, Theorem 1.1.8]). This property is
called the Maximum Principle. We will prove the analogue for harmonic functions
on domains of P5_, and give a reference in [Th] for the formulation in the case of
an arbitrary smooth strictly k-analytic curve. Further we give a strengthening which
is called the Strong Maximum Principle. Note that the formulation of the Strong
Maximum Principle differs slightly from the one in [BR]|. Afterwards, the Riemann
Extension Theorem and the uniqueness of the Equilibrium measure are deduced from
this strengthening.

Theorem 4.3.1 (Maximum Principle). Let U C P§_, be a domain and f a harmonic
function on U.

i) If f is nonconstant on U, f does not achieve a mazimum or a minimum value
onU.
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it) The inequality imsup,_,o;; f(x) < M implies
f(z) <M for allx € U.
Respectively, if liminf, oy f(x) > m is satisfied, we have

f(z) >m forallx € U.

Proof. If f is harmonic, — f is harmonic as well. Since

min(f) = —max(—f) and lim inf f(z)=—1lim sup (—f(z)),
z—0U z—0U

it suffices to consider the case of a maximum in i) respectively limsup,_, 5;; f(x) in ii).

We prove i) by contradiction, so suppose that f is achieving a maximum at a point
x € U. By definition, f is strongly harmonic on a subdomain V of U containing x. At
first, we will show that f is constant on V', and subsequently we will conclude that f is
constant on U. Without loss of generality, we may assume that the main dendrite D of
V' is non-empty because otherwise f is constant on V' by Proposition 4.2.6. Let T be
the branch off of D containing x, and let w be the point where T" attaches to D. Then
w € D, and by Proposition 4.2.6 f(w) = f(x). Thus, f is achieving the maximum in
D. Let I' C D be a finite subgraph with w in its interior. Because of the definition of
the main dendrite, we have the identity

(4.1) ryp(0V) = {z € D| z endpoint of I'} =: E.

If 2 € ri; [(OV), there is a y € OV such that ry; (y) = 2z, i.e. the first point of the path
[y,w] in I' is z, and so z is an endpoint of I'. If z € E' C D, there are y,v € 9V such
that z is contained in the path [y,v]. Since z € E, r; 1(y) = z or ri p(v) = 2.

Since f is strongly harmonic on V', Ay(f) is supported on V. By Equation (4.1), we
know that T%IF({F\E}) C V. Hence, Ar(f) = (ry p)«(Ay(f)) implies

(4.2) supp(Ar(f)) C E.

Since I' is a finite subgraph, F is finite. Thus, Ap(f) is a discrete measure on I'. By
[BR, Corollary 3.9], f|r therefore belongs to CPA(I"). We will show that I' coincides
with the connected component of {z € I'|f(z) = f(w)} containing w which is denoted
by I'y,. Suppose I', # T', then we can find a boundary point p of ', in T" which is not
contained in E. This point p € T, satisfies f(p) = f(w) = f(x), i.e. f(p) is maximal.
Hence,

for all tangent vectors v € T,(I'). The point p is a boundary point of Iy, so f is
nonconstant near p. We can find therefore a tangent vector v € T,(I') such that
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dzf(p) < 0 for our piecewise affine function f on I'. Thus,

Ar(f)(p)=— Y dzf(p)>0.

FeT,(I)

By Equation (4.2), p has to be contained in E, what is not possible by the choice of p.
SoI' =T,. Because I' can be taken arbitrary large, f is constant on D. By Proposition
4.2.6, f is constant on V.

With this result, we can conclude easily that f is also constant on U. We consider
the set W := {z € U|f(z) = f(x)}. This set is non-empty, because x is contained
in it. Since f is continuous on U and W = f~1(f(z)), this set is closed. W is also
open, because for every zy € W we have seen above that there is an open neighborhood
Vi C W of z9. We know that U is connected as a domain, and so the non-empty open
and closed set W has to coincide with U, i.e. f is constant on U.

For ii), we consider the function f#: U — R defined by

() f(x) for x € U,
x) =
limsup,_,, ey f(y) for z € OU.

Since f is continuous on U, the defined function f* is upper semicontinuous by con-
struction. P]13erk is compact by Proposition 2.3.3 i), so U is compact. Therefore,
the upper semicontinuous function f* is achieving a maximal value in U. By i), we
know that this maximum has to be achieved on QU. Since we have required that

fiz) = limsup,_,, f(y) < M for every z € 9U, f(z) = ffx)<Mforallz € U. O

Corollary 4.3.2. If U is an open set and f: U — R harmonic, then f achieves a local
extremum in o point x € U if and only if f is locally constant in x.

Proof. Let V. C U be a neighborhood of x such that f has an extremum in xz on V.
The connected component Vy of V' containing z is a domain, f is harmonic on Vj and
f achieves an extremum on Vj. Hence, f has to be constant on Vy by the Maximum
Principle. The other direction is obvious. O

Remark. If X is a smooth strictly k-analytic curve, then we have the same statement
as in the corollary above in [Th, Proposition 3.1.1].

In the following, we see an important strengthening of the Maximum Principle. One
can show that in some cases, sets of capacity 0 in OU can be ignored. Before we will
state and prove the Stong Maximum Principle, we will define capacity and prove some
lemmata.

Definition 4.3.3. Fix ¢ € P;_,, and let e be a compact subset of P, \{¢}.
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i) Let P(e) be the collection of all probability measures v on Pk, with supp(v) C e.
For a given v € P(e) we define the energy integral

1= [ [ —log, b )cdv(a)du(y).

where §(x,y)¢ is the generalized Hsia kernel which was defined in Definition 3.2.7.

ii) We call

‘/C(e) = Vé%{e) IC(V)

the Robin constant.

iii) The logarithmic capacity of e relative to ¢ is defined by

ez

7((6) =q C(e).
For example, if K = C, we can take ¢, =p. If H C ]PIISerk is an arbitrary set, we
define the logarithmic capacity as

Ye(H) = sup  ye(e).
eCH compact

iv) We call a probability measure p supported on e with Ic(p) = Ve(e) FEquilibrium
measure for e with respect to . If y¢(e) > 0, [BR, Proposition 6.6] states the
existence of such a probability measure u. Later on, we will give a proof of the
uniqueness in Corollary 4.3.10.

Remark. The capacity of a set e with respect to a ¢ € P, \e is 0 if and only if the
capacity of a set e is 0 to any ¢ € PL, \e (cf. [BR, Proposition 6.1]). Hence, in the
following we will just say that a set has capacity 0 if y(e) = 0 for any ¢ € PL . \e.

Lemma 4.3.4. Let e := {a1,...,a,} C PY(K), then e has capacity 0.

Proof. By the definition of P(e), every measure 1 € P(e) is supported on e = {ay, ..., am}.

Hence, we can write u = 31" ¢;0,, for ¢; € R. For any ¢ € PL, \{a1,...,amn} we have
m
Ic(p) =Y —c} -log,(8(as, ai)¢) = o0
i=1

since (a;, a;)¢ = 0 by Proposition 3.2.8. Thus, V¢(e) = oo, and finally v¢(e) =0. O

Lemma 4.3.5. If e has capacity 0, then e is contained in P1(K).

Proof. Suppose there is an element a € e N Hpek. Then the Dirac measure J, is a
measure in P(e), and

I¢(04) = —log, 6(a,a); = —log,(diam¢(a)) < oo
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for any ¢ ¢ e. Thus, V¢(e) < 00, i.e. y¢(e) > 0, for any ¢ ¢ e, contradicting that e has
capacity 0. Consequently, every point of e has to be of type L. O

We need the following lemma to prove a strengthening of the Maximum Principle.

Lemma 4.3.6. Let e C Pllaerk be a compact set of capacity 0 and ¢ ¢ e. Then there is
a v € P(e) such that

}}i_rgu,,(x,g) =00

for all y € e. A function with this property is called an Fvans function.

Proof. See [BR, Lemma 7.18]. O

Theorem 4.3.7 (Strong Maximum Principle). Let U C PL, be a domain and f a
harmonic function on U.

i) If f is bounded above on U, and limsup,_,, f(z) < M is satisfied for all z € OU \e,
where e C U s of capacity 0, then

f(z) <M for allx € U.

it) If f is bounded below on U, and liminf,_,, f(x) > m is satisfied for all z € U \e,
where e C U s of capacity 0, then

f(x) >m for all x € U.

Proof. As in the proof of Theorem 4.3.1, it suffices to deal with the claim in i). If f is
constant with f = c on U and there is at least one z € OU such that limsup,_,, f(x) <
M, we get

F(y) = ¢ = lim sup f(z) < M

T—z

for each y € U. So we may assume that f is nonconstant on U. We will show the claim
by contradiction. Suppose that there is a function f as required and there exists an
element zp € U such that f(zg) > M.

Since f is nonconstant, there is a ¢ € U such that f({) # f(zo). If f({) > f(xo),
then we just interchange zg and (. Hence, the domain U contains two points ¢ and ¢
satisfying f(¢) < f(zo) and M < f(xg). Therefore, we can fix a My > M such that

fwo) > My > f(Q).

In the next step, we will construct a suitable compact set e; to which Lemma 4.3.6 can
be applied. We define

W :={xeU| f(x) > My} and W' := {z € U| f(x) < My}.
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4 Harmonic functions

Since f is continuous, the sets W = f~1((My,00)) and W' = f~!((—o0, M1)) are open.
By definition, one can see that ( € W', zp € W and W/ N'W = (. Let V be the
connected component of W containing xg. Then V is open and connected, i.e. V C U
is a domain.

We will show that e; := 9V NOU # (). Suppose that the intersection is empty, i.e.
V C U. We therefore can find for each y € 9V a neighborhood U, C U of y with
Uy,NV # 0 and U, NU\V # 0. We can actually find a neighborhood, for example a
connected one, such that Uy NV # ) and U, N U\W # 0, because V is a connected
component of W. The points contained in U, NV satisfy f(z) > M; and the points
Uy N U\W satisfy f(z) < M;. Since f is continuous on U, f(y) = M;. Hence,
limsup,_,gy f(x) = M. The Maximum Principle implies f(z) < M; for all z € V.
This contradicts our supposition f(xzg) > Mj, because o € V by the construction of
V. Consequently, e; = 0V N U # ().

Next, we verify that e; has capacity 0. The closed subset e; is compact. Further,
every z € e; = OV N AU is clearly contained in the boundary of U and satisfies
limsup,_,, f(x) > M; > M. Hence, e; has to be a subset of e. By the definition
of capacity,

ve(e1) < vele) = 0.

Additionally, ¢ ¢ e; C OU, because ¢ € U, so we can apply Lemma 4.3.6 to e; and (.
Lemma 4.3.6 states the existence of an Evans function A for e; with respect to (, or
more specifically there is a probability measure v such that supp(v) C e; and for all
yeer

(4.3) lim h(x) = oo,

T—Y

where h(z) := u,(z,() for all z € Ph,..

Now we will define a harmonic function with the help of A on V such that we can
apply the Maximum Principle 4.3.1. Then we will get a contradiction to our suppo-
sition f(zg) > M. First, we show that h is harmonic on V. We know that ( ¢ V.
Furthermore, V N supp(v) is empty, because supp(v) NV C ey NV = (. Therefore,
V C Pl \(supp(v) U {¢}), and so h is harmonic on V by Example 4.1.6. [BR, Propo-
sition 6.12] tells us that h(z) := u,(z,() is lower semicontinuous on PL_, \{¢}, and so
especially on V which does not contain . Since V is compact, h is bounded below, so
there is a constant B > 0 such that

(4.4) h(z) > —B

for all z € V. For n > 0 we define the function f,(z) := f(x) — nh(z). Since f and
h are harmonic on V, each f, is harmonic on V' as well. We have required that f is
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bounded above on U, so (4.3) implies

(4.5) lim sup fy(z) = lim sup(f(z) — nh(z)) = —o0

Ty Ty
for all y € e;. Our function f is continuous in y and satisfies f(y) = M; for each
y € OV NU. Thus, we have the inequality

(4.6) lim sup fy(z) = lim sup(f(z) — nh(x)) < My +nB
Ty Ty
for each y € 9V NU by Equation (4.4). Because of the disjoint union 0V = e;U(0VNU),
(4.5) and (4.6) state that
lim sup f,, < My +nB

T—Y

for all y € OV. Since f;, is harmonic on V/, the Maximum Principle says that
f77 (.7;) S M 1 + 773
for all x € V. Consequently, we get the following inequality

f(@) = fo(x) + nh(z)
< My +nB + nh(x)
= M; +n(B + h(x))

on V. Letting n — 0, we have f(x) < M; for all z € V. This contradicts our
supposition f(z¢) > M, because zo € V' by the definition of V. Hence, f(z) < M for
all z € U. O

Two nice consequences of the Strong Maximum Principle are the Riemann Extension
Theorem and the uniqueness of the Equilibrium measure.

Corollary 4.3.8 (Riemann Extension Theorem). Let U be a domain and e C U be a
compact set of capacity 0. Then every bounded harmonic function f: U\e — R can be
extended uniquely to a harmonic function on U.

Proof. Since P]%erk is a Hausdorff space, the compact subset e is closed, and so U\e is
open. We have seen in Lemma 4.3.5, that having capacity 0 implies e C P}(K). By
definition, U is connected as a domain. Therefore, U\e is connected as well, i.e. U\e is
actually a domain. To extend f: U\e — R properly, we will show that for each a € e
there is a neighborhood of a in U on which f is constant. We consider an arbitrary
point a € e C P(K). Since a is a point of type I and U is open, we can find a 7 € Rsq
such that D(a,r) C U. Then the ball B := D(a,r)™ is open and connected, B = D(a,r),
and B has a unique boundary point z in Hpek. More precisely, z is the point in Péerk
corresponding to the disc D(a,r).
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4 Harmonic functions

We consider the set V' := B\e. Then

(4.7) OV NPL . \e = 0B = {z}.

Our strategy is to apply Theorem 4.3.7 to f|y. Note that V is a domain, by the
same reasons that U\e is a domain. Additionally, f is harmonic and bounded on
V = B\e C U\e, because we have required that for f on U\e. In particular, f is
continuous in z € U\e. Thus,

(18) i f(@) = £(2).
Set ¢/ := e N AV, then € is also a compact set of capacity 0. By Equation (4.7),
oV \e' = {z}. Equation (4.8) and the Strong Maximum Principle (Theorem 4.3.7 i)
and ii)) imply f(z) = f(z) for all x € V. By setting f(z) = f(z) for all x € eN B, we
have f(z) = f(a) for all z € B. Since such two balls are either disjoint, or they coincide
(cf. Lemma 2.3.1), f is well-defined on the domain U.

By Example 4.1.3, f is strongly harmonic on B as a constant function on B. We have
required that f is harmonic on U\e, so f is harmonic on U = BU U \e.

By the construction of the extension, one can see that it has to be unique, but we also
can verify that explicitly. Let A be a harmonic function on U such that h = f on U\e.
If a € e, we have seen above that there is a r € Ry such that for B := D(a,r)” we
have B C U. Since h— f is harmonic on U, h— f is also harmonic on the domain B C U
which has only one boundary point. Hence, the main dendrite of B is empty, and so
the harmonic function h — f is constant on B by Proposition 4.2.6. Due to e C P1(K),
the set B\e cannot be empty which means that (h — f)(a) =0. Thus, h= fon U. O

Corollary 4.3.9. Let {ai,...,an} C PY(K). Then every bounded harmonic function
on Py, \{ai,...,am}, or on B(a,r);\{a1,...,am} for some open ball B(a,r)., is
constant.

Proof. Let U be P}13erk or an open ball B(a, r)g and f a bounded harmonic function on
U\{ai,...,an}. Clearly, the set e := {a1,...,an} is closed, and so e is compact. By
Lemma 4.3.4, e has capacity 0. So we can extend the function f to a harmonic function
on U by the Riemann Extension Theorem (Corollary 4.3.8). Since |0U| < 1, the main
dendrite D of U is empty in both cases. By Proposition 4.2.6, the only harmonic
function on U are the constant ones. In particular, f is constant on Pll?)erk\{al, ceyQm by
respectively on B(a,r): \{a1,...,am}. O

By the previous results, we can show that the Equilibrium measure, which we have
defined in 4.3.3 iv) is unique.

Corollary 4.3.10. Let E C ]P’]lgerk be a compact set with positive capacity, and let
Ce P]%erk\E. Then the Equilibrium measure pu¢ of E with respect to ¢ is unique.
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4.3 The Maximum Principle

Proof. Suppose p1 and pe are two Equilibrium measures for £ with respect to , i.e.
Ie(n) = Le(pz) = Ve(E) < oo.

Since p; is supported on E, the potential function u;(z) := wu,, (x, () for i = 1,2 is well-
defined on P}, , continuous on Ph,_, \supp(x;), and achieves its minimum at = = ¢
by [BR, Proposition 6.12]. Furthermore, the Frostman’s Theorem [BR, Theorem 6.18]
states that u;(z) < V¢(E) < oo for all z € Ph_, \{¢}, and so u; is bounded above by
Vi(E) for all z € P,,.. Additionally, there is a F, set f; C E of capacity zero such
that u;(z) = Ve(E) for all z € E\f; and u; is continuous on E\ f;. We have seen in
Example 3.2.11 that

(4.9) u; € BDV(Ph,,) and Apr  (ui) = i — O

Let U be the connected component of IP’]lgerk\E containing (. Then U is open and
connected, and so a domain. By [BR, Proposition 6.8], the measures p; are supported
on OU C U N E. Hence, u; € P(OU), where OU is compact because it is closed. Due to
¢ ¢ U, we can consider V¢(9U), and

Ve(0U) = Lomt Ie(v) < I¢(pi) < oo

Thus, QU has positive capacity.

We consider two cases. First, we will assume that ¢ € Hpek, and afterwards ¢ € P! (K).
So let ¢ € Hpek, then the functions u; are bounded below by [BR, Proposition 6.12].
We have already seen that they are bounded above as well. Hence, u: Pﬁerk — R with
u(z) := uy(z) — uz(x) is well-defined and bounded. Furthermore, u is continuous on
U, because the potential functions u; are continuous on Ph_, \(supp(y;)) for i = 1,2,
and U is contained in P§,, \(supp(u1) U supp(u2)). By Equation (4.9), we know that
u € BDV(PS,,,.), and so u € BDV(U), and

API (u) - AIPJ113erk (U1) o APII?)er

Berk

(uz) = (1 — O¢) — (p2 — 0¢) = p1 — pio.

k

Since supp(p;) € OU C U by [BR, Proposition 6.8] and the retraction map rp

o Berk’ﬁ
fixes U, it follows that

(4.10) Ap(u) = (rp

Berk’

(u)) = Apt

Berk

U)*(API

Berk (u) =M1 2
by Proposition 3.1.29.
Consequently, it remains to show Az (u) = 0 to prove py = po.

To do that, we will apply the Strong Maximum Principle. We have already mentioned
that w is continuous on U and contained in BDV(U), so u is strongly harmonic on U
since supp(Ag(u)) = supp(u1 — p2) C OU. Furthermore, we know that u is bounded
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4 Harmonic functions

on U. Let f:= f1 U fo, then f has capacity 0, because

Ye(f) =7 (frU f2) =7 (f1) =0

by [BR, Corollary 6.21]. Since QU has positive capacity, OU\ f cannot be empty. Con-
sider an element z € U\ f C E\f C E\ f;, then u is continuous in z, and

u(z) = (=) — ualz) = Ve(E) — Ve(E) = 0

by the Frostman’s Theorem. Hence, lim,_,, ;e u(z) = 0. We can apply the Strong
Maximum Principle (Theorem 4.3.7) to u two times, and we get that u = 0 on U.
Thus, Az (u) = 0 by [BR, Lemma 5.24].

Now, let ¢ € P}(K). Since u;(¢) = —oo for i = 1,2, u(¢) = u1(¢) — u2(¢) = —oc0 + 0
is undefined. Hence, we consider the function u: P, \{¢} — R with u(x) = u(z) —
ug2(x). By [BR, Proposition 6.12] and [BR, Proposition 6.18], u; is lower semicontinuous
on Ph , \{¢}, so particularly u;(x) # —oc for all z € P, \{¢}, and u; is bounded
above on PL_,. Hence, u is well-defined on P4_, \{¢}. Since U is a domain and ( is
of type I, U\{(} is a domain as well. Again, we try to apply the Strong Maximum
Principle. Differently to the first case, we will apply it to u defined on the domain
U\{¢}. The function u is continuous on U\{(}, because the potential functions u; are
continuous on P§_, \supp(;) and U\{¢} is contained in P§_, \ (supp(p1) U supp(puz)).
By [BR, Proposition 6.12], there exists an open neighborhood V' of ¢ such that u;(z) =
log,(||2,¢||) for @ = 1,2. Thus, u = 0 on V\{¢}. Since P}, \V is compact, the lower
semicontinuous functions u; are bounded below on P§., \V. By Frostman’s Theorem,
the functions u; are bounded above on P, \V C P, \{¢}, and so u is bounded on
PL\V. Thus, u is bounded on U\{¢}.

By Equation (4.9), u € BDV(PL,,, \{¢}), and so particularly u € BDV(U\{¢}). Fur-
ther,

Aﬂmgerk\{c}(“) - Apgerk\{c}(ul) YS! (u2)
= A]P)]13erk (U1) o Apll?»erk (u2)
= H1 — H2.

By the same arguments as in the first case and U\{¢} = U, we have
A () = Ag(u) = — pe,

and supp(Am(u)) C OU. Thus, u is strongly harmonic on U\{(}. Again, we verify
p1 = p2 by showing Ag(u) = 0.

Consider an element z € QU \ f, which exists by the same reasons as above. We know
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that u is continuous in z and u(z) = 0, and so lim,_,, ey u(z) = 0. Additionally,

poiBey @) = i (1 (@) — wal@))
= Jim_ (@) = log, (o, 1) + logy (12, ¢ ) = uaf))
=0

by [BR, Proposition 6.12]. Together, we have

) =0
for each z € O(U\{C})\f = 0U\ fU{(}. Applying the Strong Maximum Principle to u
on U\{¢} and the exceptional set f C (U\{(}) of capacity 0, u =0 on U\{¢}. Thus,

0= A = Ag(u) = — po

by [BR, Lemma 5.24]. Hence, p1 = pe is also true in the second case. O

4.4 Poisson Formula and the Dirichlet and the Neumann
Problem

Let D be a domain in C and ¢: D — R a continuous function, then the Dirichlet
problem (cf. [Ra, Definition 1.2.1]) is to find a harmonic function h on D such that

lim h(z) = ¢(C)

z—(
for each ( € 0D. The Dirichlet problem can be uniquely solved if D is an open disc with
the help of the Poisson formula (cf. [Ra, Theorem 1.2.2] and [Ra, Theorem 1.2.4]).
The Poisson formula in the classical theory says, if a function f is harmonic on an
open disc D = {z € C| |z — 29| > r} C C of radius r and centered in zp, and can be
extended continuously to the closure of this disc D, then for any z € D the value f(2)
can be recaptured only from knowledge of f on 9D (cf. [Ra, Corollary 1.2.6]). The
Dirichlet problem is not generally solvable for domains in C (cf. [Ra, §4.1 p.85]), but if
D is a simply connected domain in the Riemann sphere C, such that Co,\ D contains
at least two points there exists a unique solution (cf. [Ra, Corollary 4.1.8] and [Ra,
Theorem 4.2.1]). In this section, we like to generalize the Poisson formula for a special
class of domains in Pﬁerk and show that the Dirichlet problem is uniquely solvable on
these domains as well. Furthermore, we will formulate the Neumann problem for these
domains, and we will see that the solvability is a consequence of the unique solution of
the Dirichlet problem and the Poisson formula.

If U C P, is a domain with OU = {1, ..., 7y}, then we have the two problems which
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we have mentioned above:

Dirichlet Problem. Given A1, ..., A,, € R, there is a continuous function f: U — R
which is harmonic on U and satisfies

flai) = A
foralli=1,...,m.

Neumann Problem. For given c¢i,...,¢, € R with Y27 ¢; = 0, there exists a con-
tinuous function f: U — R which is harmonic on U and

m

ANou (f) = Ag(f) =Y ciba,-

i=1

4.4.1. Clearly, both problems are uniquely solvable for the domain U = P§_, \{z}
where

T € P]gerk. But these problems are not solvable for any domain U C Péek with
OU = {z1,...,%p}. As an example, consider the domain U = PL \{a1,...,am}
where {a1,...,a,} C PY(K) and m > 2. Assume that there is a continuous function
f: U — R which is harmonic on U. Since f is bounded by the Maximum Principle, f
is constant on U by Corollary 4.3.9, and so constant on U. Thus, there is no solution
for the Dirichlet problem if Ay, ..., A,, are different and no solution for the Neumann
problem if not all ¢y,..., ¢, are equal to zero. If QU = {z1,...,2m} C Hpexk, we will
see that both problems are solvable and the solution is given by the analogue of the
Poisson formula.

Definition 4.4.2. We call a domain U a finite-dendrite domain, if U
i) is either a connected component of Ph, \{z} for some = € Hpe, or
ii) is of the form U = rl?l (I'%) for some finite subgraph I' C Hpek, where I'? := I'\OT'.

Remark. i) In the first case, the unique boundary point of U is x, and hence the
main dendrite of U is empty. In the second case the main dendrite coincides with

o, If
I'= U [xi,xj]
i,j€{1,....m}

for a finite set of points {z1,...,z,m} C Hpex and U = i (T?). We have
oU ={z1,...,xm}.

ii) On the other side, let U be a domain with OU = {z1,..., 2y} C Hpek. If m =1,
U is a connected component of Ph., \{z1}. If m > 2 and

I':= U [xi, :L’j],

/L.7j6{17"'7m}
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then T' is the finite subgraph such that U = rfl(FU), where TV := T'\{z1,..., 2}
is the main dendrite of U.

iii) By [BR, Lemma 2.28] a domain U is a simple domain if and only if U is an
open Berkovich disc or U = rp 1(I‘O) for a non-trivial subgraph I' C Hpgek with
endpoints of type II or III. Thus, the class of finite-dendrite domains contains the
class of simple domains, which are regarded as the basic open neighborhoods in

1
]PBerk .

In the following we consider a finite-dendrite domain V' with 0V = {z1,...,2p} C
Hperk. Before we state the Poisson formula, it is shown that a harmonic function on
V' can be written as a piecewise linear function on a finite subgraph composed with
the corresponding retraction map if |0V| > 2. This description is used in Chapter 5
to verify that Thuillier’s definition of harmonic functions extends the one made in this
chapter.

Proposition 4.4.3. Let V be a finite-dendrite domain in IP)}lgerk with boundary points
Z1y..., Ty € Hperk. Then each harmonic function f on V' belongs to BDV(V') and has
a continuous extension f:V — R.

If |oV| > 2, then N
f=1Fforr
for a function fe CPA(T) and a finite subgraph T of Ph_ ..

Proof. We consider at first the case m = 1. If V has only one boundary point, the
main dendrite is empty and every harmonic function on V is constant by Proposition
4.2.6. We have seen in Example 4.1.3, that f € BDV(V'). Clearly, we can extend f to
a continuous real-valued function on V.

If m > 2, the main dendrite of V' is the interior of the finite subgraph I' := J[z;, ;]
which we denote by I'’. We know by Proposition 4.2.6 that f is constant on each
branch off I'°. Hence, it suffices to show that the restriction of f to each edge of I'? is
affine. If T is a finite subgraph of V contained in I'’, we can find a subdomain U of V
such that U is a finite-dendrite domain with U C V and T is contained in U. Lemma
4.1.7 says that f is strongly harmonic on U, and so f is piecewise affine on r by Lemma
4.1.9. Moreover, Lemma 4.1.9 implies

(4.11) — S def(p) =0

FeT,(I)

for all p € T9. Let S be a vertex set of T, i.e. S contains all endpoints z1, ..., z,, and all
branch points of I'. Let e be an edge of I'\\S. If e is an edge between two branch points
of I, we have seen above that f is piecewise affine on e. Since |T,(I")| = 2 for each
p € T\\S, f has to be affine on e by Equation (4.11). We can choose points y1, ..., Ym
closer and closer to the endpoints z1, ..., z,,, and so the continuous function f has to
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be also affine on each edge e C I'” between an endpoint and a branchpoint by the same
reasons as above. Thus, the restriction of f to each edge of I'V is affine, and so we can
extend f continuously to V. In particular, there is a f € CPA(T) such that

f="For.
Due to CPA(T") € BDV(T'), we have seen in Example 3.2.2 that f € BDV(P},,, ), and
so f € BDV(V) by Lemma 3.1.29. O

Corollary 4.4.4. Every harmonic function on a finite-dendrite domain V' is strongly
harmonic on V.

Proof. If f is harmonic on V', then f belongs to BDV(V') by the previous proposition.
Corollary 4.2.5 implies that f is strongly harmonic on V. O

Definition 4.4.5. Let V be a finite-dendrite domain with 0V = {x1,...,zy}. For
any z € Ph_ ., we define the real (m + 1) x (m + 1) matrix M(z) as

0 1 1
M) = 1 _1ogv(5§m1,:c1)z) —logv(é(:arl,xm)z)
1 —log,(6(zm,x1)z) - —10g,(6(m, Tm)z)

We call that matrix M (z) Cantor matriz relative to z.

Lemma 4.4.6. For every z € Py, the matriz M(z) is non-singular.

Proof. We will show that the matrix M := M(z) has a trivial kernel. Consider a vector
¢=(cg,...,cm)T € R with M= 0. Then

(4.12) d ci=0

and .
co + Y ci(—log,(d(zj,:).)) =0
i=1
foreach j € {1,...,m}. The latter equation is equivivalent to the fact, that the function

f:Ph. . = RU{&o0} given by

m

f(@) = co+)_ci(~log,(d(z,:).))

=1
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satisfies f|sy = 0. By Example 3.2.9, f € BDV(P}_,,) and

Apy (f)=Ap (o) +D ci-Apy  (—log,(d(z,z:)2))
=1
= ¢i(6z; —6.) = ciba,,
i=1 i=1

where the last equation is true by (4.12). Due to Apr (f) =22 cibz, and rpy  (wg) =
er Berk’
x; for each i = 1,...m, we have the identity

V)*(A]P’l (f)) = Apy

Berk Berk

(TJP}Berk, (f)-

Proposition 3.1.29 states that f € BDV(V) and implies

Av(f) - (Tpéerk’v)*(AP%erk (f)) - A]P)]13erk (f) - Z;CZ(SQ:L
Since OV = {z1,...,2m}, we have Ay (f) = 0. The function f is continuous on V' as

the sum of continuous functions, i.e. f is strongly harmonic on V. We have already
seen that f =0 on 9V, so Theorem 4.3.1 ii), the Maximum Principle, says that f =0
on V. Thus, f is constant on V. Hence, Yi"; ¢;0,, = Ap(f) = 0 is true by [BR,
Lemma 5.24], and so ¢; = Ay (f)(z;) = 0 for each i € {1,...,m}. Further, we get

co = f(w) = Y_ci(~log,(8(z,2:):)) =0-0=0

i=1

for any 2 € V by the definition of f, i.e. ¢=0. Thus ker(M(z)) = {0}. O

Theorem 4.4.7 (Poisson Formula, Version I). Let V' be a finite-dendrite domain in
]P’ll_%erk with boundary points x1,...,%y € Hpek. For every Aq,..., A, € R™, there is a
unique solution of the Dirichlet problem which is given as follows:

Fiz 2 € Pk, and let @ := (co,...,cm)T € R™L be the unique solution of the linear
equation M (2)¢= (0, A1, ..., An)T (which is possible by the lemma above). Then

fa) = co+)_ci(—log,(3(x, x:):))
i=1
for every x € V. (This should be understood as a limit, if z is of type [ andx = 2 € V.)

Moreover,
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4 Harmonic functions

Proof. First, we show the uniqueness of a solution. Suppose there are two such functions
f1, f2, then f1— f5 is harmonic on V and f; — fo = 0 on V. By the Maximum Principle
(Theorem 4.3.1ii)), fi — foe=0on V, and so f; = fo.

Now it remains to show that the given formula satisfies all required properties. By
construction, f(x;) = A; for all i = 1,...,m. Proposition 3.2.8 states that the gen-
eralized Hsia kernel 0(x,y), is continuous in every x € IP’]lgerk, and so f is continuous
on V. The function f belongs to the vector space BDV (P}, , ) by Example 3.2.9, and
hence to BDV (V') by Proposition 3.1.29. Furthermore, we know by Example 3.2.9 and
Yt =erl - (M(z)- ) =0, that

m m

j i=1

=1

Apl

Berk

Due to 0V = {z1,..., 2z}, Proposition 3.1.29 implies
m
Av(f) = (D cide,)lv =0,
i=1

i.e. f is strongly harmonic on V, so particularly harmonic. As in Lemma 4.4.6, we

have
m

(f) = Zciazm

i=1

Ay (f) = (rpy

Berk>

v)+(Ap2

Berk

(f)) = Apy

Berk

because AP}% k( f) is supported on OV O

Remark. We also have a similar statement in the general case: If X is a smooth
strictly k-analytic curve and Y an k-affinoid domain in X, then the restriction map
defines an isomorphism from the space of harmonic functions on Y to Hom(9Y,R) (cf.
[Th, Proposition 2.1.12] and [Th, Corollary 3.1.21]).

Remark 4.4.8. With the help of Cramer’s rule, we can give an explicit formula for
the coefficients ¢; for ¢ =0,...,m,

—,

¢i = det(M;(z, A))/ det(M(z)),

where Mz(z,/_f) denotes the matrix which we obtain by replacing the i** column of
M(z) by A := (0,Aq,...,A,)T. By the explicit formula for f in Theorem 4.4.7, we
have the identity

—,

F(2) = co = det(Mo(z, A))/ det(M(2)).

Recall that a strict simple domain is a finite-dendrite domain whose boundary points
are all of type II. The Poisson formula has the following corollaries:

Corollary 4.4.9. If V is a strict simple domain with OV = {x1,...,zy} and [ a
harmonic function on V', then there exist cg,...cy € R and aq,...,an, € P(K) not
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4.4 Poisson Formula and the Dirichlet and the Neumann Problem

contained in 'V such that
flx) =co =Y cilog, ([T — as)
i=1
forallz €V.

Proof. By a change of coordinates, we are allowed to assume that oo is not contained
in V. Setting z := oo, the Poisson formula Theorem 4.4.7 states the existence of
o, .- cm € Rwith 371" ¢; = 0 such that

fla)=co = cilog,(3(z,zi)x)
i=1

for all z € V. We will show that we can find for every x; € OV a point a; ¢ V of type I
such that the path [a;, oo] passes through z; and Vs a; = x Vo x; for all x € V. Since
V is connected and w; is of type II, there is a connected component V; of P§_, \{z;}
such that VNV; =) and oo ¢ V;. The connected component V; is open, and so it has
to contain a point a; of the dense subset P*(K) of P, .. This type I point a; satisfies
the required properties. Hence,

0(2, ;) 0o = diame (T Voo ;) = diamee (T Voo @) = 0(2, a4) 00

for all z € V. By [BR, Corollary 4.2], we have the identity d(z, a;)e0 = [T — aj], on V.
Thus,

flx) =co—Y_ cilog, ([T — ags)
i=1
forall z € V. O

Corollary 4.4.10. The Neumann problem for V is solvable. The solution is unique
up to addition of a constant.

Proof. Proposition 4.4.3 and Theorem 4.4.7 state that every f € H(V) belongs to
BDV(V), has a continuous extension f: V — R, and Aq(f) = Y12, did,, for suitable
d; € R. By [BR, Proposition 5.25], we have

m

(4.13) 0=AFNHV) = d;.

i=1
A(f) := (dy,...,dp) = 0 if and only if Ay (f) = 2% dide; = 0, what is equivalent to
the fact that f is constant on V NHpek by [BR, Lemma 5.24]. Since f is contirLuous on
V, f is constant on V NHpey if and only if f is constant on V. Consequently, O(f) = 0
is equivalent to the fact that f is constant on V.
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4 Harmonic functions

If we have a given vector A= (A1,...,A,)T € R™, we denote the unique solution of
the Dirichlet problem for Ay, ..., Ay, by fz. Then the following map

L:R™ 5 R™
A 3(fy)

is R—linear by the uniqueness of the Poisson formula. Furthermore, one can show that
m
im(L) ={d € R™| » d; =0} =: H.
i=1

To see this, we will determine the dimension of the kernel of L. Suppose that AeRm
with (f ;) = 0. We have seen above that this is equivalent to fact that f; is constant on
V. Hence, A = ... = A,,. But on the other hand, if A eR™with 4 = ... :#Am, then
[z is constant on V' by the Maximum Principle (Theorem 4.3.1 ii)). Hence, 9(f ;) = 0,
i.e. A €ker(L). Thus, we have the identity ker(L) = Diag(R™). Therefore,

dim(im(L)) = m — dim(ker(L)) = m — 1.

By Equation (4.13), im(L) C H, thus the image of L has to coincide with the hyperplane
H. Therefore, for every ¢ = (c1,...,cm)T € R™ with 37, ¢; = 0 there exists a

A= (Ay,...,An)T € R™ such that 5(]’@) = ¢, where f; is the unique solution of the
Dirichlet problem. This means that f := f; is harmonic on V' and continuous on v
with

m

Aoy = Ap(f) =D ciba,.
i=1
If f1, f2 are two harmonic functions on V which are continuous on V and
Ap(f1) =D cibe, = Ap(f2),
i=1

then f1 — fo € BDV(V), f1— f2 is continuous on V and Ag(f1 — f2) = 0. Hence, fi1 — f2
is constant on V NHpek by Lemma 5.24 [BR] and so on V. Consequently, the required
function is unique up to addition of a constant. O

4.5 Poisson Formula and the Equilibrium and the
Poisson-Jensen Measure

Applying the Poisson formula for each boundary point separately will give us a further
description of the solution of the Dirichlet problem. This version of the Poisson formula
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leads to an easier proof of the uniqueness of the Equilibrium measure in special cases.
Moreover, we will define the Poisson-Jensen measure for a finite-dendrite domain V/,
and show that this measure coincides with the Equilibrium measure respectively to
any point of V for the compacts set V. Moreover, the second version of the Poisson
formula enables us to characterize harmonic functions in a further way.

Definition 4.5.1. i) Let V be a finite-dendrite domain with OV = {z1,...,zmn}.
We will call the unique harmonic function on V' with a continuous extension on
V and
hi(x;) = dij,
which is given by Theorem 4.4.7 the harmonic measure for the boundary compo-

nent x; of V.

ii) If V is a finite-dendrite domain with OV = {z1,...,2,,} and z € P}, , we define
the Poisson-Jensen measure fi, ) on V relative to the point z as

Mz vV = Z hz(z)&tz .
=1

4.5.2. By part ii) of the Maximum Principle, we know that 0 < h;(z) < 1forallz € V.
Since part i) of the Maximum Principle says that h; does not achieve an extremum on
V', the inequality has to be strict, i.e.

O<h; <1

on V. Furthermore, h(z) := 37", h;i(x) is harmonic on V and continuous on V with
h(z) = > hi(z) = 1 for all x € OV. Hence, the Maximum Principle part ii) implies

that
> hi=1
=1

onV.

Proposition 4.5.3 (Poisson Formula, Version IT). Let V' be a finite-dendrite domain in
Pl with OV ={x1,...,xm} and Ax,..., Am € R. Then the solution of the Dirichlet
problem f with f(x;) = A; for eachi=1,...,m is given by

for all z € V, where h; is the harmonic measure for x; € V.

Proof. Since the functions h; are harmonic on V and continuous on V by construction,
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4 Harmonic functions

the same is true for the function g(z) := >, A; - hi(z). Moreover,

m

g(zj) =D Ai - hi(x;) = A;
i=1

for all j € {1,...,m}. Thus, the second version of the Poisson formula is a direct
consequence of the uniqueness in the first version of the Poisson formula (cf. Theorem
4.4.7). O

Remark. By Remark 4.4.8, we have
hi(z) = det(My(z,€;))/ det(M(z))

for eachi = 1,...,m, where é; € R™*! is the vector which is 1 in the (i+1)%* component
and 0 elsewhere.

By the second version of the Poisson formula, we can characterize harmonic functions
defined on V. Afterwards, we extend this characterization to harmonic functions on
general open sets.

Corollary 4.5.4. If V is a finite-dendrite domain with OV = {x1,...,2m}, then a
continuous function f: V — R is harmonic on V if and only if

£ = [ f duey
forall z € V.

Proof. Since
[ F diey =3 @hi(z),
ov i—1
the corollary follows directly from Proposition 4.5.3. O

Let U be an open subset in P§_, . Recall that every simple domain is a finite-dendrite
domain. We can characterize harmonic functions on an open set U in the following
way:

Corollary 4.5.5. If U is an open subset of P]%erk and f: U — R is a continuous
function, then f harmonic on U if and only if for every simple subdomain V of U
satisfying V.C U we have

£ = [ f duey
forall ze V.

Proof. The closures of simple domains form a fundamental system of compact neigh-
borhoods for the topology on P]lgerk. The function f therefore is harmonic on U if and
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4.5 Poisson Formula and the Equilibrium and the Poisson-Jensen Measure

only if its restriction to every simple subdomain of U satisfying V' C U is harmonic by
Corollary 4.1.8. Hence, Corollary 4.5.4 implies the claim. O

Now, we will see that the Poisson-Jensen measure p ¢y coincides with the Equilibrium
measure p¢ for 9V relative to (. On the way to that, we need the following lemma,
which gives also a simpler proof of the uniqueness of the Equilibrium measure for oV
relative to (.

Lemma 4.5.6. Let V be a finite-dendrite domain in Ph,,, ¢ € V and v € P(e) for
e:=0V.

i) Then the following is equivalent:

a) I¢(v) =V (e).
b) The potential function

uy () = uy(2,¢) = /—10gv 6(z,y)cdv(y)

18 constant on OV .

i) The Equilibriums measure pic for OV relative to ¢ is the unique probability measure
satisfying these equivalent conditions.

Proof. Since e is finite and contained in Hpek, the set e is compact and has positive
capacity by Lemma 4.3.5. Thus, the Equilibrium measure ;¢ € P(e) exists by [BR,
Proposition 6.6] and is supported on e = 9V by [BR, Proposition 6.8]. Let oV =
{z1,...,2m}, then any probability measure v € P(e) is supported on e = {z1,...,Tm},
ie. v=>", 105 forv; =v(zr;) € R. Hence, Y i v; = V(Pll?)erk) =1land v; = v(x;) >
Oforallt=1,...,m.

At first, we will show that a) implies b). Next, we will use this direction to show that
there is a unique v € P(e) satisfying b). Afterwards, we use this uniqueness to verify
the other direction. Then part i) and ii) are true.

If v € P(e) satisfies a), then v is an Equilibrium measure for e relative to ¢. Since
e C Hperk, every non-empty subset of e has positive capacity. Hence, u,(x) = Vi (e) for
every x € e by the Frostman’s theorem [BR, Proposition 6.18]. Thus, wu, is constant
one=030V.

Let v € P(e) such that statement b) is satisfied. The potential function w, is constant
on JV if and only if

M) (v, ..., vm)t = (i vi,vo +uy (1), .. v 4+ uy(zm))T = (1,0...,0)7
=1

for some 19 € R. By Lemma 4.4.6, M (¢) is non-singular, so there is a unique 7 € R"™*!
such that b) is satisfied. Hence, the probability measure v is unique.
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4 Harmonic functions

To prove the other direction, we will use the just shown uniqueness which we have just
showed. Let v € P(e) such that b) is true. At the beginning, we have seen that there
exists a Equilibriums measure p¢ for e relative to ¢, which is contained in P(e) and
satisfies a) by definition. Hence, b) is true for u¢ by the first direction. Due to the
uniqueness, p¢ has to coincide with v, and so v satisfies a). O

With this lemma we can show that the Poisson measure and the Equilibrium measure
coincide:

Proposition 4.5.7. Let V' be a finite-dendrite domain with OV = {x1,...,zn}, and
let = p, v be the Poisson-Jensen measure for V relative to a point z € V.. Then p is
the Equilibrium measure for OV relative to z.

We will verify that p satisfies condition b) in Lemma 4.5.6:

Proof. For the Poisson-Jensen measure p = > 1" hi(2)d,, the potential function

m

up(a) = [ ~10g,(8(2.y):) dply) = 3 ~log, (6(z.w:).) - hu(2)

=1

is continuous on V since the generalized Hsia kernel 6(z,y), is continuous in z by
Proposition 3.2.8. We have seen in Example 3.2.11 that u,(z) € BDV(P},,.) and

A(uy) = p—6,. By Lemma 3.1.29, u, belongs to BDV(V'), and so u,, € C(V)NBDV(V).
Further,

(4.14) Ay (up) = rip (0 —02) = p — 0.

due to x1,...,m, 2 € V. Set v; = 6, — d,, for i = 1,...,m, then v; is a finite signed
Borel measure on V such that v;(V) = 0. By [BR, Proposition 5.28], there is a one-
to-one correspondence between finite signed Borel measures of total mass zero on V
and functions h € BDV(V) modulu constant functions. Thus, there are f; € BDV(V),
which are unique up to additive constants, such that

(4.15) Ay (fi) = vi

for i = 1,...,m. Since v; is supported on 9V for all i = 1,...,m, the functions f;
are all strongly harmonic on V. We have seen in Proposition 4.4.3 that any strongly
harmonic function h on the finite-dendrite domain V' can be extended to a continuous
function on V. So we can extend the function f; such that f; € C(V) N BDV(V) for

each i = 1,...,m. Above we have showed that u, also belongs to C(V)) N BDV (V).
Therefore, the following integrals exist and coincide by [BR, Corollary 5.39]

(4.16) /VfiAV(Uu) = /VUMAV(JC@')-
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Let t =1,...,m, then

wu(x;) — uy(zr) = /Vu“ dv; = /V“#Av(fi)

by the definition of v; := §,, — J;, and Equation (4.15). Applying (4.16) and then
(4.14), leads to the identity

) = wlen) = [ i) = ([ fi dn) = £62)

Finally, we have w,(x;) — uy(z1) = 0 for each i = 1,...,m by Corollary 4.5.4. Thus,
u,, is constant on OV O

Remark. i) One can generalize the last Proposition for an arbitrary domain U if
you require that QU has positive capacity. The proof of this generalization uses
Green functions, and can be found in [BR, Proposition 7.43].

ii) By Proposition 4.5.7 and the proof of Lemma 4.5.6, i, is the unique measure
1 supported on JV such that

(4.17) M(2)(po, (1), . ()T = (1,0,...,0)7 € R,

for some pp € R.

The last Remark and Cramer’s rule provide a further explicit formula for the harmonic
measure h;:

Corollary 4.5.8. Let M;(z) denote the matriz obtained by replacing the it" column of
M(z) by (1,0,...,0)T € R™*L. Then the harmonic measure hi(z) for x; € OV is given
by

hi(z) = det(M;(z))/ det(M(z))

foreachi=1,... m.

Proof. Let p denote the Poisson-Jensen measure which is given by p = 1% hi(2)dg,.
So we have h;(z) = pu(x;), and Equation (4.17) implies the formula. O

4.6 Uniform Convergence

In the complex potential theory, it follows immediately from Poisson formula that the
limit of a sequence of harmonic functions on a domain which are converging locally
uniformly is a harmonic function on the domain (cf. [Ra, Corollary 1.2.8]). In this
section, we will see that this is also true in the potential theory on P4, , even under
a much weaker condition than is required classically. This fact is, as in the classical
theory, a direct consequence of the Poisson formula. In Section 4.4, we have seen that
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4 Harmonic functions

every harmonic function on a strict simple domain can be described by functions of the
form log, ([T" — a;];) for a; € K. At the end of this section, we extend this description
to a harmonic function on an arbitrary domain using uniform convergence.

Proposition 4.6.1. Let U be an open subset of Ph,,. and f1, f2, ... harmonic functions
on U converging pointwise to a function f: U — R. Then f is harmonic on U, and
the f; converge uniformly to f on compact subsets of U.

Proof. Consider a x € U, then we can choose a simple domain U, containing x such that
U, C U. The functions f;, are harmonic on U, C U by Lemma 4.1.7 and continuous on
U, because they are continuous on U by definition. Note that every simple domain is a
finite-dendrite domain. Let OU, = {x1,...,Zy}. The uniqueness in the second version
of the Poisson formula, Proposition 4.5.3, implies that for each k£ > 1 the function fj
is given in the following way

fr(2) =) fulzi)hi(2)
i=1

for all z € U,. We have required that the sequence f} converges pointwise to a func-
tion f on U, so fr(z;) converges to f(z;) for each i = 1,...,m. Hence, fr(z) =
S fr(mi)hi(2) converges uniformly to f(z) = Y f(z;)hi(z) on U,. The first ver-
sion of the Poisson formula, Theorem 4.4.7, states that the harmonic measures h; are
strongly harmonic on U, and so f is strongly harmonic on U, as well. Thus, f is
harmonic on U.

Every compact set £ C U can be covered by finitely many domains U,. Therefore, the
sequence f1, fa,... converges uniformly to f on E. O

Corollary 4.6.2. If U is a finite-dendrite domain, a sequence of harmonic functions
f1, fo, ... converges pointwise to a function f: U — R if and only if the sequence f;
converges uniformly to f.

Proof. As we have seen in the proof above, fr(z) = S/, fr(z;)hi(z) on U, where
oU = {x1,...,zy}. Since fr converges pointwise to f, the sequence fi converges
uniformly to f(x) = >, f(zi)hi(2) as well. O

With the help of Corollary 4.4.9 we can describe a harmonic function on a domain in
the following way:

Proposition 4.6.3. If U is a domain and f is harmonic on U, there are rational
functions g1(T), g2(T), ... € K(T') and rational numbers Ry, Ra, ... € Q such that

flw) = lim Ry -log,([9x]z)

uniformly on compact subsets of U.
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Proof. If the main dendrite of U is empty, the harmonic function f on U is constant
by Proposition 4.2.6. Let ¢ € R such that f = con U. Since Q C R is dense, there is a
sequence (Ry)ken C Q such that

k—o0

for all x € U. Let « be a constant in K such that |a| = ¢y, then the claim is true with
gr =« for all k € N.

Now we assume that the main dendrite is non-empty. Therefore, we can change co-
ordinates if co € U, and so we are allowed to assume that oo is not contained in the
domain U. By Corollary 4.2.4, we can consider an exhaustion (Uy)r>1 of U, where Uy
are strict simple domains and Uy C U for k > 1, and each f; is harmonic on U by
Corollary 4.1.8. Let OU, = {2k 1,...,Tkm,}, then by Corollary 4.4.9 for each k > 1
there are cgp, ..., Chm, € R with Y7 ¢x; = 0 and points ay 1, .. ., Gk m, ¢ Uk of type
I such that

f(@) =coo— Y crilog, ([T — ag,la)
=1

for all € Uy.

At next, we will construct a sequence (fx)r>1 of functions on U converging uni-
formly to f on compact subsets of U. Afterwards, we will verify that these func-
tions coincide with the functions in the claim. First, we show that the function
hii(x) = log,(0(x, ak,i)e) = log,([T — ak;]s) is bounded on Ug. The last iden-
tity is true by [BR, Corollary 4.2]. The function is continuous by [BR, Proposi-
tion 4.1]. Since ay; ¢ Uy and oo ¢ Uy, = Voo ap; cannot be a point of type I.
Hence, 6(z,ay ;)00 = diameo(® Voo ag;) € Rsg, ie. hy; is real valued on Uy for each

i = 1,...,mg. Thus, log,(d(z,ak;)s) is bounded on the compact set Uy by con-
stants Ap;. Set Ay := max;—1,. m, Ak, and choose rational numbers dj; such that
Zﬁkl d]m' = 0, and ‘dkﬂ' - C]w“ < m for i = 1,...,mg, and |dk’0 - Ck70| < i
Define

my
fr(@) ==dro — Y dpihii(x),

i=1
then

[fe(@) = f(@)] = ldio — Y diihii(x) — cko+ D chihii(z)]

i=1 =1

my,
< |dio — crol + Y ki — il - [hiei(2)]
=1

B VI
2%k ROk Ne me -2k Kk
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for each x € Ug. Further, |f,(z) — f(z)] < 1/n < 1/k for all n > k since Uy C U,.
Therefore, the sequence (fxy1)ien converges uniformly to f on Uy for all k£ > 1. Thus,
(fx) converges uniformly to f on compact sets of U. It remains to show that the
sequence ( fx) has the form from the claim. Let Ny be the common denominator for the
dj; and put ng; = Ni-dy; € Z. Then we can find a constant by, € K with |by| = g 0.
Setting

mg
gi(T) = by - [[(T = ags)™,
i—1

we get the following identity on U}

fo(@) = dpo — Y diilog, ([T — argl.)

i=1
1 > N
=—— (—ngo+ > _log, ([T — aple""))
Ny i=1
1 ﬁ —ny i
= ——(log, (][ ¢ ™ - [T = axilz""))
Nk i=1
1 ﬁ .
= —— (log, (] [[bx]e - [T — ar]z""))
Nk i=1
1

= N (log,, ([gk])-

4.7 Harnack’s Principle

In the classical potential theory we have Harnacks’s principle which describes the be-
havior of an ordered sequence of harmonic functions on a domain in C,, where C,
is the Riemann sphere. The principle says that either the sequence converges locally
uniformly to oo, or it converges locally uniformly to a harmonic function on the do-
main (cf. [Ra, Theorem 1.3.9]). In this section, an analogue of Harnack‘s principle is
given. Note that we do not require that the sequence has to be non-negative as in [BR].
To prove the principle we will first give an analogue of Harnack’s inequality, which is
needed in the classical theory as well.

Lemma 4.7.1 (Harnack’s Inequality). Let U C PL_, be a domain. Then for each
zo € U and each compact set X C U, there is a constant C = C(xg, X) such that for
any harmonic function h which is non-negative on U

(4.18) (1/C) - h(zo) < h(z) < C - h(zo)
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is satisfied for oll x € X.

Proof. If the main dendrite D of U is empty, h = h(xzg) on U. Thus, Harnack’s
inequality (4.18) is true for all C' > 1. So we may assume that D # (). If h(zg) = 0,
our harmonic function A is achieving a minimum on U since we have required that h is
non-negative. Hence, the harmonic function h has to be constant with A =0 on U by
the Maximum Principle. Again, the Inequality (4.18) is true for all C' > 1. Therefore, it
remains to consider the case where D # () and h(x¢) > 0. We have seen in Proposition
4.2.6, that there is a point w € D such that h(w) = h(zg), so we may assume that xg
is contained in the main dendrite D.

We start with the upper bound in (4.18). Let p(x,y) be the logarithmic path distance
on IP’}Berk. By Proposition 4.2.3, the main dendrite D is finitely branched at every point
p € D, i.e. there is an £ > 0 such that the closed neighborhood of p in D defined by
['(p,e) = {z € D| p(z,p) < e} is a star. This means that I'(p, ) is the union of n closed
segments of length € emanating from p for some n > 2,

C:

L(p,e) = UlIp, al;

1

%

where ¢; are the endpoints which can be written as ¢; = p+¢cv; fori =1,...,n. We take
¢ as large as possible such that € < 1. As in the proof of Proposition 4.4.3, the harmonic
function A is linear on each of the segments [p, ¢;] and Ar, ) (h)(p) = — > dsh(p) =
0. Consider a point x = p + ¢ - 0; € [p, ¢;]. Since the restriction of h to each segment is
linear, the one-sided derivatives can be written as

dv_i(h) - c - t
Hence,
0:Zd3(h):h( ™)~ +Z ho),
j=1 J#i

This equality and the fact that h(g;) > 0 for each j € {1,...,n} imply the following
inequality

h(z) = — (Z Maw) 1) - h(p)) -t + h(p)

i

<> hp)- - + h(p)
JF#i

< (n—1)h(p) + h(p)

=h(p)-n

So h(x) < Cp-h(p) for each z € I'(p, €) where C), := n. Now we will use the compactness
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4 Harmonic functions

of X to get the upper bound for all z € X. Since X is compact, there is a finite subgraph

I" of D such that the retraction of X to D is contained in the interior of I'. This means

there exists a finite subgraph I' C D such that 7,1  5(X) C I'%, where T'? denotes the
Berk’

interior of I'.
If ¢ is not in contained in I', we can consider the union of the segment [zq, rr(zg)] and

I" instead of I". Since I' is compact, there is a finite number of stars which cover T, i.e.
' c U2, T (pi,e;). Starting at the point p = xg € I' and proceeding stepwise, we get

h(zp) < C - h(x)

for all x € I', where C := [[;Z; Cp,. Since h(z) = h(rp
Proposition 4.2.6, the upper bound holds for all x € X.

For the lower bound, let {x1,...,%,,} be the set of endpoints of T'. Then UR := r*(T'?)
defines a subdomain of U with OUR = {z1,...,2m,}. Let Cr; be the constant which
we have constructed above satisfying h(z) < Cr; - h(x;) on I and so on X, for each
i=1,...,m. Taking C}. := max;—1__m, Cr;, then

5(x)) for each z € X by

for each ¢ = 1,...,m. Since h is harmonic on U and Uilg C U, h is harmonic on UIQ and

continuous on Uiro. Thus,
min(h(z1),...,h(zm)) < h(zx)

by the Maximum Principle for each z € Uilg. Asrp  5(X) CTO,

Berk’

rP}Berk’F<X) = Tﬁ,F(TP]lgerk’B(X)) C FO’

and so X C Uilg. Altogether,

h(zg) < CL- min h(x;) < Cp - h(x)

i=1,....m
for all x € X. Putting C' := max(Cr, C[.), we have
(1/C) - h(zo) < h(x) < C - h(zo)
for all z € X. O

Theorem 4.7.2 (Harnack’s Principle). Let U C Pk, be a domain and fi, fa,...
harmonic functions on U with f1 < fo < .... Then either

i) lim; o0 fi(x) = 00 for each x € U, or

it) f(z) = lim;eo fi(x) is finite for all x € U, the f; converge uniformly to f on
compact subsets of U, and f is harmonic on U.
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4.7 Harnack’s Principle

Proof. First, we consider the case of a non-negative sequence 0 < f; < fo < ...
Suppose that i) is not true, i.e. there is some xg € U such that lim;_,~ fi(zo) is finite.
Then for any = € U, we can apply Lemma 4.7.1 to the compact set X := {z} C U.
Thus, there is a constant C' such that

(1/C) - fi(zo) < fi(x) < C - fi(xo)

for all ¢ = 1,2,.... Since the sequence f; is bounded in zg, it is also bounded in our
arbitrary x in U. Hence, the increasing sequence (f;) converge pointwise to f with
f(z) = lim;_, fi(z) < oo for each x € U. We have seen in Proposition 4.6.1, that f is
harmonic on U and the f; converge uniformly to f on compact subsets of U.

Now, let a f1 < fo < ... be a sequence of harmonic functions on U which is not forced
to be non-negative. Then we can apply the first case to the sequence

0<fo-fAZfa—fi<...

of harmonic functions on U. Since fi(z) € R for each x € U, we either have lim; o, fi(z) =
oo for all z € U, or f(z) = lim;_,o fi(x) is finite for all z € U as well. For the rest
of the proof, there was no need to be non-negative. Thus the claim is also true in the
arbitrary case. O

Remark 4.7.3. If lim;_, fi(x) = oo for each x € U, then the f; converge uniformly
to oo on compact subsets of U as well. This is a direct consequence of Harnack’s
inequality.

Remark. In the general case, Harnack’s principle can be found in [Th, Proposition
3.1.2].
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5 The link to smooth functions on analytic
curves

In this chapter, we consider smooth functions and try to link it with harmonic func-
tions. Antoine Chambert-Loir and Antoine Ducros introduced smooth functions on
Berkovich analytic spaces and defined differential operators d’ and d” for them in [CD].
In particular, we study smooth functions and the operators d’ and d” on the analyti-
fication of an algebraic variety X over K following Walter Gubler in his paper [Gu].
This raises the question of whether there is a link between harmonic functions and
smooth functions which belong to the kernel of d’d”. Thuillier introduced in [Th] har-
monic functions on an arbitrary strictly analytic smooth curve X and stated in [Th,
Théoreme 2.3.21] two explicit conditions in which all harmonic functions are locally
given by functions of the form log|f| where f € O%. This result has led to establish
a connection between smoothness and functions of the form log|f| where f € O% in
Chapter 5.2. We will see that a function is smooth and belongs to the kernel of d'd”
if and only if it can be locally written as a linear combination of the just mentioned
functions. If X is the projective line IP’}O the same can be shown for harmonic functions
using some results from Chapter 4. Hence, the harmonic functions on Pk, coincide
with the smooth functions contained in ker d’d”. To find an answer in the general case,
i.e. the analytification of a smooth algebraic variety X, we introduce Thuillier’s defini-
tion of harmonic functions in Chapter 5.3, show that his definition is an extension to
the one made in Chapter 4 and give the proof of [Th, Théoreme 2.3.21]. At the end,
we construct a smooth algebraic curve X over K such that one can find an open subset
W of X" and a harmonic function on W which is not smooth.

5.1 Differential forms and smooth functions on X"

In this section, we consider an algebraically closed field K endowed with a non-trivial
complete non-archimedean absolute value | |. Let X be an algebraic variety over K,
i.e. X is an irreducible separated reduced scheme of finite type. To define smooth
functions on X?" we introduce differential forms on the algebraic variety X. First,
we recall (p, q)-superforms on open subsets of R” which were introduced originally by
Lagerberg in [La, §2]. This theory of superforms leads to superforms on polyhedral
complexes developed in [CD]. With the help of Bieri-Groves one can give a definition
of differential forms on algebraic varieties (cf. [Gul3]). We will see that a differential
form of bidegree (0,0) defines indeed a continuous function f: X*" — R, and so we
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5 The link to smooth functions on analytic curves

can define smooth functions as differential forms of bidegree (0, 0).

Definition 5.1.1. i) Let U be an open subset of R", then a superform of bidegree
(p,q) on U is an element of

AP := C®(U) @r APR™ @p ATR™.

If we choose a basis x1,...,x, of R", a superform « of bidegree (p,q) can be
written as
o= Z Oé[]d/SU[/\d“l'J
[|=p,|J|=q
where I (resp. J) consists of i1 < -+ < iy (resp. j1 < -+ < jg) Withii,...,dp, j1,...,7q €

{1,...,7r}, arg € C®°(U) and
derNd'xy = (dogy A Ndag,) @ (daj, A--- Ndaj,).

There is a natural alternating wedge product AP4(U) x AP (U) — AP+P-a+d (1))
with (o, B) — a A S.

ii) There are differential operators d’': AP4(U) — APTH4(U) given by

da= > Y %1 o A 'y n ey,

‘ T
[I|=p,|J|=qi=1 ~""

and d": AP9(U) — AP9L(U) given by

T
ox
d'a = Z Z &L‘U d":cj NdxrAnd'xy.
\I|=p,|J|=qj=1 7

Remark 5.1.2. Within the context of this thesis we are interested in the composition
d'd": A%O(U) — AV (U). Hence, we will just work with A%0(U) = C>(U), AY(U) =
C™(U) @g R™, A%Y(U) = C*(U) @ R™, and A (U) = C®°(U) @r R™* @ R™. In
particular, the differential operators are given for any f € A%9(U) = C*(U) as follows

~ Of ~ Jf
r e /L "y _ A/
df—;axidxz, d"f Zaxjd j,
= 7j=1
and hence
2
(5.1) dd'f= Y 88 g dz; @ d"z;.
ije(L.ry TioTi

Recall, that the linear map dz;: R™ — R sends v = Y j_; Agzk to the coefficient \;
respective to the basis x1, ..., x,.
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5.1 Differential forms and smooth functions on X"

Lemma 5.1.3. Let U C R" be an open set and f € C°(U). Then f is affine on U if
and only if d'd" f = 0.

Proof. This is a direct consequence of Equation (5.1). ]

Next, we will define superforms on polyhedral complexes following [Gul3, §3] which
are used later for the definition of differential forms on algebraic varieties.

Definition 5.1.4. i) A polyhedron in R" is the intersection of finitely many half-
spaces H; := {w € R"|(u;,w) < ¢;} with u; € R™™.
ii) A polyhedral complexr € in R” is a finite set of polyhedra in R" satisfying the
following two properties:
a) If 7 is a face of a polyhedra o € €, then 7 € €.
b) If o,7 € €, then o N7 is a closed face of both.
Definition 5.1.5. Let % be a polyhedral complex in R".

i) We say that ¢ is of dimension n if the maximal dimension of its polyhedra is n.
€ is called pure dimensional of dimension n if every maximal polyhedron in &
has dimension n.

ii) The support |€| of € is the union of all polyhedra in &.

iii) Let o € €, then A, denotes the affine space which is spanned by o and L, denotes
the corresponding linear subspace of R".

iv) An open subset Q of |¢] is called polyhedrally star shaped with center z if there is
a polyhedral complex Z such that €2 is an open subset of 2 and for all maximal
o € 2 the set 0N is star shaped with center z in the sense that for all x € o N2
and for all ¢ € [0, 1] the point z +¢(z — z) is contained in 0 NQ (cf. [Je, Definition
2.13]).

Definition 5.1.6. Let % be a polyhedral complex and € an open subset of |¢|. Then
a superform a € APY(Q) of bidegree (p,q) on ) is given by a superform o/ € AP4(V)
where V' is an open subset of R” with V N |%¢| = Q. Two forms o/ € AP4(V) and
o € APU(W) with V N [€| =W N|%€| = Q define the same form in AP7(Q) if we have
for each 0 € ¥

(& (2);01, ..y vp, w1, .. wg) = (& ()5 01,0y Upy W, - -, W)

forallz € oNQ, v1,...,vp,w1,...,wq € Ly. If this is true, we say that the restrictions
d/|, and |, agree. If o € AP1(Q) is given by o/ € AP4(V') we write
o =a.

5.1.7. Let F : R” — R" be an affine map. If ¢’ is a polyhedral complex of R™ and
% a polyhedral complex of R” with F(|¢”|) C |%|, then the pullback F* : AP9(|%€|) —
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5 The link to smooth functions on analytic curves

AP9(|%"]) is well-defined and compatible with the differential operators d’ and d”.
Hence, we have also differential operators d’ and d” on AP4(|%|) given by the restriction
of the corresponding operators on AP4(R").

To introduce (p, q)-forms on X?" we first recall the analytification of X and define
tropical charts of X2".

Definition 5.1.8 (Analytification of X). Let U = Spec(A) be an open affine subset
of X, then let U*" be the set of all multiplicative seminorms on A extending | | on
K, endowed with the topology generated by the functions U*" — R; p — p(a) with a
ranging over A. By glueing, we get a topological space X" which is connected locally
compact and Hausdorff. We can endow it with a sheaf of analytic functions leading to
a Berkovich analytic space over K which we call the analytification of X. We refer to
[Be] for a more detailed definition and the fundamental properties of X?".

5.1.9. If ¢ : Y — X is a morphism of algebraic varieties over K, we get an analytic
morphism
(703‘11 . Yaﬂ — Xan

induced by composing the multiplicative seminorms with ¢ on suitable affine open
subsets.

Definition 5.1.10. Let T' := Gj, be the split multiplicative torus of rank r with
coordinates z1, ..., z.

i) We define the tropicalization map by

trop: T%" - R", p+— (—logp(z1),...,—logp(z)).

ii) Let Y be a closed subvariety of T. The tropical variety associated to 'Y is defined
by
Trop(Y) := trop(Y*").

Remark 5.1.11. The tropicalization map is continuous.

Definition 5.1.12. Let U be an open subset of the algebraic variety X.
i) A moment map is a morphism ¢: U — Gj,,.

ii) The tropicalization of ¢ is defined by

Ptrop = trop o @ U™ — R".

iii) Let U’ C U be another open subset of X and ¢': U’ — G’ a moment map. We
say that ¢ refines ¢ if there is an affine homomorphism of tori (i.e. a group
homomorphism composed with a multiplicative translation) : (Gf,; — G, such
that ¢ = o ¢’ on U’.
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5.1 Differential forms and smooth functions on X"

Remark 5.1.13. If a moment map ¢': U’ — G% refines a moment map ¢: U — G,
the map ¢: G, — G’, from above induces an affine map Trop(1)): R” — R’ with
Ptrop = TFOP(?/’) o Soérop on (Ul)an'

Definition 5.1.14. If U is an open affine subset of X, one can construct a canonical
moment map @y which is canonical up to multiplicative translation by an element of
Ty(K) and coordinate change: The abelian group My := O(U)*/K* is free of finite
rank by [Sa, Lemme 1] and we choose representatives ¢1, ..., ¢, in O(U)* of a basis.
Due to

HomK,SCh(U, G:n) = HomK,Alg_ (F(Grm, OG%), F(U, OU))
= Homp_alg. (K[zfd, e zﬁ[l], I'U, Oy))
= (I'U, 0v)™)",

this leads to a moment map ¢ : U — Gj,. We will write Ty for the canonical tori G}, .
By construction, ¢ refines all moment maps of U.

Definition 5.1.15. An open subset U of X is called very affine if U has a closed
embedding into a multiplicative torus.

Remark 5.1.16. The very affine open subsets of X form a basis for the Zariski topol-
ogy. If U is a very affine open subset of X, the canonical moment map ¢y from 5.1.14
is a closed embedding. These properties are stated in [Gul3, 4.13].

Definition 5.1.17. i) For a very affine open subset U of X we define

tropy 1= (@U)tmpa

and
Trop(U) := tropy (U™).

ii) A tropical chart (V,py) on X?" consists of an open subset V' of X*" contained
in U?" for a very affine open subset U of X with

V = trop; ' (Q)

for some open subset Q of Trop(U).
iii) We say that the tropical chart (V' ¢yr) is a tropical subchart of (V,py) it V! C V
and U' C U.
Remark. i) If (V,p) is a tropical chart on X?" as in the definition above, tropy (V') =
2 is open in Trop(U).

ii) The tropical charts form a basis of X?", i.e. for every open subset W of X?" and
for every element x in W there is a tropical chart (V,¢y) such that z € V.C W
(cf. [Gul3, Proposition 4.16 a)]).
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5 The link to smooth functions on analytic curves

With the help of Bieri-Groves, we can introduce differential forms on algebraic varieties:

Proposition 5.1.18. If X is an algebraic variety of dimension n over K and U is
a very affine open subset of X, then Trop(U) is the support of an R-affine polyhedral
complex of pure dimension n.

Proof. A reference and further explanations are given in [Gul2, Theorem 3.3]. O]

5.1.19. The last proposition allows us to consider a superform o € AP?(trop;(V')) for
a tropical chart (V,py) of X2, Let (V’,¢ps) be another tropical chart of X2 then
(VN V' punur) is a tropical subchart of both by [Gul3, Proposition 4.16]. We get a
canonical homomorphism Yy yny: G;, — Gj, of the underlying tori with

YU = Yu,unu’ © PunU

on UNU’ and an associated affine map Trop(vy,np7): R® — R” such that

tropy = Trop(Yu,unu) © tropyny

and the tropical variety Trop(U N U’) is mapped onto Trop(U) (cf. [Gul3, 5.1]). We
define the restriction of a to tropyqg(V NV') as

Trop(Yuunu ) e € APA(tropyqg (V NV'))
and write o|yayr.

Definition 5.1.20. i) A differential form « of bidegree (p,q) on an open subset W
of X" is given by a covering (V;);c; of W by tropical charts (V;, ¢p,) of X** and
superforms a; € AP4(tropy, (V;)) such that

ailviny; = ajlviny

for every i,j € I.
If o is another differential form of bidegree (p, ) on W given by o, € AP4(tropy: (V/))

with respect to the tropical charts (V}/, ¢y7) covering W, then we consider o and

o’ as the same differential forms if and only if
i _ /
Oéz|vmvjf = aj|vimvjf

for every i € I and j € J.

ii) We denote the space of (p, ¢)-differential forms on an open subset W of X" by
APYW).

iii) If @ € AP9(WW) is given by a covering of tropical charts (V;, ¢y,) and superforms
o; € APA(tropy, (V;)), then we define d'a resp. d”a to be given by (V;, y,) and
the superforms d'o; € APTH4(tropy;, (Vi) resp. d’a; € AP (tropy;, (V5)).
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5.2 The link between the presheaf log |O%| and smooth functions

Remark 5.1.21. Let f be a differential form of bidegree (0,0) on an open subset W
of X?". Then f: W — R is a well-defined continuous map.

Proof. If f is given by a covering (V;, v, )icr of W and f; € ono(tropUi(Vi)), then

[ = fiotropy,

on V; for every ¢ € I. Consider an arbitrary x € W which is contained in charts V; and
V;. We have seen in 5.1.19 that

tropUi = Trop(ininmUj) o trOpUiﬁUj
and
tropy, = Trop(Yu;,u;n0;) © tropy,qu,

We have required in the definition of differential forms that f;|v;nv, = filviny;, i-e.

fio Trop(qu)UiinmUj) = fj © Trop(¢ijUimUj)'

Hence, fi(tropy,(z)) = fj(tropy,(2)). Thus, f(z) is independent of i € I, and so f is a
well-defined function on W. Further, f is continuous in every x € W as a composition
of continuous functions. O

Definition 5.1.22. Let W be an open subset of X", We denote the space of smooth
functions on W by C®(W) := A%O(W).

5.2 The link between the presheaf log |Ox| and smooth
functions

Again, we consider an algebraically closed field K endowed with a non-trivial complete
non-archimedean absolute value | |. Let X be an algebraic variety over K of dimension
n. The goal of this section is to give a connection between smooth functions defined in
Chapter 4.1 and functions of the form log |f|: X** — R for a f € O%. We will see that
smooth functions in the kernel of d’d” can be written locally as a linear combination
of functions in log |O%|. Further, we show that log|f| is smooth and contained in the
kernel of d’d” for each f € O%.n.

Lemma 5.2.1. Let W be an open subset of X*® and f € C®°(W), then f € kerd'd"” if
and only if for every x € W there is a tropical chart (V,py) withx € V.C W such that

f = gotropy

on 'V for an affine map g: R™ — R where Ty = G,
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5 The link to smooth functions on analytic curves

Proof. We assume that f belongs to the kernel of d’d” and consider an arbitrary x € W.
Due to f € C*°(W), we can find a tropical chart (V,¢r) of X** such that x € V. C W
and f = g otropy on V for a superform g € C*(trop;(V)). The neighborhood V' of
x has the form tropal(ﬂ) for an open subset 2 of Trop(U) C R" which is the support
of a polyhedral complex of pure dimension n. In particular, we have tropy (V) = Q.
We can choose the tropical chart in the way that trop;; (V') is polyhedrally star shaped.
We may assume (by translation) that the centre is the origin. Since we have required
that f belongs to the kernel of d’d”, [Gul3, Proposition 5.6] implies that d’d”g = 0 in
AbL(tropy; (V). Hence, g is affine on each polyhedron in tropy (V). Let o be such a
polyhedron in trop; (V) and v a vector in L,. The function ¢g comes from a smooth
function on an open set of R", so the linear map Dg: R” — R satisfies Dg(0)(v) =
0g/0v. We have seen above that g is affine on o, so g is given by g(v) = dg/0v + ¢(0)
on 0. Thus, g coincides with the affine map Dg + ¢(0) on tropy (V).

The other direction is a direct consequence of the definitions and Lemma 5.1.3. 0

Remark 5.2.2. Let U be a very affine open subset of X and f € Ox(U)*, then the
morphism ¢: U — Gl obtained by the map K[z*'] — Ox(U); z + f is refined by
the canonical moment map ¢y. By Remark 5.1.13, there is an affine map ¥: R™ — R
such that log|f| = trop o " = —W o trop;; on U*". Hence, log|f|: U*" — R is smooth
and belongs to ker(d'd").

For the analytification X?" of the algebraic variety X one obtains a morphism of locally
ringed spaces from X?" to X. If U is an open affine subset of X this morphism leads to
an injective map Ox (U) — Oxan(U?") (a description of the structure sheaf Oxan can
be found in [Th, Remarque 2.1.11]). In the following we therefore give a generalization
of the previous Remark.

Proposition 5.2.3. Let W be an open subset of X*" and f € Oxan(W)*, then the
function log |f|: W — R is smooth and belongs to kerd'd”.

Proof. Let f € Oxan(W)* and set T := Gl. Then f defines the analytic morphism
@: W — T which is locally given by x — (F + |F(f)|2), and satisfies (tropop)(z) =
—log |f(z)|. [Gul3, Proposition 7.2] states that for every x € W there is a very affine
open subset U of X with a moment map ¢': U — T and an open neighborhood V' of
z in U N'W such that trop o ¢ = ¢y, on V. The canonical moment map @y refines
¢ U —T,ie ¢, = Trop(y) o tropy on U™ for an affine map Trop(y)). Thus,

—log | f| = Trop(¥) o tropy

is satisfied on an open neighborhood of z. Therefore, we can find a covering of W by
tropical charts (V;, ¢y,) such that log|f| = f; o tropy, on V; for f; € AO’O(tropUi(Vi)),
and so the function log|f| is smooth on W. Moreover, Lemma 5.2.1 tells us that
—log | f| belongs to ker(d'd”). O
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5.3 The link between the presheaf log |0%| and harmonic functions

Theorem 5.2.4. Let W be an open subset of X**. A function f: W — R belongs to
the kernel of d'd": C®(W) — ALYY (W) if and only if for every x € W there is an open
neighborhood V' of x in W and an open subset U of X with V C U such that

f=>"Xilog|fil
i=1
on V where f1,...,fr € Ox(U)* and \1,..., A\ € R.

Proof. If f € kerd'd” € C°°(W), then for every x € W there is a tropical chart (V, pp)
such that

f = gotropy
on V for an affine map g: R — R by Lemma 5.2.1. Due to the definition of the
canonical moment map, there are fi,..., f, € Ox(U)* such that

f=go (_10g|f1|7"'7_10g|f1”|)

on V. Since g is affine, f is of the form Y ;_; A\;log|fi| + C for A\; € R and a constant
C € R. The absolute value | | is non-trivial, so we can find A,4; € R and f,4; € K
such that C = A4 log | fr41]-

If f has the described form, Remark 5.2.2 implies the other direction.

5.3 The link between the presheaf log |O%| and harmonic
functions

In Section 4, we have already defined harmonic functions on PL,,. At the beginning
of this section, we verify that a function on an open subset of PL_, is harmonic if and
only if it can be written locally as a linear combination of log|f| where f € O% for
X = IP’}(. Using Theorem 5.2.4, we can link the terms harmonic and smooth if X = ]P’}{.
Afterwards, we will define harmonic functions on a smooth strictly analytic curve X
generally (cf. [Th, §2.3]) and show that this definition is indeed an extension of the one
made in Section 4. By [Th, Théoréme 2.3.21], we get two explicit conditions in which
the sheaf of harmonic functions coincides with the associated sheaf to the presheaf
log |O%|. Thuillier considers in [Th] smooth strictly k-analytic curves over a field k
which is complete with respect to a non-trivial non-archimedean absolute value | |. He
does not require that k has to be algebraically closed different to Baker and Rumely
in [BR] or Gubler in [Gul3]. Since we do not want to limit Thuillier’s definition in
[Th], we use the notion K if we require that the field has to be algebraically closed and
k if not. For the link to smoothness, we consider again a smooth algebraic curve X
over K. The analytification X3" is a smooth strictly K-analytic curve, and so we can
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5 The link to smooth functions on analytic curves

apply Thuillier’s theorem to X®". The theorem and the characterization of ker d’'d” (cf.
Theorem 5.2.4) give us two explicit condition in which the harmonic functions coincides
with the smooth functions in ker d’d”. Further, one can construct a smooth algebraic
curve X such that there is a harmonic function which is not smooth.

Theorem 5.3.1. Let W be an open subset of Pl , then f is harmonic on W if and
only if for every x € W there is an open neighborhood V of x in W and an open subset
U of P} with V.C U™ such that

f=>"Xilog|fil
i=1
on V where f1,..., fr EOP}((U)X and A, ..., A\ € R,

Proof. If f is harmonic on W, for every x € W there is a strict simple domain V' C W
containing = such that f is harmonic on V. By Corollary 4.4.9, there are ¢y, ...,cn € R
and ai,...,a, € P(K)\V such that

fl@) =co=Y_ cilog([T — ails)
=1

on V where 0V = {x1,...,7»} C Hpeyx. The tropical charts form a basis of the
Berkovich topology on P, so we can find a tropical chart (V, g0[7) with x € V C

V and a; ¢ U for i = 1,...,m. Hence, f; ;=T —a; € (’))(([7)X for every i =

1,...,m. Furthermore, we can find a A\,+1; € R and an element f,;; € P(K) such that
Ar+1log|fry1] = co. Since [fi]» and |f;(x)| are just different notations, the claim is
true.

Assume that for every x € W the function f has the described form on an open
neighborhood V' of x in W. Then we can find a domain V contained in V such that
2 € V. The functions log |f;| are strongly harmonic on V by Example 4.1.5, and so f
is strongly harmonic on V. Thus, f is harmonic on W. O

Corollary 5.3.2. A function f is harmonic on an open subset W of Pk, if and only
if f is smooth on W and d'd"f = 0.

Proof. This is a direct consequence of Theorem 5.2.4 and Theorem 5.3.1. O

Up to now, K was an algebraically closed field which is complete with respect to a
non-trivial non-archimedean absolute value | |. From now on, we work over a field k
and we do not require that k is algebraically closed. We set k° := {a € k||a] < 1} and
k°° = {a € k||a|] < 1}. The residue field k°/k°° is denoted by k. For a k°-algebra A we
set Spf(A) := {p € A| k°° C p}. Further, we use the notation S := Spf(k°).
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5.3 The link between the presheaf log |0%| and harmonic functions

Definition 5.3.3. i) A Berkovich k-analytic space Y is called strictly k-affinoid if
every y € Y admits a fundamental system of neighborhoods consisting of compact
strictly k-affinoid domains.

i) A strictly k-analytic domain of Y is a subset V' C Y which has a locally finite
covering by strictly k-affinoid domains.

iii) If Y is a strictly k-affinoid space, we define the rigid site of Y as the category
whose objects are the strictly k-analytic domains of Y, the morphisms are the
inclusions and with the induced Grothendieck topology (see [Th, §2.1.1 p.20]).
We will write Yg for the rigid site of Y.

iv) A strictly k-analytic curve X is given by a paracompact topological space | X| and
a sheaf of k-algebras Ox on |X| such that the ringed space (| X|, Ox) is locally
isomorphic to (Y'\9Y, Oy) where Y is a strictly k-affinoid space of pure dimension
1.

5.3.4. By [Th, Remarque 2.1.11], the analytification of a 1-dimensional algebraic va-
riety over k is a strictly k-analytic curve, e.g. Pk, . We have seen in Chapter 2 that
one can classify the points of P113erk in four different types. This classification can be
extended to an arbitrary strictly k-analytic curve X (cf. [Th, §2.1 p.27: Classification
des points)).

Definition 5.3.5. i) A S-curve X is a formal S-scheme which is locally of finite
type, flat, separated and of pure dimension 1.

ii) We call a S-curve X strictly semi-stable if X has an open covering (U;);c; such
that there are a; € k°\{0} and étale morphisms ¢;: U; — S(a;) where

6((11) = Spf(l{?o{To, Tl}/(ToTl — az))

5.3.6. If X is a strictly semi-stable S-curve, then the generic fibre X is a strictly
k-affinoid space which is rig-smooth (cf. [Th, Remarque 2.2.9] and for the definition
of rig-smooth we refer to [Te, Definition 4.2.22]). For each strictly semi-stable S-curve
X there is a unique pair (S(X), 7x) of a polyhedral complex S(X') in X}, of dimension
1 and a retraction map 7y : &, — S(X) satisfying certain compatibility conditions (cf.
[Th, Théorem 2.2.10]). Note that the subset S(X) of X just contains points of type II
and IIT (cf. [Th, Définition 2.2.13]).

Definition 5.3.7. If X is a strictly semi-stable S-curve, we call S(X) the skeleton of
X.

In the following we will restrict to quasi-compact strictly semi-stable S-curves X', which
is equivalent to the fact that the topological space |&;| is compact.

Definition 5.3.8. i) For a polyhedral complex S of dimension 1 and a locally finite
subset I of S the space H(S,T") is defined as the space of piecewise affine functions
fon S satistying > zer g dsf(p) = 0 for each p € S\T'.
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5 The link to smooth functions on analytic curves

ii) Let X by a strictly semi-stable S-curve and 0X,, the Berkovich boundary of &,
(see [Th, §2.1.2]). Then we define

H(X):=T1yH(S(X),04,)
which is a subspace of C?(|X,[, R).

5.3.9. Let Y be a strictly k-affinoid space of pure dimension 1 which is rig-smooth. By
[Th, Théorem 2.3.8] there exists a finite Galois extension k" of k, a strictly semi-stable
curve ) and an isomorphism ¢: Y@k’ — Y. Then the real subspace (¢* H())G(K /%)
of CO(]Y],R) is independent of k', ) and ¢ by [Th, Proposition 2.3.3] and [Th, Propo-
sition 2.3.7].

Definition 5.3.10. If Y is a strictly k-affinoid space of pure dimension 1 which is
rig-smooth, we set H(Y) := (¢*H(Y))G2 K /F) for a strictly semi-stable curve ) and an
isomorphism ¢: Y @ k' — V.

5.3.11. Let X be a strictly k-analytic smooth curve. Let C be the category whose
objects are the strictly k-affinoid spaces of pure dimension 1 which are rig-smooth.
The morphisms in C' are the affinoid immersions. By [Th, Proposition 2.3.3], we have
a functor H: C°P? — Vectr. If V is an object in the category Xpg, the strictly k-affinoid
domains contained in V' form a inductive filtered system I(V') where the morphisms
are the inclusions. Hence,

— i /
Hx (V) := @V,GI(V)H(V )
defines a presheaf Hx on Xpg. For each strictly k-affinoid domain Y in X the canonical
homomorphism from Hx(Y) to H(Y') is an isomorphism. Note that Hx is no sheaf
([Th, Remarque 2.3.11]). Every open subset {2 of X has a local finite cover of strictly
k-affinoid domains. Thus, €2 is an object in Xy and every open cover of () is a cover
in Xr. We denote the site of the topological space | X| by |X| and we have a canonical
morphism of sites t: Xp — |X|. [Th, Corollaire 2.3.15] says that ¢, Hx is a sheaf on
X

Definition 5.3.12. We denote the sheaf 1, Hx by Hx and call it the sheaf of harmonic
functions.

Remark 5.3.13. The presheaf C'x of the germes of real continuous functions on | X| is
actually a sheaf on Xp (cf. [Th, Remarque 2.1.7]) and Hx is a subpresheaf of it. The
elements of Hx (X)) are the real continuous functions on | X | whose restrictions belongs
to H(Y) C C(]Y|,R) for every strictly k-affinoid domain Y of X.

Before we start to state and verify the announced link, we will try to understand that
this definition of harmonic functions on open subsets of IP’}Serk coincides with the old
one.
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5.3 The link between the presheaf log |0%| and harmonic functions

Proposition 5.3.14. Let W be an open subset of]P’]gerk, then the vector space H(W) of
harmonic functions on W introduced in [BR] coincides with the vector space Hx(W).

Proof. Consider a function f in H(W), i.e. f is harmonic on W in the sense of Chapter
4. The last Remark tells us that it suffices to consider a strictly k-affinoid domain
Y C W. We may assume that the interior of Y is connected, and so the interior of Y
is a strict simple domain by [BR, Lemma 2.28], i.e. Y has a finite boundary and all
boundary points are of type II. In particular, the interior of ¥ coincides with rp 1(FO)
for a finite subgraph contained in Y whose endpoints are the boundary points of Y. In
the setting of Chapter 4 the field K is algebraically closed, and so there is a strictly
semi-stable S-curve ) such that Y is the generic fibre of Y by [Th, Théorem 2.3.8]. The
induced skeleton S()) is connected (cf. [BPR, Proposition 3.9] and [BPR, Proposition
4.10]), and so a finite subgraph of Ph, . Moreover, we may assume by [Th, Théorém
2.2.22] that the boundary points of Y are vertices of the skeleton S(¥) C Y and T’
is contained in S(Y). Our function f is harmonic on rp (FO) by Corollary 4.1.8 and
we have the description f = forp on Y for a function f € CPA(T") by Proposition
4.4.3. By Corollary 4.4.4, f is especially strongly harmonic on r 1( Y). We know from
Lemma 4.1.9 that the sum of outgoing slopes of fat any point in I'\QY is zero. Further,
Proposition 4.2.6 states that f is constant on every path leading away from I'. Hence,
we can extend f properly to S(Y) such that f € H(Y).

Now assume that f € Hx(W). It suffices to show that f is harmonic on each strict
simple subdomain V of W satisfying V' C W. By [BR, Lemma 2.27], the closure
Y :=V of V is a strictly k—affinoid domain contained in W. By assumption f € H(Y),
and H(Y) = 735(S(Y),9Y) for a strictly semi-stable S-curve ) with ¥ = Yy by [Th,

Théorém 2.3.8]. Therefore, f = f o7y on Y for a piecewise affine function f on S())

with N

> dgf(p) =

TET,
for all p € S(Y)\0Y. Note that I' := S()) is a finite subgraph of P§_, and 7y = rr.
Therefore, Example 3.2.2 implies that f is harmonic on V. O

Let X be a strictly k-analytic smooth curve. In this subsection we will link harmonic
functions on X with the presheaf log |O% .

Proposition 5.3.15. For each section f € I'(X,0%) the function log|f| is harmonic
on X.

Proof. 1t suffices to show that the restriction log |f| to every strictly k-affinoid domain
Y C X belongs to the subspace H(Y) C C°(]Y|,R). By [Th, Théorém 2.3.8] and
[Th, Lemme 2.3.5], we may assume that Y is the generic fibre of a simple semi-stable
S-curve ). [Th, Proposition 2.2.24] states that log|f| = log|f| o7y on Y and that the
restriction of log | f| to S()) is harmonic on S(Y)\9Y, i.e. log|f| € H(Y). O

93



5 The link to smooth functions on analytic curves

Definition 5.3.16. Let Fx denote the associated sheaf to the presheaf on |X| which
maps an open set U to the subspace of CO(|U|,R) generated by the functions log |f]|
where f € T(U, O%).

Theorem 5.3.17. Let X be a strictly k-analytic smooth curve over k. Then Fx is a
subsheaf of Hx and Hx /Fx is supported on a discrete set of points of type II. Moreover,
Hx /Fx is zero if one of the following conditions is satisfied:

i) The residue field k is algebraic over a finite field.

it) The curve X@k/@ 1s locally isomorphic to Pllserk over k% where k@ is the completion
of the algebraic closure of k.

By Proposition 5.3.15 and [Ha, Exercise 1.4], Fx is a subsheaf of Hx. To prove the
rest of the theorem above, we need an analogue statement to a fact we have proved
in Chapter 4 and further lemmata. Theorem 4.4.7 states that the Dirichlet problem is
uniquely solvable on finite-dendrite domains. Similarly, we have the following lemma
in the case of affinoid domains:

Lemma 5.3.18. Let Y be a k-affinoid domain in X, then
H(Y) — Hom(9Y,R); h > hlgy

s an isomorphism.

Proof. Note that the Shilov boundary of a k-affinoid domain in X coincides with its
Berkovich boundary (cf. [Th, Proposition 2.1.12]) . With this fact, the lemma is proved
in [Th, Corollaire 3.1.21]. O

Lemma 5.3.19. Let x be a point of type II, k' a finite Galois extension of k and =’ a
point in X' :== X ® k' contained in the preimage of x under the canonical morphism
p: X @k k' — X. Then Fxr = Hxr o implies Fx g = Hx z-

Proof. Assume that Fx/, = Hx . By Proposition 5.3.15, it remains to verify the
inclusion Hx , C Fx,. Let V be a strictly k-affinoid neighborhood of z in X and V'
the connected component containing ' in V @ k’. Consider a function h € H(V'), then
p*h is harmonic on V' by [Th, Lemme 2.3.5]. Hence, (p*h)}y is a linear combination
of functions log | f’| where f’ € A:5,. The norm N(f’) is defined as the determinant of
the Ay-algebra automorphism Ay — Ay given by the multiplication with f’, where
Ay is a free Ay-algebra of rank [k’ : k]. By [Th, Proposition 2.1.8], we get that
f = N(f') € Ay and p*|fljyr = |f/|lF"#]. Using the norm, an easy calculation shows
that h can be written as a linear combination of functions log |f| with f € A{. Thus,
Fxrar = Hxr o implies Fx p = Hx o [
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5.3 The link between the presheaf log |0%| and harmonic functions

Lemma 5.3.20. If X is isomorphic to the generic fibre of a strictly semi-stable S-curve
X and x is a point of type Il corresponding to a proper, smooth and geometrically con-
nected irreducible component Cy, of the special fibre X, then Hx »/Fx o is canonically
isomorphic to the vector space Pic®(Cy) ®z R.

Proof. Let V be a strictly k-affinoid neighborhood of xz. By [BL, Lemma 4.4], there is
an admissible blow up ¢: X’ — X’ such that X’ is a strictly semi-stable Spf(k°)-curve
and there is a formal scheme U’ open in X’ such that V' is isomorphic to U,. The
morphism ¢ induces an isomorphism from the irreducible component of X’ associated
to x to Cj.

For every h € H(V) we can define an R-divisor div(h) on the k-curve C,. We can
see this k-curve as an irreducible component of X!. Then the tangent space T,S(X”’)
can be canonically identified with the set of singular points of X! contained in C,, and
we denote the point corresponding to v € T, S(X”) by Z. Since h is harmonic on the
neighborhood V' of =, we can set

div(h) = > dgh(=z)[z7],

TET,S(X")

and

deg(div(h)) = Y  dgh(z) =0.
teT,S(X")

This leads to a linear map
div: Hx , — Div(C;) @z R,
and the following sequence

0= R — Hxo % Div(C,) @z R 5 R — 0,
which can be verified to be exact. Obviously, the map R — Hx ,, which maps a real
number to a constant function, is injective. Moreover, div(h) = 0 if and only if the
harmonic function h is locally constant in z, and the map deg: Div(C;) ®z R — R
is surjective. Further, we have seen above that im(div) C ker(deg). So it remains to
consider an R-divisor
D= ) n)z]
z€|D|

of degree 0, and find a function h € Hx, such that div(h) = D. One can construct
a strictly semi-stable S-curve ) such that the generic fibre )}, is a neighborhood of x
contained in X = A}, and

D] € T:S(Y),
where T,5()) can be identified canonically with a finite set of closed points in Cj.
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5 The link to smooth functions on analytic curves

Consider the subscheme Z := |D| N (Xs\Sing(Xs)) in Xy and let ¢: X' — X be a
blow up of Z. X' being strictly-semistable is equivalent to say that X} is smooth
and X! is a k-curve (locally algebraic) which has smooth irreducible components, and
ordinary double points as singularities ([Th, Remarque 2.2.9]). Since the points in Z
are no singularities, the blow up X’ of Z is a strictly semi-stable S-curve as well. Let
E = ¢ '(Z) be the exceptional divisor on X’. By removing from each irreducible
component of E a closed point disjoint of the strict transform of X in X7, i.e. the
closure of X\ Z in X’, we obtain . Then ) which is open in X” is a strictly semi-stable
S-curve and we have |D| C T,,S()).

Let H be a piecewise affine function on S()) which satisfies

doH (z) = {n@; 7y € |D),

0; zy ¢ |D].
Due to > icr, () daH (z) = deg(D) = 0, the function H is harmonic in z. Hence,
we can find a neighborhood of x in S()) where the piecewise affine function H is
harmonic on. Hence, the function h := 73,H is harmonic on a neighborhood of z in X.
By construction, we have div(h) = D. Thus, ker(deg) C im(div), and so the sequence
is exact.

To get the claim, we consider another short sequence

0—>R— Fxzu div, Pr(C;) — 0

where Pr(C,) denotes the R-vector space generated by the principal divisors on C,.
First, we show that div: Fx , — Pr(C,) is well-defined. It suffices to consider a function
of the form log|f| for f € (’))X(’m in the R-vector space Fx . Since x is of type II, we
can find a N € N> such that |f(x)|Y € |kX| (cf. [Th, §2.1 p.27: Classification des
points]). Let o € k be an element such that |f(z)|Y = |a|. If Z7 is the singular point
in X! corresponding to v € T,S(X’), we can find a small enough neighborhood of xz
containing only xz as a singularity, i.e. x is the endpoint of the corresponding skeleton,
and we may apply [Th, Lemme 2.2.25]. This lemma says that there is a meromorphic
function fon C, induced by fV /a such that

dg(Nlog | f])(x) = —ord - (f).

Thus, div(h) belongs to the R-vector space Pr(C,) for any h € Fx . As above, the
map R — Fx , is injective and the image coincides with the kernel of the map div. Let
f be a nonzero meromorphic function on C,, and Div(f) its principal divisor. Again, we
can consider an admissible blow up such that every point in |Div(f)| is a singularity,
and we may apply [Th, Lemme 2.2.25]. We therefore can find a A € R such that
div(X - log | f|) = Div(f). Hence, div: Fx, — Pr(C;) is surjective, and so the second
sequence is exact as well.
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5.3 The link between the presheaf log |0%| and harmonic functions

Let Div®(C,) denote the R-vector space generated by the divisors on C,, of degree zero.
Then we have the following commutative diagramm of exact sequences

0 0 0

0 R Fxa —— - Pr(C,) 0

0 R Hx A Div0(C,) 0
0 Hx o/ Fx.u Pic’(C,) ®z R

The snake lemma implies the isomorphism
Hx o/ Fxz — Pic?(Cy) @z R.

O

Proof of Theorem 5.3.17. One can show that the germes of Hx and Fx coincide for
each point x in X of type I, III or IV. If = is of type I or IV, there is a fundamental
system of neighborhoods of x consisting of k-affinoid domains which have a unique
boundary point. Lemma 5.3.18 states that the sections of Hx, and so of Fx as well,
are constant on these neighborhoods of . Thus, the germes coincide. If x is of type III,
there is a fundamental system of neighborhoods of x consisting of k-affinoid domains
having exactly two boundary points. Then the R-vector space Hx , has dimension 2
by Lemma 5.3.18. Hence, Hx ; is generated by the germes of the constant function 1
and the function log|f|, where f is a global section of Ox such that |f| is not locally
constant on the neighborhoods of x. This means that H x , coincides with its subspace
FX 2

Now we assume that x is a point of type II. By [Th, Théoréem 2.3.8], there is a finite
seperable field extension k' of k such that X ® k" is isomorphic to the generic fibre of
a strictly semi-stable S-curve X and that x corresponds to a proper and geometrically
connected irreducible component C, of the special fibre X;. By Lemma 5.3.19 we may
assume that for X.

To show that supp(Hx/Fx) is discrete, we verify that supp(Hx/Fx) is discrete at
our arbitrary x € X of type II. For every point y € X of type II Lemma 5.3.20
states Hx y/Fx,y = PicU(Cy) ®zR for the corresponding proper and smooth irreducible

component Cy, of X, which is uniquely determined by its function field x(y) (cf. [Ha,
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5 The link to smooth functions on analytic curves

Corollary 4.5]). Let T be the set of all points y € X which are of type II and satisfy
C, # }P%. Further, let So(X) denote the set consisting of the points in X which
correspond to vertices of the skeleton S(X). If y € X\S(X), there is an affinoid
neighborhood of y which is isomorphic to a closed ball by [Th, Définition 2.2.13], and
if y is contained S(X’) but not in So(X) there is an affinoid neighborhood of y which
is isomorphic to an annulus. Hence, we can take y as a point of type II in A}, and so
k(y) = k(T). Since Cy is uniquely determined by (y), Cy = IP% for all y € X\Sp(&X),
i.e. T C Sp(X). The set of vertices of a skeleton is locally finite, and so supp(Hx/Fx)
is discrete at x.

Now we come to the second part of the theorem. Above we have passed over to a
finite field extension of k, so we show that for every x € X @k@ of type II the equality
Pico(Cw) ®zR = 0 for the irreducible, proper and smooth ka-curve C, is satisfied. This
implies Hx /Fx = 0.

First, we assume that & is_algebraic over a finite field. We know that PicO(Cx)NiS
isomorphic to the group of k%-points of the Jacobian variety, i.e. Pic®(Cy) = J(Cp)(k9).
Since k2 is the algebraic closure of a finite field, we have

Pic(Cr) =2 ) J(C)(K).

K Cko |k |<oo

The Jacobian variety is a E—scheme of finite type, and so J(C,)(k’) is finite for every
finite field &’ contained in k%, i.e. in particular torsion. Hence, PiCO(Cx) ®z R = 0 for
every x € X®ke of type IL.

Now, we assume that the second condition is satisfied. We consider a point z € X @k@
of type II and assume that X®yk? is locally isomorphic to the analytification of IP’}CAQ.

As mentioned above it suffices to determine the function field x(z) to get C,. Hence,
we may identify X®xk® with P, over the field k%, and so x(x) = k%(t) for the type
IT point = (cf. [BR, Proposition 2.3]). Therefore, the k%-curve C, has to be isomorphic

to P};E’ and so Pic’(C,) = 0. O

To link harmonic functions to smooth functions, we consider again an algebraically
closed field K endowed with a non-trivial non-archimedean complete absolute value | |.
If X is a smooth algebraic curve over K, the analytification X" is a strictly K-analytic
smooth curve. Hence, we may apply Theorem 5.3.17 to X?". Using Theorem 5.2.4, we
get the following corollary.

Corollary 5.3.21. Let X be a smooth algebraic curve over K and assume that one of
the following holds:
i) K is algebraic over a finite field.

it) X is locally isomorphic to P]13erk'
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5.3 The link between the presheaf log |0%| and harmonic functions

Then a function f: W — R on an open subset W of X" is harmonic if and only if it
is smooth and d'd"f =0

Proof. If W is an open subset of X?" the vector space Fxan(W) coincides with
kerd'd’” C C°°(W) by Theorem 5.2.4 and Proposition 5.2.3. Hence, Theorem 5.3.17
implies the claim. O

In particular, one can see that Thuillier’s theorem leads to the same result as Theorem
5.3.1 if X = PL.. To give finally an answer to the question if every harmonic function
on an open subset W of X" is smooth, we state a further theorem:

Theorem 5.3.22. Let X be a smooth algebraic curve over K. If a smooth function
f: W — R is harmonic, we have d'd" f = 0.

Proof. Replacing X by its canonical smooth compactification, we may assume that X
is proper. Consider a x € W and let V' be a strictly K-affinoid neighborhood of x in W
We have required that K is algebraically closed, so we can find a strictly semi-stable
Spf(K°)-curve X and a formal open subscheme U of X’ such that V' is isomorphic to U,
by [Th, Théorem 2.3.8] and [BL, Lemma 4.4]. Since f is harmonic on W, the function
f belongs to H(V') and is consequently given by f = ¢ o1y on V for a piecewise affine
map ¢: S(U) — R. [Th, Théorem 2.2.10] implies that we can extend ¢ to a piecewise
affine function on the skeleton S(X) satisfying f|y = po7x on V. By [GH, Proposition
B.7], there is a unique line bundle £ on X with £|x = Ox such that ¢ = —log||s||¢
for the canonical invertible global section s = 1 of Ox. Hence, || ||z coincides with the
metric || ||, on Ox which is given by ||1||, := e~?. Note that the metric || ||z is called a
formal metric. For neat definitions of these metrics we refer to [GH, §1.2]. The metric
Il Il =1l l|z leads to the following discrete measure

c1(Ox; | ) : Zdegc )+ d¢y

where Y runs over all irreducible components of the special fibre X; and {y is the unique
point in X®" such that red((,) is the generic point of Y (cf. [Be, Proposition 2.4.4]).
This measure was introduced by Chambert-Loir and Ducros (in higher dimension) in

(D).

If W' is an open subset and o € AP9(W'), the support of « is the complement in W’
of the set of points x of W’ which have an open neighborhood V; such that «aly, = 0.
Let AP9(W’) denote the space of (p, q)-differential forms with compact support in W',
Every (1, 1)-differential form w on X" induces a unique signed Radon measure p,, on
X such that [yan g dpp = [yan g A w for every g € C°(X?") and we may identify
w with p, (cf. [Gul3, Example 6.7] and [Gul3, Example 6.8]). For the definition of
the integral of a differential form over W we refer to [Gul3, 5.14]. Next to differential
forms, one can also define currents on X*". A definition of them can be found in [Gul3,
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6.2]. Setting f = @ o Ty, the function f on X" is continuous and coincides with f on
V. We can define the following current

[f]: APH (X)) 5 Ry w - Fdu,

and consider d'd”[f] for the differential operators d’ and d”. In this setting, [GK,
Theorem 10.5] implies that

dld//[f] = Cl(OXv ” H<P)7

where we understand d'd”[f] as a measure.

On the other hand, Thuillier defined in [Th, ~§3.2.4] a measure-valued Laplacian operator
dd® on a class of functions which contains f (cf. [Th, Théoréme 3.2.10]). In particular,
the kernel of dd® is the sheaf of harmonic functions Hx (cf. [Th, Corollaire 3.2.11]).
By [KRZB, Theorem 2.6|, we have the identity

dd®f = c1(Ox, || l4)s

and so the measures d’'d”[f] and dd¢f coincide.

Since f = ]? |y is harmonic on V', we have
dd"[f]ly: = d'd"[flly» = dd°fly» = dd°f]y = 0

on an open neighborhood V' of x contained in V. Further, we have required that f is
smooth on W, and so in particular on V'. [Gul3, Theorem 5.17] implies that d'd"[f] =
[d'd” f] on V' where [d'd" f|(g) := [, d'd" f A\ g for every g € C°(V"). Together, we get
that [, d'd"f A g =0 for every g € C*(V') and so d'd” f has to be zero on the open
neighborhood V' of our arbitrary x in W. O

Altogether, we have the following conclusion:

Corollary 5.3.23. Harmonic functions are not smooth in general, i.e. there is a
smooth curve X over K and a harmonic function f: W — R on an open subset W of
X3 which is not smooth.

Proof. Using Lemma 5.3.20 one can construct a smooth algebraic curve X over an
algebraically closed field K such that Hxan/Fxan is nonzero. Consider C(T') with the

—

absolute value corresponding to the vanishing order at zero and set K = C(T)%. Let
E be a curve over K = C such that Pic’(E) ®z R is nonzero, e.g. an elliptic curve
of positive rank, and let ¢ be the generic point of E. Consider the smooth algebraic
curve X := F ®c K over K, then we obtain a reduction map red: X®" — FE such

P

that there is a unique point z € X satisfying K(z) = K ((¢) (cf. [Be, Proposition
2.4.4]). Since the corresponding irreducible curve C, over K is uniquely determined
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5.3 The link between the presheaf log |0%| and harmonic functions

by its function field, we have C, = E. Hence, Hxan 5/ Fxan , = Pic’(C,) ®z R is
nonzero by Lemma 5.3.20. We therefore can find an open subset W of X?" and a
harmonic function f: W — R which is not contained in Fxan(W). By Theorem 5.2.4
and Proposition 5.2.3, the vector space Fxan(W) coincides with the kernel of the linear
operator d'd": C®(W) — ALY (W). Finally, Theorem 5.3.22 implies that f cannot be
smooth. O
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