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Bergman—Shilov boundary for subfamilies of
g-plurisubharmonic functions

THOMAS PATRICK PAWLASCHYK (Wuppertal)

Abstract. We introduce the notion of the Shilov boundary for some subfamilies of
upper semicontinuous functions on a compact Hausdorff space. It is by definition the
smallest closed subset of the given space on which all functions of that subclass attain
their maximum. For certain subfamilies with simple structure we show the existence and
uniqueness of the Shilov boundary. We provide its relation to the set of peak points and
establish Bishop-type theorems. As an application we obtain a generalization of Bychkov’s
theorem which gives a geometric characterization of the Shilov boundary for g-plurisub-
harmonic functions on convex bounded domains.

1. Introduction. In his 1981 article, S. N. Bychkov [Byc81] gave a geo-
metric characterization of the Shilov boundary for bounded convex domains
in C". Our aim is to generalize his result to the Shilov boundary with re-
spect to g-plurisubharmonic and g-holomorphic functions on bounded convex
domains. These families of functions were already studied by different au-
thors, e.g., R. Basener [Bas76|, R. L. Hunt and J. J. Murray [HM78| and
Z. Stodkowski [Sto84 [Sto86]. H. J. Bremermann [Bre59] used a characteri-
zation of the Bergman—Shilov boundary (or, for short, the Shilov boundary)
based on plurisubharmonic functions without showing its existence. This
gap was filled by, e.g., J. Siciak [Sic62]. Given a compact Hausdorff space
K and a subfamily A of upper semicontinuous functions on K, the Shilov
boundary for A is the smallest closed subset of K on which all functions
from A attain their maximum. Existence and uniqueness of such a subset
is guaranteed if A has a simple structure, e.g., if A forms a convex cone
and if sublevel sets of finitely many functions from 4 generate the topology
of K (see [Sic62, Theorem 1']). For g-plurisubharmonic functions the condi-
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tion on A to be a convex cone is too strong, since g-plurisubharmonicity is
not stable under summation. It turns out that the above mentioned condi-
tion can be relaxed so that the existence of the Shilov boundary for a wide
family of upper semicontinuous functions can be guaranteed. Furthermore,
the Shilov boundary is strongly connected to peak points. E. Bishop [Bish9]
proved that if the compact Hausdorff space is additionally assumed to be
metrizable, then for uniform subalgebras of continuous functions, the clo-
sure of the set of peak points and the Shilov boundary coincide. This is also
true for any Banach subalgebra of continuous functions due to the results
of H. G. Dales [Dal71] (see also [Hon88|). Note that similar identities were
obtained in [Sic62) [Wit83] for upper semicontinuous functions. We partially
apply these results to unions of uniform algebras and special families of upper
semicontinuous functions in order to establish Bishop-type theorems. This
will be the main topic of Section

In Sections [3| and [4] we recall the definitions of g-plurisubharmonic and
g-holomorphic functions (see [HMT78|, [Bas76]) and give those of their proper-
ties which we will use (for more properties we refer to [Die06], [Fuj90], [Sto86]
and [PZ13]). We show the existence of the Shilov boundary for certain sub-
families of g-plurisubharmonic and ¢-holomorphic functions and investigate
their relations. At the same time, we establish Bishop-type peak point prop-
erties for these families. In particular, at the end of Section [4] we compare
the Shilov boundary for ¢-holomorphic functions with the classical Shilov
boundary of lower-dimensional slices of the given set. As an application,
we give estimates on the Hausdorff dimension of the Shilov boundary for
g-holomorphic functions of convex sets.

It still seems to be an open question whether the Hausdorff dimension
of the classical Shilov boundary for holomorphic functions on convex bodies
in C™ is greater than or equal to n. Bychkov [Byc81] gave a positive answer
to this question in the special case n = 2. Anyway, using this estimate, we
show that the Shilov boundary of a convex body for (n — 2)-holomorphic
functions is not less than 2n — 2 if n > 2.

In the last Section |5, we study the Shilov boundary of a convex bounded
domain D in C" for g-plurisubharmonic functions. We generalize Bychkov’s
theorem in the following way: a boundary point of D does not lie in the
Shilov boundary for ¢-plurisubharmonic or g-holomorphic functions if and
only if it is contained in an open part of a complex plane of dimension at
least g+ 1 which is fully contained in the boundary of D. We finish the paper
with some observations on the local foliation of the boundary of D by parts
of complex planes.

2. Bergman—Shilov boundary for upper semicontinuous func-
tions. We will define the Bergman—Shilov boundary for subfamilies of upper
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semicontinuous functions and show its existence and uniqueness in certain
cases. For brevity, we will simply talk about the Shilov boundary instead
of the Bergman—Shilov boundary. Anyway, we have to point out that the
concept of a distinguished boundary of certain domains in C? was already
introduced by S. Bergman [Ber31] in 1931.

We start by recalling some basic definitions of upper semicontinuous func-
tions on a compact Hausdorff space X just to fix the notation.

DEFINITION 2.1. A function f : X — [—o00,00) is called upper semi-
continuous on X if the sublevel set {x € X : f(x) < ¢} is open in X for
every ¢ € R. We denote by USC(X) the set of all upper semicontinuous func-
tions on X and by C(X) = C(X, C) the set of all complex-valued continuous
functions on X.

From now on, A is always a subset of USC(X). Our main objective in this
section is to study the Shilov boundary of X with respect to A. Recall that
every upper semicontinuous function on a compact Hausdorff space attains
its maximum.

DEFINITION 2.2. For a given function f € USC(X) we set
S() = Sx(f) = {w e X : f(2) = m)z{ixf},

A subset S of X is called a boundary (of X) for A or an A-boundary (of X)
it SNS(f) # 0 for every f € A. We denote by by = ba(X) the set of all
closed boundaries for A. The intersection
Saq=84(X):= ﬂ S
Seby

is called the (Bergman—) Shilov boundary (of X) for A. A point x € X is
called a peak point (of X) for A if there is a peak function f € A such that
S(f) = {x}. We then also say that f peaks (on X) at x, and denote by
Py = P4(X) the set of all peak points (of X) for A.

Notice that the set S4 is closed and possibly empty, whereas b4 is never
empty, for it contains X. But if S4 is not empty, it does not mean in general
that it is an A-boundary. Anyway, we have the following properties of the
Shilov boundary.

PROPOSITION 2.3.

(i) If Ay € Ay C USC(X), then by, C ba,, Sa, C S, and Py, C
Pa,.
(ii) Let A=, csAj, where each Aj lies in USC(X). Then

Py= ] Pa,
jeJ
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(iil) If SAj are Aj-boundaries of X, then S 4 is an A-boundary of X and

Sa=J Sa.

JjeJ

(iv) The set Py lies in Sa, and if Py is an A-boundary, then
Si =Py € by.

(v) Let A = A% denote the set of pointwise limits on X of all de-
creasing sequences of functions in A. Then by = b and thus

Zi)
Sp= SZ*
Proof. Properties and follow directly from the definition, so we
prove . Property (i) implies that .S := Uje J S A; 1sin S 4. By assumption,

the set S, and therefore S 4, is non-empty. Since every f € A is in A; for
some j € J and since Sy, is an Aj-boundary of X by assumption, we obtain

0#S(f)NSa, CS(HNS.

This means that S is an A-boundary of X, and so S4 C S. Altogether,
S = S is an A-boundary of X.

To verify , let x € P4 and f € A be such that f peaks at x. Given
an A-boundary S, it is clear that SN S(f) = {z}. In particular, x lies in S.
This yields P4 C S and P4 C S4. By the definition of S 4 and since this set
is closed, we conclude that P4 C S4. Now, if we additionally suppose that
P4 € by, then by the previous discussion, and again by the definition of S 4,
we derive that S4 = P is indeed an A-boundary.

The last property follows from the fact that for each decreasing se-
quence f1 > fo > --- of functions in A with limit function f, the sequence
(maxy fp)n>1 of maximums decreases to maxy f for each compact subset Y’

of X. This means that by = bZL. "

Notice that the very last property also implies that the Shilov bound-

ary for A exists if and only if it exists for A
We can easily relate our concept of Shilov boundary to the classical Shilov
boundary for uniform subalgebras of C(K).

REMARK 2.4. Let B be a subset of C(K). The classical Shilov boundary
for B is the smallest closed subset S of K fulfilling maxg | f| = maxg |f]| for
every f € B. Clearly, it corresponds to the Shilov boundary for the family
log |B| := {log|f| : f € B}. It then makes sense to simply write bg, Sp
and Pg instead of byog 5, S10g| B and P,g 5. It is clear that for the uniform
closure B of B in C(K) we have bz = bg and Sz = Sp. This means that the
Shilov boundary for B exists if and only if it exists for B.

We recall the classical result of Shilov.
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THEOREM (Shilov). Let X be a compact Hausdorff space and B a Banach
subalgebra of C(X). Then Sg is non-empty and it is a boundary for B.

Shilov’s theorem generalizes to subfamilies of upper semicontinuous func-
tions which satisfy simpler conditions than having a Banach algebra struc-
ture.

DEFINITION 2.5. Let A, A; and As be subfamilies of upper semicontin-
uous functions on a Hausdorff space X.

(i) Weset A1+ Ay :={f+g:feA,ge A}
(ii) The family A is a scalar cone if nf +0b lies in A for every n € Ng =
NuU {0}, f € A and b € R. Here we use the convention —oo - 0 = 0.
(iii) An open set V in X is an A-polyhedron if there exist finitely many
functions fi,..., f, in A and real numbers C1,...,C), such that

V:V(fla7fn):{$€Xf1(x)<Cla7fn(x)<cn}

(iv) The family A generates the topology of X if for each z € X and
every neighborhood U of z in X there is an A-polyhedron V such
that r € V CU.

Now we show that the Shilov boundary for A is a non-empty boundary
for A if A has a certain simple structure. The next two statements are based
on standard arguments used in the case of Banach subalgebras of continuous
functions (see e.g. [AW9S8|, Theorem 9.1]). First, we need the following lemma.

LEMMA 2.6. Let A be a scalar cone. Assume that there exist an A-
boundary S € by and an A-polyhedron V.=V (f1,..., fn) such that SNV
=0 and A+{f;} C Aforj=1,...,n. Given another A-boundary E € b,
it follows that E\'V € by.

Proof. Since A is a scalar cone and A+ {f;} C Afor j =1,...,n, the
constant function 0 and thus f1,..., f, lie in A. Hence, we can assume that
V is of the form {z € X : fi(z) <O0,..., fu(z) < 0}.

Notice first that E \ V is non-empty. Indeed, otherwise, £ C V, so
maxp f; < 0 for every j = 1,...,n. Since S does not meet V', there is
Jo € {1,...,n} such that maxg fj, > 0. We obtain the contradiction 0 <
maxg fj, = maxg fj, <O0.

Suppose that the statement of the lemma is false, i.e., there are y € X
and f € A such that maxp\y f < maxx f = f(y). Since A is a scalar cone
and S € by, we can assume that f(y) = 0 and y € S. For m € N set
gi=mf+f; €A j=1,..,n If mis large enough, then maxg\y g; < 0
for each 7 = 1,...,n. Since maxx f = 0, it follows from the definition of
V' that for every j = 1,...,n we have g;j(z) < 0 for all x € V. Hence,
maxy g; = maxpg g; < 0 for every j =1,...,n.
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We conclude that y € V: if not, thereis a j; € {1,...,n} with f;;(y) >0
and thus g;, (y) > 0, which is impossible. Consequently, y € V. NS = 0,
a contradiction. m

We point out that L. Aizenberg already showed the next result in the case
where X is a compact subset of C™ and A is a family of upper semicontinuous
functions on X satisfying f+log||z—c|| € A for every f € Aand c € C" (see
[Aiz93, Chapter III, Theorem 14.1 and Corollary 14.2]). Our version extends
Aizenberg’s result to a more general situation in which X is an arbitrary
compact Hausdorff space.

THEOREM 2.7. If A contains a subset Ay which generates the topology
of X such that A+ Ag C A, then the Shilov A-boundary is an A-boundary,
1.e., S € by.

Proof. First, assume that A is a scalar cone. If S4 = X, then there is
nothing to show. So we can assume that S4 # X. We first treat the case
Sa#0.

Suppose S4 ¢ ba. Then there is a function f € A such that maxg , f<
maxyx f. Since f is upper semicontinuous on X, there is a neighborhood U of
S 4 such that f(z) < maxx f for every z € U. Then, since Ag generates the
topology of X, we conclude that for every y € L := X \ U there are an Ap-
polyhedron V,, and an A-boundary S, € b4 such that y € V;, and VNS, = 0.
The family {V}}yer covers L. Hence, by the compactness of L, there are
finitely many points yi,...,3 € L such that the subfamily {V };=1 .
covers L. Since A+ Ay C A, we can iteratively apply Lemma [2.6] to obtain

l
E = (((X\Vy1)\vy2)\"’\%z):X\vajEbA'

Notice that, by construction, the set S4 lies in F, and hence E is non-empty.
Moreover, E C U, and thus maxg f < maxx f. But this contradicts F € b 4.
Hence, S4 € ba.

Suppose S4 = . We pick p € X and a neighborhood U of p in X which is
an Ag-polyhedron of the form U = {z € X : fi(x) <0,..., fr(z) < 0} such
that U # X. Observe that for every y € X\ U there exists an A-boundary S,
with y ¢ Sy, since otherwise y € S 4. Then we can choose an Ag-polyhedron
Vy such that y € V, p ¢ V,, and Sy NV}, is empty. By the same argument as
above we can construct an A-boundary E such that p € F C U. But since
U # X, there exist xg € X \ U and ko € {1,...,k} such that fx,(z¢) > 0.
This leads to the contradiction

0 < fro(wo) < Hl)?xfko = mngko < 0.

Thus, S4 cannot be empty.
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If A is not necessarily a scalar cone, consider the scalar cone generated
by A,
A" :={nf+c:neNy feA ceR}

Since A lies in A*, we have by C by and S4 C Sy4-. Pick an A-boundary
S in X and a function nf 4+ ¢ € A*, where f € A, n € N and ¢ € R. Since f
and nf + c attain their maximum at the same points, we have

SNSnf+ec)=SnS(f) #0.

This means that S is also an A*-boundary in X, so bg = by and S4 = S4-.
Now observe that the family Aj := {nf +c:n € Ny, f € Ay, ¢ € R}
generates the topology of X, since it contains Ag. Moreover, A* + Af C A*
and A* is a scalar cone. Thus, by the previous discussion, S4 = S 4+ belongs
to by =by. m

We now recall Bishop’s peak point theorem for uniform algebras of con-
tinuous functions (see [Bish9, Theorem 1]). Further generalizations were ob-
tained by H. G. Dales to Banach function algebras (see [Dal71] and [Hon88])
and by J. Siciak to certain additive subfamilies of continuous functions (see
[Sic62, Theorem 3]). Recall that a function family A is separating if for any
distinct x,y € X there exists an f € A such that f(z) # f(y).

THEOREM 2.8 (Bishop, 1959). Let X be a compact metrizable Hausdorff
space and B a separating uniform subalgebra of C(X). Then the Shilov bound-
ary of X for B exists and coincides with the set of all peak points of X for B.

Bishop’s theorem applies to unions of uniform subalgebras by using
Proposition [2.3

COROLLARY 2.9. Suppose B is a union of separating uniform subalgebras
{Bj}jes of C(X), where X is a metrizable compact Hausdorff space. Then

SBZ?BEbB.

We will give another peak point theorem for a family of upper semicontin-
uous functions having a subfamily which is stable under small perturbations
by functions with compact support.

DEFINITION 2.10. Let A be a subfamily of upper semicontinuous func-
tions on a Hausdorff space X, and let © be a subset of non-negative contin-
uous functions on X with the following property: for each z € X and each
closed subset S of X with x ¢ S there exists ¥ € © that peaks on X at x
and vanishes on S. We say that f € A is a strictly A-function with respect
to O if for every ¥ € @ there is an ¢y > 0 such that f 4 ¢ € A for every
e € (—ep,e0). The subfamily of A consisting of all strictly A-functions with
respect to © is denoted by A[6O)].
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We can now present another version of Bishop’s theorem which better
incorporates the properties of subfamilies of g-plurisubharmonic functions
(see Definition [3.1]in the next section).

THEOREM 2.11. Let A be a subfamily of upper semicontinuous functions
on a compact Hausdorff space X . Suppose that there exist a subfamily © as in
Definition[2.10] and a positive function w € A[O)] such that A+ {ew} € A[O]
for every e > 0. Then

Sy=Pyeby.

Proof. First, observe that P4jg) is non-empty. Indeed, w attains its max-
imum on X, say at g € X. Pick ¥ € © with Sx(¢) = {zo}. Then there is a
0 > 0 such that w + 09 € A. Therefore, 2w + § € A[O] by the assumption
on w. Moreover, Sx (2w + 69) = {zo}, and thus xg € Pyje.

The non-empty set % is a subset of S Aje] by Proposition .
To get the converse inclusion, we only need to verify that S := Pyjg) is
a boundary for A[©]. Suppose that this is not the case. Then there exists
f € A[O] such that maxx f > maxg f. If &g > 0 is small enough, g := f+eow
also fulfills maxx g > maxg g. Let 1 € X \ S be such that g(x;) = maxx g,
and let § € © be such that Sx(0) = {z1} and 6 vanishes on S. In particular,
we have 6(z1) > 0. Then for e > 0 small enough the function f+£16 isin A.
Hence, h:=g+¢€10 = f 4+ €10 + gow lies in A[O] and fulfills Sx(h) = {z1}.
Thus, #1 € Py C S. But this contradicts the choice of x1 € X \ S.
Thereforq, S has to be an A[O]-boundary. Hence, Proposition yields
Paiey = Sae) € bagey-

Now let f € A. It follows that for all n € N the function f,, := f+(1/n)w
lies in A[O], so the sequence (fy,), decreases to f. This implies that A lies

in A[@]i. Since A[O] C A, in view of Proposition we have bg = b e
and S Al] = S 4. Finally, the proof is finished due to the inclusions

SA:SA[@}:PA[@]CHCS'A. "

3. Shilov boundary for g-plurisubharmonic functions. Hunt and
Murray [HMT78| studied g-plurisubharmonic functions, which generalize g-
convex functions in the sense of Grauert and Andreotti (see [HL8S|) to the
upper semicontinuous setting. More precisely, a function is g-convex if and
only if it is C?-smooth and strictly (¢ — 1)-plurisubharmonic.

DEFINITION 3.1. Let U be an open set in C" and u : U — [—00, 00) be
an upper semicontinuous function on U. Fix ¢ € {0,1,...,n—1}.

(i) The function w is called subpluriharmonic on U if for every ball B €
U and every function h which is pluriharmonic in a neighborhood
of the closure of B and fulfills w < h on bB one has © < h on B.
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(ii) The function wu is called g-plurisubharmonic in U if it is subpluri-
harmonic in U N for every (¢g+1)-dimensional complex affine plane
™ C C".

(iii) We denote by PSH,(U) the set of all g-plurisubharmonic functions
on U. If g is an integer with ¢ > n, we simply define PSH,(U) :=
USC(U).

(iv) Given a compact set K in C", PSH4(K) denotes the set of all
functions u € USC(K) which have a g-plurisubharmonic extension
u into an open neighborhood of K, i.e., there exists an open neigh-
borhood U of K and a function & € PSH,(U) such that u|K = u.

According to this definition, the O-plurisubharmonic functions are the
classical plurisubharmonic functions. Moreover, a g-plurisubharmonic func-
tion is also (g + 1)-plurisubharmonic. We now overview the basic properties
of g-plurisubharmonic functions.

PrOPOSITION 3.2. Let U be an open set in C™.

(i) [Slo84] Given ¢>0 and functions u€ PSHy(U) and ve PSH,(U),

we have

cu € PSH4(U), max{u, v} € PSHyaxigr(U),
u+v € PSHer(U), min{fu,v} € PSHytr41(U).

(ii) [HMT8| A C%-smooth function u lies in PSHq(U) if and only if its
complex Hessian (8%/8%8@)2}1:1 has at least n—q non-negative
etgenvalues at each point in U.

(iii) [Fuj90, Die06] If ¢ € PSHy(U), then v o h € PSH4(W) for every
holomorphic mapping h : W — U, where W is an open set in C".

(iv) [HMT8] If (un)nen is a decreasing sequence of functions in
PSHG(U), then lim, o uy, lies in PSHq(U).

(v) [HMTS8| Let V' be an open subset of U. Let v € PSHy(V) and u €
PSH4(U) be such that limsup,_,, ey v(¢) < u(z2) for every z €
UnNbV. Then

:{u onU\V

max{u,v} onV

} € PSH,(U).

(vi) [HMTS8, [Sto84] Let A be an analytic subset of an open relatively
compact set U in C™. Assume that the dimension of A at each of its
points is at least g+1. Then every q-plurisubharmonic function u on
U which is upper semicontinuous up to the boundary of U satisfies
the maximum principle on A, i.e.,

maxu = max u.
A ANbU
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Interesting examples of g-plurisubharmonic functions come from charac-
teristic functions of analytic sets.

EXAMPLE 3.3. Let A be an analytic subset of an open set U in C".
Assume that the codimension of A is less than or equal to g at each of its
points. Fix a plurisubharmonic function v on U. Then the function

U(z), z€ A,
lI/(Z):{—oo, ze U\ A,

is g-plurisubharmonic on U. Indeed, it was shown in [S1o84] that the charac-
teristic function x4 =0 on A and x4 = —oo on U \ A is ¢-plurisubharmonic.
Hence, we see from Proposition that ¥ = ¢4 x4 is g-plurisubharmonic
on U.

We now present a useful regularization technique derived from [Dem12l
Chapter 5, Lemma (5.18)].

DEFINITION 3.4. Let 6 be a non-negative C*°-smooth function on R with
compact support in (—1,1) such that {5 0(s)ds = 1 and 6(—s) = 6(s) for
all s € R. Given €1,...,¢ € (0,00) and t = (t1,...,t) € R!, we define the
regularized maximum by

ﬁl\éﬁ((sl,...,el)(t) = S max{t1 +£181,.- .. ,tl +ElSl}9(81) et 9(81) d(Sl, c. ,Sl).
RI
For a single positive number ¢ > 0 we set max.(t) := max(. _.)(?).
The regularized maximum has the following properties.

LEMMA 3.5.

(i) The function t = (t1,...,t;) = max, . .(t) is a C>-smooth
convex function on RY which is non-decreasing in each variable
.

(ii) max{ty,...,t;} < m(sl,...,sl)(t) < max{t; +¢€1,...,t; + &}

(iii) If tj; +e; < max;z;{t; — &;}, then
I/n\a_g((al,...,zsl)(tl: s 7tl>

= maX(El,..-,€j71,€j+1,.--,€z)(th e tio, i, e ,tl).

As a consequence of Lemma and [PZ13, Proposition 2.11|, we can
apply the regularized maximum to g-plurisubharmonic functions.

LEMMA 3.6. Let uy,...,u; be finitely many C°-smooth functions on an
open set U in C™ such that for each j € {1,...,k} the function u; is q;-pluri-
subharmonic on U. Then for every tuple (g1,...,ex) of positive numbers the
reqularized marimum max, . .){u1,...,ug} is C>-smooth and g-plurisub-
harmonic on U, where ¢ = q1 + -+ + qp.
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Let K be a compact set in C”, and let © be the set of all non-negative
C%-smooth functions with compact support on C". Define w(z) := ||z[|3 + 1
for z € C". Since w + ef belongs to PSH(K) for all ¢ > 0 and f €
PSH4(K), we can apply Theorem [2.11]to 6, A = PSH,(K) and w to get the
following Bishop-type peak point property for g-plurisubharmonic functions.
For brevity, we will write bpsy,(k), Spsy_lq( k) and Ppgy (k) rather than

bpsu, () (K), Spsu,x)(K) and Ppsy, (1) (K).
ProrosiTION 3.7. SPSHq(K) = PPSHq(K) S bPS’Hq(K)-

A similar result may be obtained for many different subfamilies of ¢-
plurisubharmonic functions using the same argument. For instance, one can
take the continuous or C™-smooth functions in PSHy(K), m > 1; or the
g-plurisubharmonic functions in PSH,(K) with corners, that is, continuous
functions which are locally the maximum of finitely many C*°-smooth g-pluri-
subharmonic functions; or the continuous functions on K which are ¢-pluri-
subharmonic in the interior of K. But we will restrict only to the family
PSH,(K) for the following two reasons: Firstly, in the last section we are
only interested in the Shilov boundaries of convex sets X with non-empty
interior. Then it is easy to verify that the Shilov boundaries are the same for
the families of continuous functions in PSH,(X) and continuous functions on
X which are g-plurisubharmonic in the interior of X. We simply have to use
the retraction z — Az for small enough numbers A > 0, since we can always
assume that X contains the origin. Secondly, we can show that the Shilov
boundaries for (nearly) all the subfamilies of g-plurisubharmonic functions
described above coincide. In view of the peak point property, this means that
the Shilov boundary of K for g-plurisubharmonic functions equals the closure
of the peak points of K for C*°-smooth g-plurisubharmonic functions. This
observation is interesting since, in general, it is not possible to (uniformly)
approximate a g-plurisubharmonic function by a sequence of smooth ones
(see [DESH).

PROPOSITION 3.8. Let K be a compact set in C*. Then
Sps,(K) = SPSH;O(K)-

Here, PS’HZO(K) s the set of C*°-smooth q-plurisubharmonic functions v
defined on some open neighborhood V- of K, where V' depends on v.

Proof. The inclusion S’])SH(C;O( K) C S’])S’Hq( k) is trivial, so it suffices to
show the converse. Denote by PSH(K) the set of all g-plurisubharmonic
functions ¢ defined in some neighborhood W of K which have corners on
W. As before, we mean that W depends on . Then it follows from Stod-
kowski’s and Bungart’s approximation techniques [S1086], [Bun90] and from

Proposmon E. ) that SPSHQ(K) S’])S'HZ(K)
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Thus, it remains to show that S’pg’;{;( K) C 5’7;5%30( ). To see this, assume
that ¢ € PSH(K) peaks at some p € bK. Then there exist a bounded
open neighborhood U of p and finitely many C°°-smooth ¢-plurisubharmonic
functions 91, ..., on U such that ¢ = max;_; ;. By picking a slightly
smaller neighborhood of p and denoting it again by U, we can arrange that
each v; is defined on a neighborhood of U. Take jy € {1,...,k} such that

Y(p) = j,(p). Since 1) peaks at p, we have
Vjo(p) = ¥(p) > ¥(2) = jo(2)  for every z € (UNK) \ {p}.

Hence, 1, peaks at p in K NU. Since 9}, is continuous on U, we can choose
¢ € R such that

i >c> io-
Yjo(p) > € > max 4y,

By Lemma we can find € > 0 such that the function ¢ := max.{v;,, c}
is C*°-smooth and g-plurisubharmonic on a neighborhood of U N K. In view
of Lemma , we can choose € > 0 so small that ¢ peaks at p in K N U
and fulfills ¢ = ¢ on a neighborhood of bU N K. Thus, we can extend ¢ by
the constant c into a neighborhood of K \ U to a function from PSH°(K)
which peaks at p. Since p was an arbitrary peak point for PSH(K), we
obtain PPS?—L;( i) C PPSH{;"( K)- Since the converse inclusion is obvious, we
conclude that Ppsye k) = Ppswuze (i), so Proposition (and the preceding

remark) yields SPS?—L;"(K) = SPSH(CI(K)‘ u

We close this section by presenting a subfamily of ¢-plurisubharmonic
functions which arises naturally, but which has a trivial Shilov boundary.

REMARK 3.9. Let ¢ € {0,...,n — 1}, let K be a compact set in C",
and let A be the family of upper semicontinuous functions on K which are
g-plurisubharmonic on the interior of K. In view of Theorem [2.7] the Shilov
boundary S 4 for A exists. By the maximum principle in Proposition ,
the Shilov boundary for A is contained in the boundary of K. On the other
hand, pick a point = in the boundary of K. Then the characteristic function
X{z} lies in A and peaks at z. Hence, the whole boundary of K coincides
with P4. Since the set of all peak points for A lies in the Shilov boundary
for A, we conclude that S, = bK.

4. Shilov boundary for ¢g-holomorphic functions. A generalization
of holomorphic functions is given by the so called g-holomorphic functions
which were already studied by, e.g., Basener [Bas76|, [Bas78| and Hunt and
Murray [HMTS].

DEFINITION 4.1. Let U be an open set in C”. Given an integer ¢ > 0,
the set of g-holomorphic functions on U is defined by

O,U) :=={f € C*U) : 9f A (80f)? = 0}.
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Clearly, if ¢ > n, then O,(U) = C?(U). Furthermore, each g-holomorphic
function is (¢ 4+ 1)-holomorphic, and the 0-holomorphic functions are the
usual holomorphic functions. Moreover, g-holomorphic functions have the
following properties which can be found in [Bas76|, and the very last property
in [HMT7S].

PROPOSITION 4.2. Let U be an open set in C™.

(i) A function f € C3(U) lies in Oy(U) if and only if

fa 0 Jfa
lefl lein

rank <q onU.

fznzl fzngn
(i) If f € O4(U), g € O, (U), A € C and m € N, then
™A €04U) and  fg,f+ g€ Ogr(U).

(iii) If W is an open set in C*, f € Og(W) and h : U — W a holo-
morphic mapping, then foh € Oy U).

(iv) If f € Oy(U) and h is a complex-valued holomorphic function de-
fined in a neighborhood of the image of f, then ho f € O4(U).

(v) If ¢ < n, then every f € Oq(U) satisfies the local mazimum modu-
lus principle, i.e., for every relatively compact set D € U we have
max || = maxyp |

(vi) If f € O4(U), then Re f and log|f| lie in PSH,(U).

We give some examples of g-holomorphic functions, which can be found
in [Bas76] as well.

EXAMPLE 4.3. (i) If there are local coordinates 21, ..., 2, such that a C2-
smooth function g depends holomorphically on n — ¢ variables z1,. .., 2,—q,
then g is g-holomorphic.

(ii) Let A = (h1, ..., hq) be a holomorphic mapping from U into C? and
V:={z€U:h(z) =0}. Then
_ 1
L+ m([hP 4+ |hel?)
lies in Oy(U) for every m € N by (i). Moreover, the sequence (Xm,v)meN
decreases to the characteristic function yy of V in U.

Xm,V

The last example motivates introducing another subfamily of g-holo-
morphic functions. It will later serve for the characterization of the Shilov
boundary of bounded convex domains using a simple subfamily of g-holo-
morphic functions.
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DEFINITION & REMARK 4.4. Let U be an open set in C".

(i) Let L be an affine complex plane of codimension ¢ € {0,...,n—1}.
We denote by O(L,U) the set of all functions h € C*(U) which are
holomorphic on U N L' for every parallel copy L’ of the plane L.

(ii) The family OF(U) is the union of all sets O(L,U), where L varies
over all affine complex planes in C" of codimension q.

(iii) We easily derive from Example [£.3{i) that OF (U) C Oy(U).

We will examine the Shilov boundaries for the following sets of functions.
DEFINITION 4.5. Let K be a compact set in C™.

(i) O4(K) denotes the set of all continuous functions f on K which have
a g-holomorphic extension into an open neighborhood of K, i.e.,
there exist an open neighborhood U of K and a function F' € Oy (U)
such that F|K = f. For ¢ = 0 we write O(K) instead of Oy(K).

(ii) We define Ay(K) :=C(K) N Oy4(intK) and A(K) := Ao(K).

(iii) O(L, K) will mean the set of all continuous functions f on K such
that there exist a neighborhood U of K and a function F' € O(L,U)
with F|K = f. The family O7(K) is then the union of all sets
O(L, K), where L varies over all affine complex planes of codimen-
sion q.

(iv) For the respective Shilov boundaries and peak sets we will prefer
the shorter notations bg, Sp and Pg rather than bp(K), SB(K) and
Pg(K) if B is any of the families introduced in this definition.

Note that for historical reasons [Ber31], the Shilov boundary for the fam-
ily O(K) is also called the Bergman boundary of K. However, for simplicity
we will keep the notation introduced at the beginning of this paper.

We have the following properties of the Shilov boundaries for the above
subfamilies of g-holomorphic functions.

PROPOSITION 4.6. Let ¢ € {0,...,n — 1} and let K be a compact set
in C™. If B is any of the families from Definition A5, then

Sp = FE € bg.
Here, B means the uniform closure of B in C(K).

Proof. Pick f € B and denote by By the uniform closure (in C(K)) of
the algebra generated by f and the family O(C"™) of holomorphic functions.
Then Proposition shows that By C B for every f € B. Therefore, if
we set Be :=J feB By, we get the inclusions

(4.1) BCB,CB and bg=bgCbg, Cbg.
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Hence, all the Shilov boundaries for B, B, and B are the same. Since we can
apply Bishop’s Theorem to each By, Corollary and (4.1]) yield

Ss = Ss, = Ps, € bs, = bs.
Finally, the remaining peak point property Sz = ]% follows from
SBZS'B. :T&C?ECSEzgg. ]
In the next statement, we compare the Shilov boundary for subfamilies

of g-holomorphic functions defined on subspaces of lower dimensions. Some
ideas of its proof are similar to those in [Bas78|, proof of Theorem 3|.

PROPOSITION 4.7. Let K be a compact set in C™ which admits a Stein
neighborhood basis. Given a complex plane L in C™, we have

So(xnry = Sor,x) N L.

Proof. Observe that K N L is non-empty if and only if SO(L,K) NLis
non-empty. Indeed, assume that K N L # (), but L does not intersect Sy :=
S’O(L’K). For n € N let x5, := Xn,r be the functions from Example It
is obvious that x, € O(L, K), since it is constant on each complex plane
parallel to L and of the same dimension as L. Recall that x,, decreases to the
characteristic function of L. Then for large enough n € N, we can arrange
that

XN 2 X >

which contradicts the definition of the Shilov boundary for O(L, K). The
other direction is obvious, because S@( LK) 1s a non-empty subset of K due
to Proposition [4.6]

We now prove that SO(KQL) C S(’)(L,K) N L. Let again Sy := SO(L,K)-
We have to show that maxxny |f| = maxg,nz | f| for every f € O(K N L).
Fix f € O(KNL). Then f € O(U N L) for some open neighborhood U
of K. Since K has a Stein neighborhood basis, we can assume that U is
pseudoconvex. Let F' be a holomorphic extension of f to the whole of U.
Then F,, :== F - xp,1 € O(L, K) for every n € N. Furthermore,

e 1 = g, mpe 1Pl = Jim Bl = e 171
By definition this means that SO(KQL) C SoN L.

For the other inclusion, take p € L N Pm. Then there is a function
fin O(L, K) which peaks on K at p. It is easy to see that g = f|L lies in
O(K N L) and peaks on K N L at p, because p € K N L. Thus

LN Porry € Pownry © Somnany = Soknr)-
Together with Proposition [.6] we conclude that

Ln gO(L,K) =L ﬂﬁm C SO(KQL)' L]
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As a consequence, we can compute the Shilov boundary of OF (K) using
the classical Shilov boundary.

COROLLARY 4.8. Let K be a compact set in C"™ which admits a Stein
neighborhood basis, and let II be the set of all complex planes of codimen-
sion q. Then

Sor(k) = U So(rnL)-
Lell

In particular, SOLNK) = Son,l(K) = SPSHn,l(K) =K.

Proof. The first identity follows immediately from Propositions
and [£.7] The series of identities is derived from the first one by invoking the
fact that So(x) = bX for each compact set X in C together with Proposi-

tion 4.2(vi)) and the inclusions
log | O]y (K)|  log |01 ()| € PSH,_1 ().
Therefore, bK = SOg_l(K) C SOn_1(K) C 5'7337_[”_1(1() CbLK. m

Another consequence of Proposition [£.7] is the next observation. It was
shown in [Byc81] that the Hausdorfl dimension of the Shilov boundary of a
convex body K in C? for A(K) is no less than 2. It remains an open question
whether the Hausdorff dimension of the Shilov boundary for holomorphic
functions of a convex body in C" is at least n. Anyway, we partially generalize
Bychkov’s result to the Shilov boundary for g-holomorphic functions using
slices of a given convex bounded domain D in C™. Therefore, we need the
next statement which can be found in, e.g., [Fal03, Corollary 7.12]. We also
refer to that book for the definition and properties of the Hausdorff dimension
dimpg.

LEMMA 4.9. Let I be an m-dimensional cube in R™, J be an n-dimen-
stonal cube in R™ and F be a subset of I x J. For x € I consider the slice
F,:=Fn({x} xJ). Ifdimy F, > « for every x € I, then dimy F > a+m.

The next proposition says that we only need to know a lower estimate
for the Shilov boundary for holomorphic functions in order to get a lower
estimate for the Shilov boundary for g-holomorphic functions.

COROLLARY 4.10. Let D be a conver bounded domain in C" and fix
q €40,...,n—2}. Suppose that there are a constant o > 0 and a collection
{L;}jes of disjoint parallel complex affine planes in C™ with the following
properties:

o The union \J;c; L; is open and intersects D.
e [or every j € J the plane L; has complex codimension q and
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Then
(4.2) dimy Sy, 5 > @ + 2.
In particular, dimg 5’0%2@) > 2n — 2.
Proof. Propositions [4.7 and imply that
U Sowar,y © USow, 5 € Sopm € So,m)
jeJ jeJ
Hence, it follows from Lemma that dimyy S(Dq D) = at 2q.
Now consider the case ¢ = n — 2. It was shown in [Byc81, Theorem 3.1|
that dimg S ADAL) 2 2 for every complex two-dimensional affine plane L

such that LN D # {). Since S’A(X) = S’O(X) for any convex body X in C", in
view of the inequality (4.2) we conclude that

dimp Sy, 5 >2+2(n—2)=2n—2.u

5. Generalization of Bychkov’s theorem. S. N. Bychkov [Byc8]]|
gave a characterization of the Shilov boundary for bounded convex domains
D c C". Our goal in this section is to generalize this theorem to Shilov
boundaries for subfamilies of g-plurisubharmonic and g-holomorphic func-
tions (see Theorem below). First, we recall the main result of Bychkov’s
article.

THEOREM 5.1 (Bychkov, 1981). Let D be a bounded conver open set
in C". A boundary point p € bD is not in SA(E) if and only if there is a
neighborhood U of p in bD such that U consists only of complex points (see
Definition . For n = 2, the complement of S’A@) m bD admits a local
fibration by pieces of complex lines.

REMARK 5.2. If D € C" is a bounded convex domain, it is easy to verify
that S Az (D) = SQ}’(E) and S A,(D) = Soq(ﬁ) using Proposition and
the retraction z — A(z — p) for A > 0 and some fixed point p € D.

In his article [Byc81], Bychkov divides the boundary points of a convex
body into real and complex points. We recall their construction. For more
definitions and details on convex sets we refer to [Roc70)].

DEFINITION & REMARK 5.3. Let K be a conver body in R™, i.e.,
a compact convex set with non-empty interior. A subset of the boundary
bK of K which results from an intersection of K with supporting hyper-
planes is called a face of K. A face is again a lower-dimensional convex set.
The empty set and K itself are also considered to be faces. A face of a face
of K does not need to be a face of K. An arbitrary intersection of faces of
K is again a face of K.



34 T. P. Pawlaschyk

Given a convex body K, there is a unique minimal face Fy = Fiin(p, K)
of Fy := K in the boundary of K containing the point p. It can be defined
as the intersection of K and all supporting hyperplanes for K at p. Then
there are two options for p: either it is an inner point of the convex body
F1 or it lies on the boundary of Fj. In the second case, p might again lie
either in the interior of the minimal face Fy = Fiin(p, F1) of F} or in the
boundary of Fy. Inductively, we obtain a finite sequence (F}),—o,. j@p) of
convex bodies F; in K of dimension m; such that Fj;q = me(p, F ) C Fj
for each j € {0,...,7(p) — 1}, and if m;,y > 0, then p is an interior pomt
of Fjy, while if m;(,) = 0, then the minimal face Fj,) consists only of the
point p.

The convex body Fy(K) := Fj,) thus obtained will be called the face
essentially containing p. It is contained in a plane E, = E,(K) of dimension
m(p) Which satisfies £, N K = Fj,).

In the following, let D be always a bounded convex domain in C". Then

real and complex points are defined as follows.

DEFINITION 5.4. Let p € bD, and let E(C EC( ) be the largest com-
plex plane inside E, passing through p. We deﬁne v(p) to be the complex
dimension of Eg. If v(p) = 0, then E, is totally real and we say that the
point p is real.

The symbol II, = I1,(D) denotes the set of all complex planes 7 in C"
such that there ex1sts a domain G C C" with p e GNw C bD. If IT, # {p},
then p is called complez.

We will need the next two statements (see |[Byc81, Lemma 2.5 and its
corollary]).

LEMMA 5.5. If I C bD 1is an open segment containing p € bD, then
I C F,.

COROLLARY 5.6. A boundary point p € bD is either real or complex.
From this, it easily follows that p is complex if and only if v(p) > 1.
COROLLARY 5.7. Ifp € bD is complez, then Eg € 1I,.

Proof. Since p is complex, it cannot be real due to Corollary [5.6] Thus,
Eg is not trivial, so the face essentially containing p cannot be a single point.
The point p is then an inner point of the convex body F}, in E,. Hence, there
is an open ball B’ with center p in F),, and we can find another open ball B
in C" with center p such that BN E, = B’. Then

EyNB C E,nB=B CF, C bD.
It now follows from the definition of II,, that Eg lies in I1,. =

Another consequence is that Ef is maximal in I7,,.
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COROLLARY 5.8. If m € II,,, then = lies in Ey .

Proof. Let G be an open neighborhood of p in C" such that p € GNw C
bD. It follows from Lemma [5.5| that p € G N lies in F,. Since GN 7 is open
in 7, we see that m C E,. Since 7 is a complex plane containing p, and Eg

is the largest complex plane inside E),, we conclude that = C Ef. "
We specify complex points in the following way.

DEFINITION & REMARK 5.9. Let p be a complex boundary point of D
and let g € {1,...,n—1}.

(i) The point p is called g-complex if v(p) = dim¢ Eg >q.

(ii) Corollaries[5.7/and |5.8|yield the following characterization: A bound-
ary point p in bD is g-complex if and only if there is a domain G in C™
and a complex plane of dimension at least ¢ such that p € GNw C bD.

The next lemma asserts that a complex point p is a lower-dimensional
real point.

LEMMA 5.10. Let p be a complex point in bD. Let m be a complex affine
plane of codimension v(p) such that ES Nw = {p}. Then p is a real boundary

point of DN .

Proof. If v(p) = n — 1, the statement is obvious, since every boundary
point of D N7 is real.

Suppose that v(p) < n — 2 and that the statement is false. Then by
Corollary , p is a complex boundary point of D N «. By Corollary
there exist a domain G C C" and a complex line L in 7 such that p €
GNL cbDNm C bD. Hence, L € II,,. By Corollarythe line L lies in E](DC.
But since Eg N7 = {p}and L C =, it follows that . = {p}, which is absurd.

Thus, p has to be a real boundary point of DN 7. =

We now generalize Proposition 2.6 in [Byc81] which states that a real
boundary point always lies in the Shilov boundary for A(D).
PROPOSITION 5.11. If p € bD, then p € Sp= (5.

v(p)

Proof. By Corollary [5.6] p is either real or complex. If p is real, then by
[Byc81], Proposition 2.6] and Remark |5.2| we have

P € Sap) = So(p) = So(0)
Recall that it follows from the definition that O(D) = OF (D).
If p is complex, then there are a domain G and a v(p)-dimensional com-

plex plane L’ such that p € GNL' C bD. Let L be a complex affine plane of
codimension v(p) such that L' N L = {p}. Then by Lemma the point p
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is a real boundary point of the convex body DN L in L. By [Byc81], Propo-
sition 2.6] and Propositions and we obtain

pe SA(BmL) = S@(EmL) C SO(L,E) C Sog(p)(ﬁ)- .

The next lemma follows from the maximum principle for g-plurisub-
harmonic functions on analytic sets (see Proposition or [Sto86l, Corol-
lary 5.3]).

LEMMA 5.12. Let p € bD and q € {0,...,n — 2}. If there exists an
analytic set in bD which contains p and which is at least (q + 1)-dimensional
at each of its points, then p is not a peak point for PS’Hq(ﬁ). In particular,
no (q + 1)-complex point can be contained in Ppg,, (D)’

We are now able to generalize Bychkov’s theorem.

DEFINITION 5.13. For ¢ € {1,...,n—1} denote by I;(D) the relative
interior of the set of all g-complex points of D in bD.

THEOREM 5.14. Let ¢ € {0,...,n —2}. Then
Sox D) = S0,0) = Opsu,m) = 0D\ Iyr1(D).
Proof. It p € bD \ S’Oﬁ(ﬁ), then there is a neighborhood U of p in bD
q

such that U N S'Oﬁ(ﬁ) = (. Thus, if w € U, then v(w) > ¢+ 1 due to

Proposition |5.11] This means that U consists only of (¢+ 1)- complex points.
Hence, p € Fq+1( ) and we conclude that bD \ I';41(D) C S (D)
q

On the other hand, if there is a neighborhood U of p in bD such that U
contains only (g+1)-complex points, then UN P, SH,(D) = () by Lemma

This implies that p ¢ PPSH (D) Since, by Proposition the latter set
coincides with S79 SHy( D), we get the other inclusion

The proof is now complete since log |O7(D)| lies in PSHq(b). .

In what follows, we give some interesting consequences of the previous
theorem.

COROLLARY 5.15. For q € {1,.. — 1} let FA( ) be the relative in-
terior in bD of the set of all boundary points p of D having the following
property: there is an open set U and an analytic set of U which has dimen-
sion at least ¢ and which contains p and lies in bD. Then

(D) = Iy(D).
Proof. Indeed, the inclusion I},(D) C FA( ) follows directly from the

definition of these two sets and the deﬁnltlon of g-complex points. Now pick
p € F;‘(D). Then Lemma and Proposition imply that p is not
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in SPSqul(E)' Thus, p € I,(D) by Theorem This shows the other
inclusion. m

In some cases, the Shilov boundary of convex bodies for g-plurisub-
harmonic functions admits an analytic structure.

COROLLARY 5.16. Let ¢ € {1,...,n — 1}, and assume the set {z € bD :
v(z) > q+ 1} is open. If
Fo(D) = ity (Spsy, @) \ Spsu, (D))
is not empty, then it admits a local fibration by complex q-dimensional planes
in the following sense: for every point p € F4(D) there exists a neighborhood
U of p in bD such that for each z € U there is a domain G, in C" and a

unique complexr q-dimensional plane 7, with z € m1, NG, C U. In the special
case ¢ =n — 1, these complex (hyper-)planes are parallel to one another.

Proof. We set I}, := (). By Theorem [5.14] and since bD = Spsy, (D),
we have Fy(D) = I';(D) \ I'y+1(D). If the set {z € bD : v(z) > ¢+ 1} is

open, then it coincides with I7(D). Thus,
Fo(D)=Ty(D)\{z€bD:v(z) > q+1}

Now if p € F,(D), then there is a neighborhood W of p in F,(D) such
that v(z) = g for every z € W. Hence, the open set F,(D) consists only of
ezactly q-complex points. Then Corollaries [5.7] and [5.8] imply existence and
uniqueness of an open part of a complex g-dimensional plane 7, = E;C(b)
containing z and lying in U.

For ¢ = n — 1 the set F,,_1(D) = I,_1(D) is a convex hypersurface foli-
ated by complex hyperplanes. By a result of Beloshapka and Bychkov [BB8&6],
they have to be parallell (see also Example below). =

We close the paper by giving some examples related to the previous
statement.

ExAMPLE 5.17. (i) If the openness assumption in Corollary is drop-
ped, then it may happen that F; (D) does not admit a foliation by planes in
the above sense. To see this, consider the domain G in C x R given by

G ={(z,y,u) ECXR:x2+(1—y2)u2 < (1—y2), ly| < 1}.

It is easy to compute that the function h(y,u) := /(1 — y2)(1 — u2) is con-
cave on [—1,1]2. Since G is the intersection of the sublevel set {z < h(y,u)}
of the concave function h and the superlevel set {x > —h(y,u)} of the convex
function —h over [—1,1]?, it is convex in C x R.

The boundary of G contains the flat parts {+i} x (—1,1) and {0} X
[—1,1] x {£1} whereas the rest of the boundary consists of strictly convex
points. By setting D := G x (—1,1)2 and ¢ = 1 we obtain a convex domain
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D in C3 such that
{z€bD:v(z) >2} = {%i} x (—1,1)%,
and I'1(D) is the whole boundary of D. In particular, I3(D) is empty. Thus,

the boundary points z in bD with v(z) > 2 lie in I} (D), but there is no
unique foliation by complex one-dimensional planes near these points.

(ii) In general, one cannot expect a foliation by parallel planes due to
an example by N. Nikolov and P. J. Thomas [NT12] (except in the case of
g =n — 1 as we have seen in the proposition above). Consider the function

0(2) = Re(22)? — Re(z1) Re(z3) for 2 € C3. Then the set
D :={z € C3:Re(z1) >0, o(z) < 0}

is convex, and an open part of its boundary is foliated by a real 3-dimensional
parameter family of open parts of non-parallel complex lines of the form

{(a®¢C +ib,al +ic,¢): ¢ €C}, a,b,ce€R.
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