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Abstract

The results obtained in this article form a necessary foundation for any prospective development of an
extension of the pluripotential theory to algebraic sets. We focus on the key concept of pluricomplex Green
function on such sets, as well as its interplay with different growth characterizations for holomorphic
mappings. In particulay, if f is a proper holomorphic mapping between two algebraic sets, then given a
compact set K in the range of f, we show how to estimate the pluricomplex Green functions of K and
of f7}(K) in terms of each other, the Lojasiewicz exponent of f and the growth exponent of f. This
result leads to explicit examples of pluricomplex Green functions on algebraic sets. We also present an
enhanced version of the Bernstein-Walsh polynomial inequality specific to algebraic sets. This article
provides a theoretical framework for future investigations of the rate of polynomial approximation of
holomorphic functions on algebraic sets in the style of Bernstein-Walsh-Siciak theorem.

1 Introduction

Given a non-polar compact set K in the complex plane, one can define the Green function with pole at infinity associated with this
set and harmonic in the unbounded complement of K. This concept has been widely used in univariate complex analysis for a
very long time. The main areas of complex analysis in which the Green functions have played a crucial role are the approximation
theory, constructions of conformal mappings and the classical potential theory (see e.g. [31] and [28]).

The pluricomplex Green functions are generalizations of the one dimensional notion to higher dimensions. Ever since the
highly influential paper by Siciak [32] was published, the pluricomplex Green functions have continued to gain importance,
particularly in the approximation theory and general study of plurisubharmonic functions. It is necessary to mention here the
Siciak-Zaharjuta formula that gives a relation between the pluricomplex Green function and the extremal Siciak function defined
by means of polynomials (see (4) below). The formula leads to the Bernstein-Walsh polynomial inequality and to the well known
Bernstein-Walsh-Siciak approximation theorem. Moreover, beginning with the fundamental work of Bedford and Taylor (see
particularly [1] and [2]) in the late 1970s and early 1980s, the study of the pluricomplex Green functions has been linked to the
non-linear potential theory built around the complex Monge-AmpA "re operator, and commonly referred to as the pluripotential
theory (see e.g. [19] and [24]).

Most of the research concerning the pluricomplex Green functions, and for that matter plurisubharmonic funcions in general,
has been done in CV or on complex manifolds. The papers by Sadullaev [30] from 1983 and Demailly [12] from 1985 opened
the door to the study of plurisubharmonic functions on analytic sets. Over the years, this subject has been investigated by many
authors (see e.g. [6], [8], [9], [14], [15], [35], [36], [37]). If pluripotential theory is to be extended from CV to algebraic sets,
then the partial differential equations aspects of that theory become problematic, mainly because of singularities of algebraic sets.
Instead, one has to focus of the approximation theory side of pluripotential theory. A fundamental framework serving this goal
can be created by taking a close look at plurisubharmonic functions on analytic sets in general, by investigating properties of
pluricomplex Green functions on algebraic sets and by analyzing different characterizations of growth of holomorphic mappings
between algebraic sets, with particular attention paid to the Lojasiewicz exponents. Primarily, one has to scrutinize the interplay
between all these notions, and this is the main objective of the results obtained in this article.

As a convenient vehicle for examining the interactions between all the concepts described in the previous paragraph, we
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will use a generalization of an invariance result for pluricomplex Green functions. In 1982 in [17] and [18] it was shown that,
given a compact set in C¥ and a proper polynomial mapping f : C¥ — C¥, one can estimate the pluricomplex Green functions
of K and f~1(K) in terms of each other, and — in certain cases — even express one of these functions in terms of the other one
(see Section 3 below for a precise statement). The result was new even in one variable. Only very special cases exist in older
literature, like Fekete’s considerations of the logarithmic capacity from 1930 (see [13]) or Walsh’s construction of the Green
function for some filled-in leminiscates from 1956 (see [34]). Also, in complex dynamics, there exists a well known formula for
invariant attracting basins of infinity (see e.g. [28, Thm. 6.5.3]).

The general case, in any dimension, apart from providing a plethora of explicit examples of pluricomplex Green functions
and concrete polynomial estimates of Bernstein-Walsh type, has had far reaching consequences. They were mainly linked to
complex dynamics, producing - in particular — completely new types of filled-in Julia sets, and to the theory of set-valued analytic
functions (see e.g. [21], [22] and [23]). Even in the one dimensional case, it yielded a new interpretation of the classical filled-in
Julia sets as fixed points of set-valued contractions [20]. It can be expected that the main theorem of this paper will have similar
consequences on algebraic sets to those of its version in CV.

The paper is organized as follows. In the section following the introduction, we have gathered basic information concerning
analytic and algebraic varieties. This paper is addressed mainly to complex analysts whose background in complex analytic
geometry might be limited. Consequently, we felt that it would be prudent to include, also in other sections, some elementary
details pertaining to that subject. In the subsequent section, we list briefly a few fundamental definitions of the pluripotential
theory, followed by a precise statement of the theorem we intend to generalize. The somewhat longer 4th section deals with
the notions of plurisubharmonicity and pluripolarity on analytic sets. The section ends with a technical lemma about the
push-forwards of plurisubharmonic functions under proper holomorphic mappings between analytic sets. The ensuing 5th section
is devoted to the pluricomplex Green functions on algebraic sets. In particular, we give a proof of a theorem about the relationship
between the pluricomplex Green functions on algebraic sets and on the ambient vector space. This property is known, but it is
sometimes incorrectly stated in some articles. Moreover, the proof given in [30], where the theorem was first formulated, works
only for algebraic curves but not for higher dimensional algebraic sets. The penultimate 6th section examines the interrelationship
between different descriptors of the growth of holomorphic functions on analytic sets. More specifically, given a holomorphic
function f, we look at the growth and Lojasiewicz exponents of f, as well as the order of f defined as the growth exponent of
the multifuncion . Using the growth exponent we give an alternative description of the Siciak extremal function on algebraic
sets as well as an enhanced version of the Bernstein-Walsh inequality. The interplay between the growth indicators considered
in Section 6 is crucial for the formulation and understanding of the main results of the paper, which are presented in the final
section. The article closes with a few examples of applications of the main theorem.

2 Basic facts about analytic and algebraic sets

Let  be a complex manifold of dimension N, e.g. a domain in C¥. A set V is said to be analytic in Q if for every point z € Q
there exist an open neighborhood U C  of z, a positive integer k and a holomorphic mapping f = (fi, ..., fi) : U — CK such that
Uny={welU : fi(w)=... = fi(w)=0}. If the condition holds only for each z € V, we say that the set V is locally analytic. It
follows from these definitions that V is analytic in  if and only if it is locally analytic and closed in Q.

A point z € V is regular (of dimension £) of V if V is a complex submanifold of ©2 (of dimension £) in a neighborhood of z.
Equivalently, the germ V), can be written as {w : g(w) = 0},, where g is such a holomorphic mapping from a neighborhood
of z to C¥~* that g(z) = 0, and the differential d,g is surjective. The dimension of V at z is denoted by dim,). By reg) we
denote the collection of all regular points of V. The dimension of V is defined as dimV := max{dim,V : z € regV}. The set of
singular points of V (denoted by sing ) is the set VV \ regV. We say that V is of pure dimension { if dim,V ={ for each point
z €reg), i.e. the dimension of each component of V is £. Such sets are said to be pure-dimensional or of constant dimension. For
a pure-dimensional analytic set V, the set regV is a submanifold of 2, while singV is an analytic set in Q, which is closed and
nowhere dense in V. Moreover, dimsingV < dim V.

An analytic set V in CV is irreducible if it is not the union of two analytic sets properly contained in V. In this case, V is
connected and pure-dimensional. It is known that an analytic set is irreducible precisely when its set of regular points is connected.
Every connected locally irreducible analytic set is irreducible. The converse is usually not true.

If an analytic set in CV is compact, then it is finite and hence of dimension zero. Unless it is a singleton, it is also reducible.

A subset A of CV is an algebraic set if A = {z € CV : p,(2) = ... = px(2) = 0} for some polynomials py, ..., p, € C[z]. Obviously,
every algebraic set is analytic in CV. An algebraic set .A C CV is irreducible if it is not the union of two algebraic sets properly
contained in A. This is the case if and only if A is irreducible as an analytic set, see e.g. [27, VIL.11.1].

A linear space X is called a Sadullaev subspace of CV for an analytic set VV C CV if there exists a linear complement Y of X to
C" such that
ve{x+yeC' i xeX, yey, [Ixll<Cc+IylD} m
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for some positive constant C. Unless otherwise specified, the symbol || - || will stand for the Euclidean norm, but in fact one can
choose any norm in C¥ instead. If (1) holds, the natural projection 7 : V3 x +y — y €Y is a proper mapping. Moreover, if
dimX = N— dimV, then the projection 7 is surjective, see [27, VII.7.1]. According to theorems due to Rudin and Sadullaev (see
e.g. [27, VIL.7.4]), we have the following

Theorem 2.1. An analytic set V C CN of pure dimension £ is algebraic if and only if there exists an (N — £)-dimensional Sadullaev
space for V. Additionally, if X, Y are linear spaces in CN, X ®Y = C¥, V C X x Y is a pure-dimensional analytic set and
V{l,y)eX xY :lx[ < C(A+ Iy} 2

for some C,c > 0, then V is algebraic.

To give an example, consider an algebraic hypersurface A = {(x,y) € CY : f(x,y) = 0}, where f is the polynomial

n—1
fFa,)=x"+>a(x), xec, yec", geclyl
j=0

n—1
Then Ac{(x,y)€C" : |x| < C(1+[lylI")}, where k:=max; dega;, C=1+ 3 lla;ll, lIbll:= X |bg| for b(y)= 3 bay%
Jj=0 I

al<t |al<e

and |||l = max; |y;| for y = (y1,..., yy—1) €C".

3 Basic facts in pluripotential theory

Let D be an open set in C¥ and u : D — [—00, 00) be an upper semicontinuous function on D, not identically —oo on any
connected component of D. The function u is plurisubharmonic in D and we write u € PSH(D), if for each a € D and b € CV, the
function t — u(a+bt) is subharmonic or identically equal to —oo on every connected component of the set {t € C : a+ bt € D}.
An equivalent definition says that u € PSH(D) if uoh is subharmonic or identically —oo on the open unit disk D in C for every
holomorphic function h:D — D. Let u* denote the standard upper regularization of u, i.e. u*(z) =limsupu(w), z € D.

Daw—z

A plurisubharmonic function composed with a holomorphic mapping is plurisubharmonic. More precisely, for open sets D;
and D, in CV and C, respectively, if u € PSH(D,) and ¢ : D; — D, is holomorphic, then uo ¢ € PSH(D,).

The concept of plurisubharmonicity extends in a natural way to complex manifolds via local charts. In particular, this is so in
the case of complex submanifolds of C¥, irrespective whether they are closed or not. However, the situation becomes a little
more complicated on analytic sets due to the presence of singularities. We will address this issue in the next section.

Let K be a subset of CN. The set K is said to be pluripolar if, for every z € K, there exist an open neighborhood U c C¥ of z
and a function u € PSH(U) such that u =—o00 on K NU. The set K is non-pluripolar if it is not pluripolar. For N = 1 we say
that K is polar or, respectively, non-polar.

The pluricomplex Green’s function of a compact set K C C is defined by
Vi(2) :=sup{u(z) : ue £(CV) and u<0onK} for zeCV, 3)
where £(CV) is the Lelong class of plurisubharmonic functions in CV of logarithmic growth at the infinity, i.e.
L(CV):={u e PSH(C) : u(z)—log(1+|lz]]) <c in CV for some ¢ = c(u)}.

By Siciak’s theorem, either V; € £L(CY) or V; =+o00. These properties are equivalent to non-pluripolarity or pluripolarity of K,
respectively. For a non-polar set K C C, the function V;; coincides with the Green’s function gy of the unbounded component of
¢\ K with logarithmic pole at infinity (as usual ¢ = C U {o0}).

The function Vy is closely related to polynomials in view of the following Siciak-Zaharjuta formula:

Vi(z) = log®,(z) for any compactset K C CV and z € CV, @
where &, is the Siciak extremal function defined by
®p(2):= sup{|p(z)|l/deg" : peC[z]=Clz,....,2y], degp =1, |Ipllx < 1},
where || - ||x denotes the supremum norm.

We refer to [19] for the background information concerning this section.

In the next sections we focus on the counterparts of the above notions and facts, but for analytic and algebraic sets in place of
CN. The primary goal of the paper is to extend the following invariance theorem for pluricomplex Green functions in CV (see
[17], [18] or [19, Thm. 5.3.1]) to pluricomplex Green functions on algebraic sets.

Theorem 3.1. If k < { are positive integers and f = (fi,..., fx) : C¥ — CV is a holomorphic mapping, then the following conditions
are equivalent:
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(i) f is a polynomial mapping of degree at most £ and IHIZI\P _}Bof ﬁ >0,
(i) f is a proper mapping and for every compact set K C CN
kViagy < Vgof < Vi, in CV.
If, in addition, k = { then each of two above conditions is equivalent to the following one
(iii) f is a polynomial mapping, deg f; = ... =deg fy =¥, and
(fissfi)” (@) =10}, ®)

where fj denotes the homogeneous part of degree £ of the polynomial f;.

4 Plurisubharmonic functions on analytic sets

There are several non-equivalent definitions of plurisubharmonic functions on analytic sets. We will recall and discuss some
of them. Let V be an analytic set of pure dimension ¢ > 0 in a complex manifold Q of dimension N. Consider a function
u:V — [—00,00) such that u Z —oo on every open subset of V.

4.1 Upper semicontinuity on V.

We begin with a convenient notational convention concerning upper semicontinuous regularizations of functions. If X is a metric
space, AC X and v : A—> [—00, 00) is a function, we define the upper semicontinuous regularization of v as the function
v¥4(x) :=limsupv(y), x €A
y—ox
Y€EA

We will be primarily interested in two functions of this type:

u*™8Y(z) := limsupu(w), z€Y, 6)
wvér?gv
uY(z) :=limsupu(w), z €V, @)
ey

where u is defined on regV or V), respectively. Clearly, u***¢Y < u*V and u < u*” on V. On the other hand, u**¢Y = y*¥ and
u < u*™8Y onregV. The function u is upper semicontinuous on V (or on regV) if u = u*¥ on V (or, respectively, u = u*™¢" on
reg)). This is consistent with the stsndard topological definition of upper semicontinuity: for all ¢ € R the set {u < c} is open in
V (resp. in reg V). Obviously upper semicontinuity on V is a stronger property than upper semicontinuity on reg V.

Note that

u=u'"¢ on singV = uY=u"¢ on V. (8

Indeed, if it were not so, then for some z, € singV we would have u*™8Y(z,) < u*Y(z,). We could then find a sequence (z,) such
that z, € singV, ||z, —2ll < 3 and

*V *regV
u(z,) > 6 = L Gl 5 qprresV () for all n.

Since u(z,) = u*™8¥(z,), then for every n there would exist w, € regV satisfying ||w, —z,|| < 3= and u(w,) > &. This would
mean that
u*"¢Y(z,) = limsupu(w,) > 5,

n—oo
which is impossible since & > u*™¢Y(z,).

We call the function u strongly upper semicontinuous if u = u**#Y on V. From (8), the strong upper semicontinuity of u
implies that u = u*¥ on V, i.e. u is upper semicontinuous on V. Obviously, the function u*Y is upper semicontinuous on V and

*regV

u is strongly upper semicontinuous on V.

4.2 Plurisubharmonicity on V.

Denote by PSH(reg V) the family of functions u plurisubharmonic on regV in the sense of plurisubharmonicity on a complex
manifold. Observe that for usPSH (reg V) we have

(a) u is strongly upper semicontinuous on V if and only if

u= u*regV

on singV; ()

Dolomites Research Notes on Approximation ISSN 2035-6803



/O‘Q\,\ Bialas-Ciez - Klimek 257

(b) u is upper semicontinuous on V if and only if

u=u*Y  on singV; (10)

(c) u islocally upper bounded on V if and only if
u is upper bounded in a neighborhood of each point of sing V. (11)
From (8), we have (9) = (10) = (11). Of course, if the function u is continuous in a neighborhood of sing V, then conditions
(9), (10) and (11) hold true.
In the affine case, Lelong proved in 1945 that if u is locally upper bounded on an open set D ¢ CV and

forevery a€ D, b€ CV the function t — u(a + bt) is subharmonic, (12)

then u is upper semicontinuous in D. Lelong’s question about the implication
(12) = upper semicontinuity of u in D

(without any assumption on u) seems to be still an open problem, see e.g. [16, Remark 2.1.32].

On analytic sets with singular points, if a function u € PSH(reg V) is locally bounded on V), it need not satisfy condition (9)
or condition (10). Therefore, it is worth considering all three cases above.

We say that u is weakly plurisubharmonic on V, and we write u € psh(V), if u € PSH(regV) and u is strongly upper
semicontinuous. Such notion of plurisubharmonicity on analytic sets was studied by Braun, Meise and Taylor, e.g. in [6], and by
Wikstréom in [35]. Plurisubharmonic functions on reg V satisfying condition (10) (but not necessarily (9)) were considered by
Hart and Ma’u in [15] and and those satisfying (11) by Sadullaev in [30], Demailly in [12, Def. 1.9, Thm. 1.10] and Zeriahi
in [37], [36, Def.1.3]. Coman, Guedj, Zeriahi in [9], [36] and Demailly in [12, Def. 1.5, Thm. 1.6] studied plurisubharmonic
functions defined below by condition (13).

From now on, we assume that V is an analytic set of pure dimension £ > 0in Q@ =CV, N > 2.

Theorem 4.1. Let u:V — [—00,00) be a function such that u Z —o0 on every open subset of V. Then the following properties
are equivalent:

for every point z € V there exist an open neighborhood U of z in CV and a function (13)
v € PSH(U) such that u,_ =V,
u is upper semicontinuous on V and the function uoh is subharmonic (or =—00) 14

on the open unit disk D in C for every holomorphic function h: D — V),

e function u is the restriction to V of a function i plurisubharmonic in .
th t the restriction to V t pl bh cN (15)

Since the implication (15) = (13) is obvious, the above theorem is a consequence of two deep results:
the Coltoiu theorem [8, Prop.2]: (13) = (15),
the Fornaess-Narasimhan theorem [14]: (13) < (14).

A function u is called plurisubharmonic on V, and we write u € PSH(V), if the above equivalent conditions hold. In other
words,
PSH(V) = PSH(C"),,,.

Note that if u€ PSH(V), then u*™¢Y € psh(V). Moreover, if V does not have singular points, then psh(V) = PSH(V). On
the other hand, a function u which is weakly plurisubharmonic on V need not be plurisubharmonic, as illustrated by the following
simple example (see e.g. [36]).

Example 4.1. Let V = {(w,z) € C?> : wz = 0}. Consider the function u(w,0) = 0 for w € C \ {0} and u(0,z) = 1 for z € C.
We can see that u € psh(V) but, for the holomorphic map h(w) = (w, 0), by the maximum principle for subharmonic functions,
condition (14) is not satisfied and u &€ PSH(V).

In the above example, the essential property of the analytic set V is its reducibility. The situation is quite different for locally
irreducible sets. Demailly proved the following result, see [12, Thm.1.7].

Theorem 4.2. Let V be a locally irreducible, pure-dimensional analytic set in CN. If u € PSH(reg V) and u is locally bounded from
above on the whole set V, then u**¢Y € PSH(V).

Recall that every connected locally irreducible analytic set is irreducible, however the converse does not hold in general.

Corollary 4.3. If V is a locally irreducible, pure-dimensional analytic set in C¥, then

psh(V) c PSH(V).
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4.3 Pluripolarity on V
The next theorem will serve also as a definition of locally and globally pluripolar subsets of analytic sets.

Theorem 4.4. Let K be a non-empty subset of an irreducible analytic subset V of a domain in CN. The following properties are
equivalent:
K nregV is locally pluripolar on the complex submanifold regV, (16)

i.e. for every z € K NregV there exists an open neighborhood U C CN \ singV of z and u € PSH(U N V)! such that
uZ—ocoandu=—-ocoonKnNU,

K is locally pluripolar on 'V, an

i.e. for every z € K there exists an open neighborhood U C CV of z and v € PSH(U) such that v Z —o0 on UNV and
v=—00oonKnNU,

K is globally pluripolar on )] (18)

i.e. there exists a function in the Lelong class u€ £(CN) such that uy, #—00 and u=—00 on K.

Proof. We can easily see that (18) = (17) = (16). Using the well-known Josefson’s theorem about equivalence of local and
global pluripolarity in CV, Sadullaev showed that (16) implies (18) (see [30, Prop.1.6]). O

In what follows, a non-empty subset K of V will be called pluripolar on V, if it satisfies the equivalent conditions of Theorem 4.4.
In particular, if V is irreducible, then sing V is pluripolar on V.

The following property will be useful further on.

Corollary 4.5. Let V be an irreducible analytic subset of a domain in CN. If K is a closed pluripolar subset of V, then the submanifold
regV \ K is connected.

Proof. Without loss of generality, we may assume that K \ singV # @. For some plurisubharmonic function u : ¥V — [—00, 00)
we have the inclusion K C {u = —oo}. Suppose that the conclusion of the corollary is false. Then regV \ K = AU B, for some
non-empty, disjoint, open subsets A and B of regV \ K. Define a new function v as being equal to u on A and to —oco on K UB.
Then v is upper semicontinuous and fulfils condition (14) of Theorem 4.1. Hence, v is plurisubharmonic on V. But then v cannot
be identically equal to —oo on B, which is a contradiction with the assumption that B is non-empty. O

4.4 Plurisubharmonicity and proper holomorphic mappings on V

Let V; be an analytic set in an open subset of C¥ and V, be an analytic set in an open subset of CM.

A continuous mapping f : V; — V, is called proper if the pre-image of every compact set in V, is compact. It is not difficult to
show that a continuous mapping f : V; — V, is proper if and only if it is a closed mapping with compact fibres (see e.g. [27,
B.2.4]).

A mapping ¢ : V; =V, is holomorphic on V; (and we write ¢ € O(V;,),)) if every point in V; has an open neighborhood
U c CY such that Py, = ‘ﬁ\um}l for some holomorphic function ¢ : U — CM. Any holomorphic and proper mapping
¢ 1V, >V, is finite, i.e., for every w € (V) the fibre ¢~!(w) is a finite set of points. Indeed, since ¢ is proper, the set
¢ '(w)={z€V; : p(z)—w =0} is a compact analytic subset of V;, and hence of CV. Consequently, ¢ (w) is a finite set (see
e.g. [29, Thm. 14.3.1]).

The following two fundamental results are both due to Remmert (see e.g. [27, V.5.1, V.3.2]) and [27, V.6], respectively):

Theorem 4.6. (Proper Mapping Theorem) If f : V; — V), is proper and holomorphic on V;, then f(V;) is an analytic subset of
V,. Moreover, dim f (V;) = dimV, and if, in addition, V), is pure-dimensional, then so is f (V).

Observe that f (V) does not have to be an analytic set if we remove the assumption that f is proper. Indeed, for the polynomial
mapping f (w,z) = (w?,wz) and V, = C2, the set f(V,) = C2\ {(0,2) : z € C\ {0}} is not analytic. Moreover, this example shows
that the image of an algebraic set under a polynomial mapping is not necessarily an algebraic set.

Theorem 4.7. (Open Mapping Theorem) Let V,,V, be pure-dimensional analytic sets of the same dimension and let f : V; — V),

be a holomorphic mapping. If f has discrete fibres and V), is locally irreducible, then f is an open mapping (in the induced topologies
onV; and V,).

In particular, we can draw the following conclusion.

Corollary 4.8. Under the assumptions of the open mapping theorem, if V, is connected and f : V; — V, is proper, then f is a
surjection.

IThe set UNV CregV is a complex submanifold of U.
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Remark 1. Of course a projection of algebraic set of dimension k on a k-dimensional coordinate subspace does not have to be
proper. For instance, if we take A = {(z;,2,) € C* : zf 2,—2, =0} and m:.A>(2;,2,) 2 €C,then 7 '({z; : |z;—1|<1})
is not compact. On the other hand, if V, X and Y are like in (2) in Theorem 2.1, the projection x + y — y is proper.

As in the classical case, we expect plurisubharmonicity to be invariant with respect to holomorphic substitutions. The next
two propositions make this statement more precise.

Proposition 4.9. Let V,, V, be pure-dimensional analytic sets and let ¢ : V; — V, be a holomorphic mapping. If u € PSH(V,), then
uo e PSH(V,).

This statement is a simple consequence of the definition.
Consider a holomorphic mapping ¢ : V; — V, between two pure-dimensional analytic sets V; and V,. Recall that g is said
to be biholomorphic, if it is a bijection and ¢, ™! are holomorphic. It is known that in this case
p(regV;) =regV,, and o(singV;)=sing V,, (19)
see e.g. [27, Vi3.4]. Moreover, dimV; =dimV, and ¢ : V; — V), is a homeomorphism (with respect to the induced topologies on
V), and V,). As a direct consequence, we get the following property.

Proposition 4.10. Let V,,V, be pure-dimesional analytic sets and ¢ :V; —V, be a biholomorphic mapping. Then
u € psh(V,) < uoyp e psh(V,).

4.5 Basic lemma for proper holomorphic mappings
The following property of proper holomorphic mappings is crucial to our considerations.
Lemma 4.11. Let V; ¢ CY and V, C CM be irreducible analytic sets of the same dimension. If f : V; =V, is a proper holomorphic
mapping on V; and u € PSH(V,), then f is surjective and the function
v(w) :=max u(f }(w)) = max{u(z) : z € f1(w)}, wey,

is weakly plurisubharmonic, i.e. v € psh(V,). If in addition V, is locally irreducible, then v is plurisubharmonic, i.e. v € PSH(V,).

Sometimes such a function v is referred to as the push-forward of u under f. A convenient notation is f [u] :=v.
Proof. The fibres of f are compact analytic sets in CV, and so they are finite (see e.g. [29, Thm.14.3.1]). Since the mapping f is
both closed (being proper) and open (due to Theorem 4.7), it is surjective (see Corollary 4.8). Consequently v is well-defined.
Furthermore, due to Theorem 4.1, we may assume without loss of generality that u € PSH(C"). Now, since any plurisubharmonic

function on CN can be approximated by a decreasing sequence of continuous plurisubharmonic functions on CV, we may also
assume that u itself is continuous. If this is the case, then also the function v is continuous. Indeed, if a, b € R and a < b, we have

v ((a,0)) = f(u((a, 00)))\ f(u([b, 0)))

and the set on the right-hand side is open.
Note that if W is a nowhere dense closed subset of V,, then f }(W) is a nowhere dense closed subset of V;, and moreover

f[u*(v1\f"1(W))] = flul = (Fu]) ™2™,
Let

S:=f7(f(singV,) UsingV,),

T:={ze€regV; \S : rank, f <dim)),},

Z:=f(SUT)=f(singV;) UsingV, U f(T).
Now, because of Theorem 4.6, f(singV;) is an analytic subset of V, and hence of C¥. So, S is an analytic subset of V; and
hence of CN. Moreover, S is nowhere dense in V; since f is open. Next, V; \ S =regV; \ S is a closed submanifold of CV \ S
and f restricted to regV; \ S is a proper holomorphic mapping with values in V, \ f(S) =regV, \ f (singV;), which is a closed
submanifold of CM \ f(S). By Theorem 4.6, f (T) is an analytic subset of V, \ f(S). Consequently, Z is a closed nowhere dense

subset of V,, which is the union of an analytic subset of V, and an analytic subset of regV, \ f(singV;). In particular, Z is a
pluripolar subset of V,. Also, f~!(Z) is nowhere dense in V;. At each point of V; \ f}(Z) the mapping

4 :=f|V1\f’1(Z) : vl \fﬁl(z)—)vz \Z

has maximal rank and hence is locally biholomorphic on the set V; \ f (Z), because of the Inverse Mapping Theorem. Furthermore,
g is proper. Consequently, all of the sets

S i={weWw\Z: #f 1(w)=m}, m=1,2,...,
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are open in V, \ Z. This can be seen as follows. Take m such that S,, # §. Let w € S, and g~'(w) = {z,,...,%,}. Then, by the
Inverse Mapping Theorem, there exist mutually disjoint neighborhoods A, ...,A,, of 2i,...,2,,, respectively, and a neighborhood
B of w, such that g| A :A; — B is a homeomorphism for each j =1,...,m. We will be done if we can show that it is impossible
to find a sequence W = {w, € B : n € N} which is convergent to w and such that #g~*(w,) > m for all n € N. Let us suppose that
such a sequence exists. Then the compact set g~}(W U {w}) \ (4, U...A,,) would contain a convergent sequence {£ i,  NEN},
such that g(&; ) =w; for all n. But then g(lim,_,o, &; ) =w and lim,_,, &; ¢ A; U...A,,, which would contradict the fact that
weS,.

Since Z is pluripolar in V,, the set V, \ Z is connected by Corollary 4.5. Consequently, only one of the sets S,, is non-empty. In
other words, there exists n € N such that the mapping g is an n-to-one local homeomorphism.

We have to show that v is weakly plurisubharmonic. First, note that v is plurisubharmonic on V, \ Z because the mapping
g is locally biholomorphic. Secondly, the removable singularity theorem for plurisubharmonic functions [19, Thm 2.9.22]
transfers easily to complex manifolds. Thus, since v is continuous and Z NregV, is pluripolar in regV,, the function v is actually
plurisubharmonic on regV,. This is enough to conclude that v is weakly plurisubharmonic on V,, as required. Now, the last
statement of the lemma is true in view of Demailly’s Theorem 4.2. O

5 Pluricomplex Green’s function on analytic sets

Let V be an analytic set of positive pure dimension in CV.

5.1 The Lelong classes on V

We have three natural ways to define the three Lelong classes on V:

LWV):={uePSH(V) : u(z)—log(1+||z]]) <c on V for some ¢ =c(u)},
L'(V):={uepsh(V) : u(z) —log(1+||z]) <c on V for some c=c(u)},
£(CV),, == {u, : ue PSH(C"), u(z)—log(1+|lz|l) <c on CY for some c=c(u)},
where || - || is a fixed norm in CV, say the Euclidean one.

By Demailly’s theorem, we have £'(V) C £(V) for a locally irreducible set V. Example 4.1 shows that this inclusion is not true
in general.

Obviously, we have the inclusion £(CVN )i, € £(V). A full characterization of functions in £(.A) that belong to L(cy ), for
an algebraic set A C CV was discovered by Coman, Guedj and Zeriahi in [9, Prop.3.1]. As a consequence, they obtained the
following sufficient condition for the equality £(CV ), = L(A).

Theorem 5.1. If A is an algebraic set in CV and the germs A, are irreducible for all a € A\ A, then
£(CY),, = £(A),
where A is the closure of A in the complex projective space PV.

With the help of this result, a counterexample to the inclusion £(V) C £(CV ),, can be constructed.

Example 5.1. (see [9, Ex.3.3]) Consider the algebraic set A = {(w,z) € C* : wz = 1+ w’} and the function u(w,z) =
max{—log|w|,1+2log|w|}. We see thatu € PSH((C\{0}) xC) and u|, =1 ,, where @i(w,z) = max{log lz—w?|,1+2log|w|} €
PSH(C?). The function u is of logarithmic growth on A and so u € L(A). On the other hand, i ¢ £(C?) and u & £(C?), ,.

Since the set A from the above example does not have singular points, we get psh(A) = PSH(A), and so £L(A) = L'(A).
Therefore, the example shows that also the inclusion £'(V) c £(CV ), does not hold in general.

5.2 Pluricomplex Green functions on V

Let K be a subset of an analytic set V of positive pure dimension in CV. The pluricomplex Green function Vg is defined by (3). By
Siciak’s theorem V;* = +00, because K is pluripolar as a subset of an analytic set. However, Vi can be locally bounded on V. The
fundamental result in this context is the following Sadullaev’s theorem:

Theorem 5.2. [30, Prop.2.1, Thm.2.2] Let V be an irreducible analytic set in CN and K be a compact subset of V. Then Vy is locally
bounded from above on V if and only if V is an algebraic set and K is non-pluripolar on V.

In addition to the above function Vy, we will study here the pluricomplex Green function of K on an analytic set ) that is
defined as
Viv(2) :=sup{u(z) : u€ L(V) and y, <0}, z€V.

The compactness of K is usually assumed, but it is not necessary for the above definition and some basic properties of pluricomplex
Green functions.
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One can ask about a relationship between Vy ,, and the pluricomplex Green function V. Clearly, Vi cv = Vi. Moreover, Vi
and Vy ,, are identical on V), as we can see in the following

Theorem 5.3. Let V be an analytic set of positive pure dimension in CN and K be a compact subset of V. Then

Viey(2)=We(2), zeV.
Consequently, exp(Vy ) is equal to the Siciak extremal function ®; on the set V. Furthermore, if V is irreducible, then Vg ,, is locally
bounded from above if and only if V is algebraic and K is a non-pluripolar subset of V.

The above theorem is well-known, but in some papers other versions (not always correct) are presented. It first appeared as
Proposition 3.4 in [30] asserting the equality of locally bounded pluricomplex Green functions on algebraic curves with their
global counterparts. After that proposition the author claims that the same argument would work in higher dimensions depending
on a property of maximal plurisubharmonic functions. Unfortunately, the statement is incorrect as in dimensions higher than one
maximal plurisubharmonic functions are generally not plurisuperharmonic. Here we present a proof that works in any dimension
and is based on the following result by Coman, Guedj and Zeriahi.

Theorem 5.4. (see [9, Thm.A]) Let f € PSH(V), g € PSH(CV). If f <gonV and g is continuous in CV, then for all b>1
there exists h =h, € PSH(CN) satisfying two conditions:

hy=f and h(z) <b max{0,g(z)} for z € cN.

Proof of Theorem 5.3. Since C((CN)‘V C L(V), we have Vi < Vi ,, on V. We will show that Vi (z) > Vi ,,(2) for z € V. Fixa
function u € £(V) such that u; < 0. For some constant c(u), we have u(z)—log(1+[|z][) <c(u) on V. Set f =u—c(u) and
g(z) =log(1 + ||z|]). If || - || is the Euclidean norm, then g € PSH(CV) and is continuous in C~. By Theorem 5.4, for any b > 1,
we take a function h = h;, € PSH(CV) such that

h, =u—c(w) and h,(z) < b max{0,log(1+[|z][)} = b log(1 +|lz|]), z¢€ CN.

For a fixed z € CV, let

V, (2) := sup{ii(z) : @i € PSH(CV), ii(z) < c + b log(1 + ||z||) for some ¢ and z € CV, i, <0}
> sup{ii(z) : i € PSH(C), i(z) < c(u) + b log(1 + ||z||) for z € C¥, I, < 0}
and the function c(u) + h,(2) is an element of the family over which the last sup is taken. Therefore, for every z € V, we have
Vy(2) = c(u) + hy(2) = u(2).
Since u is an arbitrary function from £(V) such that ), <0, we get the inequality
Vy =2 Vg, onV forany b>1.
On the other hand,
% Vy(z) = sup{% : it € PSH(CN), % < ¢ +1og(1 + ||z||) for some c and z € cV, i, < O}
=sup{v(z) : v € PSH(C"), v(z) < d +log(1 +|lz||) for some d and z € C", Vi, < 0}
=V(z), zeCV.
Consequently, for any z € V,
Vi(2) = 3 V,(2) = § Vi (2).
By letting b tend to 1, the assertion follows.
The second conclusion of the theorem follows from Sadullaev’s theorem above. O

Consider also the pluricomplex Green function related to £'(V)
Uk v (2) :=sup{u(z) : ue £'(V) and u, <0}, zev.
Theorem 5.5. If V is a locally irreducible analytic set of positive pure dimension in CN and K is a compact set in V), then
Un® =V and Uy <V, on V.

Proof. Fix z € regV and u € L(V). Since u € PSH(regV), we have u*™¢V(z) = u(z), u*™V € psh(V) and u*™V € £'(V).
Moreover, £(V) C PSH(V) = PSH((CN)‘V, and so u = i, for some function i € PSH(CN). Thus, we obtain u*™8Y = {*™8V <

@ =i onVand u*‘:gv = ﬁ*lfgv <), =u, <0. Consequently,
V(&) = supfu(z) : u€ LV), uy, <0} = sup{u™*¥ () : ue £L(V), u, <0}
<sup{v(z) : ve L'(V), v, <0} = Uy, (2)
and hence
Ven® <USSEY on v
On the other hand, by Corollary 4.3, psh(V) c PSH(V), hence £'(V) € £L(V) and Uy , < Vi ,, on V. O
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Example 5.2. Let B(a,p) := {2 € CY : |lz—al|| < p} and let B(a, p) denote the corresponding closed ball. Consider an
irreducible algebraic set A C CV and fix a € .A. We will estimate V AnB(a,p),.4 ONA. Assume that a = 0 taking a translation of A if
necessary. By Sadullaev’s criterion for algebraicity (see Theorem 2.1), there exists a linear space X C CN and a linear complement
Y of X to CN such that

Ac{z=z,+z,€C" :z.€X,z €Y, |z <C(Q+lz,I)}

for some positive constant C. Set
B :={z=z,+3,€Ad:25.€X,z2,€Y, |zl <r}

C{z=z+z,€A:2.€X,z, €Y, |z ll<rn, Izl <CA+r)}

As in the proof of [30, Thm.2.2], we can show that
iz
Vg (2) =log" —— for z=2,+2, € A
r
Consider r >0 such that B, C ANB(0,p). Foranyz =z, +z, € A, we have

+ =l

IE4]
log s = Vi0,0)(#) £ Vars0,0)(2) = Vanso,p).4(2) < Vg (2) = log" <log" —.

llz, |l
r
In particular, the set AN B(0, p) is non-pluripolar on A (see Theorem 5.2).

6 Growth exponent, order and Lojasiewicz exponent of a function

Definitions of the notions mentioned in the title of this section can be stated for any unbounded set V ¢ C¥ and any (unbounded)
function f defined on V. However, we are not interested in such a general case. We assume that V' is an unbounded analytic set
in CN for N > 2, and f : V — CM is a holomorphic mapping on V. Recall that any bounded analytic set in CV is finite.

6.1 Growth exponent and polynomial mappings on analytic sets
Under the above assumptions, the growth exponent of function f on V is defined by
1
o(f,V) :=limsup log |f =)l .
vaimoo  logllz|

The growth exponent can be equal to zero (e.g., for f = const# 0) and even to —oo (for f = 0). One can easily show that with
the notation inf @ := +00, we have

of V)=inf{deR : 3C>0 VzeV |f(z)] < C(1+||z|])¢} :inf{deR : limsupM<oo}.

V3z—00 ||Z||d

We say that a function f : V — CM is a polynomial mapping on V if there exists a function F = (Fy, ..., Fy;) : C¥ — C™ such
that every its component F; is a polynomial of N variables and F;, = f. Observe that in higher dimensions, in contrast to the
one-dimensional case, a non-constant polynomial mapping is not necessarily proper.

The image of an algebraic set under a proper polynomial mapping is an algebraic set. Indeed, being proper, the mapping is
closed and so the statement is a consequence of Chevalley’s Theorem (see e.g. [27, VII.8.3], Proposition 2 and the unnumbered
corollary that comes after the Chevalley Theorem in [27]).

If f =(fi,..., fyy) is a polynomial mapping on V=CV, then
o(f,V) =max{degf; : j=1,..,M}=:degf.
Moreover, it is easy to show that for an unbounded algebraic set A c CY and a polynomial mapping f : A — CM

of, A) = ,Tnax o (f;,A) <max{deg,f; : j=1,..,M}, (20)

1,..,M

where deg,f; :=min{degF; : F; € C[z,...,2y], Fle = f;}. Itis worth noticing that in the general case the growth exponent of
a polynomial mapping on an algebraic set does not have to be an integer.

Example 6.1. Consider A= {(w,z) € C* : w =2} and f(w,z) = (z%,wz). We have deg,f, =1, degf, =2but of, A)=3/2.

We will state the following property without a proof. This property is a slightly reformulated result of Bjork [5], and can also
be seen as a consequence of Serre’s Algebraic Graph Theorem (see e.g.[27, VII.16.3]).

Proposition 6.1. Let A C CN be an algebraic set of positive dimension and let f : A — CM be a holomorphic mapping on A. Then

olf,A)<oo << f is a polynomial mapping on A.
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6.2 Bernstein-Walsh inequality on algebraic sets

The Siciak extremal function on algebraic sets can be expressed in an alternative way using growth exponents. If 4 ¢ CN is an
algebraic set, then by O(A) we will denote the family of all holomorphic functions on A with values in C. We define the Siciak
extremal function of a compact set K C A by the formula

&y 4(2) = sup{|p(2)|"/4PY : p € O(A), IIpllx <1, and 0 <g (p, A) < o0}, 2D

for all z € A. In view of Proposition 6.1 we can use the family C[z] of all polynomials of N variables in place of O(A) in (21),
but as stated, the definition emphasizes that the concept can be seen as intrinsic to .A.
Clearly, if A= C", then & cv = . Note also that

<I>K,.A = q)I%,A’
where K denotes the polynomially convex hull of K. Consequently, &y 4 > 1 outside of K.

Proposition 6.2. If A C C is a pure dimensional algebraic set of positive dimension and K C A is compact, then
Vi (2) = log @ (2) = log &y 4(2), z € A. 22)
Proof. Note that from [33] we have
o(p,A)=min{d >0 : 3C>0 VzeA |p)| < C(1+]zl)%}

for p € C[z]. The first equality in (22) is the statement of the Siciak-Zaharjuta formula (see (4)). When combined with (20), the
polynomial convexity of K and Theorem 5.3, it implies the following:

1
Vie(z) = log & (2) SUP{ log"|p(z)| : p € C[z], |lpllx <1, and degp > 0}

degp

1
sup{ log" p()| : p € Clz], pllx < 1, and o(p,.A) > o}
o(p, A)
log @y 4(2) < Vi 4(2) = Vi (2),

for all z € A. ]

As a direct consequence we get the following inequality:

Corollary 6.3. (Bernstein-Walsh Inequality) If K is a compact subset of a pure dimensional algebraic set A of positive dimension
and p € O(A), then
p@)| < liplicexp| o(p, A V()] z€ A 23)
Note that ¢(p,.A) may be smaller than the degree of the polynomial extension of p to the underlying vector space.
Example 6.2. Assume that A= {(x,y)€C? : x>+ y?=1}and p(x,y) = x®+ x%y + xy? + 3. Then 1 =o(p, A) <o(p,C?) =
degp =3.

In such cases the above version of the Bernstein-Walsh inequality is stronger than the classical one.

6.3 Liouville’s theorem on analytic sets

In what follows we often need to assume that the image of an analytic set under a holomorphic mapping is unbounded. We give
a brief discussion of this assumption.

Let V be an analytic set in C¥ and f : V — C¥ be a holomorphic mapping on V. We are interested in choices of V and f for
which f (V) is not bounded. An elegant sufficient condition is related to a version of the Liouville theorem on V.

We will say that an analytic set V C CN has the Liouville property if any bounded function, which is holomorphic on V, is
constant. Obviously, the conectedness of V is a necessary condition for the Liouville property to be satisfied.

Biatozyt, Denkowski, Tworzewski and Wawak have obtained the following result in [4] (c.f. [11]).

Theorem 6.4. An irreducible analytic set V C CN of dimension £ has the Liouville property if the natural projection V — Y into an
{-dimensional vector space Y C CN is proper.

As an immediate consequence of Theorem 2.1, we obtain

Corollary 6.5. Any irreducible algebraic set has the Liouville property.
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6.4 Order of functions defined on analytic sets

Let V be an analytic set in C¥ of positive dimension, and let f : V — C™ be a holomorphic mapping on V such that f (V) is an
unbounded set. Taking into account the results given in the previous subsection, it is sufficient to assume that f is not constant
and V has the Liouville property. In particular, we can take any algebraic set V and a function f that is not constant on some
irreducible component of V.

The order of function f on V, denoted by o(f £ (V), is the growth exponent of multifunction f~* on f(V), i.e.,

. logllf ~(w
o109 = limsup 28U 0
f(V)aw—o0 log ”W”

>

where [|f 7' (w)]| := sup{llzl| : z € f~'(w)}.
Some basic properties of o(f "} f (V) are listed below.

Proposition 6.6. Under the above assumptions, the order of function f has the following properties:

@ of 5f0) 20,
() if olf"1f (V) < oo, then f is a proper mapping,

© 7w S fFfO),

Ly . og ||z
@ of fO)=infld>0: limsup LN < oo}= limsup .

f(V)aw—o00 f(z)>00,2€V

Proof. To prove (a) suppose otherwise. Then, for some ¢ > 0 and for all w € f (V) whose norm is sufficiently large, we would have
ILF 2 w)|l < |lw||™¢. Therefore, for w € f (V) tending to infinity we could choose z € V such that f(z) =w and ||z|| < ||f (2)||"¢. It
would follow that V32 — 0 €V (V is closed) and f(z) — oo, which is a contradiction.
If olf"1f(V)<oo, then for o= 1+o(f 1f (V) > 0, and some r>1 we have ||f *(w)|| < |[w||® whenever w €f(V), ||w| >r.
In particular, ||z|| < ||f(2)||¢, provided that z €V and ||f (2)|| = r. For R > r such that a fixed compact set K C f (V) is contained
in {||w|| <R}, we have
FHHlwll =RY) c {llzll <R¢} N V.

By maximum principle for plurisubharmonic functions on analytic sets, see e.g. [30, Thm.1.3], we get

If7'®ll= sup llzll<  sup lzll= sup |zl <R,
zef~1(K) zef "1({lwll<R}) zef ~1({llwll=R})
which yields the desired conclusion in (b).
Observe that inequality (c) holds for o(f~1f (V) = +00. Thus we can assume that o(f1f (V) < oo, and by property (b), f
-1
is proper. Therefore, z — oo implies f(z) — co. Take 0> o(f "1 f (V). For w € f(V) outside some ball, we have 2l <,

loglwll =
Consequently, 1o§ﬁ}lal)n < o for z € V such that ||f ()| is large enough. It follows that
log ||zl . log ||| . log ||z]|
— < ——— <limsup———— < limsup ——— <p.
o (f,V) ~ vz log|If (@)l ~ varooo 10gIIf (Il T f)—oe,zev logllf ()]
Letting 0 — o(f "1 f (V) gives (c).
Taking into account (a), property (d) can be easily verified. O

6.5 The Lojasiewicz exponent on analytic sets

Consider an analytic set V C CN of positive dimension and a holomorphic mapping f : V — CM on V. The fojasiewicz exponent of
the function f (at infinity) on V is defined by setting

Loo(fV) :=sup{d €R : there exist C,R > 0 such that C|z||¢ < ||f(z)|| for allz €V, ||z|| > R}.

We shall use the notation sup = —co. By elementary arguments, one can prove that
1
Eoo(flv)zliminfM:sup{deR : 1iminfM>o}. 24)
vazoo log |zl Vvazooo ||z]|d

Consequently,
Leo(fIV) < of V). (25

The Lojasiewicz exponent can be a negative number, as shown in the following example. If V = C? and f (w,2z) = (w,wz — 1),
then £.,(f|V) =—1 (see [25, Ex.3.1]). To check this, one can use either [25, Thm.3.2] or [7, Thm.1].
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Theorem 6.7. Let V C CN be an analytic set of positive dimension and let f : V — CM be an unbounded holomorphic mapping on V.
Then we have the following implications.

@ If Jim fm)=00, then of fON)2 rtmy.
In particular; this inequality holds if f is a proper mapping on V.
. _ -1 1
b) If ; lim JE= oo, then o(f 7, f(V) < =

(z)—00,z2€

In particular; this inequality holds if f is a polynomial mapping on V.

Proof. Observe that by Proposition 6.6 and the assumption of (a), we have

. ‘ logllzll _ . log |1z 1 1
of IfWV) = limsup —=——— > limsu = = .
iy 1og [f @) ~ somosey logIf @I~ liminf ZLEL Lo, (FIV)

2—00,2€V log]lz]l

The last equality is a consequence of (24).

The inequality in (b) can be justified similarly to that in (a). Moreover, if f is a polynomial mapping on V then f is the
restriction to V of a polynomial mapping F on CV. By the Liouville estimate (see e.g. [27, C.1.8]), ||F(2)|| < M(1 + ||z||)* for all
z € CY and some M, k > 0. This implies that f(z) — oo if 2 — oo on V. O

Corollary 6.8. If f : V — CM is a proper polynomial mapping on an analytic set V C CV of positive dimension, then the set f (V) is

also analytic of the same dimension as V and
1

ofHO)

Chadzynski and Krasinski proved in 1997 the following result (see [7, Cor.2]).

Loo(fIV) =

Theorem 6.9. If A is an algebraic set of positive dimension in CN, N > 2 and f : A — CM is a polynomial mapping on A, then
Lo(flA)>0 << f isaproper mapping on A.
Taking into account (b) in Proposition 6.6 and Corollary 6.8, we get the following important consequence of the Chadzyniski
and Krasinski result.

Corollary 6.10. Under the assumption of the above theorem, if f is not bounded on A, then

of Hf(A) <oo <= f isaproper mapping on A.

7 Holomorphic transformations of pluricomplex Green functions

Recall that the pluricomplex Green functions on analytic sets which are not algebraic, are never locally bounded above (see
Theorem 5.2). Therefore, in this section we consider only algebraic sets .4 C C¥ and holomorphic mappings f defined on A.
We are only interested in non-trivial cases, therefore we assume that A is of positive dimension and f is not bounded. We shall
estimate Vg o f on A from below and from above for a compact set K C f(.A).

7.1 Estimate of Vi of from below

Let A C CN be an irreducible algebraic set of positive dimension and f : A — C™ be a proper polynomial mapping. We already
know that the image f (A) is an algebraic set (see the beginning of subsection 6.1). Moreover, by Theorem 4.6, dim .4 = dim f (A)
and f (A) is irreducible. Recall that an algebraic set is irreducible if and only if it is irreducible when regarded as an analytic set
(see e.g. [27, VIL.11.1]). Since any irreducible analytic set of positive dimension is unbounded, the order of f is well defined on
A and it is finite (see Corollary 6.10).

Theorem 7.1. Let ACCY be an irreducible algebraic set of positive dimension, f : A— CM be a proper polynomial mapping and
B := f(A). Assume that B is locally irreducible. Then, for every compact set K C B,

Viagga < of 5B) Vkgof  onA, (26)

which we can write equivalently as
LoofIA) Vigy < Veof  on A @7)

Proof. By Siciak-Zaharjuta formula and Theorem 5.3, the pluricomplex Green function V-1, 4 can be written as

V0,405 = Vi (2) = ogsup { P57 : p € €], degp > 1, max [p(2) =1}

1
=sup{ - tog” [p2)] : p L], degp =1, max p(e)] =1}
egp zef~1(K)
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for z € A. Fix p € C[z] such that degp > 1 and meg( )|p(z)| = 1. The function
zef 1K

U= g log*|pl

is plurisubharmonic and continuous in C¥. Moreover, u € £(CY). Set
v(w) := max u(f ' (w)) = max{u(z) : f(z)=w} for weB.

By Lemma 4.11, v is plurisubharmonic on B. We will first show that v € £(B). Since the order of f is finite, we fix an arbitrary
0> o(f~1B). For w € B, which is sufficiently far from zero and such that ||f ~}(w)|| < ||w]||¢, we have

%v(w) =L max{u(z) : z € fI(w)} < émax{c +log(1+|lz]]) : z € f1(w)}

where ¢ = c(u) is from the definition of £(CV). This gives us an estimate from above of é v(w) for all w € B with a sufficiently
large ||w||. We can obtain an analogous estimate on the whole B, because v is locally bounded on B as a plurisubharmonic
function. Thus %v € L(B).

Observe that, for w € K,

v(w) < max{u(z) : z € f }(K)} = max{ delgp log* |p(2)| : z€ f1(K)} =0,

and consequently,

=

v<Vxs on B.

We now fix z € A and note that
Su(z) < 5 maxu(f 7 (f(2))) = 5 v(f (2)) < Vies(f (2)),

which yields the inequality
%Vf—l(}() <Wpgpof on A

By letting o tend to o(f ~}B), in view of Theorems 5.3 and 6.7, we obtain the inequalities (26) and (27). O

As a consequence, we get the following statement.
Corollary 7.2. Under the assumptions of Theorem 7.1, the order of mapping f on A is positive and the Lojasiewicz exponent of f on
A is finite.

Theorem 6.9 shows that the Lojasiewicz exponent of f is positive if f is polynomial and proper on .A. Now, we will show
that £, (f|.A) is the maximal positive constant d in inequality (28). Recall that B(b,5) := {w : |lw—b|| < &} and B(b, §) is the
closed ball.

Proposition 7.3. Let ACCY be an irreducible algebraic set of positive dimension and let f : A — CM be a polynomial mapping
such that B := f(A) is an irreducible algebraic set. Assume that for certain b € B and & > 0 the preimage of K := BN B(b, 5) is

compact in A and the inequality
d Viagga < Vgsof holdson A (28)

for some d > 0. Then L, (f|A) > d. In consequence, f is proper and
Loo(flA)=max{d>0 : inequality (28) holds with K=BnB(b,5) for some beB, >0}
=max{d>0 : inequality (28) holds for all compacts K C B}.

Proof. For the sake of simplicity, we may suppose that 0 € B and take b = 0. Since 5 is an irreducible algebraic set, we can find —
as it was done in Example 5.2 — a positive number r such that

Vi s(w) < log* I,

for all w € B. For some positive R, we have f~(K) ¢ ANB(0,R). Fix w € B and z € f }(w). In view of our assumptions, we have

10g+ ”;J = VE(O,R)(Z) < VAI’]B(O,R)(Z) = VAHB(O,R),_A(Z) < Vf’l(K),A(Z) < %VK,B(W) < %log+ M
onsequently, for z € f ' (w) far enough from zero, we get ll? o W@ g
Consequently, for z € £ (w) f ghf get G <
Lo (f|A) = liminf —10g||f(z)|| > liminf logr —d logR +d log |z| =
Asivoo logllz|| T Asz—eo log ||zl
Therefore, f is proper (see Theorem 6.9). This finishes the proof. O
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A similar result holds if we take the intersection of an Euclidean ball with A instead of B.

Proposition 7.4. Let ACCY be an irreducible algebraic set of positive dimension and let f : A — CM be a polynomial mapping
with discrete fibres such that B := f (A) is a locally irreducible algebraic set and dim A= dim B. If for some a € Aand 6 > 0, the
inequality

d Vg4 < Vigypof holdson A, (29)

where E := ANB(a,5) and d > 0 is a constant, then L.,(f|.A) > d. Consequently, f is proper.
Proof. We assume that a = 0 € A. The mapping f is open (see Theorem 4.7), and so we can find r > 0 such that B, C
f(ANB(0,8)) C f(E), where B, is as in Example 5.2. Thus for z € A, we have

log" Bl < Vyrs0.6)(@) = Vi 4(3) < 3V 5(f (2)) < Vi, (f (2)) < flog™ L2,

d
Consequently, for z € A far enough from zero, we get II;_IJI < M

and this implies that f is proper. O
7.2 Estimate of Vi o f from above

We will continue to consider an irreducible algebraic set A C CV of positive dimension. By Proposition 6.1, a holomorphic
mapping f : A — CM is a polynomial map on A if and only if the growth exponent o(f, A) is finite.

Theorem 7.5. Let ACCY be an irreducible algebraic set of positive dimension, f : A— CM be a proper polynomial mapping and
B := f(A). Then, for every compact set K C B,
VK,B Of < Q(f, A) fol(K),.A on A. (30)

Proof. Fixd > o(f, A) and u € L(A) such that u, < 0. Applying Proposition 4.9, we get uo f € PSH(A). By the definition of the
growth exponent, we can find a positive constant C such that ||f (2)|| < C +|z||¢ for all points z € A. Since u € £(.A), there exists
a constant ¢ depending only on u such that, for z € A, we have
iwo f)(2) < gle+1log(1+[If ()N < § + 3 log(1+C +iz]|)
<+ %log(l +C)+ dllog(l +12]19) < & +1og(1 +|1z]D),
where ¢ = &(u, f). Consequently, dl(u o f) e L(A). Moreover,

1 1
awef) = au, <0

and this yields the inequality
Luof)< Vg4 on A

Now we get inequality (30) by taking the supremum over all u and letting d tend to o(f, .A). O

The converse is true in the following sense.

Proposition 7.6. Let ACCN be an irreducible algebraic set of positive dimension and let f : A — CM be a proper holomorphic
mapping. Let B:= f(A), b€ B, § > 0and K := BNB(b,5). If for some d > 0, the inequality

Viksof < d Ve 4 holdson A, 3D
then f can be extended to a polynomial mapping on CN and o(f, A) < d. In consequence, B is an irreducible algebraic set and
o(f, A)=min{d >0 : inequality (31) holds with K=BnNB(b,5) for some beB, >0}
=min{d >0 : inequality (31) holds for all compacts K C B}.

Proof. Taking into account Proposition 6.1, it is sufficient to prove the estimate off,.4) < d. Let E := f~}(K). Observe that E is
compact in A and f (BN B(b, 5)) is open in B. We can find a € A, p > 0 such that ANB(a,p) C f1(BNB(b,5)) C f1(K).
Without losing any generality, we can assume that a = 0. As in Example 5.2, we have V,50) 4(2) < log* @ for some r > 0
independent of z € A. Observe that

—-b
log* '”f(zzs L (V50 f) @) < (Vo f) (@) S d Vyag,a@) < d log" .

Consequently, since f is proper, z — oo implies f(z) — oo and thus ||f(z)| < ||b|| + 5“i—‘d‘d for z € A far enough from zero.
Therefore,

llz1¢
gl _ o los(I00+055)

o(f, A) =limsup
A>3z—00 log ”Z” A3z—00 lOg ”Z”

and this completes the proof. O

>
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Proposition 7.7. Let ACCN be an irreducible algebraic set of positive dimension and let f : A — CM be a proper holomorphic
mapping. Let B:= f(A), a€ A, 6 >0and E := AN B(b, ). If, for some d > 0, the inequality

Viwysof < d Vg4 holdson A, (32)
then f can be extended to a polynomial mapping on C¥ and o(f, A) < d. Moreover,
o(f, A)=min{d >0 : inequality (32) holds with E=.AnN B(a,§) for some a€ A, &> 0}
=min{d >0 : inequality (32) holds for all compacts E C A}.
In particular; for any compact E C A, the inequality Vo f < o(f, A) Vg 4 holds on A.

Proof. Since f(E) is compact, we take R > 0 such that f (E) € B(0,R). This yields, for all z € A and some r > 0, the following
estimates

r

10g+ ||f§)|| < (Vf(E) ofXZ) < (Vf(E),B OfXZ) < d VE}A(Z) < d 10g+ HZ—aH'

Consequently, ||f(2)| < R”Z:—gud for z € A far enough from zero and o(f,.A) < d, which proves that f is a polynomial mapping
on A (see Proposition 6.1).

Now, observe that by Theorem 7.5, inequality (32) holds for all compact sets E C A because we can take K = f(E) that is a
compact set in B and E C f}(f(E)). Hence, inequality (32) is satisfied with d = o(f, A). O

7.3 Main theorems

Two first results given below are consequences of the theorems and propositions proved in the previous subsections. They
generalize Theorem 3.1 and give additional properties of proper polynomial mappings on algebraic sets.

Theorem 7.8. Let A C CV be an irreducible algebraic set of positive dimension and let f : A— C™ be a non-constant holomorphic
mapping on A. Then the following conditions are equivalent:

(i) f is a proper polynomial mapping on A,
o ] olf; A) < oo
)
Lo (f1A) >0,

Assume additionally that f is proper and B := f (A) is locally irreducible. Then f is a polynomial map on A if and only if any of the
following conditions holds:

(iii) for all compact sets K C B
Loo(flA) Vimgya < Vkpof < of, A) Vimgga on A,

(iv) for some d > 0 and for all compact sets K C B
Vikpof < dViagya on A,
(v) for some d > 0 and for all compact sets E C A
Vimpof < dVga onA,
i) forsomed>0,beB, 6>0
Venswe)s ©f < d Visusnapsy,.a 0N A,

(vii) forsomed >0,a€ A, 6 >0
Vicanbasns °f < d Vanges),a onA

Proof. The equivalence of the first two conditions is a consequence of Proposition 6.1, Theorem 6.9 and Corollary 6.10. By
Theorems 7.1 and 7.5, conditions (iii), (iv), (v), (vi), (vii) are a consequence of (i). Theorem 7.7 yields (vii), which implies
that f is a polynomial mapping on .A. O

Theorem 7.9. Let ACCN be an irreducible algebraic set of positive dimension and let f : A— CM be a proper polynomial mapping.
Assume that B := f (A) is locally irreducible. Then, the following conditions are equivalent:

(i) for some d >0 and for all compact sets K C B

VK,B Of =d Vf’l(K),A on A,
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(ii) forsome d>0,beB, 6>0
Vinsw,s)©f = d Viasnses) on A,

(i) Loo(fIA) = olf,A),

(iv) the limit

im gl @l

A;HOO Toglal €Xsts.

Proof. By the definition of the growth exponent and (24), we have the equivalence of (iii) and (iv). In view of Theorem 7.8,
(iii) implies (i). It is obvious that (i) = (ii). By Propositions 7.3, 7.6 and (25), we obtain (iii) from (ii). O

We can easily observe that either of conditions (i) and (ii) implies d = £.,(f|.A). Moreover, if there exists the limit in (iv),

then it is positive, finite and equal to L., (f|.A).

Theorem 7.11 given below is very closely related to Theorem 3.1. It is formulated in such a way as to show a direct
generalization of the latter result to the case of holomorphic mappings on algebraic sets. Due to a recent result obtained by
Biatozyt, Denkowski and Tworzewski [3], condition (iii) below can be stated analogously as in Theorem 3.1. We present the
conclusion of their theorem adapted to our situation:

Theorem 7.10. If A C CV is an irreducible algebraic set of positive dimension, f = (f,...,fy): A = CY is a non-constant
holomorphic mapping on A and f (A) is an analytic set, then

Loo(fIA) = o(f, A)

if and only if f is a proper polynomial mapping on A, o(f;, A) = ... =o(fy;, A), and
M
()f;71(0) = {0}, (33)
=1

where D* is the cone at infinity of an algebraic set D C CN of positive dimension, defined by
D :={zeC" : 3(a,)2, CD, (t,)2, CC:la,ll = oo, t,a, - z}.

This cone corresponds to points at infinity of the set D, and therefore condition (33) asserts that the sets fj_l(O) do not have
common points at infinity. Some properties of the cone at infinity of algebraic set are given in [26]. In particular, the authors
show that it can be computed by means of Grobner basis.

In the case of a polynomial p € C[z,, ..,2y ], we have

p~'(0)=p~'(0).

Thus condition (33) is a generalization of (5). As shown in Section 6.1, the growth exponent o(f,.A) is a generalization of the
concept of the degree of a polynomial.

Theorem 7.11. Let A C CY be an irreducible algebraic set of positive dimension. If f = (fy, ..., fy): A — CM is a non-constant
holomorphic mapping on A, B := f (A) is a locally irreducible analytic set and 0 < k < ¢, then the following conditions are equivalent:

() f is a polynomial mapping on A such that o(f, A) <{ and L. (f|A) =k,
(ii) f is a proper mapping and, for every compact set K C B,

kViagya < Vkgof < €Viagya on A (34

If in addition k = ¢, then either of two above conditions is equivalent to the following one
(iii) f is proper, o(f, A) = ... =o(fy, A) = ¢, and
M
()£ 0y = {o}.
j=1

Proof. From (i), we know that £.,(f|.A) > 0 for any polynomial mapping f, which implies that f is proper. By Theorem 7.9,
inequality (34) is satisfied. Assume now (ii). Applying Proposition 7.6, we conclude that f is a polynomial mapping on .A and
o(f, A) < L. Proposition 7.3 gives L, (f|A) = k.

Condition (ii) and inequality (25) imply that k < Lo (f|A) < o(f, A) < L. If k = £, then L (f|A) = o(f, A) = £, so

by Theorem 7.10 and (20), we obtain (iii). To prove the converse, observe that o(f;, A) = ... =o(fy, A) = £, provided that
o(f,A) =L < oo and f is a polynomial mapping on A. In view of Theorem 7.10, we get L, (f|A) = o(f, A) =€ =k, and so
condition (i) is satisfied. |
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7.4 Examples

The assumption of local irreducibility in Theorem 7.9 is only used so that Lemma 4.11 gives plurisubharmonicity of the push-
forward functions. If weak plurisubharmonicity is sufficient, the theorem still applies as illustrated in the next example.

Example 7.1. Let A= {(w,z) € C? : w® = 2z2}. Clearly (0,0) is the only singular point of .A. Condider the mapping
f:Ca8— (&% 8) e A

Obviousy ¢ is proper, Lo, (f|C) = p(f,.A) = 3. We can easily check that f is surjective. Indeed, if (w,z) € A, then y/w = {&§,—&}
for some & € C. Moreover (££%)? = w® = 2%, Since V22 = {z,—z}, we can choose the sign so that £* = z. Consequently, A is
irreducible as the set reg A is connected being the image of C \ {0} via f. Now, let

E={wz)eA:|w/ <1, |3/ <1}

Since sing.A C E, weak plurisubharmonicity of the push-forwards of the relevant functions is enough, the proof of Theorem 7.9
works in this case and we get

3
log™ [z] = Vy a(w,2) = 3 log"|wl,  (w,2)€A
Sometimes the assumption of irreducibility can be dropped as shown in the following example.

Example 7.2. Let p,q be two non-constant polynomials of one complex variable such that p(0) = q(0) = 0. Consider A =
{(w,2) € C? : wz = 0} and the proper polynomial mapping

f:A>w,z2)— p(w)+q(z)eC.
It is easy to see that
of 5 f(A) = Loo(fIA) = min(degp,degq) and  o(f,.A) = max(degp,degq).

In particular, if d = degp = degq and E = (p~1(A) x {0}) U ({0} x ¢"1(A)), where A denotes the closed unit disk, then
1
Ve a(w,2) = Z log" lp(w) +q(z)l,  (wz) €A (35)

Indeed, while A is not irreducible, it is the union of two complex lines C x {0} and {0} x C and Lemma 4.11 applies to the
restrictions of f to these lines, i.e. to p and q. If u € £(A), then — using the push-forward notation — we have:

1 1
< Tu] = 3 max(plul, g[u]) € £(C),
which implies (35), just like in Theorem 7.9.

Our paper concludes with two straightforward examples in which we can use Theorem 7.9 in order to obtain a Bernstein-Walsh
polynomial inequalities on algebraic sets.

Example 7.3. The algebraic set
A={(x,y,2)€C® : x>+ y? +22 =1}

is a two-dimensional connected complex submanifold of C3. Let f = (fi, f,) : C>* — C? be a non-constant polynomial mapping
whose homogenous component of highest degree f satisfies the condition f ~1((0,0)) = {(0,0)}. Let 7z(x, y,z) = (x, y). Note that

Loo(f omt|A)=p(f omr, A) = degf.
Consider the polynomial polyhedron
E= {(x,y,z) E.A . |f1(x,_y)| < 1, |f2(x,_y)| < 1} = (f o ﬂ)_l(A X A)

According to Theorem 7.9

1
Ve, a(x,y,2) = deas max{log” |f,(x,y)l,log" L0, Y}, (x,¥,2) € A,

In this case, the Bernstein-Walsh inequality tells us that for any non-constant polynomial p we have the estimate

IpCx, y,2)| < max{|f; Cx, y)I, 1o, VYA e ||pl, - for (x,y,2) € A\E.
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Example 7.4. Let
A={(x,y,2)€C® : x> +y*+22=4, X2+ y?>=2x} ={(x,y,2) € C® : 22 =4—2x, y? =2x —x?},
E={(x,y,2)€C®: x€[0,2], x2+y?>+22 =4, x*+ y? =2x}.
The set E is usually cold the Viviani’s window and is a real curve. Consider first
fiCotrs (t,2t—t%,4—2t) e B:={(u,v,w)€C? : i’ +v+w=4, u*+v =2u}

and K = f([0,2]). Observe that f is proper, f(C)= B and B is an irreducible algebraic set because is given by a polynomial
parametrization (see e.g. [10, Prop. 4, Chap. 4, § 5]). Moreover, o(f,C)= L (f|C)=4 and f~'(K)=[0,2]. Note that the set

A ={(x,y)eC?: y*=2x—x2}={(x,y) €C? : (x—1)*+y*>=1}

is irreducible, being a connected complex submanifold of C2. Therefore, also

A={(x,y,2)€C® : (x,y) € A, 2> =4—2x}
is irreducible, since 2% — 4 + 2x is irreducible. Note also that the set

B :={(u,v)eC?:v=2u—u?}

is locally irreducible in C? as the graph of a quadratic function. Consequently, B is also locally irreducible, since it is the "lifting"
of B’ to the plane {(u,v,w) € C® : w =4—2u}, namely

B={(u,v,w)eC?®: (u,v)eB, w=4—2u}.
Now, by Theorem 7.9, we have

Veksof =4V =4V, on C.

On the other hand, the mapping

is surjective, proper and E = g7'(K). Additionally, we can easily check that o(g, A) = £..(g|.4A)=2 and g(x,y,z) = f(x) for
all (x, y,2z) € A. Once again we use Theorem 7.9 and for any (x, y,z) € A we get

VE(X,y,Z) = Vg’l(K),A(xﬁy’z) = % VK,B(g(x)y;Z)) = %VK,B(f(x))
=2Vg(x)=21log|x—1+ v x2—2x|,

the last equality being a consequence of the classical formula for the pluricomplex Green’s function for [—1,1]. Since A and B do
not have singular points, the same formulas are true for the functions U,-1(x) 4 and Uy .

It is worth noticing here that every polynomial p € C[x, y,z] restricted to A can be written in the form p(x,y,z) =
p1(x) +po(x) y + p3(x) 2 + py(x) yz where p,, p,, P3, P4 are polynomials of one complex variable x. Taking into account the
Siciak-Zaharjuta result (4), for any non-constant polynomial p in the above form we have the following Bernstein-Walsh inequality
on A for the Viviani’s window E

20(p,A)
lp(x,y,2)| < |x =1+ vV x2—2x lplle for (x,y,2)€ A\E
and the estimate is asymptotically optimal as o(p,.A) tends to infinity.
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