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Abstract. In this paper, we first try to solve the following problem: If a pluriharmonic function f is
definable in an arbitrary o-minimal expansion of the structure of the real field R := (R,+,—,.,0,1,<),
does this function be locally the real part of a holomorphic function which is definable in the same
expansion? In Proposition 2.1 below, we prove that this problem has a positive answer if the Weierstrass
division theorem holds true for the system of the rings of real analytic definable germs at the origin
of R™. We obtain the same answer for an o-minimal expansion of the real field which is pfaffian closed
(Proposition 2.6) for the harmonic functions. In the last section, we are going to show that the Weierstrass
division theorem does not hold true for the rings of germs of real analytic functions at 0 € R™ which are
definable in the o-minimal structure (@, x®, ..., x%), here aq, ..., qp are irrational real numbers.
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1. Introduction

The set of harmonic functions on a given open set U C R™ can be seen as the kernel of
the Laplace operator A, and is therefore a vector space over R: sums, differences and scalar
multiples of harmonic functions are again harmonic. If f is a harmonic function on U, then
all partial derivatives of f are also harmonic functions on U. The Laplace operator A and
the partial derivative operator will commute on this class of functions. These functions are
closely connected to holomorphic maps since the real and imaginary parts of a holomorphic
function are harmonic functions. The study of harmonic functions is important in physics
and engineering and there are many results in the theory of harmonic functions that are not
connected directly with complex analysis.

A real valued pluriharmonic function is a function whose restriction to every complex line
is a harmonic function with respect to the real and to the imaginary part of the complex line
parameter.

We recall by [1, Chapter 7.1.4] that every harmonic function is locally the real part of
a holomorphic function, whereas, in finitely many complex variables every pluriharmonic
function (of real valued) is locally the real part of a holomorphic function of several complex
variables |2, Theorem 26|. Every pluriharmonic function is a harmonic function.
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Suppose that % is an o-minimal expansion of the structure R := (R, +,—, -,0,1, <).
The Pfaffian closure of & is the smallest expansion of % that is closed under taking Rolle
leaves of definable ¢! forms, it is o-minimal (see [3] for precise definitions and results).

It is well known in the classical analysis that every harmonic function is locally the real part
or the imaginary part of a holomorphic function. In this paper we first show by using a result
of T. Kaiser in [4] that if, a pluriharmonic function is definable in an arbitrary o-minimal
expansion of the real field which satisfies the Weierstrass division theorem for the rings of
germs of real analytic functions, then this function is locally the real part of a holomorphic
definable function, also we obtain the same result for an o-minimal expansion of the real field,
which is Pfaffian closed.

The Weierstrass division theorem is the key tool for local complex analytic geometry (see
for example Gunning and Rossi [5, Chapter I1]). In section 3, we will show that the Weierstrass
division theorem does not hold true over the o-minimal structure (R,z%!,...,2%) (where
ai,...,q, are irrational real numbers) for the rings of germs of real analytic functions at
0 € R™ which are definable in this structure.

2. Definability of a Holomorphic Function
in Some o-Minimal Structures

We know that every pluriharmonic function f is locally the real part of a holomorphic
function. In this section, we tackle the question that if we take this function f to be definable
in an o-minimal expansion of the real field, does this function be locally the real part of
a holomorphic definable function?

In this section, we will give some answers to this question.

Let # be an arbitrary o-minimal expansion of the structure R := (R, +,—, -,0,1, <).
“Definable” will always mean “definable with parameters”.

We denote by ‘ﬁ%m (where n € N) the ring of germs of functions that are real analytic on
a neighbourhood of 0 € R™, and definable in the structure Z.

A germ f € 65, is called regular in @, of order p with respect to the variable xy, if, there
exists a germ h € €5, such that f = 2hh(0,z,) with k(0) # 0.

We say that the sifstem {€% ,;n € N} satisfies Weierstrass division theorem if f, g € €
such that the germ g is regular of order p with respect to the variable xz,,, there exist ¢q € %§n
and r1,...,7p € €5, 4 such that

p
f =49 + er(xh o 7xn—1)xgi'7-
j=1

We say that the structure #Z has complexification if, the Weierstrass division theorem
holds true over for the system ((fg“fm)neN.
PROBLEM (1): If a pluriharmonic function is definable in an arbitrary o-minimal expansion
of the structure R, does this function be locally the real part of a holomorphic definable

function?

Unfortunately, the answer is negative for the given o-minimal structure % := (R, exp).
Indeed, let’s take the harmonic function defined on R?\{0} as follows f: (z,y) — In(2? +2).
Every point (a,b) # (0,0) admits a neighborhood D where the function f is harmonic and
definable, so if it is the real part of a holomorphic definable function F', the imaginary part
of the function F' denoted g is also definable in the structure #, by [6, Theorem 4|, these



Pluriharmonic Definable Functions in Some o-Minimal Expansions of the Real Field 37

functions f and ¢ are also definable in R, which is a contradiction as f is not an algebraic
function.

Under what condition does the Problem (1) admit a positive answer? which is the aim of
the sequel of this section.

Proposition 2.1. If the Weierstrass division theorem holds true for the system (¢, )Jnen,
then every harmonic (pluriharmonic in more than two real variables) definable function fis
locally the real part of a holomorphic definable function.

<1 It suffices to prove this proposition for the harmonic functions, let f be a harmonic
definable function, so it is locally the real part of a holomorphic function F. We use Ahlfors’
trick |7, Chapter 2, Section 2.1], so then substituting the variable z by = + iy, we obtain the
power series Fy(x,y) = F(z +iy) € C[[z,y]]. Then

F(z+iy) + F(z +iy)
2

f(x,y) = € Cl[x, y]].

We now substitute z/2 for x and z/2i for y in the series f(z,y), obtaining the series
F5(z) = f(2/2,2/2i). Thus we have

Fy(2) = f(2/2,2/2i) = M

that is F(z) = 2f(2/2,2/2i) — F(0).

As the function f is real analytic and definable, so by [4, Theorem 2.4|, the function
f(z,2') is definable and the function z — (2/2, 2/2i) is definable, we deduce that the function
z — f(z/2,2/2i) is also definable and so is the function F. >

EXAMPLE 2.1. For the structure % := R, it is well known thanks to [8, Theorem 8.2.9] that
the system (€%, )nen satisfies the Weierstrass division theorem, so every harmonic definable
function is locally the real part of a holomorphic definable function.

For a holomorphic function F' whose real and imaginary parts are respectively f and

g, we see that by the same reasoning we obtain F'(z) = 2ig(z/2,z/2i) + F(0). We deduce
the following proposition:

Proposition 2.2. If the structure % has complexification, then a holomorphic function
is definable if and only if either its real part or its imaginary part is definable.

DEFINITION 2.1. Let U C R™. A sequence fi,..., f. € €*(U) is called a Pfaffian chain, if
there exist polynomials p;;(z1,...,%n,y1,...,y;) fori =1,...,r and j = 1,...,n, such that
forall x € U

ofi

o1 (xla"-axn) :pi,j($1a"',xnafl(xla"',xn)"",fi(xly"',xn))'
J

We say that a function f € €*(U) is Pfaffian if,

f(xla"'axn) :q(xl?"'axn?fl(xly"'axn)w"’fr(xla"'axn))

for some polynomial ¢ and some Pfaffian chain fi,..., f,. on U.

We recall that the Pfaffian closure of an o-minimal structure % (expansion of R) is
the smallest expansion & of Z such that every function which is Pfaffian over & is already
definable in & (with parameters).

ExXAMPLE 2.2. We define fi(z) = exp(z) and fpt1(z) = exp(fm(z)). Then
Il = fifz ... fm, so the sequence fi,..., fn, is a Pfaffian chain.
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Proposition 2.3. Let # be an o-minimal expansion of the real field. If the structure %
is pfaffian closed, then every harmonic definable function f is locally the real part of a holo-
morphic definable function.

<1 We know that in a vicinity of a given point the function f is the real part of a holomor-
phic function F' = f + ig, where f and g are respectively the real and the imaginary parts
of F.

Since f is definable, so are both partial derivatives of f (as two variables functions). By
the Cauchy—Riemann equations, it follows that the partial derivatives of g are also definable
in # (as two variables functions). So g is pfaffian over % (as two variables functions). Since
Z is pfaffian closed, it follows that ¢ is definable.

Therefore the function F' is definable in the structure #. ©>

REMARK 2.1. We deduce from Proposition 2.1 that the reciprocal of Proposition 2.3 is not
true. Indeed, by [4, Theorem 4.4] the structure R := (R, +, —, .,0, 1, <) has complexification,
so thanks to Proposition 2.1, every harmonic definable function is locally the real part of
a holomorphic definable function, but the structure R is not pfaffian closed as the exp function
is a pfaffian function, but it is not definable in this structure.

CONCLUSION (1): If the reciprocal of Proposition 2.1 holds true, then the pfaffian closure
of every o-minimal expansion of the real field satisfies the Weierstrass division theorem for
the ring of real analytic definable germs.

3. Weierstrass Division Theorem over the Structure .Z

As mentioned in the introduction, we let .# denote the o-minimal structure
(R,z%,...,z%), where ar,... ,ayp is a finite sequence of irrational real numbers and by x
the function which is equal to the usual x% if x > 0 and equals to 0, if z < 0 for all
i =1,...,p. This structure is studied in detail in [9].

The aim of this section is to prove the failure of the Weierstrass division theorem for the
ring of real analytic definable germs in the structure .#.

Theorem 3.1. The system of the rings of real analytic germs at 0 € R™ that are definable
in the structure .# does not satisfy the Weierstrass division theorem.

< Assume that the function F' : z — (z + 1)®* restricted to some small disc centered at
the origin is definable in .#Z. So the real part and the imaginary part of the function F' are
definable in the structure .#, consequently the function f: x +— (z + 1) restricted to some
open interval around zero is definable in .#, then by Corollary 1 in Section 4 of [6], the germ
of the function f: x + (x4 1)* is definable in the structure R. But this is a contradiction to
the fact that a power function with irrational exponent is not algebraic (see [9]). Suppose that
the structure .# satisfies the Weierstrass division theorem for the ring of the real analytic
definable germs, f is a real analytic definable germ in the structure .#, by [4, Theorem 2.4]
the germ of the function F' is also definable in the structure .#, which is a contradiction. >

We end this paper by this interesting remark that allows us to prove Theorem 3.1 without
using the result described in [4, Theorem 2.4].

REMARK 3.1. Let z € R, set g = (2 + 1) and f = 22 — 2x2 + (22 + 9?). It is clear that
the germ g is real analytic (at the origin) and definable in the structure .#. Suppose that
the Weierstrass division theorem holds true over the structure .# for the ring of real analytic
definable functions germs at 0 € R™ and let’s devide g by f to obtain

(z+ 1) = [2* = 222 + (2® +y*)|Q(,y, 2) + Ro(a,y) + 2Ra(z,y),
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where the functions @, Ry and R; are definable in .#, set z = x + iy, we have
(x +1+iy)*™ = Ro(x,y) + xRy (z,y) + iyRy(z,y) and the real part of the function
(x + 14 dy)* is the real function Ry(z,y) + xR1(x,y) and its imaginary part is the function
yR1(x,y). So the function (x+1+1iy)*! is also definable in the structure .#. But by the proof
of Theorem 3.1, we get that this function germ is not definable in the structure .#, which is
a contradiction.

CONCLUSION (2): Thanks to Remark 3.1, we have constructed an example where the
quotient and the remainder of this division do exist but they are not definable in anywhere.

PROBLEM (2): Let’s take a harmonic (pluriharmonic in more than two real variables)
definable function in the structure .Z, does this function be algebraic (i. e., definable in the
structure R)?

In case we have a positive response to the Problem (2), we will have built a structure
for which the Problem (1) has a positive answer, but this structure does not satisfy the
Weierstrass division theorem for the ring of real analytic definable germs, and therefore, we
will have proved that the reciprocal of the above Proposition 2.1 does not hold true.
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[INIIOPUTAPMOHNYECKUE OITPEJEJIMMBIE OYHKIINN
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Awnnoranusi. B nacrosiieil ctarbe IpeInIpUHIMAETCS MOMBITKA PEIIUTh CJIEAYIONIYIO 33/1a9y: €CIU ILTI0-
purapMonmndeckass GYHKIHUs [ ompeaeanMa B MPOU3BOIBHOM O-MUHUMAJIHLHOM PACIIMPEHUN CTPYKTYPHI BeIle-
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CTBEHHOrO moyis R = (R,+,—,.,0,1,<), To Gyzmer sm 3Ta DyHKIMs JIOKATHHO BENIECTBEHHON YaCTBIO TOJIO-
MOpdHON (DYHKIMHU, KOTOpasl OIpeJIe/IuMa B TOM ke camMoM pacimupenuu’ B npeamoxkennn 2.1 g1oKa3aHo, 9ToO
9Ta 3a/a9a NMEeEeT IIOJIOXKHUTEJILHOE PEIlleHne, ecyii TeopemMa Beiiepiirpacca o JleJIeHUM UMeeM MeCTO JJIs CH-
CTeMBI KOJIEI] OIPEJIETUMBIX BEIECTBEHHO aHAJMTHIECKUX POCTKOB B HyJsie npocrpancTBa R™. Tor ke orser
ITOJTY YAeTCsI JJIsl O-MUHUMAJILHOTO PACIIMPEHUs] BEIIECTBEHHOTO TI0JIsI, KOTOPOE 3aMKHYTO OTHOCUTEJIBHO IThad-
duana (npemyoxkenue 2.6) Jis rapMoHudeckux QyHKImA. B mocienmem nmaparpade okas3aHo, 9TO TeopeMa
Beiiepirpacca o JieJieHrr He BBIMIOJHSAETCS JIJ1s KOJIEI, POCTKOB BeIeCTBeHHbIX aHajuTudeckux B 0 € R"™ dbynk-
Ui, KOTOPBIE OIPEJENUMBI B o-MUHUMAIbHON crpykType (R, 2%, ..., %), n1e a1, ..., Qp — BEIeCTBEHHbIE
UPPaIMOHAJIBHBIE YHCIIA.

KuroueBbie cJjioBa: o-MHUHUMAJILHBIE CTPYKTYDPBbI, IIJIIOpUTapMOHHUYECKad d)yHKLII/IH7 TeopeMa Beﬁep-
mrrpacca O JeJIEHUU.
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