http://dx.doi.org/10.4153/CMB-2013-034-5

Canad. Math. Bull. Vol. 57 (3), 2014 pp. 614-620
(© Canadian Mathematical Society 2013 q

A Note on the Weierstrass Preparation
Theorem in Quasianalytic Local Rings

Adam Parusinski and Jean-Philippe Rolin

Abstract. Consider quasianalytic local rings of germs of smooth functions closed under composition,
implicit equation, and monomial division. We show that if the Weierstrass Preparation Theorem holds
in such a ring, then all elements of it are germs of analytic functions.

1 Introduction and Main Results

Since the original work of Borel [5, 6], the notion of quasianalytic rings of infinitely
differentiable functions has been studied intensively (see for example the expositary
article on quasianalytic local rings by V. Thilliez [21]). Recall that a ring C,, of smooth
germs at the origin of R" is called quasianalytic if the only element of C,, that admits
a zero Taylor expansion is the zero germ.

The early works of Denjoy [9] and Carleman [7] show a deep connection between
the growth of partial derivatives of C* germs at the origin and the quasianalyticity
property, leading to the notion of quasianalytic Denjoy—Carleman classes of functions.
The algebraic properties of such rings, namely their stability under several classical
operations, such as composition, differentiation, implicit function, is well under-
stood (see for example [16] and [18]).

These stability properties have allowed a study of quasianalytic classes from the
point of view of real analytic geometry, that is, the investigation of the properties
of subsets of the real spaces locally defined by equalities and inequalities satisfied
by elements of these rings. For example, it is shown in [3] how the resolution of
singularities extends to the quasianalytic framework.

However, two classical properties, namely Weierstrass division and Weierstrass
preparation, seem to cause trouble in the quasianalytic setting. For example it has
been proved by Childress [8] that quasianalytic Denjoy—Carleman classes might not
satisfy Weierstrass division. Since Weierstrass preparation is usually introduced as
a consequence of Weierstrass division, it is classically considered that Weierstrass
preparation should fail in a quasianalytic framework. So far, no explicit counterex-
ample has been given. Moreover, we do not know any example of a ring of smooth
functions for which the Weierstrass preparation theorem holds, but the Weierstrass
division fails.

We are interested here in what we call in the next section a quasianalytic system,
that is, a collection of quasianalytic rings of germs of smooth functions that contains
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the analytic germs and is closed under composition, partial differentiation and im-
plicit function. Such systems have been investigated in several works from the point
of view of real analytic geometry or o-minimality [3, 12,19, 20]. It is worth noticing
that, in these papers, the possible failure of Weierstrass preparation leads to a study
mostly based on resolution of singularities.

In such a context, a nice result has been obtained by Elkhadiri and Sfouli in [15].
They prove, in a remarkably simple way, that if a quasianalytic system satisfies Weier-
strass division, then it coincides with the analytic system: all its germs are analytic.
The proof is based on the following idea. In order to prove that a given real germ f
is analytic at the origin of R”, they prove that f extends to a holomorphic germ at
the origin of C". This extension is built by considering the complex formal extension
f (x +iy) € C[[x, y]l, where f is the Taylor expansion of f at the origin. The real
and imaginary parts of this series statisfy the Cauchy—Riemann equations. Moreover,
the Weierstrass division of f(x + t) by the polynomial t* + y shows that these real
and imaginary parts are the Taylor expansions of two germs that belong to the initial
quasianalytic system. By quasianalyticity, these two germs also satisfy the Cauchy—
Riemann equations. They consequently provide the real and imaginary parts of a
holomorphic extension of f.

Our goal is to use Elkhadiri and Sfouli’s methods to prove that a quasianalytic
system in which Weierstrass preparation holds coincides with the analytic system.
This result apply in particular to the examples of quasianalytic systems mentioned
above. We still don’t know if any ring of a quasianalytic system strictly bigger than
the analytic one, besides the ring of one variable germs, is noetherian or not.

A similar property has been announced in [1] for quasianalytic Denjoy—Carleman
classes. More precisely, the statement made in [1] claims that if a Denjoy—Carleman
class contains strictly the analytic system, then Weierstrass preparation does not hold,
even if we allow the unit and the distinguished polynomial to be in any wider quasian-
alytic Denjoy—Carleman class. The approach there, pretty different from ours, leads
to a precise investigation of the following extension problem: does a function belong-
ing to a quasianalytic Denjoy—Carleman class defined on the positive real axis extend
to a function belonging to a wider Denjoy—Carleman class defined on the real axis?
The authors actually produce an explicit example of non-extendable function with
additional properties that permit contradicting Weierstrass preparation.

2 Notations and Main Result

Notation 2.1 Forn € N, we denote by €, the ring of smooth germs at the origin of
R" and by A, C &€, the subring of analytic germs.

For every f € &,, we denote by f € R[[x,...,x,]] its (infinite) Taylor expansion
at the origin.

Finally, we denote (x1,...,x,) byxand (xi,...,x,_1) by x'.
Definition 2.2 Consider a collection € = {€,, n € N} of rings of germs of smooth

functions at the origin of R”. We say that C is a quasianalytic system if the following
properties hold for all n € N:
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(i) The algebra A, is contained in C,,.

(ii) (Stability by composition) If f € €, and g1, ...,2, € C,, with g1(0) = --- =
2,(0) = 0, then f(g1,...,8:) € Cp.

(iii) (Stability by implicit equation, assuming n > 0) If f € C, satisfies f(0) = 0
and (0f/0x,)(0) # 0, then there exists ¢ € C,_; such that ©(0) = 0 and
f(x’,ap(x’)) =0.

(iv) (Stability under monomial division) If f € C,, satisfies f(x’,0) = 0, then there
exists g € C, such that f(x) = x,g(x).

(v) (Quasianalyticity) For every n € N, the Taylor expansion at the origin map
f — f is injective on C,,.

Remark 2.3 It can easily be seen that the above properties imply that the alge-
bras C, are closed under partial differentiation (see [19, p. 423] for example).

Definition 2.4 A germ f € &, is of order d in the variable x,, if f(0,x,) = xZu(xn),
where u(0) # 0 (that is, u is a unit of &£,).

Definition 2.5 We say that a quasianalytic system C satisfies Weierstrass preparation
if, for all n € N, the following statement (W,,) holds: every f € €, of order d in the
variable x,, can be written

f= U(x)(x,’f +a(x)x as(x)),
whereU € €, ay,...,a4 € C,_1,U(0) # 0and a;(0) = --- = a4(0) = 0.

Our main result is the following:

Theorem  If the quasianalytic system C = {C,, n € N} satisfies Weierstrass prepara-
tion, then it is contained in the analytic system: for alln € N, C, = A,,.

Remark 2.6 We will actually prove that the conclusion of the theorem is true
once Wj holds.

3 Proof of the Theorem

We consider in this section a quasianalytic system C that satisfies Weierstrass prepa-
ration.

In order to prove the theorem, it is enough to prove that ¢; = A;. In fact, it
is noticed in [15] that the equality C; = A, implies €, = A, for all n € N. The
argument is the following. If f € €, (and n > 1) then, for every £ € $"~, the germ
fe: t = f(t€) belongs to C,. Hence, under the assumption C; = A, the germ f; is
analytic. Thanks to a result of [4], this implies that f € A,,.

Lemma Let f € C, such that f(0,x,) = x> + x) + h(x,), where h € @, has order
greater than 3. Then there exists fy, fi € C, such that

f(x) = folx’, x0) + xu fi(x', x}).
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Proof We introduce the germs

o x—= (f( %) + f(x',=x4)) /2 and gz x— (f(x' %) — f(x', —x0)) /2,

which both belong to C,, and satisfy f = gy + g1. They are respectively even and odd
in the variable x,. Hence the exponents of x, in their Taylor expansions at the origin
are respectively even and odd.

The order of g in the variable x, is exactly 2, so is the order in x, of the
germ F: (x,t) — go(x) — ¢, which belongs to C,;;. Since the system C satisfies
Weierstrass preparation, there exist 1, p, € C, and a unit U € C,4; such that
©1(0) = ,(0) = 0 and

F(X, t) = (xfl + sol(x/a t)xn + SD()(X/, t)) : U(X, t)~
We claim that ¢; = 0. In fact, considering the Taylor expansions, we have
Flx,t) = (x5 + o1, )y + o2, 1)) - Ul 1).

Now it stems from the classical proof of the Weierstrass Preparation Theorem for
formal series that the support of x2 + ¢, (x', t)x, + ¢o(x’, t) is contained in the sub-
semigroup of N"*! generated by the support of F. Hence this support contains only
even powers of the variable x,,, and ¢; = 0. Since the system C is quasianalytic (see
Definition 2.2 (v)), ¢; = 0.

Notice that the order of the germ (x’,z,t) — z + @o(x’, ) in the variable ¢ is 1.
Since the system C is closed under implicit equation (see Definition 2.2 (iii)), there
exists a germ fy € C, such that

z+@o(x', 1) =0 =t = fo(x',2).
We deduce that
t = go(x) <= E(x,t) =0 <= x5 + pp(x',t) =0 <=t = fo(x',x2),

that is, go(x) = fo(x’, x2).

In the same way, we notice that the order of g in the variable x, is exactly 3.
Moreover, g;(x’,0) = 0. By stability under monomial division (see Definition 2.2
(iv)) there exists &1 € C, such that g;(x) = x,41(x). The germ g is even in the
variable x, and its order in this variable is exactly 2.

Therefore there exists a germ f; € €, such that §;(x) = fi(x’, x2), and the lemma
is proved. ]

Remark Itis well known that, for every f € &, there exist f; and f; in &, such that
flx) = fo(x?) + xfi(x?) (see, for example, [17, p. 12]). But the classical proof, whose
first step consists in transforming f into a flat germ, cannot work in a quasianalytic
system.
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Proof of the Theorem Consider a germ h € C;. Up to adding a polynomial, we may
suppose that h(x;) = x{ + x7 + £(x;), where the order of £ in the variable x; is greater
than 3. We define the germ f € C, by f: (x1,x2) — h(x; + x). According to the
lemma, there exist two germs, f; and fi, in €, such that

frlax) = folxr,x3) +x0fi(x1,%3).
We introduce the complex germ H defined by
H:z=x +ix; € Cr—> fo(x1, —x3) +ix2 fi(x1, —53).

We see that H(x;,0) = f(x;,0) = h(x;). Hence the theorem is proved once we
have proved that the germ H is holomorphic, that is, that its real and imaginary parts
satisfy the Cauchy—Riemann equations.

Consider the Taylor expansion fz(xl) =Y >0 haxl € Rl[x;]] of the germ h. The

real and imaginary parts of the formal series H(x; +ixy) € C[[x1, x,]] defined by

H(xy +1ix) = ) () +ix)"
n>0

are the series fo(xl, —x3) and x, f1 (x1, —x3). These series satisfy the Cauchy—Riemann
equations. By quasianalyticity, the germs f(x;, —x3) and x, f; (x, x3) satisfy the same

equations.
We deduce that the complex germ H is holomorphic, and thus the germ 4 is ana-
Iytic. ]

Remark 3.1 In the proof of the theorem, the lemma is applied to the germ f, which
belongs to C,. Hence the single hypothesis W is actually required.

4 Corollaries

Well-behaved Quasianalytic Systems. We say that a quasianalytic system C =
{Cy,n € N} is noetherian if all the rings €, are noetherian. To our knowledge the
problem of noetherianity of quasianalytic systems is still open. At the end of [8],
Childress conjectures that a quasianalytic system is noetherian if and only if it satisfies
Weierstrass division. By Elkhadiri and Sfouli [15], Weierstrass division does not hold
in quasianalytic systems that extend strictly the analytic system. Hence the resolu-
tion of Childress’ conjecture would ensure that such quasianalytic systems cannot be
noetherian.

Elkhadiri proves in [13] that Childress’ conjecture is true for well-behaved quasi-
analytic systems. This result could lead to the research of well-behaved, hence non-
noetherian, quasianalytic systems. However, it follows easily from the proof of our
main result that the only well-behaved quasianalytic system is the analytic system.

Definition A quasianalytic system C is well-behaved if, for all n,d € N\ {0}, ev-
ery formal power series f € R{[x1,...,x,]] such that one of f (x1x2,%2,...,X,) and
f (x?, %2, ..., x,) is the Taylor expansion of a germ in C,, is itself the Taylor expansion
agermin C,.
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The lemma in the previous section holds in a well-behaved quasianalytic system C.
Indeed, let f € C,. We may write f as the sum f = gy + g of two elements of C,,
even and odd respectively in the variable x,. The Taylor series of g is fo(x’ ,x2) for
some power series fB € R[x,x,]]. If C is well behaved, the power series fo is the
Taylor expansion of a fy € €,. By quasianalyticity, go(x) = fo(x’,x2). Similarly
g1 (x) = x, fi(x",x2) fora f; € €,. We complete the proof as in the previous section.

Weierstrass Preparation for Definable Analytic Germs. Note that the proofs of
the previous section hold as well for quasianalytic systems that do not necessarily
contain the analytic system. (We replace Definition 2.2 (i) by asking that €, contains
the polynomial germs.) If € is a subsystem of an analytic system that satisfies Weier-
strass preparation, our method shows that every germ f € C; admits a holomorphic
extension F(x; +1ixp) = fo(x1,%2) +ifi(x1,%2), f(x1) = F(x1), where f; and f; belong
to 62.

Such systems appear in the framework of o-minimal structures (see, for example,
[11] for the basic definitions). Consider an o-minimal expansion § of the real field.
If f is a function defined on an open neighborhood of 0 € R" and definable in §, its
germ at the origin is called a definable germ. For every n € N, let €, be the ring of the
analytic definable germs at 0 € R". The collection € = {€,,n € N} is obviously a
quasianalytic system. The possible failure of Weierstrass division in such a system is
a question asked by van den Dries in [10].

Elkhadiri and Sfouli address this question in [14]. They prove that the system €
associated to the structure R. = (IR, exp ;o) does not satisfy Weierstrass division
(here, the restricted exponential €Xp)(o,1 is the function which coincides with the ex-
ponential function on the interval [0, 1] and is extended by 0 on R \ [0, 1]).

We claim that this system does not satisfy Weierstrass preparation either. Otherwise,
our main result would imply that the real and imaginary parts of the germ at 0 € C
of the complex exponential function would be definable in R.. This would contradict
a result of Bianconi [2], which states that the restriction of the sine function to any
interval is not definable in R..

References

[1]  F Acquistapace, F. Broglia, M. Bronshtein, A. Nicoara, and N. Zobin, Failure of the Weierstrass
preparation theorem in quasi-analytic Denjoy—Carleman rings. Eprint arXiv:1212.4265, 2012.

[2]  R. Bianconi, Nondefinability results for expansions of the field of real numbers by the exponential
function and by the restricted sine function. J. Symbolic Logic 62(1997), 1173-1178.
http://dx.doi.org/10.2307/2275634

[3]  E.Bierstone and P. D. Milman, Resolution of singularities in Denjoy—Carleman classes. Selecta Math.
(N.S.) 10(2004), 1-28.  http://dx.doi.org/10.1007/500029-004-0327-0

[4]  J. Bochnak and J. Siciak, Analytic functions in topological vector spaces. Studia Math. 39(1971),
77-112.

[5]  E.Borel, Sur la généralisation du prolongement analytique. C. R. Acad. Sci. 130(1900), 1115-1118.

[6] , Sur les séries de polynomes et de fractions rationnelles. Acta Math. 24(1901), 309-387.
http://dx.doi.org/10.1007/BF02403078

[7]  T. Carleman, Les fonctions quasi-analytiques. Gauthier Villars, 1926.

[8]  C.L.Childress, Weierstrass division in quasianalytic local rings. Canad. J. Math. 28(1976), 938-953.
http://dx.doi.org/10.4153/CJM-1976-091-7

https://doi.org/10.4153/CMB-2013-034-5 Published online by Cambridge University Press


http://dx.doi.org/10.2307/2275634
http://dx.doi.org/10.1007/s00029-004-0327-0
http://dx.doi.org/10.1007/BF02403078
http://dx.doi.org/10.4153/CJM-1976-091-7
https://doi.org/10.4153/CMB-2013-034-5

620 A. Parusinski and J.-P. Rolin

[9]  A. Denjoy, Sur les fonctions quasi-analytiques de la variable réelle. C. R. Acad. Sci. Paris 123(1921),
1320-1322.

[10] L. van den Dries, On the elementary theory of restricted elementary functions. J. Symbolic Logic
53(1988), 796-808. http:/dx.doi.org/10.2307/2274572

[11] , Tame topology and o-minimal structures. Cambridge University Press, 1998.

[12] L. van den Dries and P. Speissegger, The field of reals with multisummable series and the exponential
function. Proc. London Math. Soc. (3) 81(2000), 513-565.
http://dx.doi.org/10.1112/50024611500012648

[13] A. Elkhadiri, Link between Noetherianity and the Weierstrass Division Theorem on some
quasianalytic local rings. Proc. Amer. Math. Soc. 140(2012), 3883-3892.
http://dx.doi.org/10.1090/50002-9939-2012-11243-2

[14] A. Elkhadiri and H. Sfouli, Weierstrass division theorem in definable C°° germs in a polynomially
bounded o-minimal structure. Ann. Polon. Math. 89(2006), 127-137.
http://dx.doi.org/10.4064/ap89-2-2

[15] —, Weierstrass division theorem in quasianalytic local rings. Studia Math. 185(2008), 83-86.
http://dx.doi.org/10.4064/sm185-1-5

[16] H. Komatsu, The implicit function theorem for ultradifferentiable mappings. Proc. Japan Acad. Ser. A
Math. Sci. 55(1979), 69-72.  http://dx.doi.org/10.3792/pjaa.55.69

[17] B. Malgrange, Idéaux de fonctions différentiables et division des distributions. Distributions, Ed. Ec.
Polytech., Palaiseau, 2003, 1-21.

[18] C.Roumieu, Ultra-distributions définies sur R" et sur certaines classes de variétés différentiables.

J. Analyse Math. 10(1962/1963), 153-192.  http://dx.doi.org/10.1007/BF02790307

[19] J.-P. Rolin, E. Sanz, and R. Schifke, Quasi-analytic solutions of analytic ordinary differential
equations and o-minimal structures. Proc. London Math. Soc. 95(2007), 413—442.
http://dx.doi.org/10.1112/plms/pdm016

[20] J.-P. Rolin, P. Speissegger, and A. J. Wilkie, Quasianalytic Denjoy—Carleman classes and
o-minimality. ]. Amer. Math. Soc. 16(2003), 751-777.
http://dx.doi.org/10.1090/50894-0347-03-00427-2

[21] V. Thilliez, On quasianalytic local rings. Expo. Math. 26(2008), 1-23.
http://dx.doi.org/10.1016/j.exmath.2007.04.001

Univ. Nice Sophia Antipolis, CNRS, LJAD, UMR 7351, 06100 Nice, France
e-mail: parus@unice.fr

Univ. de Bourgogne (Dijon), LM.B., 9 av. A. Savary, BP47870, 21078 Dijon Cedex, France
e-mail: rolin@u-bourgogne.fr

https://doi.org/10.4153/CMB-2013-034-5 Published online by Cambridge University Press


http://dx.doi.org/10.2307/2274572
http://dx.doi.org/10.1112/S0024611500012648
http://dx.doi.org/10.1090/S0002-9939-2012-11243-2
http://dx.doi.org/10.4064/ap89-2-2
http://dx.doi.org/10.4064/sm185-1-5
http://dx.doi.org/10.3792/pjaa.55.69
http://dx.doi.org/10.1007/BF02790307
http://dx.doi.org/10.1112/plms/pdm016
http://dx.doi.org/10.1090/S0894-0347-03-00427-2
http://dx.doi.org/10.1016/j.exmath.2007.04.001
https://doi.org/10.4153/CMB-2013-034-5

