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BERNSTEIN CLASSES

by N. ROYTWAREF and Y. YOMDIN

1. INTRODUCTION

Let Q2 C C be a bounded domain, K C Q - a compact, and let f be
analytic in Q and continuous on Q.

‘We call the ratio
B(f, K, %) = max| |/ max|/|

the Bernstein constant of f on (K, ).

This definition is motivated by one of the classical Bernstein’s in-
equalities: let p(z) be a polynomial of degree d. Then
ax <R ,
max [p(z)| < R max |p(z)|

where Er C C is the ellipse with the focuses at —1,1 and the semiaxes R.
In other words, B(P,[-1,1], Er) < R%. ([3]).

A kind of an inversion of this result is true: it is well-known, that the
number of zeros of f on K C  is bounded from above by « log B(f, K,Q),
where -y depends only on the couple K C Q. (See 2.2 below.) This fact has
been intensively used in transcendental number theory, in particular in the
estimates of the number of zeros of exponential sums. (See [48], where also
some survey of a vast literature on the subject is given.)

Bounding the number of zeroes of certain analytic functions is also
one of the central questions in a vast field of investigations around the
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second part of the Hilbert’s 16-th problem (which asks for the maximal
possible number of limit cycles in a system & = P(z,y), ¥ = Q(z,y) on
the plane, with P and Q polynomials of degree d. See [1], [11], [13], [21],
(22], [27], [28], [30], [32], [36], [37], [40], [56].

Various approaches have been used to produce some partial infor-
mation on this problem: Khovanskii’s theory of fewnomials and Pfaffian
functions ([33], [25]), Gabrielov’s existence result for the bound on the
number of components of semianalytic families ([23], [20]), etc. Recently
Bernstein inequalities have been applied to an infinitesimal version of the
above problem in [31], [32], [37] (see also [38]).

Besides bounding the number of zeroes, recently some other impor-
tant applications for the Bernstein-type inequality have been found, in par-
ticular, in PDE’s ([16], [17], [18], [19]), in Dynamical Systems ([50], [51],
[562], [63]) and in Potential Theory ([5], [6], [46]).

The main purpose of the present paper is to show that the Bernstein
constant can be a convenient tool in the analysis of much wider classes
of functions, then those treated traditionally. We present several natural
such classes for which the Bernstein constant can be effectively estimated.
Roughly, the following classes are considered:

1. Algebraic functions.

2. Solutions of algebraic differential equations.

3. Functions, whose Taylor coefficients satisfy “Lipschitzian” recur-
rency relations.

4. Functions, whose Taylor coefficients are polynomials or rational
functions in the parameters of the problem.

Notice that functions of classes 1 and 2, as well as most of the
functions, naturally appearing in analysis, belong to both the classes 3
and 4.

In this paper we show in detail, how to bound Bernstein constant for
functions in classes 1, 2, 3, and describe shortly a situation for the class 4.
The complete proofs for the class 4 are given in [21], [7], [8]. An alternative
approach to the classes 1 and 2, which sometimes produces sharper results,
is given in [7].

The following main results are obtained:

1. A stronger version of the Fefferman-Narasimhan inequality for alge-
braic functions ([16], [17], [18], [19]) is obtained. In particular, this answers
a question, posed in [17].
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2. A similar inequality is obtained for much larger classes of functions
(classes 2 and 3 above). Notice however, that these results, being quite
general, are not very sharp. A much sharper inequality, which is a direct
generalization of Fefferman-Narasimhan’s one to the solutions of first order
algebraic differential equations, is obtained in [7].

3. A stronger version of the result of [5] is obtained.

We would like this paper to also be a kind of a survey of some new
approaches to bounding the Bernstein constant, so we discuss without proof
some results of [7], [8], [21], [41], [45] and [53], [55].

Since the paper is rather long, let us present now its content in more
detail.

We restrict ourselves in this paper almost completely to the special
case of (K,Q) = (Dg,,Dgr,) - the couple of disks of radii R;, Ry,
respectively, centered at 0 € C.

Part 2 is devoted to general properties of the Bernstein Classes. In
2.1 two types of Bernstein classes, B! and B?, are defined. B! consists
of functions with the uniformly bounded Bernstein constant. B? consists
of functions, whose Taylor coefficients, starting from d + 1, are uniformly
bounded through the first d Taylor coefficients. We prove that these two
types of classes essentially coincide.

In Section 2.2 we state a bound on the number of zeros of functions in
B!, mentioned above, and then, prove a corresponding bound for functions
in B? using an equivalence of B! and B2, established in 2.1.

Finally, in Section 2.3 we prove, using some classical results on p-
valent functions, that both the properties above are essentially equivalent
to the following property of f: for any ¢ € C, the number of solutions of
f = c in the disk is uniformly bounded.

Part 3 is devoted to algebraic functions. Recently Bernstein-type in-
equalities for algebraic functions found applications in differential equations
(see [16]-[19]), in potential theory ([5], [6], [46]) and in dynamical systems
([50] [53]). In particular, Fefferman and Narasimhan ([16], [17], [18], [19])
proved Bernstein-type inequalities for restrictions of real polynomials to
real algebraic manifolds. L. Bos, N. Levenberg, P. Milman and B.A. Taylor
in [5] gave a characterization of algebraic sets in terms of Bernstein and
Markov-type inequalities for restrictions of polynomials to these sets.
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The constants in the inequalities in [16], [17], [18], [5] depend on the
“measure of nondegeneracy” of the algebraic manifold at the origin (and,
of course, on the degrees of the polynomials involved). We prove in Section
3.3 a stronger version of these results: the Bernstein inequality is true
for algebraic functions in the maximal disk of their regularity, with the
constants, depending on the degree only. (Below we call such an inequality
a “structural” one.)

The proof is based on the equivalence of the Bernstein bound and
the bound on the number of solutions of f = ¢, combined with the Bezout
theorem.

In Section 3.4, the result of 3.3 is extended to algebraic functions in
several variables, providing in particular stronger versions of the results
from [5], [16], [17], [18].

However, in most of the applications we have in mind, the situation is
quite opposite to that of algebraic functions: we want to bound the number
of solutions of f = ¢ by bounding the Bernstein constant B(f), and not
vice-versa.

Considering algebraic functions as a model example, we discuss in
3.5 some alternative approaches, which allow one to bound the Bernstein
constant without knowing the bound on the number of zeros.

In part 4 solutions of analytic differential equations are considered.
Usually in this situation one can produce a differential inequality, which
helps to compare the values of the function on two sets, one smaller and
one bigger. This approach is classical (see [34], [29]), and recently it was
further developed in [31], [32], [37]. In contrast to the method applied in
[31], where only the number of zeros is bounded for equations of higher
orders, we use the equivalence of the classes B! and B2 and thus bound
Bernstein constant directly for solutions of equations of any order. We also
extend the results of [31], [32], [37], obtained for linear equations to the
non-linear ones.

In part 5 a somewhat “dual” situation is considered. We discuss func-
tions, whose Taylor coefficients satisfy “Lipschitzian” recurrency relations.
Using the equivalence of the classes B' and B? also here we obtain explicit
bounds on Bernstein constants.

In part 6 we discuss shortly the approach, developed in [21] [22],
[7], [8]. We deal here with families f\(z) = kZ_:Oak()\)xk of analytic
functions, whose Taylor coefficients ax(A) are polynomials in A. Following
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the pioneering work of Bautin [2], we relate the structure of the ideals,
generated by ax()) in the ring of polynomials in A, with the analytic
properties of fy, in particular, with the property of f\ to belong to the
Bernstein classes B% and B'.

It is important to notice that most of the functions we want to inves-
tigate, can be treated by any one of the above approaches. In particular,
this is true for algebraic functions, and each of the results of parts 4, 5
and 6 produces a Bernstein inequality for algebraic functions. However,
the constants in each of these inequalities depend not only on the degree,
but also on the “size” of the data.

We consider a question of obtaining Bernstein-type inequalities with
the constants, depending on the degree only, for solutions of algebraic
differential equations as a very important one. At present (except for the
case of algebraic functions) we have only very partial results in this direction
(see [8], [41], [43]).

The authors would like to thank J.-P. Francoise, A. Gabrielov,
M. Gromov, Yu. Il’yashenko, I. Laine, P. Milman, R. Narasimhan, S.
Yakovenko and many others for inspiring discussions.

In particular, the idea of the first proof of the existence of a Bernstein-
type inequality for algebraic functions, with the constant depending only
on the degree, was suggested to us by M. Gromov (see [45] and Section 3.5
below). A possibility of “inverting” the bound on the number of zeroes and
combining it with the Bezout theorem for algebraic functions (which is used
in Section 3.3 below) was proposed to us by P. Milman and S. Yakovenko.

In conclusion, we would like to thank the referee for correcting a
mistake in the initial version of the paper, which allowed for a serious
improvement of the results and presentation.

2. BERNSTEIN CLASSES - B* AND B?

Let Dy denote, as above, the closed disk of radius R > 0, centered at
0 € C. In this paper we mostly restrict ourselves to the Bernstein classes
with respect to a couple of such disks.

2.1. Definition of B*, B2 and their equivalence.

DEerFINITION 2.1.1. — Let R >0, 0 < a <1 and K > 0 be given and
let f be holomorphic in a neighbourhood of Dg. We say that f belongs to



830 N. ROYTWARF & Y. YOMDIN

the Bernstein class B} Rk if max|fl/max|f| < K (or, in other words, if
D aR
B(f,aDr,Dr) < K).
DEFINITION 2 1.2. — Let a natural N, R > 0 and ¢ > 0 be given,

and let f(z) = Z a;x* be an analytic function in a neighbourhood of

0 € C. We say that f belongs to the Bernstein class B2 N,R,» Iif for any

j>N, |a;|R? <c max |ai|R".
1=0,---,N

The following theorem shows that the classes B! and B2, essentially
coincide:

THEOREM 2.1.3. — Let f € B?V-, R,c- Then f is analytic in an open disk
o 1 al-aoV) ¢B
/ e
Dg,andforany R’ < Randa < land K = o (l—l— - + 1-3)°
where 3 = R'/R, f belongs to B}%/ K-

Conversely, if f belongs to B R,a, K> then it belongs to Bz2v, R,c» With
N = [(log K —log(1—a)+ 1)/10g(1/a)] ¢ =3K/(1— «a)?. In particular,
for a = %, N =log K +2] and c = 12K.

Proof. — For f € B% p . the convergence of f(z) = Eazx in-

side Dg is immediate. Let m = max|f|. Then by the Cauchy formula
D.r'

la;] < m/(aR')! for any i. In particular, for i = 0,---,N, |a;]R* <
m/at(R'/R)' < m/aN (R'/R)N. Hence for any j > N + 1,

la;|RY < em/a™ (R'/R)N .

Now we can bound |f| on Dgs as follows:

max |f] < Zlale + Z |aj|R?

=0 j=N+1
N i (9]
smz( ;) Ri+ (em/a®(R/R)V) Y (R/RY
i=0 j=N+1
_ 1 1-aoNt! em B
SN T1-a T aN1-8
_m a(l—aN) cf _
_Eﬁ(1+ - +1_ﬂ), B=R/R.
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Remark. ﬂ- One can show that K above can be chosen also as
co c L. . .
o (1 + + ), which in some cases gives a better estimate.

1-ap 1-p6
To prove an opposite inclusion, assume that f € B}l{,a, k- We want to
prove, that f € Blzv’ R,c» With the same R, and with N and c as given in the
statement of the theorem.

Let f = iaiwi. Let us fix some natural N. Denote by o the
i=0
) rglaxN{|ai|Ri}.For Py(z) = Zazw we have: 111)1ax|P (z)] < ch(aR/R)2
=0, —
. Denote by a the max|R(z)|, where R(z) = 2 a;z*. Then
Dar i=N+1
K

=0
— )
(6]

<

o
max |f| < a+——, and since f € B} , x, we get max | f| < (
Dur l-a 2% Dr

By the Cauchy inequality, we obtain now

(%) la;|R? < K (a+ i——_> , for any j.

This inequality would give us the required bound on |a;|R?, would
we know a. So let us continue as follows:

oo
i o
a < max E a;c'| < K
D, ) -

> (aR/R)
i=N

j=N+1 1 +1
(%) _ a alN
= a+ 1-a "o’ or
KaN+1 aaN
1- <
¢ ( I-a ) T-a)p
KaN+1

Let us fix NV in such a way, that

5 < 3 it is enough to take
N = [(log K —log(1l — «) + 1)/log(1/a)], where logarithm is taken with
the basis 2. In particular, for & = 1/2 we have N = [log K + 2]. This is

the choice, given in the statement of the theorem.

For this specific N, (*x) gives

20aN+1 - 20
(1-a)? = (1-w?

3 -« < 3Ko
1-a)? =~ (1-a)?

Now we return to (x) and obtain |a;|R! < Ko

for any j. This completes the proof of Theorem 2.1.3.
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The equivalence of the classes B! and B2, established by Theorem
2.1.3, allows one to combine different techniques in investigating functions
in Bernstein classes. In particular, if a function satisfies a certain first order
homogeneous differential equation, one can usually compare its values on a
smaller and a bigger disks, using a corresponding differential inequality. In
this case the classes B! are appropriate. On the other hand, if the Taylor
coefficients of a certain function satisfy “Lipschitzian” recurrency relations,
this function can be shown to belong to some of the B2-classes.

The following simple proposition compares the Taylor polynomial
(of an appropriate degree) and the remainder term for functions in the
Bernstein classes. Here, clearly, the B2 classes are appropriate.

N
PROPOSITION 2.1.4. — Let f € B% 5 ., and let P(z) = Y a;z* be
T i=0

the N-th order Taylor polynomial of f, and R(z) = i ajxj - the
j=N+1
corresponding remainder term. Let |P||g = max |ai|R*. Then for any
i=0,---,
CzﬁN+1

R <RandB=R/R, ma|R=) <|P|r- :
DR' 1 - /8

Proof. — By the definition of the class B2, for any j > N+1, |a;|R? <
¢||P||r- Hence for any x € Dgr ,

oo ] N+1
j=N+1

In this paper we usually do not consider more complicated domains,
than concentric disks. However, in the next proposition we replace the
inner disk by the real segment. This proposition is used in Sections 3.3
- 3.4 below, to obtain real versions of Bernstein inequalities in one and
several variables.

Let R > r > 0 be given. Consider Ir C Dg, Ir = [-r,r]. Let f
be a function, analytic in D and continuous on Dg. Assume that for
any @ < 1, f € By, g(a)» With K(a) = K1(1/a)N. (This assumption

is motivated by the form of the constant K in Theorem 2.1.3. See also
Remark 2 below.)

ProposiTion 2.1.5. — Let f, R, r, K; be as above. Then the
Bernstein constant B(f,I,,Dr) does not exceed K?(R/rk)*N, with k =
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1 1
§(p - ;),p = (R/r + v/(R/r)2 = 1)/2. In particular, for r =

B(f, Iy, Dr) < K352V,

Proof. — It will be convenient to rescale the domain in such a way
that ' =1, R’ = R/r, and to assume that mIax|f| =1
1

1 1
We apply a transformation z = ¢(w) = E(w + E) and consider
g(w) = f(¥(w)). ¢ transfsorms any circle S, of radius p in the w-plane
into the ellipse E, with the focuses —1, 1 and the semiaxes %(p + l) and
)

1

1
i§ (p - ;) In particular, the unit circle S; is transformed to the interval

L.
Define p, by the equation

1 1
2 (p*+—> =R, or p,=R ++vVR?2-1.

The ellipse E,, is the maximal one, contained in Dg/. Now let
p = pl/ 2. Consider the following three concentric circles in the w-plane:
S1, S, and S,2. By assumptions for g(w) = f(¢(w)), max lg(w)| = 1.
Denote max |g(w)| by a. Since the ellipse 1(S,) contains the disk of radius

1
k= 5( ) |f|/Dx < a. Now for g = k/R’, f € B}, a0, K1 (1/ag)N DY

assumptlons Hence rgax|f| < K1(1/ag)N - a (¥).
R/

Since the ellipse 1(p?) = E,, is contained in Dg/, we conclude that
max |g(w)| < K (R /w)Va

/.72
Now we apply Hadamard’s inequality, which asserts, that the function
log max |g(w)] is a convex function of log ¢. Since the maxima of |g(w)|
t

on S; and S, are 1 and a, and max lg(w)| < K1(R'/k)Na, we get
02

2log a < log a+log K; + Nlog(R'/k) or a < K1(R'/k)N. By () above
we conclude that max |f] (which is the Bernstein constant under question)
R/

does not exceed KZ(R'/k)?N, with R = R/r and k = %(p - %), with
= (R/r + /(R/7)Z = 1)3.

1
For R/r = = 5 We obtain B(f,Ig/2,Dr) < K75%N.
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Remark 1. — The bound above is not sharp. Using more accurate
computations, involving estimates of the Lorent coefficients of f(y(w))
through the majorizing series f(u + v), one can improve it significantly.
In particular, K? can be replaced by Kj.

Remark 2. — Hadamard inequality, quoted above, produces the fol-
lowing general property of Bernstein constants: if we write B(f, Dyr, Pr)
as aN (for an appropriate N), then for any 8 > a,

B(f,Dgr,Dr) > B.

2.2. Zeros of functions in Bernstein classes.

The most important property of the functions in the Bernstein classes
is that they demonstrate “effectively - polynomial-like” behaviour. In other
words, for any property of polynomials one can expect that the functions
in B!, B? will have this property, with a “correction term”, uniformly
bounded in terms of the constants of the Bernstein class.

Many examples of such properties can be given. Proposition 2.1.4
above gives, probably, the simplest one: a “relative error” in an approxi-
mation of a function f € 312\7, R,c Dy its N-th degree Taylor polynomial is
effectively bounded through N, R and c. In this section we discuss one of
the most important results of this type - the bounds on the number of zeros
for functions in Bernstein classes.

These results are mostly well-known and appear in different forms in
various parts of the theory of analytic functions. In particular, as it has
been mentioned in the introduction, for any K C Q, K, Q-compact,
the number of zeros in K of any f, analytic in Q and continuous on , is
bounded by v log B(f, K, ), with v depending only on K C , (we remind
that the Bernstein constant B(f, K, Q) is defined as max |f1/ max |7])- This
inequality is closely related to the classical Jensen inequality. The proof of
one of its versions can be found in [31].

For the case Q = Dr, K = Dyr (to which we mostly restrict
ourselves in this paper), the most precise bound we are aware of, belongs
to Van der Poorten [48]:

Lemma 2.2.1 ([48], Lemma 1, § = R). — Let f € By , k- Then the
number of zeros of f on Dyg does not exceed log K/log[(1 + a?)/2q].



BERNSTEIN CLASSES 835

Now we want to prove a similar result for functions in B2. There
are several possible ways to do this. First, one can compare the N-th
order Taylor polynomial and the function itself, using Proposition 2.1.4.
Alternatively, one can use very similar results, obtained by Hayman [29].
However, both these approaches require introduction of some techniques,
which are not related to the rest of the paper. Instead we obtain the required
bound, combining the equivalence of B2 and B!, given by Theorem 2.1.3,
and Lemma 2.2.1. This way is, probably the simplest, technically, but the
bounds it produces are far from being sharp.

PROPOSITION 2.2.2. — Let f € BY g .. Then for any Ry < R the
number of zeros of f in Dg, does not exceed (*)

1 1 1-a
N.n}lin<log(a>+ﬁ 10g(1+a(1_z ) + 1017))

7 (os(2) e (157)).

where the minimum is taken for o varying between R;/R and 1 and
v=Ri/aR < 1.

1
Proof. —Forany a, Ri/R<a<1,letR = ERl' Then by Theorem

1 1-—aV
2.1.3, f belongs to B}g,’ayK, with K = — <1+ a(l-av) n cy ),

alV l1-«a 1—7
where v = R'/R = R;/aR.

By Lemma 2.2.1, the number of zeroes of f on D, = D,r’ is bounded
by log K/log[(1 + a?)/2a], which gives the expression ().

Now substituting to (*) some special values of R; and ¢, we get the
following bounds:
1
LemmA 2.2.3. — Let f € B p .. Put R = 1 R, R; = R/2max(c,2)

and R3 = R/23N max(c,2). Then the number of zeroes of f in Dr,, Dg,
and Dp, does not exceed 5N +logs,4(2+c¢), 5N +10 and N, respectively.

1 1
Proof. —For Ry = ER puta = 3 Then v = 3 and we get (remember
that the logarithms are with the basis 2):

#{f=0 on Dg,} < N1+ % log(141+¢))/log i—

1
= s 5/ N +logs/4(2+ ¢) < 5N +logs 4 (2 + ©).
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For Ry = R/2 max(c,2) we still put & = 1/2. Hence v = Ry/aR =
1 1

20 max(c,2) = 2 We get for the number of zeroes of f on Dpg,

the bound
1
N<1 + + log(2+ 2))/1og 5/4 < 5N + 10.

Finally, let R3 = R/23N max(c,2). We put a = 1/23N and hence
v = 1/ max(c, 2). For the number of zeroes of f on Dg, we get the bound

N(3N+ le log(1 + 1 +2))/(3N -1

=N(1+ 5)/(1- g5) <V(* g + 5y)

2 2
<N+ 3N + 3 < N+1 (assuming N > 2).

But the number of zeroes is an integer, and hence it does not exceed N.
Lemma 2.2.3 is proved.

2.3. Local valency and Bernstein classes.

The following classical result can be found in [4], (see also [29]):

o0
THEOREM A. — Suppose that f(z) = Y. axx® is p-valent in D, i.e.
k=0
that f(z) is regular in Dg and assumes no value more than p times there.
Then for j > p

(%) o, R < (A/p)*?5% max |ai|R",
1=1,p

with A - an absolute constant.

Clearly the inequality (*x) is very similar to the definition of B2.
(One can define a finer scale of classes B2 using this inequality.) However,
chosing any R’ < R, we get:

CoROLLARY 2.3.1. — Let f be p-valent in Dg. Then for any R' < R
the derivative f' belongs to B2_, . . withc = (A/p)*" glafl(R'/R)j"’jz”“
) " J/p

< (A/p)* - [(2p+ 1)/e]**(R/R)P[1/tn(R/R))[P*1.
Proof. — By (*x),

ljas|RI~! < (A/p)?P3%*! max |ias| R,
i=1,,p
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Therefore for R’ < R we get

lGa; (R~ (R/R) ™ < (A/p) "1 (R/RPTY - max lia;|(R')"", or

ol (Y™ < (R/RY #(Afp)* 5+ max fiai|(R)*.

Now an easy computation of the glai(l(R' /R)?~Pj2P+1 completes the proof.
J2P

Clearly, if the derivative f' belongs to By, _; p ., then f +a € B¥ 5 .
for any constant a. Conversely. if f + a € B?V, R, for any a, then
la;|R? < ¢ _max la;|R?, and hence the derivative f’ belongs to B% _,

1=1,,p

on any smaller disk. (This statement can be easily generalized: f(*) € B?
if and only if f 4+ P,_, € B? for any polynomial P,_; of degree s — 1. Easy
examples show that f € B2 does not imply any conclusion about f’.) Now
combining these remarks with Lemma 2.2.3 above we obtain the following
result:

THEOREM 2.3.2. — If f is p-valent on Dg, then f’ belongs to B2_; p. .
on any smaller disk Dy, with c as given in corollary 2.3.1. If f' € BZ—-I, R,ct
then f is p-valent on Dg,, with R3 as defined in Lemma 2.2.3.

In the rest of this paper the usual approach will be to prove that
a certain function belongs to the Bernstein classes, in order to bound the
number of its zeroes. However, for an important class of algebraic functions
the number of zeroes is bounded by Bezout theorem, and the equivalence
above can be used in an opposite direction. This will be done in the next
section.

3. BERNSTEIN TYPE INEQUALITIES
FOR ALGEBRAIC FUNCTIONS

A problem of computing Bernstein constant of algebraic functions has
recently appeared in several quite different situations.

In [16], [19] this problem is investigated in relation with estimates of
a symbol of some pseudodifferential operators. In [5] this problem is con-
nected with some results in Potential Theory and with a characterization of
algebraic subsets. In [50], [51] and [52] various forms of Bernstein inequal-
ity are used to prove results on a “C*-reparametrization” of semialgebraic
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sets, which, in turn allow one to control the complexity growth in iterations
of smooth mappings. It was exactly the absence of the Bernstein inequal-
ity for algebraic functions, which restricted the results of [52] to one and
two-dimensional dynamics only.

Let us consider first of all some special cases and examples of the
problem, which will clarify a possible statement of a general result.

3.1. Some examples.

In general, by algebraic functions we shall understand restrictions of
polynomials to algebraic subsets in C", (see 3.2 and 3.3 below). For one
variable an algebraic function y = ¥(z) can be equivalently defined as a
(multivalued) function, satisfying an equation P(z,y) = P(z,¥(z)) = 0,
with P - a polynomial in z and y. It is convenient to write this equation in
a form

(3.1) pa(z)y? + pa—1(@)y* !+ + p1(z)y + po(z) =0,

with p;(z) - polynomials in = of degree m.

For d = 1 and p;(x) = 1 we obtain polynomials y = —po(x) of degree
m. As it was shown below, the classical Bernstein inequalities imply that for

any R and o < 1, these polynomials belong to B}%’a,(l Jaym nd to B2 Ro

If p1(z) # 1, we obtain rational functions y = —po(z)/p1(x) with the
numerator and the denominator of the degree at most m.

Let us assume that 0 € C is not a pole of y and that the nearest pole
is at the distance R > 0 from the origin. Then for any R’ < R and a < 1
we can ask for the Bernstein constant of y on (Dyg/) C Dgr).

ProrosiTiON 3.1.1. — y = p(z)/q(z), with deg p, deg ¢ < m, and
the nearest pole at the distance R > 0 from the origin, for any R’ < R and

. R+R 1™
a < 1 belongs to B}%,,Q,K with K = [;(R———R—’)]
Proof. — We can assume that ¢(z) = Flll(x — &), with |¢;| > R for
1=
i =1,---,m. Hence for any i = 1,---,m, max|z — &|/min|z — &]| <
Dpr Dgs

R+ R
R-F

. R+ R\™ o
and hence %?(|q(x)|/%1}12r’1|q(x)[ < (R%Rv) . Since for any
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a < 1, p(@) € Bpigajaym: We get Yy =

<[]

P $§ € Bpi ok With

p(z)
q(z

By equivalence of the Bernstein classes B! and B? we can now find
T
the parameters of the class B2, to which y = Iq)—gx—; belongs, but a general
result in Section 3.3 below gives a sharper bound.
Notice, that the constant in the Bernstein inequality for rational
functions, obtained in Proposition 3.1.1, depends only on the degree m
and on the relative position of the two disks Dy and Dy g/ in the maximal

disk of regularity Dg.

Now let us return to an algebraic function, given by equation (3.1)
and rewrite it as

(3.2) y?+ Ra—1(z)y* " + -+ + Ri(z)y + Ro(z) =0,

where R;(z) = pi(x)/pa(z) is a rational function of degree m, i =
d—1,---,0. Assume that the closest to the origin pole of R;(z) is at the
distance R > 0 from the origin.

ProprosiTION 3.1.2. — Let R' < R and a < 1 be given. If each of
the branches y;(z) of the function y(x) satisfies over Dog' an inequality
lyj(z)| < M, j=1,---,d then |y;(z)| < CM over Dg/, j=1,---,d, with
C depending only on the degrees d and m and on R’ and «.

Proof. — By Vieta formula we conclude that R;(z) are bounded on
Dure in terms of M and d. Applying Proposition 3.1.2 we get a bound on
R; over Dg/ which provides the required bound for the roots y;.

Notice, that in this proposition y may have branching points inside
the disks Dg/ or Dyrgr.

The results of Propositions 3.1.1 and 3.1.2 determine the form of the
inequality we would like to have: (below we call such inequalities “structural
ones”).

a) It must concern one branch of an algebraic function, without assum-
ing any information about the behaviour of other branches.

b) It must be valid in a maximal disk of regularity of this branch.



840 N. ROYTWARF & Y. YOMDIN

¢) The constant in this inequality must depend only on the degree of
the algebraic function considered, and on the relative position of the couple
of domains inside the disk of regularity.

We prove such an inequality in Section 3.3 below. Let us now give
an example, showing that in the case of one branch the Bernstein constant
can blow up, as we approach a ramification point.

Example 3.1.3. — Consider a family of algebraic functions yx r(z),
defined by a quadratic equation

(3.3) ¥y +2X(z -~ R)y— A =0.

We have yx r = MR — z) £ \/A%2(x — R)?2 + \. Let us fix R > 0 and
consider the branch y; of y, g, defined by

y1 = AR —z)(1 — 1+ 1/X(z — R)?),

with the square root taking the value 1 at 1. y; has the following properties:

a) It is regular on Dg for A > 0. Indeed the ramification points of y are
given by A2(z—R)%2+\ = 0,orz—R = \/—1/), or 1 2 = R+i+/1/\. Notice

that these ramification points approach the boundary of Dg as A — oco.

b) For any z inside Dg, y1(z) tends to 1/2(z— R) as A — oo. It follows
from y; = A(R—z)(1 — 1 —1/2X(z — R)2 + o(1/X)).

In particular, y; remains uniformly bounded by 1/(R — R’) on any
disk Dgs with R’ < R, but for A big enough it can take arbitrarily big
values as £ — R.

Remark 1. — The second branch y, of y, given by y2 = A(R—z)(1 +

14+ 1/A(z — R)?), tends to oo for any x in Dg. Otherwise Proposition

3.1.2 would imply a bound on the Bernstein constant on any disk, since
the coefficients of (3.3) have no poles.

Remark 2. — The equation (3.3) could be written in a form ey? +
2(z — R)y — 1 = 0, representing y as a family of second degree algebraic
functions, degenerating into y = 1/2(x — R) for € = 0.

Remark 3. — Replacing z— R by (z— R)™ in (3.3), we obtain a family,
tending to 1/2(z — R)™ and hence the growth of the Bernstein constant on
Dpg of order 1/(R — R')™. Compare with Lemma 3.1.1 and Theorem 3.3.1
below.
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3.2. Results of Fefferman-Narasimhan
and Bos-Levenberg-Milman-Taylor.

Recently Bernstein and Markov-type inequalities for algebraic func-
tions have been investigated by C. Fefferman and R. Narasimhan in [16],
[17], [18], [19], and by L. Bos, N. Levenberg, P. Milman and B.A. Taylor
in [5]. (See also [6], [46], [9] [10].) In this section we state and discuss these
results, and in the next one we prove, in particular, their refined versions.

Let Py,---,P., 1< 7r <n-—1, be polynomials on R" of degree at
most D. We assume that the coefficients of these polynomials have absolute
value at most C.

Let an algebraic variety V C R™ be defined by Py = P, --- = P, = 0.
We assume that 0 € V and that V is regular at 0 € R"™. Moreover, we

OP;
assume that det (——J— (0)) is in absolute value not smaller than
Ozk 1<), k<r

c> 0.

Let m: V — R"™" be the projection (z1,-++,Zn) = (Trt1,*,Tn)-
From the assumption it follows that 7 has a smooth local inverse 7! :
B(0,64) — V, defined on a ball B(0, é,) of a sufficiently small radius 6.

The following result is obtained in [17]:

TuHeEOREM B (see [17], Theorem 2). — Let V, w, n, ¢, C, D be as
above. There exist constants 6., Cy, depending only on n, ¢, C, D, such
that  has a smooth inverse n=1 : B(0,6,) — V and such that if P is a
polynomial of degree < D and F = Porn~! on B(0,6,), then the following
inequality holds: for any 6,0 < 26 < .,

(3.4) sup |F| < Cy sup |F)|.
B(0,26) B(0,5)

The important point here is that C, does not depend on é and on a
specific choice of the polynomial P. In applications, which are assumed in
[16], [17] (see [17], an introduction), the constants C' and c (clearly, by a
normalization, only a ratio C"/c can be considered) can be assumed to be
known.

However, in applications to the complexity growth in dynamical
systems ([50], [52]) no information on C”/c is available. Fortunately, one
can show that in fact (3.4) is true in a maximal ball B(0, R) of regularity
of Pon~! with C, depending only on n, D and §/R.
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Remark 1. — Bernstein inequality for P/V is obtained in [17] as a
consequence of the main extension theorem ([17], Theorem 1), which allows
one to extend P/V in a controllable way to the whole ball (as a rational
function). It seems to be an important question, whether such an extension
can be controlled by the degrees of the involved polynomials only.

Remark 2. — Clearly 6, above gives a lower bound for the radius of
the maximal ball of regularity of P on~! in terms of the degree and C"/c.
The following example shows that for a given C" /c the actual radius of the
maximal ball of regularity can be arbitrarily big.

Let V C C? be given by Pi(z,y) = y*>+2c(1 —z)y+c =0, P(z,y) =
y. The ramification points of the algebraic function y = —¢(1 — z) +
V2(1 —z)2 — care given by ¢?(1—z)2 —c=0or z = 1+ +/1/c. Thus the

regularity domain of each branch of y grows to infinity as ¢ — 0. Notice

that here C = 1 and %_yl (0,0) = c. Of course, the reason for ¢ not to

reflect the distance to the nearest critical point is that two branches of y
approach one another as ¢ — 0.

An accurate representation of the distance to the nearest singularity
for algebraic functions, and, more generally, for solutions of algebraic
differential equations, seems to be very important. Some results in this
direction are given in [8].

Remark 3. — The results of [16] and [17] are stated for a real case.
However, it is mentioned there, that the extension to a complex case can
be easily obtained. Compare also Proposition 2.1.5 above.

Let us turn now to the results of [5]. Let K be a smooth compact
m-dimensional submanifold of R™ without boundary. The following result
is obtained in [5]:

THEOREM C ([5], Main Theorem, parts 2, 3).

1. K is algebraic if and only if it satisfies a local tangential Markov
inequality with exponent one:

) D <M )
(3.5) |Drp()| (deg p/e) (X |p|

for any x € K and all polynomials p. Here Dr denotes any tangential
derivative along K and M is a constant, depending only on K.
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2. The same is equivalent to the following global tangential Markov
inequality with exponent one:

(3.6) |Drp(z)| < M'(deg p) max |p|,

for any polynomial p and any ¢ € K, with M’ depending only on K.

The character of dependence of M and M’ on K (for K algebraic)
is not specified in the proof of this result. What is important, is the linear
dependence on the degree of p.

In this setting, as one can easily show, M (M’) depends not only on the
degree of K but also on its geometry. The following examples demonstrate
this fact:

Example 3.2.1. — K = {22 +4y? = €%}, p = (1/¢)z. Then max lp| =1,
while the tangential derivative at the points (0, te) is 1/e.

Example 3.2.2. — K is the curve y = €3/(z% + €2), p = (1/e)y.
Then max |[p| = 1, but the tangential derivative of p on K is at least

1 dy 1 2%z
- | == |= = ———==, and for £ = e we get 1/2¢.
sldx e (22 +¢€2)? o e we get 1/
In the next sections we shall show that in fact K depends only on the
degree and on the “distance to complex singularities”, which, in examples

above are at the points +& and +ie, respectively.

In [5] it is shown that a tangential Markov inequality of exponent
1 is implied by the Bernstein inequality, with the constant, depending
exponentially on the degree of p. Accordingly, in Sections 3.3 - 3.4 we
will restrict ourselves to Bernstein inequalities only, but we shall analyze
the dependence of the constant on various parameters involved, including
the degree of p.

3.3. Structural Bernstein inequality for algebraic function.

By a structural Bernstein inequality for a certain class of functions,
defined by algebraic data (algebraic functions, solutions of algebraic differ-
ential equations, etc.) we understand an inequality bounding the Bernstein
constant of the function on a couple of concentric disks in terms of the
degree and the relative position of these concentric disks in the maximal
concentric disk of regularity only.
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As the example of a rational function (Proposition 3.1.1 above) shows,
in a sense, this is the best possible inequality one can expect.

Structural Bernstein inequalities exist only for specific families of
“algebraically defined” analytic functions. For example, the family yy = e*®
of the solutions of an algebraic differential equation

y' =Xy
possesses no such an inequality. Indeed, for any R > 0, 1 > a >

0, B(e**,Dyr,Dr) = e1=®*E depends on A and blows up as A tends
to oo.

On the other hand, the family of the solutions of

¥ =2,

: Yo
given by yxy, = Ty

rational functions of degree 1, satisfying a structural Bernstein inequality.

gives an example of two-parametric family of

We consider a problem of characterizing algebraic families with a
structural Bernstein inequality as a very important one. In this section
we prove that algebraic functions of a given degree form such a family. In
[8] some results for solutions of algebraic differential equations are given.
However, this problem seems to require a further serious investigation.

Let y(z) be an algebraic function, given by an equation (3.1):
pa(x)y® + pa—1(x)y* ' + -+ p1(z)y + po(x) = 0,

with p;(z) - polynomials in x of degree m. Let §j(z) be one of the branches
of y and assume that § is regular over Dg. (We can assume that Dpg is a
maximal disk of regularity of §, so its boundary contains poles or branching
points of §).

TueorReM 3.3.1. — For any R* < R § € B2 ., with ¢ =
C(m) - (R/R')™[1/en(R/R)P™*1, C(m) = (A/m)*™[(2m +1)/e]>™+1.

Proof. — First of all, § is m-valent in Dg. Indeed, for any o € C,
the equation § = « is equivalent to pg(z)a® + - - + po(x) = 0, and the last
equation is a polynomial one of degree m.

Now by Corollary 2.3.1, for any R’ < R, the derivative f’, and hence
[ itself, belongs to B, g ., with
c = (A/m)*™ - [(2m + 1)/e]*™ 1 (R/R)™([1/tn(R/R')]™*!
= C(m) - (R/R')™[1/en(R/R")]*™ .
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CoroLLARY 3.3.2. — For any R” < R, a < 1, § € Bhu,g

) 1 a(l —a™) cB 2R
th K = — (1 =
wi o ( + - + 1_ﬂ),whereﬁ BRI R and
— 2m+1 _
¢=Clmpy" {1/t "™, v = F=—0
/!
Proof. — We put R' = #, apply Theorem 3.3.1 to get

§ € B}, p/. and then apply Theorem 2.1.3 to get § € Bh , k-
Now let us fix certain @ < 1 and let R” — R. Writing v = 1+ 6,

) _pn R+ R" 2m+1
with 6§ = m,wehave€n7~éandhencec~0(m) (R—R”) .
) ﬂ 2R R+ R" 2R )
Since -5 = RrE  R—R" = R_R,,,weobtam

CoroLLARY 3.3.3. — For R" approaching R, § € By, x Wwith
C(m) R+ R"\*™
a™ (R - R ) ’
Notice that Proposition 3.1.1 and Example 3.1.3 above bound K from

R+R" 1™ ‘

below by [a(R——H’)] . Thus an asymptotic behavior of the bound of
Corollary 3.3.3 as a2 — 0, is a correct one. For a fixed o and R” — R, there
R+ R

R—R"

K<

~

is a gap between the powers m and 2m + 1 of in the lower and

upper bounds.

As well as the asymptotic behaviour for m — oo is concerned, the
above expressions give K ~ C™, with C depending on R”/R, which is a
correct bound, by the example 3.1.3.

3.4. Multidimensional structural Bernstein inequality
for algebraic functions.

Let V C C" be an algebraic subset. Assume that 0 € V, and that V/
is regular of dimension ¢ near the origin and that the algebraic mapping
7 : (V,0) — (C%,0) is given, which is locally invertible. Let us stress that
no specific representation of V' as a set of zeroes of certain polynomials is
considered. The same concerns also the mapping .

Let B(0, R) C C* be the maximal ball of regularity of 7~1. For each

polynomial P on C" of degree N, f = Pom~! is a regular algebraic function
on B(0, R).
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THEOREM 3.4.1. — For any R' < R and e < 1,

B(f,R,a) =
(f,R,a) Brg)%)lfl/Bg){gg,)lfl
1 a(l —a™) cB 2R’
< — |1 ’ h = 5o
am(+ T +1—ﬂ) where 3 BRI R

m = C(deg V, deg ) - N, and c is given in Corollary 3.3.2.

Proof. — Let BI(I(l)aI)Z(’ ) | f| be attained at a certain point z € B(0, R').

Let L = {z -z, z € C} be a complex line, passing through the point z and
through the origin. The restriction f(z) = f/L is an algebraic function of
one variable. Instead of explicitly representing f by an equation of the form
(3.1) we notice that by a multidimensional Bezout theorem, the number of
solutions of f = a, for any o € C, does not exceed the degree of an algebraic
mapping P o w1, which, in turn has the form C(deg V, deg 7) - N, where
the constant C' depends only on the degrees of V' and 7. Now an application

of Corollary 3.3.2 provides the required bound, since max | f | = max |f]
Dp B(0,R’)

by the choice of the line L, and max |f| > max |f|.
B(0,aR’) Duort
Remark 1. — Clearly one can replace in the statement of Theorem
3.4.1 the maximal ball of regularity of 7=, B(0,R), by the maximal
symmetric starlike domain of regularity S(0). (This domain intersects each
complex line, passing through the origin in a disk). The balls B(0, R') and
B(0,aR') are replaced by the corresponding concentric starlike domains.

Remark 2. — The discussion of the sharpness of the constants,
concluding Section 3.3, is applicable also to the inequality in Theorem 3.4.1.
Notice, however, that these constants are given explicitly, which answers,
in particular, a question in [17].

Now we pass on to the real version of the above inequality. Assume the
V, m, P are now a real algebraic set, a real mapping and a real polynomial
on R* , respectively. In fact, we assume that all these objects are given by
polynomials with real coefficients, so, their complexifications are naturally
defined.

Define R > 0 as follows: R is a supremum of all R > 0, such that
71 is regular on a real ball BF(0, R) and that for any z € B(0,R) the
restriction 7! /{yz,7v € C} is regular on the disk {vyz, |y| < 1}.

Let P be a real polynomial on R of degree N and let f=Pon~ Ll



BERNSTEIN CLASSES 847

THEOREM 3.4.2. — Forany R' < R, 1 > a > 0,

/
S/ max 1] < K, R /Rm),
where m = C(deg V, deg =) - N, and K is given in Theorem 3.4.1 and
Proposition 2.1.5.

Proof. — Let z € B®(0, R') be the point, where the max || is
B®(0,R")

attained. We restrict f to the complex line L = {yz,7 € C}. Fory e R ~z

belongs to R, and we can use Proposition 2.1.5 instead of Corollary 3.3.2.

Remark 1. — In the same way one can compare the maxima of |f]
on a complex ball B(0,R’) and the real smaller ball BE(0,aR’). The
only problem is that for z ¢ R’ the complex line {az,a € C}, usually
intersects R? only at zero. However, we can first bound |f] on the real ball
BE(0, R') and then to use restrictions of f to the complex lines of the form
(Rez+alm z,a € C). Such lines contain real ones, corresponding to o € R,
and Proposition 2.1.5 can be applied.

Remark 2. — According to the results above, the constant in a global
Markov inequality on a compact algebraic manifold K C R™ of dimension
£, depends on the following geometric invariant of K, which may present
an independent interest:

Consider the coverings {2 of K by neighbourhoods U; together with
the linear projections 7; : K — R, such that 7; is regular and invertible
on Uj. For each 7; define R; > 0 as in Theorem 3.4.2 above. Finally define
R(€) as min R; and R(K) as the maximum of R(2) over all the coverings
as above. R(K) plays the role of the distance to the nearest singularity. In
Examples 3.2.1 and 3.2.2 above, R(K) = e.

3.5. Some alternative approaches to algebraic functions.

The method, used in Sections 3.3 - 3.4 is very specifically tailored for
algebraic functions. We use Bezout theorem to bound the valency and then
use the classical results relating it to the Bernstein constants.

For wider classes of functions, in particular, those arising in connec-
tion to algebraic differential equations, the number of zeroes is usually the
quantity under the question.

We consider algebraic function as a (relatively) simple model for
the general problems of the above type. Hence it may be important to
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investigate alternative approaches to bounding the Bernstein constant of
algebraic functions, not relying on Bezout bounds.

Several such approaches have been investigated. In this section we
present shortly the main results obtained.

Let us start with the structural Bernstein inequality (i.e. the one with
the constant depending only on the degree and the relative geometry of the
domains in a maximal disk of regularity).

The original proof of the existence of such an inequality for algebraic
functions has been obtained in [45]. The idea of this proof was suggested
to us by M. Gromov and it goes as follows: assuming that the required
bound does not exist, we construct a sequence of algebraic functions of
a given degree, regular on Dj, converging to zero on D and with a
growing to infinity Bernstein constant. Using the compactness of the space
of projective algebraic curves of a given degree, we find a subsequence,
converging to a certain projective algebraic curve, which contains {y = 0}
as a component. Now analyzing the geometry of the converging sequence,
we find that it must be uniformly bounded on D;. (See [45] and [55] for a
detailed proof and some generalizations.)

We hope that this compactness argument can be applied also in other
situations related to algebraic differential equations.

Structural Bernstein inequality for some special classes of algebraic
functions has been obtained in [41], [43], using a certain general inequality
between Wronskians of a system of functions. This inequality allows one
to analyze also some more general classes of functions, in particular,
exponential quasipolynomials (see [43]).

Yet another approach is based on the analysis of the ideals, generated
by the Taylor coefficients of the considered algebraic function (these coeffi-
cients are polynomials in the parameters of the problem). This approach is
developed in [21], [7], [8]. In a somewhat more detailed form it is discussed
in Section 6 below.

Now, if we allow the constant in the Bernstein inequality to depend on
the “size” of the equation (C/c in Theorem B above), algebraic functions
can be considered as a special subclass of either one of the following wide
classes of functions:

1. those, satisfying “Lipschitzian” differential equations (it is known,
that any algebraic function satisfies a linear homogeneous differential
equation with polynomial coefficients. See e.g. [14], [15]).



BERNSTEIN CLASSES 849

2. those, whose Taylor coefficients satisfy “Lipschitzian” recurrency
relations. (See [7]).

These two classes (which contain also solutions of algebraic differential
equations) are considered in Sections 4 and 5 below.

As it was mentioned above, another class of functions, for which
the Bernstein constant can be computed, consists of those, whose Taylor
coefficients are polynomials in the parameters (with certain restrictions on
the growth of the degrees and of the norms). This class is studied in [21], [7]
and (8] and some results are shortly discussed in Section 6 below. All the
functions, arising in connection with the algebraic differential equations,
belong naturally also to this third class.

4. BERNSTEIN CONSTANT FOR SOLUTIONS
OF DIFFERENTIAL EQUATIONS

Consider an r-th order ordinary differential equation
(41) y(r) = F(ac,y, yl’.__,y(r—l))’
with F an analytic function, defined on a certain domain U of C"*! =
C x C", containing the origin.

We assume that F'(z,0,0,---,0) =0 for any .

Let for some R > 0, p > 0, Dgr x B(0,p) C U. Then
for a certain K > 0, for any £ € Dgr and w = (wp, -, Wr—1) €
B(0,p), |F(z,wo, - ,wr—1)| € K||w||. The norm || || on C" is defined
as ”w” = max(|w0|7' "7lwr—1|)'

THEOREM 4.1. — Let py = pe™5£. Then for any w = (wo, -, wr_1) €
B(0,p1) € C", the solution y,(x) of (4.1), satisfying yfj)(O) =w;, =
0,---,r — 1, exists and is regular for z € D, and y,, € B?_, ., with

c = eXB(r — 1)![max(1,1/R)]" 1.
Proof. — Transform (4.1) into a first order system
(4.2) Z'=F(z,2), ZeC,

by substituting zo =y, - - -, 2z_1 = ¥"~1). By assumptions (and because of
the choice of the norm) we have

(4.3) IF(z, 2)|| < K| 2,



850 N. ROYTWARF & Y. YOMDIN

for z € Dgr, Z € B(0, p). By the standard differential inequality argument,
any solution Z(z) of (4.2) satisfies

(4.4) 1Z()Il < 12 (0)lle™,

until || < R and the solution remains in B(0,p). In particular, for
p1 = pe KR any solution with Z(0) € B(0,p;) is defined for z € Dg,
remains in B(0, p) and satisfies (4.4).

In particular, it follows, that the function y itself, being the first
component of Z, is bounded by ||Z(0)||eX® for z € Dg. By the Cauchy
formula we get for any j > r

la;|R7 < X7 Z2(0)|| = eXF max(lao|, |as],2az], - -, (r — D)!|ar_1]).
Hence |a;|R7 < ¢ _max_ |a;| R, with ¢ = eK®(r — 1)![max(1,1/R)]" 1.

Remark 1. — The bound, given by Theorem 4.1, is essentially sharp.
As far as the index r—1 is concerned, the polynomials of degree r—1 satisfy
y(") = 0, and they belong to B2_,, but not to B? for £ < r — 1. Notice
that for the first order equations their solutions belong to BZ, and indeed,
the corresponding differential inequality bounds the values of |y(z)| on Dg
through the value |y(0)| only.

Remark 2. — An approach, used in the proof of theorem 4.1 in the
case of a scalar differential equation, does not allow for a straightforward
generalization to systems. Indeed, for a general system Z’' = ®(z, Z) each
component can be bounded on a bigger disk through the bound on all the
components of Z(0), but not through its own values.

However, the Bernstein constant of each component of the solution of
a system of algebraic differential equations can be effectively bounded by
a different method (see [21], [54], [24]).

In a special case of a linear homogeneous differential equation
(4.5) Yy +p, 1 (@)y" Y+t pi(z)y =0

with the coefficients, analytic in Q C C, for any R > 0 with Dg C §2 the

right hand side is defined over Dg x C", and the Lipschitz constant K does

not exceed K(r) = max (lp1(2)] + - - + |pr=1(z)|). We obtain hence the
x R

following corollary:
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COROLLARY 4.2. — Solutions of (4.5) for any R > 0 with Dr C Q be-
Iong to B?_, g ., with ¢ = efmaxeenp(pil+-=lpr—1D. (r—1)l[max(1,1/R)]"~1.

This bound can be written in a more precise form for p; - entire func-
tions of the prescribed order of growth. In particular, for p; - polynomials of
degree <m, K(r)= max(|p1[+---+|pr-1]) <C(r,m) max ||p;||-R™,

z€DR j=1,,r—1
and we get

CoROLLARY 4.3. — If the coefficients of (4.5) are polynomials in z of
degree m, then any solution of (4.5) for any R > 0 belongs to Bf_l’ R.C(R)’

with C(R) = CleCZRd+1, with C1, Cy depending only on v and m.

Via the equivalence of the classes B2 and B!, and bounds on the
number of zeroes of functions in Bernstein classes, given in Section 2, one
can produce bounds on zeroes distribution of solutions of linear equations
(4.5). These types of bounds have been obtained by different methods in
a general theory of distribution of zeroes in analytic differential equations
(see [29], [34]).

Consider now the case of a homogeneous polynomial r-th order
differential equation

(46) y(r) = P(x7y7ylv'“7y(r_1))v
with P - a polynomial in z and (y,%’,---,y""1) of the degrees m and
d, respectively. (In other words, P(z,w) = EI Do(x)w*, where a =
0<|a|<d
(ag,- -+, 0r_1) is a multi-index and py(z) = D aqiz’. We define the norm
i=0

of P as || P|| = > laail.)

a,i
Then for z € Dg and w € B(0, p) we have |P(z,w)| < ||P||(1 + R)™
1+ o) wll.

Substituting this value of K into the expression of theorem 4.1 we get
the following result:

COROLLARY 4.4. — Let for a given R > 0 and p > 0, p; = pe KE,
with K = ||P||(1 + R)™(1 + p)®~1. Then for any w = (wo,**,wr—1) €
B(0,p1) C C", the solution y,(z) of (4.6), satisfying yfﬁ)(O) = w;, & =
0,---,7 — 1, exists and is regular for t € Dpg, and y,, € Bf_LR’C, with
c = eXE(r — 1)![max(1,1/R)]""!.

Also here one can produce a corresponding bound on the number of
zeroes of y,,. Notice also that instead of estimating the Lipschitz constant
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of P(z,w), one can use in the proof of Theorem 4.1 a sharp differential
inequality

12"l < CIPIIZ] + 11211%),

and to express the domain of existence and the Bernstein constant in terms
of the solution of the equation 3’ = C(y+y?). We shall present these results,
as well as the bounds on the number of zeroes, separately.

A specific feature of the above bounds is that the Bernstein class of
the solution of a homogeneous equation is determined by its order and
by the Lipschitz constant of the coefficients. In particular, the Bernstein
classes of these coefficients do not influence at least the direct computations
above. Easy examples show that this is not the case for nonhomogeneous
equations. Indeed, an equation y’ = f(z) prescribes the Bernstein class
B? of 3/, and hence of y, to be exactly the same as of f. Thus taking
f(x) = 2V we get the right hand side bounded by 1 in D;, while the

solutions y = — z™*! have there an arbitrarily high Bernstein constant
as N tends to co.

One can prove a general inequality, determining the Bernstein class of
the solution of a nonhomogeneous equation through the Lipschitz constant
of a homogeneous part and the Bernstein class of the “free term”. However
here we just mention the following simple fact:

LeEmMA 4.5. — Any solution of a nonhomogeneous polynomial dif-
ferential equation y(") = P(z,y,---,y""V) satisfies also a homogeneous
polynomial equation of order at most r +m + 1, where m is the degree in
z of the free term.

Proof. — We differentiate the equation m + 1 times, and notice that
any term, containing y or its derivatives, will contain them also after
differentiation.

Thus the Bernstein class of any solution of a nonhomogeneous poly-
nomial equation can be determined using Lemma 4.5 and Corollary 4.4.

Returning to algebraic functions, let us mention that any algebraic
function satisfies a linear differential equation with rational coefficients (see
for example [14], [15]). However, these coefficients may have poles inside
the domain of regularity of the function. Hence to reproduce the results
of Section 3 some additional considerations are required. As far as the
structural Bernstein inequality is concerned (Section 3.3 above) at present
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we can obtain it by the methods of this section only in some special cases
(see [41], [43]).

A detailed analysis of zeroes distribution of solutions of some special
linear differential equations (in particular, for the Abelian integrals) can be
found in [31], [32], [37]. Some other results, closely related to the results of
this section, can be found in [34], [48], [49].

5. LIPSCHITZIAN RECURRENCY RELATIONS
ON TAYLOR COEFFICIENTS

In this section we discuss an approach, which is, in a sense, dual to
that of Section 4. While in Section 4 a Lipschitzian behaviour of differential
equations has produced a bound for the ratio of the maxima of |y| on
concentric disks, here we do exactly the same in the “dual” space of the
Taylor coefficients of y.

Assume that a sequence ¢ of mappings ¢y : CH! o Cis given,
k=d+1, d+2,---. For any w = (wp, - - - ,wq) € C*! construct a sequence
ax(w) as follows: a; =w;, 1=0,---,d, and a; = p;(w) for j > d. We also

consider a (formal) power series f,(z) = i ak(w)zk.
k=0

Assume also that each ¢y is a Lipschitzian mapping, satisfying
(5.1) |or(w)] < C*|lw]|

for any k > d+ 1 and any w € B(0, §), with some given § > 0 and C > 0.

Usually recurrency relations are written in a slightly different form:
ay, is expressed as the function of ax_1, ar—2 etc. However iterating these
expressions one can always express ai as the function of the first d terms
(starting from which the recurrency is valid). Main examples are once more
provided by solutions of algebraic differential equations. In [7] it is shown,
that the recurrency relations, which arise there, satisfy the assumptions
above.

THEOREM 4.1. — For C and 6 as above and for any w € B(0,6), the
series f,,(z) = Y ax(w)z* converges on Dr, R = 1/C and belongs to
k=0

B3 .o With @ = [max(1, C)]¢.
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Proof. — By (5.1) we have for any j > d

laJ(w)lR’ max(|aol, -, ]ad|) < @ ngax (Ja;|R?), with

a = [max(1,C)]%

Theorem 4.1 reduces the problem of determining the Bernstein class
of f,, to a study of the recurrency relation, producing its coefficients. We
refer to [7] where a detailed study of this question for algebraic functions
and for the first order differential equations can be found. Notice, that the
recurrency relations of the abave type have been studied in Transcendental
Number Theory (see [35], [47]).

6. A,-SERIES

In this section we shortly discuss, following (7] and [21] another wide
class of functions, whose Bernstein constant can be explicitly estimated.
It consists of power series, whose coefficients are polynomials in a finite
number of parameters (with certain restrictions on the growth rate of the
degree and of the norm). As it will be clear from the results below, this
class suits well for producing Bernstein inequalities, depending on the size
of the parameters (as the two classes, considered in Sections 4 and 5 do).
However, also here determining subclasses, which allow structural Bernstein
inequalities, is not easy. Some results in this direction are given in [8].

Let for A € CP, fi(z) = Z ak()\)a: with ax(\) - polynomials in A
for any k = 0,1,---. As above, We use the norm of polynomials, equal to
the sum of the absolute values of their coefficients.

DerFINITION 6.1 (See [7]). — fa(z) is called an Ag-series, if the
following two conditions are satisfied:
1. deg aj()\) <K;-j+ K3 j=0,1,---
2. Jla;(N)| < 3-K3, j=0,1,---, for some positive K1, Ky, K3, Kj.
Below we denote by C; constants, depending only on K; to Kjy.

Ag-series form a subring of the ring of formal power series in z
with coeflicients - polynomials in A. All the basic analytic operations, like
substitution to a given analytic function, inversion, etc., transform Ag-series
into themselves.
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An Ap-series fy(z) converges for any A € CP in a disk Dr with
R = C1/(1 + ||A)€2. One can show that if a series with polynomial
coefficients (of linearly growing degrees) converges uniformly for A in a
certain ball in CP, it is an Ao-series.

Analytic families, similar to Ao-series, were considered in [26], [30].

Consider in the ring C[)] of all polynomials in A = (Ay,---, ) the
ideal I = {ag(A),a1(N),- -}, generated by all the coefficients ax()) of fa,
and let Y = Y (I) be the set of zeroes of this ideal. We call I the Bautin
ideal of fy (following [39], [40]). In his pioneering work [2], Bautin used this
ideal to bound (by 3) the number of limit cycles, which can bifurcate from
the center in quadratic families of plane vector fields.

By Hilbert’s finiteness theorem, I is in fact generated by a finite num-
ber of ax(A). Let d be the minimal number such that I = {a;(}),---,aq(N)}.
We call d the Bautin index of f).

The following theorem (which is implied by one of the main results of
[21]) shows that the Bautin index plays a role of the “degree” of a family
pY

THEOREM D (See [21], Theorem 2.3.7). — Let fx(z) be an Ag-series
and let d be its Bautin index. Then for any A € CP, f), € Bg, R,a With
R = C3/(1+||\||)®, (where a, C3 and Cy do not depend on ).

In particular, for R; = R/23¢ max(c,2), the number of zeroes of fy
in Dg does not exceed d.

Remark. — In fact, the constants, o, C3 and C4 depend, in addition to
d and K;—K,, on the Grobner basis of the ideal I and on the transformation
matrix from the generators ag()), - - -, aq4(A) to this Grobner basis.

Theorem D produces an effective bound on the Bernstein class and
the number of zeroes of f) in any case, where the Bautin ideal and its
generators can be computed explicitly. It is shown in [7] that this is the
case for algebraic functions and solutions of algebraic differential equations.
(Recurrency relations on the Taylor coefficients are used in [7] to produce
the generators of the Bautin ideal). Another case, where these computations
can be done effectively concerns restrictions of polynomials to solutions
of systems of polynomial differential equations. This is done in [54] by
combining some recent results of Gabrielov [24] with simple computations
of ideals of linear polynomials. In [53] some results for iterations of a fixed
Ap-series are given. In the original Bautin’s setting (i.e., for the Poincaré
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mapping of algebraic differential equations) an effective computation of the
generators of the Bautin ideal is in general an open problem. (See [11]-[13],
[20], [27], [28], [40], [56]).

In conclusion, let us mention that the class of Ay-series is certainly too
large to possess much stronger “finiteness” properties than the one, given
00 Ak k
k=0 k!
shows, that in general Ag-series do not allow the structural Bernstein
inequality.

by Theorem D. In particular, an example of an Ag-series e** =

The solutions of algebraic differential equations form a small subclass
of Ap-series. Indeed, their coeflicients ai(\) are completely determined by
several initial ones, while the coefficients ax()) of a general Ag-series can be
picked, essentially, at random (with mild restrictions on the degree and the
norm). Thus to have stronger finiteness properties and, in particular, the
structural Bernstein inequality, one has to restrict significantly the class of
Ag-series, considered. Some steps in this direction are taken in [8].
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