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Abstract. We reconsider the Schroder-Siegel problem of conjugating an analytic map in C
in the neighborhood of a fixed point to its linear part, extending it to the case of dimension
n > 1. Assuming a condition which is equivalent to Bruno’s one on the eigenvalues A1,..., \n
of the linear part we show that the convergence radius g of the conjugating transformation
satisfies In o(A\) > —CT'(\) + C" with T'(\) characterizing the eigenvalues A, a constant C’ not
depending on A and C' = 1. This improves the previous results for n > 1, where the known
proofs give C' = 2. We also recall that C' = 1 is known to be the optimal value for n = 1.

1. Introduction and statement of the result

We reconsider the classical problem of iteration of analytic functions, previously inves-
tigated by Schroder [14] and Siegel [15], extending it to higher dimension. Our aim is to
improve the existing results on the convergence radius of an analytic near the identity
transformation that conjugates the map to its linear part, thus producing general and
possibly optimal estimates.

We consider an analytic map of the complex space C" into itself that leaves the
origin fixed, so that it may be written as

(1) ¥ =ANr+uvi(x)+ve(z)+..., zeC"

where A is a n X n complex matrix and vs(x) is a homogeneous polynomial of degree
s+ 1. The series is assumed to be convergent in a neighborhood of the origin of C". We
also assume that A = diag(A1,...,\,,) is a diagonal complex matrix with non resonant
eigenvalues, in a sense to be clarified in a short.
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The problem raised by Schroder is the following: to find an analytic near the identity
coordinate transformation written as a convergent power series

(2) yj=a:j+901,j(a:)+9027j(33)—|—... s j:1,...,n,

with ¢, ; of degree s + 1 which conjugates the map (1) to its linear part, namely in the
new coordinates y the map takes the form

(3) y =Ny .

Let us write the eigenvalues of the complex matrix A in exponential form, namely
as \j = et with real p; and w;. We define the sequence {3, },>¢ of positive real
numbers as
(4) Bo=1, Br= min |elrtiolmm=ios 1] 7>

|k|=r+1
The eigenvalues are said to be non resonant if 3, # 0 for » > 1. This is enough in order
to positively answer the question raised by Schroder in formal sense, i.e., disregarding
the question of convergence.

We briefly recall some known results that motivate the present work. For a detailed
discussion of the problem we refer to Arnold’s book [1]. The eigenvalues are said to
belong to the Poincaré domain in case all ;’s have the same sign (i.e., the eigenvalues
A are all inside or all outside the unit circle in the complex plane). The complement of
the Poincaré domain is named Siegel domain. In the latter case the problem raised by
Schroder represented a paradigmatic case of perturbation series involving small divisors,
since the sequence {f, },>0 above has zero as inferior limit.

The formal solution of the problem has been established by Schréder [14] in 1871
for the case n = 1, when the Siegel domain is the unit circle, i.e., A = ¢™. The prob-
lem of convergence in this case has been solved by Siegel [15] in 1942, assuming a
strong non resonance condition of diophantine type. Siegel’s proof is worked out using
the classical method of majorants introduced by Cauchy, and makes use of a delicate
number-theoretical lemma, often called Siegel’s lemma, putting particular emphasis on
the relevance of Diophantine approximations. This was actually the first proof of con-
vergence of a meaningful problem involving small divisors.

A condition of diophantine type was also used by Kolmogorov in his proof of per-
sistence of invariant tori under small perturbation of integrable Hamiltonian systems,
and has become a standard one in KAM theory. It should be noted that Kolmogorov
introduced also an iteration scheme exhibiting a fast convergence, that he described as
“similar to Newton’s method” and is often referred to as “quadratic method”. The fast
convergence scheme applies also to the case of maps discussed here: see, e.g., [1], §28.

In the last decades two problems have been raised (among many others). The first
one is concerned with determining the optimal non resonance condition; the second one
with the size of the convergence radius of the transformation to normal form. In the
case n = 1 both questions have been answered exploiting the geometric renormalization
approach introduced by Yoccoz (see [16], [17] [2]). The optimal set of rotation numbers
for which an analytic transformation to linear normal form exists has been identified
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with the set of Bruno numbers. These numbers obey a non resonance condition weaker
than the diophantine one introduced by Siegel.
Bruno’s condition in case n > 1 may be stated as follows. Let us introduce the
sequence {ay },>o defined as
= >0 .
(5) or = min f;, 20

The latter sequence is monotonically non increasing, and if the eigenvalues belong to
Siegel’s domain has zero as lower limit. The non resonance condition is

In agr 4

k>0

The series expansion of the transformation that solves Schréder’s problem is proved to
be convergent in a disk A, centered at the origin with radius () satisfying

(6) Ing>-CB+C",

where C’ is a constant independent of X\. For n = 1 the optimal value has been proved
to be C' = 1. However, the geometric renormalization methods can not be extended to
the case n > 1, for which only the value C' = 2 has been found. A proof that gives C' =1
in the case n = 1 using the majorant method has been given in [3], but has not been
extended to the case n > 1.

In this paper we prove that the same bound with C' = 1 holds true in any finite
dimension. We obtain this result by implementing a representation of the map with the
method of Lie series and Lie transforms, and producing convergence estimates in the
spirit of Cauchy’s majorants method. The formal implementation of the representation
of maps may be found in [11].

This paper extends to the case of maps a previous similar result for the case of
the Poincaré-Siegel theoretical center problem, where the problem of linearization of an
analytic system of differential equations in the neighborhood of a fixed point is consid-
ered. We stress that the interest of the method is not limited to the cases mentioned
here. E.g.: for applications to KAM theory see [4], [5] and [12]; a proof of Lyapounov’s
theorem on the existence of periodic orbits in the neighborhood of the equilibrium is
given in [10]; extensions of Lyapounov’s theorem may be found in [6] and [8].

We come now to a formal statement of our result. We assume the following
Condition T: The sequence «, above satisfies

In o,
(7) —Z 1) =I'< .

Theorem 1: Consider the map (1) and assume that the eigenvalues of A are non-
resonant and satisfy condition T. Then there exists a near to identity coordinate trans-
formation y = x + 1 (x), with ¢ analytic at least in the polydisk of radius B~ 'e™",
where B > 0 is a universal constant, which transforms the map into the normal form

Yy = Ny.
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Our condition T is equivalent to Bruno’s one. We have indeed
r<pb<2ar.

However, our formulation of condition T comes out naturally from our analysis of accu-
mulation of small divisors and turns out to be the key that allows us to find the estimate
with C' = 1. For a brief discussion of the relations between the two conditions see [9].

The paper is organized as follows. In section 2 we include the essential information
on the formal algorithm, referring to [11] for details. In section 3 we give the technical
estimates that lead to the proof of convergence of the formal algorithm. In particular
we include a complete discussion of the mechanism of accumulation of small divisors
which allows us to have an accurate control. We remark in particular that we do not
need to use the Siegel lemma, because the latter controls combinations of small divisors
that do not occur in our scheme. The estimates of section 3 are used in section 4 in
order to complete the proof of the main theorem. A technical appendix follows.

2. Formal algorithm

We represent a map of type (1) using Lie transforms. A detailed exposition of the rep-
resentation algorithm and of the method of reduction to normal form is given in [11],
where the problem is treated at a formal level. We refer to that paper for details concern-
ing the formal setting, while in this paper we pay particular attention to the problem of
convergence. Here we just include the definitions that we shall need later, so that also
the notations will be fixed. Some relevant lemmas are reported in appendix A.

We start with the definition of Lie series and Lie transform. Let X¢(x) be a vector
field on C™ whose components are homogeneous polynomials of degree s 4+ 1. We shall
say that X(x) is of order s, as indicated by the label. Moreover, in the following we
shall denote by X, ; the j-th component of the vector field X, . The Lie series operator
is defined as

®) exp(Ly,) =Y %Lx

320

where Lx_ is the Lie derivative with respect to the vector field Xj.
Let now X = {X,},>1 be a sequence of polynomial vector fields of degree j + 1.
The Lie transform operator Tx is defined as

s>0

where the sequence EX of linear operators is recursively defined as

—~j
(10) EX=1, EX= Z;ijEﬁ(_j :
j=1
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The superscript in EX is introduced in order to specify which sequence of vector fields
is intended. By letting the sequence to have only one vector field different from zero,
eg, X ={0,...,0,X%,0,...} it is easily seen that one gets Tx = exp(LXk).

2.1 Representation and conjugation of maps

We recall the representation of maps introduced in [11] together with some formal results
that we are going to use here. Let A = e, i.e., in our case, A = diag(u1 +iw, . . ., fin +
iwy) with \; = etiTii Remark that we may express the linear part of the map as
a Lie series by introducing the exponential operator R = exp (LAw). The action of the
operator R on a function f or on a vector field V' is easily calculated as

(11) (RF)(@) = f(Az) ,  (RV)(x) = A'V(Az) .

The first result is concerned with the representation of the map (1) using a Lie
transform.

Lemma 1: There exist generating sequences of vector fields V = {Vs(x)}s>1 and
W = {Ws(x)}s>1 with Wy = RV such that the map (1) is represented as

(12) ' =RoTyzr and z’'=TwoRuzx

The second result is concerned with the composition of Lie transforms.

Lemma 2: Let X, Y be generating sequences. Then one has Tx o Ty = Ty where Z
is the generating sequence recursively defined as

s—1 .
(13) Zi=Xi+ Vi, Zo= X+ Yo+ Y LB
j=1

The latter formula reminds the well known Baker-Campbell-Hausdorff composition of
exponentials. The difference is that the result is expressed as a Lie transform instead of
an exponential, which makes the formula more effective for our purposes.

The third result gives the algorithm that we shall use in order to conjugate the
map (1) to its linear part. We formulate it in a more general form, looking for conjugation
between maps. Let two maps

(14) ¥ =TwoRx, y =TzoRy

be given, where W = {WS}S>1, Z = {ZS}S>1 are generating sequences. We say that
the maps are conjugated up to order r in case there exists a finite generating sequence
X = {X Tye-- ,XT} such that the transformation y = Sgg)x makes the difference between
the maps to be of order higher than r, i.e.,

=0(r+1),

Sg)x' =
=5z
X

—TZoRy’
y

x'=TwoRx

where Sg) = exp(LXT) o... oexp(LXl) . Suppose that we have Wy = Z¢,..., W, = Z,.
Then the maps are conjugated up to order r, since one has Tz — Tzz = O(r + 1).
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Lemma 3: Let the generating sequences of the maps (14) coincide up to order r — 1
and let X,. be a vector field of order r generating the near the identity transformation
Yy = exp(Ler). Then the maps are conjugated up to order r if

(15) T, = exp(LXr) oTw o exp(L_RXT) )
The vector field X, must satisfy the equation
(16) DX, =W,—-Z%., D=R-1.

2.2 Construction of the normal form
Following Schrioder and Siegel, we want to conjugate the map (1) to its linear part. That
is: writing the map as

(17) SL'/ = TW(O) o Rz

with a known sequence W(® of vector fields, we want to reduce it to the linear normal
form

(18) ¥’ =Rz .

To this end we look for a generating sequence {X,},>1 of vector fields and a corre-
sponding sequence {W(’")}Ql satisfying Wl(r) =...= Wr(r) = 0. We emphasize that
the map 2’ = T}y o Rz is conjugated to (18) up to order r. We say that W) is in
normal form up to order r.

According to (16) we should solve for X, the equation

(19) DX, =WV, D=R-1.

The operator D is diagonal on the basis of monomials z¥e; = b zkne;, where
(e1,...,ey,) is the canonical basis of C". For we have

(20) Dazte; = (e<k’“+i“’>_“j_iwﬂ' — 1) aFe; .

Thus, provided the eigenvalues of D are not zero, the vector field X,. is determined as
- w
— ) g,k k
Xp = Zle] g ek ptiw) —pj—iw; _ 1$ ’
o

where w; ;, are the coefficients of W,n(r_l).

Next, we need an explicit form for the transformed sequence W (). We use the
conjugation formula (15) replacing W and Z with W= and W), respectively. It is
convenient to introduce an auxiliary vector field V(") and to split the formula as

(21) Ty = Ty oexp(L_grx,) -
Tw =exp(Lx,) o Ty

A more explicit form comes from lemma 2, recalling that Tx = exp(Lx, ), if one con-
siders the generating sequence X = {0, ..,0, X,.,0,...}. The auxiliary vector field V(")
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is determined as
v =wi-b _RX, ,

22
(22) V;(T) — Ws(r_l) — CES:})RXT for s > r,
S

where we use the simplified notation E"~1) in place of EWUTY), Having so determined
the sequence V(") we calculate the transformed sequence W (") as

Wrgr) — VT(T) + X,
[(s=1)/r]-1

(23) , a1 s—kr . )
Wi =ve e Ly e v s
k=1
Here a remark is in order. The formulee above define the sequences Vr(r), Vr(i)l, ... and

Wfi)vaEi)m ... starting with terms of order r and r + 1, respectively. This is fully

natural, because all terms of lower order vanish due to W) being in normal form up to
order r. Moreover we emphasize that in view of (16) we should determine X,. by solving

the equation DX, = Wr(r_l), since we want Wy) =0.

3. Quantitative estimates

Our aim now is to complete the formal algorithm of the previous section with quan-
titative estimates that will lead to the proof of convergence of the transformation to
normal form. The main result of this section is the iteration lemma of section 3.3 below.
However, we must anticipate a few technical tools.

3.1 Norms on vector fields and generalized Cauchy estimates

For a homogeneous polynomial f(x) = Z| kl=s frx® (using multiindex notation and with

|k| = k1] + ... + |kn|) with complex coefficients f and for a homogeneous polynomial
vector field Xy = (Xs1,...,Xs,n) we use the polynomial norm

(24) £ =D Ul Xl = D 11Xl -
k j=1

The following lemma allows us to control the norms of Lie derivatives of functions
and vector fields.

Lemma 4: Let X, be a homogeneous polynomial vector field of degree r + 1. Let f
and vy be a homogeneous polynomial and vector field, respectively, of degree s+ 1. Then
we have

(25) [Lx fol| < (s + DXL and Ly, vs]| < (0 + s+ 2) [| X | [Jos]] -

Proof. Write f, = ZW:S“ brz® with complex coefficients by,. Similarly, write the j-th
component of the vector field X, as X, ; = Z|k’|:fr+1 cj’k/:vk/. Recalling that Lx, fs =



8 A. Giorgilli, U. Locatelli and M. Sansottera

n of
- X, i2L= we have
Z]:l Tv.]amj
LXf C],k/k} bk k—l—k/
s E E .
j=1 k,k’

Thus in view of |k;| < s+ 1 we have

|Lx, fs|] < (s +1) ZZ ¢k ] Z bk = (s + DX LIS

j=1 K

namely the first of (25). In order to prove the second inequality recall that the j-th
component of the Lie derivative of the vector field vy is

" Ovg 0X,j
(LXT'Us)j = Z (Xr,l 8xl] — Vg 8xl3) .

=1

Then using the first of (25) we have

= Ovs 0X,
X?" $,J J < 1 X’r s
> (x5 -0 2| < s+ DI o

=1

[+ + Dlvs][ [ X

b

which readily gives the wanted inequality in view of the definition (24) of the polynomial
norm of a vector field. Q.E.D.

Lemma 5: Let V, be a homogeneous polynomial vector field of degree r+ 1. Then the
solution X, of the equation DX, =V, satisfies

l—l—ar

1
(26) 1% < ZMIVell s IR < == [[v2 ] .

with the sequence «,. defined by (5)

Proof. The first inequality is a straightforward consequence of the definition (24) of the
norm and of the sequence «, in terms of 3, defined by (4). For if v ;, are the coefficients
of V.. then the coefficients of X, are bounded by |v;x|/8r < |vji|/cr. The second

inequality follows from RX, = X,. + V,., which gives the stated inequality. Q.E.D.

3.2 Accumulation of small divisors

Lemma 5 shows that solving the equation for every vector field of the generating se-
quence introduces a divisor a,.. Such divisors do accumulate, and our aim now is to
analyze in detail the process of accumulation. It will be convenient to introduce a fur-
ther sequence {0, },>o defined as

(27) op=1, ar:%

r2,7°>1,

which will play a major role in the rest of the proof. The extra factor 1/r? can be
interpreted as due to the generalized Cauchy estimates for derivatives, that are also a
source of divergence in perturbation processes. The quantities o, are the actual small
divisors that we must deal with. Here we follow the scheme presented in [9], with a few
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variazioni. However, since this is a crucial part of the proof we include it in a detailed
and self contained form.

The guiding remark is that the small divisors o, propagate and accumulate through
the formal construction due to the use of the recursive formulee (22) and (23). E.g., the

expression Ly, VS(T) will contain the product of the divisors contained in both X, and

Vs(r), with no extra divisors generated by the Lie derivative. The explicit constructive
form of the algorithm allows us to have a quite precise control on the accumulation
process. It is an easy remark that unfolding the recursive formulae (22) and (23) will

produce an estimate of HWS(T) | as a sum of many terms every one of which contains as
denominator a product of ¢ divisors of the form oy, - - - 0;, , with some indexes ji, ..., j4
and some ¢ to be found. This is what we call the accumulation of small divisors, and
the problem is to identify the worst product among them. The key of our argument is
to focus our attention on the indexes rather than on the actual values of the divisors.

We call I = {ji,...,js} with non negative integers ji,...,js a set of indexes. We
introduce a partial ordering as follows. Let I = {j1,...,js} and I’ = {j1,...,j.} be two
sets of indexes with the same number s of elements. We say that I < I’ in case there is a
permutation of the indexes such that the relation j,, < j/ holds true for m=1,...,s.
If two sets of indexes contain a different number of elements we pad the shorter one
with zeros and use the same definition. We also define the special sets of indexes

= Y (HAESAN)Y

Lemma 6: For the sets of indexes I} = {j1,...,js} the following statements hold true:
(i) the maximal index is jmax = |5 ;
(ii) for every k € {1,..., jmax} the index k appears exactly L%J — [

(iii) for 0 < r < s one has

s
k+1

J times;

{rtuyurl)«rx, .

Proof. The claim (i) is a trivial consequence of the definition.
(ii) For each fixed value of s > 0 and 1 < k < |s/2], we have to determine the cardinality
of the set My s ={m € N: 2 <m <s, [s/m| = k}. For this purpose, we use the
trivial inequalities

s

{szk and {WJ@:

After having rewritten the same relations with k + 1 in place of k, one immediately
realizes that a index m € My, if and only if m < |s/k| and m > |s/(k+1)] +1,
therefore #M;j, , = L%J - L%HJ .
(iii) Since r < s, the definition in (28) implies that neither {r} U I' U I} nor I , can
include any index exceeding L(r +s)/ QJ . Thus, let us define some finite sequences of
non-negative integers as follows:

R, =#{jel;:j<k}, Sp = #{jelr - j<k},
My =#{je{r}UL;UIL; : j<k}, Ne=#{jecli,:j<k},
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where 1 < k < [(r+s)/2]. When k < r, the property (ii) of the present lemma allows
us to write

mmr=lgs] s sme L) mere )

using the elementary estimate |z| + |y| < |z +y], from the equations above it follows
that My > Nj for 1 < k < r. In the remaining cases, i.e., when r < k < [(r + s)/2],
we have that

Ry=r—1, Sk:s—L i T+SJ;

kE+1 k+1

therefore, M = 14 Ry + S > Ni . Since we have just shown that M > N, V1 <k <
| (r+s)/2], it is now an easy matter to complete the proof. Let us first imagine to have
reordered both the set of indexes {r} U I U I} and I in increasing order; moreover,
let us recall that #({r}UI;UI}) = #I},  =r+s—1, because of the definition in (28).
Thus, since M; > Nj, every element equal to 1 in {r} U I U I} has a corresponding
index in I7, ; the value of which is at least 1. Analogously, since My > N3, every index

2 in {r} UL UI} has a corresponding index in I¥, , which is at least 2, and so on up
to k= [(r+s)/2]. We conclude that {r} U UL} <I} . Q.E.D.

We come now to identify the sets of indexes that describe the allowed combinations
of small divisors. These are the sets

(29) Trs =41 ={j1,..,js—1} ¢ jm €{0,...,min(r,s/2)}, I < I;} .

We shall refer to condition I < I} as the selection rule S. The relevant properties are
stated by the following

J, Nk:Tﬁ‘S—L

Lemma 7: For the sets of indexes [, s the following statements hold true:

(1) jr—l,s C jr,s;
(ii) if I € Jr—1, and I' € J, s then we have ({7’} ulu I’)E Trrts -

Remark. Property (ii) plays a major role in controlling the accumulation of small
divisors, since it gives us a control of how the indexes are accumulated. For it reflects
the fact that a Lie derivative, e.g., Lx, VS(T) contains the union of the divisors in VS(T)

and in X, taking also into account that X,. contains an extra divisor in view of lemma 5.

Proof of lemma 7. (i) is immediately checked in view of the definition of 7, .

(ii) We have #({r} U TU I") =1+ #(I)+#(I')=1+r—1+s—1=r+s—1.For
j€{r}UIUl’ wealsohave 1 < j < r because this is true for all j € I and for all j € I’,
and we just add an extra index r. Since r < s, we also have r = min(r, (r + s)/2), as
required. Coming to the selection rule S we remark that {r}UIUI" <« {r}ULfUI} readily
follows from I < I¥ and I’ < I}, which are true in view of I € J,_1, and I' € J, 5, so
that the claim follows from property (iii) of lemma 6. Q.E.D.

We come now to consider the accumulation of small divisors. Recall the defini-
tion (27) of the sequence o,. We associate to the sets of indexes J, s the sequence of
positive real numbers 7). ¢ defined as

1

(30) TO,szla Tr,s: max —, O0<r<s.
Iejr,s . O’J
Jjel
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Lemma 8: The sequence T, ; satisfies the following properties for 1 <r < s:
(1) Tr—l,s < Tr,s;

(11) O-LT’I’—l,T‘TT,S S T’r’,r—‘rs .
Proof. (i) From property (i) of lemma 7 we readily get

1 1

T._1s= max H—§ max —
’ Iej’rfl,s . 0 IEJ’I‘,S . 04
jer 7J jer

since the maximum is evaluated over a larger set of indexes.
(ii) Compute

1 1 1 1

— T _1,T,s = — max — max

Or Or IEJrfl,r X 0-] I/eJr,s .
Jjel J

req! Uj/

1
= max max H —

I€Tr_1  T'ETps o
! je{ryurur 7
1
< s T =Tores
rr+s jEI 7

where in the inequality of the last line property (ii) of lemma 7 has been used. Q.E.D.
The final estimate uses condition T and the definition (27) of the sequence o .
Lemma 9: Let ) satisfy condition T. Then the sequence T, s is bounded by
T, <yel, ST, <ot
O
with some positive constant v not depending on \.

Proof. In view of o5 < 1 it is enough to prove the second inequality. We use the
property (ii) of lemma 7 and the selection rule S. We readily get

1 1 1 1 1

—T, s = — max — < max H — < — .

Og Og 1€Trs - 0 I1€Jrs . 0; ) ogi
JjelI Je{syurI Je{s}ury

s

By property (ii) of lemma 6 the latter product is evaluated as
1 q|s —1
H — = [aih e ULSL/éfJ ags] ,
) 0j
je{s}ur:

where g = L%J — Lk%i—lj is the number of indexes in I} which are equal to k. In view of
the definition (27) of the sequence o5 we have

ln—ng Z(L J {k+1J>(1nak—21nk lnzkk—_fllnk SC+a) |

where a = Zk>1 kQ(Iiili) < o0 is clearly independent of A. The claim follows by just

setting v = e® Q.E.D.
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3.3 Iteration lemma

This is the main lemma which allows us to control the norms of the sequence of vector
ﬁelds {XT'}T>]. .

Lemma 10: Assume that the sequence W) of vector fields satisfies ||WS(O) | <
with some constants A > 0 and Cy > 0. Then the sequence of vector fields { X, },>1
that for every r give the normal form W (") satisfies the following estimates: there exists
a bounded monotonically non decreasing sequence {C, },>1 of positive constants, with
C, — Cyx < 00 for r — 00, such that we have

s—1
ci A
S

Cl—{A cyla
(31) 1| < T == W] < T
roy,
The sequence may be recursively defined as
1\1/r 1N\ 1/r
(32) Cr =20 +164, Cp=(1+ 72) (1+ ;) Coy

so that one has C, > 16A.

Proof. The proof proceeds by induction. For » = 0 the inequality for WS(O) is nothing
but the initial hypothesis, recalling that by definition we have Ty s = 1. From this, the
corresponding inequality for X; immediately follows by lemma 5. The induction requires
two main steps, namely: (a) estimating ||VST)|| as defined by (22), and (b) estimating
Wi || as defined by (23).

The estimate for X, is determined by solving (19). In view of the induction hypothe-
sis (31) we rewrite the claim of lemma 5 as

2 r—1
r Tr—l,r Cr—lA

Tr—l,r . (1 + aT)C::llA
3 .
o7 T

(679 r

3 % < - Rx <

In order to estimate ||VS )|| we first prove that for s > r we have

8A 4AN\°

34 EVRX|| < Ty, C37tA= ,
(34 N Y

. C: 1A 1\ 72
(35) B VR, || < T <1+—) forr > 1.

r r

The proof of the latter estimates is based on the general inequality

Ls/r] -1 s—k—1 gk+1

r—1) Tr1r (I40,.)CPZ7 A

(36) ||[ESSVRX,|| < kZl O(r,s—r k) To_1.4, - Tr_1, . -

where we have introduced the quantities

4 N1+ ..+ jr V... (i 5
i+ 401+ k1) N

G1+.-tip=s
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The inequality (36) follows by repeatedly applying lemma 4 to the non recursive expres-

—1)

sion for Eiir given in lemma 11. We describe this process in detail. First estimate

Cvzlf_llA . Tr—l,r . (1 + aT)C:::llA

J1 o r

}legr—1) RXTH < (]1 +r+ 2)Tr—1,j1
i1

which follows by the induction hypothesis (31), from (33) and from lemma 4. Remark
that the factor j; +1r42 is the degree of the vector field LW,(’"_I) RX,.. The same estimate

is repeated for L (1) Ly, - RX,, ... thus yielding
Jj2 J1

JiteAgptr+2) - (itr+2)
Jk-
Trory  (I+0a)CRry AN

oy r

Iz

(
Wj(}:q) .- 'LWj(:fl) RXT” <

L1y Tr1 gy

In view of the expression (44) of Egr:rl) we get (36) and (37). Here we need an estimate
for ©(r, s, k), that we defer to appendix A.3. Putting m = 2 in (55) we get

1Nk /5 -2
_ k, k-1 NV
(38) O(r,s —r, k) < 2%r <1—|— 7°> (k—l) .

Furthermore, we isolate the contribution of the quantities 7,._; . that control the small
divisors. With an appropriate use of property (ii) of lemma 8 we have

_ 2 2
T, s et o N £V el e N T L |
r—1,51 r—1,jk T2 \ g2

P r2T._1 .,
5Tk 11‘;‘ 17jk 1,
<3E) "

o o o

1 sa,\k-1
<5 (%) T
— ’]"2 ’["2 7,8

Thus, using also o, < 1 which is true in view of the definition of «,., we replace (36)
with

[s/r]—1 k
r— S— (1 + OJT)A arA
HEg_Tl)RXTH S Tr’scr_lla—r I; @(7’78—7", k) (7”2Cr_1>

1\ g ls/rl=2 o L .
STr,sCﬁ:}A.M Z (r 2) (M)

r2C,_q e l rCr_1

s_9
4(1+4HA 2(1+1)A4\7
s=1,p Z\° " r/77 I S
<T,:C;_1A 20 (1 + Co .

For r = 1 the latter formula readily gives (34). For r > 1 we use 1 + 1 < 2 and

8A
C(7‘71

lemma, so that (35) is easily recovered.

< 1, which follows from the choice of the sequence C). in the statement of the
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We come now to the estimate of ||V;(T) ||. Here it is convenient to separate the case r = 1.
Putting (34) and the induction hypothesis (31) in (22) we get

Cs7tA Cs'A 8A 4A\ 72
H s H < Lo, + 11, Ch + Ch
C: 1A 8A 4A\ 52
<T 2 1 14+ —
1, + = o ( + Co)
csT1A gA\ !
Ty o2 14+ —
< 1, p ( -+ Co>
Thus we may write
As—1
A ~
(40) v <T15(Jl , Cr=Co+8A.
s ’ S

For r > 1 we put (35) in (22), and we get

s—1 s—1 £
WOl < S, G (1 1)

-2 s—1 s—1

1 1 ool A 1\ 7
1+ = (1+ ) < T o—— (1+—>
T T S T

Cs 1A

<T

Thus we conclude

s—1 1/r
(41) ISl <TTSC ; 4 , Cr= <1+ %) Cr1 .

Now we look for an estimate of ||W )H as given by (23). Recall that we have s > r,

because W," = 0 by construction. We use (40) and (41) together with lemma 4, and
get

81 LS/TJ_]- —_ DRI J—
Cs A+1 Z (s+2)(s—r+2)---(s kr—i—r+2)x

S k!

2]}_ . k Cm_lAkk )
(r L ) Ths—h“x ( 7%; ) Cf_kr_yA'
o r

Here we use again the statement (ii) of lemma 8. By the trivial inequality

(W] < Tos
k=1

s—jr+2<ar(2—1-j) for 0<j<|s/r| -1
r
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and remarking that C, > 4A the latter estimate yields

Co—tap BTN s N 744 \F
(r) r E r
HWS H S TT7S S |:1 * ( k ) (Tzér) :|

k=1
N1 4 Ls/r]—1 k
Cs 1A s-1\ (1
Trs - " D)
Sy () ()
k=0
As_l s:l
< TT,SCT 4 (1 + %)
s r
We conclude
Cs—lA 1 1/r .
(42) o< A o= (14 5) e
s r
In view of (40) and (41) this proves the claim of the lemma. Q.E.D.

4. Proof of the main theorem

Having established the estimate of the iteration lemma 10 on the sequence of generating
vector fields it is now a standard matter to complete the proof of theorem 1. Hence this
section will be less detailed with respect to the previous ones.
In view of the iteration lemma we are given an infinite sequence {X, },>1 of gener-
ating vector fields with X, homogeneous polynomial of degree r + 1 satisfying
r—1
x| <7y, S22

0y

By lemma 9 we have T’“a;:’" < ~"e" with T’ as in condition T and 7 a constant in-
dependent of A\. Moreover, still by lemma 10, we have C, < C., a positive constant
independent of A\. Thus we have

rI’

ne
(4 %)) < Tk

with positive constants n and K independent of .

We refer now to the analytic setting that we recall in appendix A.2. Every vector
field X, generates a near the identity transformation y = exp(L x,.)x which transforms
the generating sequence W (=1 into W (") according to the algorithm of section 2.2.
Thus the near the identity transformation to normal form is generated by the limit Sx
of the sequence of operators Sgg) =exp(Lx,)o...oexp(Lx,). We apply proposition 2
of appendix A.2. In view of (43), in a polydisk A, of radius p centered at the origin of
C™ we have

I
X, < %) < T gt
e r
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where }XT‘Q is the supremum norm. Thus condition (52) of proposition 2 reads

nrerF . 0
N Ko" < —— |
Qr>1 T ¢ de K

which is true if we take, e.g., 0 < 0 = %Bile*F with a constant B independent of
A. Thus proposition 2 applies with, e.g., § = 9/3, and we conclude that the near the
identity transformation that gives the map the wanted linear normal form is analytic at
least in a polydisk of radius B~'e™T, as claimed. This concludes the proof of the main
theorem.

Appendix

A. Technicalities

This appendix is mainly devoted to recalling some definitions and properties related
to Lie series and Lie transforms that are used in the paper. The estimate of the se-
quence (37) is also included.

A.1 Lie series and Lie transforms

We recall here some formal properties of the Lie series and Lie transforms as defined
by (8) and (9). The Lie derivative with respect to the vector field X is defined as

_d oy
Lx-= E(QSX') t=0

where ¢ is the flow generated by X. We also recall that the explicit form of the Lie
derivatives for a function f(x) and a vector field v(z) are, respectively,

" of " ov;  OX;
s =g i (), =3 (G G
J=1 =1

where the lL.h.s. is the j-th component of the vector field Lxv.
A non-recursive formula for the operator EX defined by (10) is given by

Lemma 11: Let X = {X;};>1 be a sequence of vector fields and Tx =Y. o, EX as
in (10). Then for s > 0 we have -

- Jk e 01
44) EX = : : : : Ly, o...oLyx. .

If moreover X1 = ... = X,._1 = 0 then we get the same formula with the limitation
J1s---,Jk > 7 on the indices j.

Proof. The formula may be written down directly by combinatorial considerations. A
proof by induction goes as follows. We write the denominator in the equivalent form
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s(s—jk) ... (s —jkg—...—j2). For s = 1 both the formula and the recursive defini-
tion (10) give ;¥ = Lx,. Assuming it is true up to s — 1, for [ = 1,...,5 — 1 write the
corresponding term in the r.h.s. of (10) as

l

S

LXLEgi(l) =

s—1 . .
l Jk - J1
E E -Lx - - . LXj o...oLXj
k=1 1+ +ip=s-1 S Z(S_l)(s_l_-]k)""‘(S_Z_]k_"‘_jQ) * !

while for [ = s we have the sole term Ly, . Renaming the index [ as ji4; the correspond-
ing term éL x, is included in the sum over the indexes ji, ..., jr+1 with the condition
J1+...+Jk+1 = s, and writing £ in place of k+1 the limits of the first sum run from 2 to
s, thus changing the sum into Y 7 _, Zjl:u-,jk .-+ 80 that only the term k& = 1 is missing.
Adding it means that the second sum contains the sole term j = s, corresponding to
Lx_, which is actually the missing term in order to recover (10). Q.E.D.

The Lie series and Lie transform are linear operators acting on the space of holo-
morphic functions and of holomorphic vector fields. They preserve products between
functions and commutators between vector fields, i.e., if f, g are functions and v, w are
vector fields then one has

(45) Tx(fg) = Txf . TXg 5 Tx{’U,w} = {Tx’U,TXw} .

Here, replacing T’y with exp(L X) gives the corresponding property for Lie series. More-
over both operators are invertible. The inverse of exp(L X) is exp(L_ X), which is a
natural fact if one recalls the origin of Lie series as a solution of an autonomous system
of differential equations.

We come now to a remarkable property which justifies the usefulness of Lie methods
in perturbation theory. We adopt the name exchange theorem introduced by Grébner.
Let f be a function and v be a vector field. Consider the transformation y = Tx, i.e.,
in coordinates,

1 .
yj = (L‘j + X17j(l‘) —|— §LX1X17]'($) +X27j($):| —|— cee ] = 1, cees T
and denote by J its differential, namely, in coordinates, the Jacobian matrix with ele-
ments J; j, = gi’i. Then one has
(46) FO)] e = (Txf) (@), I70)| = (Txo) (@) -

y=Tx=x

The same statement holds true for a transformation generated by a Lie series.

The main difference between Lie series and Lie transform is that a near the identity
transformation of the form (2) can be represented via a Lie transform with a suitable
sequence of vector fields. The same does not hold true for a Lie series, but the same
result may be achieved by using the composition of Lie series. Again, see [11] for details.
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A.2  Analyticity of the compositions of Lie series

We include here some quantitative estimates which lead to the convergence of a near
the identity coordinate transformation defined by composition of Lie series. The results
here are basically an extension of Chapter 1 of Grébner’s book [13]. The reader may
also find more details in [7] where the Hamiltonian case is dealt with.

We consider a polydisk of radius o centered at the origin

Ay={zeC" : |z| <o} .

For a function f and a vector field X it is convenient to consider the usual supremum
norm

[fle = sup [f(z)]  and |X|Q:Z|Xj|g'

TEA,
j
The following lemma states the Cauchy inequality for Lie derivatives in A,,.
Lemma 12: For 0 < ¢’ < 0 < p the following inequalities apply to Lie derivatives:

1
m|X|g|f|g—6’ )

s s! (el X[,\°
|LXf|g—6§;( |5|9) | flo -

The proof is a straightforward adaptation of Cauchy estimates for derivatives of analytic
functions. The reader will be able to reproduce it himself, perhaps with the help of the
proof for the Hamiltonian case in [7].

The following proposition essentially restates Cauchy’s existence theorem of solution
of differential equations in the analytic case.

|LXf|Q—6 <

and, for s > 1,

Proposition 1: Let X be an analytic vector field on the interior of A, and bounded
on A,. Then, for every positive § < p/2 the following statement holds true: if | X|, <
§(e — 1)/e? then the map

(47) p(x) = exp(Lx)x
is bianalytic and satisfies

1)
(48) |exp(Lx)xj — xj]o—s5 < =R

so that we have
Ngo2s Co(Dps) CAy, Apos Co H(Aps) CA,.

Proof. Using lemma 12, compute

Ls—l
|exp(Lx)x; — xjlp-5 = Z)%Xj
s>1 )

1 /el X|p\s! ) el X|, )
< — X, <——In(1- < —
_;es< ) ) [Xle < 62n ) —e2’

0—90
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namely (48). The same estimates apply to the inverse exp(L_x). Q.E.D.

Let now { X7, Xo,...} be a sequence of analytic vector fields. Consider the sequence
of transformations {Sg?), S&l), Sg?), ...} recursively defined as

(49) SP =1, SY =exp(Lx,)osy .

with inverse

(50) SP =1, 80 =50"Yoexp(L x,).

We may well consider in formal sense the composition of Lie series as the limit

(51) Sx = ...oexp(LXT) o... oexp(LXz) o exp(LXl) ,

with a similar formal limit for the sequence gg;) giving the inverse S)_(l.

Proposition 2: Let the sequence X = {X,},>1 of vector fields be analytic in A, .
Then for every positive § < 0/2 the following statement holds true: if the convergence
condition

(52) Mlx, < @

4e
r>1

is satisfied then the sequence {Sg?), Sg(l)7 Sg?), ...} of maps defined by (49) is bianalytic
and converges to a bianalytic map Sx satisfying

(53) Ag_zg C Sx(Ag_(s) C AQ , Ag_gg C S)_(l(AQ_(s) C Ag .
Proof. Consider the sequence of positive numbers

X
REIF ) s>1

0s ==y 70, $2
Zer |XT'|Q

so that ) ., ds = 6. By definition we have | X,|, < %, so that proposition 1 applies to
every vector field X, . Consider also the two sequences

0 =0 =0-0, 07 =0,1-0s, 0F =0/ ;+d, s5>1,
so that we have o; — o—20 and o¢f — p. Applying proposition 1 we see that the
s——+o00 s§——+00

map S is analytic and satisfies A or C S (1)AQO CA o and that its inverse is analytic
and satisfies A or C S (1)AQO Cc A of - Proceeding by induction it is straightforward to
check that the same claim holds true for S(") and S() for every r > 1, with o] and QIF
replaced by o, and g, respectively. Moreover the inequalities ‘S Mg—S (T_l)ﬂ < 0, and
}g(r)sc — 5'(7"_1)“3| < &, hold true. Thus the sequences S and S(") of maps is uniformly

convergent in any compact subset of A, = A,_s, and by Weierstrass theorem the limits
S, and S)}l do exist and are analytic maps satisfying (53). Q.E.D.
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A.3 Estimate of the sequence (37)

We introduce a parameter m > 0 which is arbitrary but fixed and rewrite the se-
quence (37) as

(54) O(r,s,k)= )

J1+.--Fig=s
J1s-ees Jg=>T

(it ... +jetr+m)(Git .. 4 Je—1+r +m) - (ji+r+m)
1+ i)+t dk-1)

with s > kr and 1 < k < |s/r]. With a straightforward calculation we get the uniform
estimate

(14 ... Fj+r+m)Gi+ ..+ je_1+r +m)--- (j1+r+m)
G+ 43 (1 + o+ dimt) i

r+m T+ m r+m
ST Y (e Ty (T
Jit .otk 3 i i )| J1
k
<(2+2),
,
which holds true because ji,...,jx > r. Thus we get

O(rs, k)= 3 (2+%>k .

Writing j1 = r+ q1,...,Jx = 7 + q& the number of terms in the sum is equal to the
number of non negative integer vectors ¢ = (q1,...,q,) with |¢| = s — kr, which is

known to be
s—kr+k—1 < k-1 >—1 ‘
k—1 - k—1
We conclude

(55) O(r, s, k) < rk=1 <2 + %)k (i : i) :
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