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Convergence of power series along vector fields
and their commutators; a Cartan—Kahler type theorem

by B. JAKUBCzZYK (Warszawa)

The first version of this paper was written in 1995 as a result of a Banach
Center Symposium coorganized by Bogdan Ziemian. I devote the paper to his
memory.

Abstract. We study convergence of formal power series along families of formal or
analytic vector fields. One of our results says that if a formal power series converges
along a family of vector fields, then it also converges along their commutators. Using this
theorem and a result of T. Morimoto, we prove analyticity of formal solutions for a class
of nonlinear singular PDEs. In the proofs we use results from control theory.

1. Convergence along families of vector fields. We denote by R[[z]]
and R{z} the algebras of formal (respectively, converging) power series of n
commuting variables z = (x1,...,,), with real coefficients. A formal (re-
spectively, local analytic) vector field X on R"™ is, by definition, a derivation
of this algebra. It can be written in the form

. 0
X = Z(ll(l}')%,
i=1 v

where a; € R[z]] (respectively, a; € R{z}). The formal (respectively, local
analytic) vector fields on R™ form a Lie algebra with the commutator (Lie
bracket) as product. For h € R[[z]] we denote by h(0) the constant term
of h.

Consider a formal power series h € R[[z]] and a family of formal vector
fields X1,..., X, on R™. Iterative differentiation of h along the vector fields

2000 Mathematics Subject Classification: Primary 35A10, 35G20, 41A58; Secondary
93B29.

Key words and phrases: Cartan—Kahler theorem, power series, convergence, Cauchy
estimates, vector fields, commutators, control systems.

Partially supported by Polish KBN grant 2P03A 035 16.

[117]



118 B. Jakubczyk

gives the numbers

(X;, ... X: h)(0)

which can be viewed as coefficients of a noncommutative Taylor series of h
along Xi,...,X,. Such series were studied e.g. in [F] and will be described
in Section 3. The following result says that if the above coefficients satisfy
a Cauchy type estimate, then the formal data h and Xi,..., X, can be
replaced by local analytic h and X;,..., X,.

THEOREM 1. There exist positive constants C' and o such that
(A) (X4, ... X, 1) (0)] < CoPEl,
Jorany 1 <iy,... i <7 and k > 1, if and only if there are analytic h and
X1,..., X, defined locally around zero such that
(B) (Xiy .- Xih)(0) = (Xiy ... X3 h)(0)
forany k>0 and any 1 < iy,...,0 <.

This theorem in a stronger version (with infinite families of vector fields)
will follow from the results of Section 3.

REMARK 1. The “if” part of Theorem 1 is classic. Namely, if A and
Xi,...,X, are analytic, then the estimate (A) follows for a fixed multiindex
I = (iy,...,ix) from the Cauchy inequalities applied to the local analytic
function

(t1,...,tx) — hoexp(tpX;,)o...oexp(t1X;,)(0)

= > (XPXPER)(0)

P1,--PE >0

VR
p1!. . pg!

(by exp(tX) we denote the local flow of X). The independence of the con-
stants C' and p of the multiindex I can be proved by using complex Cauchy
integrals.

Before we state our next result, let = 2 and take Z7; = X, Zy =
[X1, X2], the commutator of X; and Xo. It is clear that if (A) holds for
the family X, X5, then a simple substitution of Zs = X1 X5 — X5 X; to (A)
implies the following Gevrey type estimate:

((Zj, ... Z;, h)(0)] < Co™ 22 (my + 2my)12™2,

where m; is the number of occurrences of ¢ in the sequence ji,..., jm.

In order to generalize this observation we consider the Lie algebra L =
Lie{ X1, ..., X, } of formal vector fields on R™ generated by the vector fields
Xi,...,X,. Denote by L, the linear subspace in L spanned by the Lie
brackets of Xi,..., X, of order not greater than ¢ (for example we have
X, € L1 and [XZ,XJ] S LQ)
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Fix a family Z;,...,Zy of formal vector fields in Lie{X,..., X, }. De-
note by w(1),...,w(N) the minimal natural numbers such that Z; € L
j=1,...,N. For a given multiindex J = (ji,...,J,) we define

w(J) =w(Gr) + ... +w(iyr)-

One can easily prove the following result.

w(g)

PROPOSITION 1. If formal vector fields X1, ..., X, and a formal power
series h satisfy the estimate (A) then the following Gevrey estimate holds:

(Zjy - 23, 0)(0)] < Cot' (w())),
with some constant o1 > 0.

The above fact being trivial as a corollary of Theorem 1, it turns out
that a much stronger Cauchy type estimate holds.

THEOREM 2. If formal vector fields X1, ..., X, and a formal power series
h satisfy the estimate (A) and Z1,...,Zy are elements of Lie{Xy,..., X, },
then there are constants C1 > 0 and o1 > 0 such that

forany 1 <ji,....9m < N andm > 1.

Proof. We can replace our formal system (h, X1,..., X,) by alocal ana-
lytic system (E, Xi,..., )wfr), using the “only if” part of Theorem 1. Consider
the vector fields Zl, cee Zx obtained from )?1, e ,)N(r by the same brack-
eting pattern as Z1,..., Zy were obtained from Xi,..., X,. They are also
analytic. Then the equalities (B) yield

(Zj, ... 25, h)(0) = (Z, ... Z;, h)(0)

and the estimate (C) follows from the analyticity of h and Zl, - Z ~, and
the “if” part of Theorem 1. m

As a consequence of this theorem we have a result which is analogous
to the following celebrated theorem of Gabrielov [G]: If the composition
h o of a formal power series h € R[[z]] with a germ of an analytic map
1 is convergent, and the generic rank of i is equal to n, then h is also
convergent.

COROLLARY 1. Suppose that a formal system (h,Xi,...,X,) satisfies
the estimate (A). If additionally the vector fields X1, ..., X, are convergent
(analytic at zero) and the Lie algebra Lie{ Xy, ..., X,} is of rank n at zero,
then the formal power series h is convergent.

First proof. Our assumption on the rank of the Lie algebra generated by
X1,..., X, says that there are elements Z1, ..., Z, of this Lie algebra such
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that the vectors Z1(0), ..., Z,(0) are linearly independent. From Theorem 2
it follows that the function

d(t1,...,tn) =hoexp(t1Z1) o...oexp(tnZy)(0)

is analytic as a function of (¢i,...,%,). Additionally, as the vector fields
X1,..., X, and so Z4,...,Z, are analytic, it follows that the local mapping
1 defined by

(t1, ...y tn) > exp(tiZi) o ... o exp(tnZ,)(0)
is analytic. It is also locally invertible at zero, as Z1,...,Z, are linearly

independent. Therefore, h = ¢ o ¢~! is convergent. m

Second proof. We also present another proof which is independent of the
above argument but it uses other results including the nontrivial Gabrielov
theorem.

For any multiindex I = (i1,...,4x) we introduce the local map

Yr(ti, ..., tk) = exp(tp X, ) o ... oexp(t1X;,)(0).

Each such map is defined on a certain maximal open set. The set R of
points reachable from 0 € R™ piecewise by trajectories of the vector fields

Xi1,...,X, is equal to the union of the images of these maps,
R =|JIme;.
I
From our rank assumption on the Lie algebra Lie{X;,...,X,} and the

Chow—Rashevskii theorem (cf. [C], [R]) it follows that the set R has

nonempty interior. As the sum defining R is countable, it follows that there

exists a multiindex Iy such that Imt;, has nonempty interior. It follows

that the rank of the map 1;, is maximal and equal to n, generically.
Consider now the formal power series

hotr(ty,....ts) = > (XP'...XE*n)(0)

D1,---,Pk >0

UER
pil.. . pE!
From the estimate (A) it follows that this series is convergent.

As h o1y, is convergent and vy, has generic rank n, it follows from
Gabrielov’s theorem that h is convergent. m

REMARK 2. The second proof can be refined so that the estimate (A) is
needed only for sequences of the form
XPro X
where n is the dimension of our space and i1, ...,14, are fixed. Namely, by

an argument of A. Krener [K] there exists a sequence iy, ...,1i, of length n
such that Im; has nonempty interior.
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Our preceding corollary can be generalized to the case when the Lie
algebra generated by our vector fields is not of maximal rank.

We will say that a formal power series h at g = 0 € R™ is convergent
on a submanifold S at xq if the (formal) composition h o 1) is convergent,
where ¢ : R™ — R" is a local analytic immersion defining S, i.e. ¥(0) = xg
and S = Im locally.

If the Lie algebra L = Lie{X;,...,X,} generated by analytic vector
fields is not of full rank at zp, then the distribution defined by A(z) =
{V(x) : V € L} is integrable (Nagano [N], Sussmann [S1]). This means
that through any point, in particular through zg, there passes an integral
manifold S of A. Additionally, it follows from the Chow—Rashevskii theorem
that the submanifold S coincides with the orbit Orb(zo) from zo of the
family {X1,...,X,} (here Orb(z¢) is the set of points reachable from z
piecewise by trajectories of the vector fields Xy,..., X,).

COROLLARY 2. Let h be a formal power series and let Xy,...,X, be
vector fields defined and analytic in a neighborhood of xo = 0 in R™ such

that the estimate (A) is satisfied. Then h is convergent on the submanifold
S = Orb(zg).

One could attempt to analyse “analyticity directions” of a formal power
series, using the above corollary.

2. Analytic solutions of nonlinear singular PDEs. The results
of the preceding section can be used to improve regularity statements for
solutions of a class of nonlinear, singular partial differential equations on
nilpotent Lie groups as considered in Morimoto [Mol], [Mo2]. We begin by
recalling the notion of a formal Gevrey function as introduced in [Mol].

Suppose that

g=01D...Dgs
is a graded nilpotent Lie algebra of finite dimension n, with weighting
w(X) =i if X €g;. Let G be the corresponding nilpotent Lie group. For
any element X € g we denote by X the corresponding left invariant vector
field on G.

Fix a basis X1,..., X, of g adapted to the direct sum, i.e. X; € g;;, for
any ¢ = 1,...,n. Consider the corresponding vector fields )A(l, ceey )/i\'n on G.

Fix an analytic coordinate system in a neighborhood of the identity
e € G. Consider a formal power series h on G (at the identity). Following
[Mol] we say that h is in the formal Gevrey class if there exist positive
constants C' and p such that the following Gevrey type estimate holds:

(GE) (R, e H)O)] < Co"Dn(1)
for any 1 <'iq,...,ix <nand k > 1, where w(I) = w(X;,) + ... + w(X;,).
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COROLLARY 3. If a formal power series h on a nilpotent Lie group G
satisfies a Gevrey estimate (GE), and g1 generates the whole Lie algebra g,
then h is convergent.

Proof. After a possible renumbering we may assume that Xi,..., X,
span g;. Taking into account that w(X;) = 1 if X; € g1, we see that the
Gevrey estimate (GE) implies the estimate (A). The conclusion follows from
Corollary 1. m

This corollary implies a theorem on existence of local analytic solutions
of nonlinear systems of partial differential equations, of the type of the
Cartan—Kahler theorem, as stated by T. Morimoto in [Mo2], Theorem EA.
This is an extension of earlier theorems by Malgrange [Ma], Appendix, and
Morimoto [Mol]. We restate this theorem below and give its proof.

Let X1, ..., X, be a basis of the graded Lie algebra g as above. Note that
any left invariant differential operator on G can be written as a polynomial in
the first order differential operators X1, ..., X,,. For (a germ) of m functions
y = h(z) = (hi(x),...,hn(z)) on G and a multiindex I = (i1,...,ix) we
define

(we take the derivatives componentwise) and w(I) = w(X;,)+. ..+ w(X;,).
We consider the following differential equation on G:

(E) @ (2, {yr bwn<p) = 0.

Following Morimoto [Mol], we define weighted jets of h as follows. Two
functions h,h’ : G — R™ (defined locally around the identity e) are called
g-equivalent at e if (Xrh)(e) = (X1h')(e) for any I such that w(I) < ¢q. The
equivalence class of h is called the (weighted) jet of order q of h at e and is
denoted by j?h. A g-jet j%h, ¢ > p, is called a g-jet solution of (E) if

(Xg¥ (2, {yr }win<p))(e) =0
for all multiindices J such that w(J) < g — p.

Following Malgrange [Ma], Appendix, one calls a g-jet solution y? = jh
of (E) strongly prolongable if for any s-jet extension jsﬁ of j%h, s > q, which
is an s-jet solution of (E) there exists an (s+ 1)-solution 5717 of (E) whose
s-jet is jsﬁ.

It was proved by Morimoto [Mol], as an extension of a theorem by
Malgrange [Ma], that if ¥ is analytic with respect to y; and in the formal
Gevrey class with respect to x then, for any m > p and any finite jet solution
J"h of our equation which is strongly prolongable, there exists a solution h
in the formal Gevrey class with j"*h = j™h.

From this result and Corollary 2 we obtain the following theorem which
is Theorem EA of [Mo2] (in fact, a slight generalization). Let Gy be the
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subgroup of the Lie group G which corresponds to the Lie subalgebra ¢ =
Lie{g1} generated by ¢;.

THEOREM 3. Let ¥ be in the formal Gevrey class with respect to x and
analytic with respect to y; at (e,y”). If y? = {yrtwn<p s a strongly pro-
longable solution of (E), then there exists a solution h in the formal Gevrey
class such that jPh = yP, which is convergent on Gy. In particular, if g1
generates the whole Lie algebra, then h is convergent.

Proof. It follows from [Mol] that there exists a required infinite jet
solution h which is in the formal Gevrey class. This implies, in particular,
that this solution satisfies our estimate (A) with respect to the vector fields
X1,..., X, generating g1 (since w(X) = 1if X € g1). To get the result it is
enough to apply Corollary 2 and notice that the orbit of the family of vector

fields X € g; equals the subgroup Gy. =

Corollary 3 and Theorem 3 were conjectured (and proved in the case
where g is the Heisenberg algebra) by T. Morimoto during the Banach
Center Symposium on Differential Geometry and Mathematical Physics in
April 1995. Later they were published in [Mo2]. Corollary 3 is stated in
[Mo2] as Theorem G-A and its proof is reduced to two propositions (Propo-
sitions 1 and 2). To our knowledge, the proofs of these propositions have
not been published (the proof of Proposition 2, given in the reference [St1]
cited in [Mo2], is not correct, cf. [St2]).

3. Realizations of noncommutative power series. We will state an
abstract version of Theorem 1, where the initial numbers (X, ... X;, h)(0)
will be replaced by coefficients of a formal power series () of noncommutative
variables u (indexing vector fields).

Let U be a set with at least two elements, possibly infinite (we think
of elements of U as letters or noncommutative formal variables). The free
semigroup generated by U is the set of words

Ut ={uy...up | k>1, u; €U}

with the natural product (concatenation). The free monoid U* is obtained
by adding the empty word X to UT. A formal power series of noncommuting
variables u € U, with real coefficients (Q, w), is written as a formal sum

> (@ ww,
weU*

with the constant term (Q, A)\. The family of all such formal power series
forms an associative algebra denoted by R(U)), with the usual addition and
product. The corresponding algebra of polynomials is denoted by R(U). We
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have the canonical inclusions
UcUt cU* CcR(U) C R{UY).

The commutator [@, Q'] = QQ’ —Q’'Q defines Lie algebra structures in R(U)
and R(U)). We also have a well defined scalar product

(@ Q) =D (Qu)Q, w),
weU*

when the series converges (e.g. when one of the series is a polynomial).
We set [ujug] = ujug —uguy. More generally, for a word w = uy ... ux €
U™ we define a polynomial, called the Lie polynomial, by

[w] = [uy ... ug) = [ug, [ug, ... [ug—1,ug]...]].

We can now define the Lie rank (cf. [F], [J4]) of a series Q € R(U)) by
I'ankL Q = sup rank{<Q, [wp]2q> Z,q:la

where { }’; q=1 denotes a k x k matrix, and the supremum is taken over all
k > 1 and all sequences wy, ..., wy € UT and z1,...,2, € U*. Similarly, for
a family Q = {Q, }vev of formal power series we define its rank by

ranky, @ = suprank{(Q,,, [wp]zq>}’;7q:1,

where the supremum is taken over all £ > 1 and all sequences wy,...,wg €
UT, 2z,...,2z €U and vy,..., v, € V.
The following result is an abstract version of Theorem 1.

THEOREM 4. The following conditions are equivalent for a given family
of formal power series Q.

(i) The family Q has finite rank and there are positive functions C :
V —-R and p: U — R such that

(A7) Qv up ... uk)| < C(v)o(ur)...o(ug)k!.

(ii) There exists n and a local analytic system ({ Xy} uev, {ho}tvev) de-
fined in a common neighborhood of 0 € R™ such that

(Quyur .. .ug) = (Xuy - Xy ho)(0)
forall k>0,veV, and uy,...,ux € U (one can take n = ranky, Q).

In the case of Q consisting of a single series and U finite this theorem
was stated in [F]. However, the proof given in [F| was not correct. Moreover,
the main assumption rank; @ < oo was not used in that proof (only the
inequality rank; Q > n was used). We mentioned in [J3]|, Remark 2, that
Theorem 2 in [J3] implied the analytic version of the main result in [F], and
it implied Theorem 4 above. However, in order to make this implication
explicit one has to show equality of two different ranks used in [F] and [J3].
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In the next two sections we restate a version of a realization theorem
from [J3] and prove equality of both ranks. Another proof of Theorem 4 was
given in [S2].

4. Realizations of causal functionals. Let U and V be fixed
nonempty sets, where U has at least two elements and V is finite. For
t1 > 0,...,t > 0 we denote by

a = (tl,ul) . (tk,uk)
the piecewise constant function defined on the interval [0, |a|) and taking
values a(t) = u; € U for t € [T;-1,T;), where Ty =0 and T; = t1 + ... + t;,
i=1,...,k, and |a] = Tk. The set of all such functions is denoted by S.
Note that two functions a,b € S can be concatenated, which defines the
product ab, where
a(t) for ¢t € [0, |al)
b)(t) = T
(ab)(?) {b(t— lal) for ¢ € [jal, |a] + ).
This means that S forms a semigroup with concatenation as product.
Consider a positive function o : U — R. We define the subset S, C S by

So={(t1,u1)...(tg,ug) € S :t1o(ur) + ...+ tgo(ur) <1}

(here k is not fixed). Consider a family P = {P,},cv of functions P, : S, —
R called causal functionals.

In order to have existence of analytic realizations we impose the following
conditions on our family P of causal functionals. Set Ry = [0, c0).

We say that P is analytic (respectively, analytic and analytically extend-
able) if, for any uq,...,ux € U and k > 1, the maps

(tl, - ,tk) — Pv((tl, ul) - (tk, uk))
are analytic on the subsets of Rﬁ defined by

{(t1, - te) €RE tt10(ur) + ... + tro(ug) < 1}

(respectively, they are analytic on these subsets and have analytic extensions
to the subsets of R* defined by

{(ty,... tr) € RF : |t1]0(ur) + ... + |t|o(ur) < 1},

where ¢ : U — R is a positive function which depends on P but is indepen-
dent of the choice of k and wuq, ..., ux).

Above, a function defined on a possibly non-open subset of R" is called
analytic if it has a Taylor series converging at any point of the set and is given
by this series in a neighborhood of this point. In particular, analyticity of P
means that the above maps have analytic extensions to open neighborhoods
of the origin in R*. Thus, the expressions P,((t1,u1) ... (tr,u)) are also
well defined for small negative t1,...,t;. Analytic extendability is a slightly
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stronger property requiring some uniformity of the domains of the extended
maps.
We define the rank of the family P of causal functionals by

k
rank P = sup rank {an, (abj)} ,

oti i,j=1
where the supremum is taken over all k£ > 1, all a = (t1,u1) ... (tg,ux) € S
and all by,...,by € S and vy,...,vp € V such that ab; € S,, j = 1,... k.
Consider a quadruple I' = (M, X, h,xq), where M = R", xy is a point in
M, and X = {X,}uev, h = {hy }vev are families of germs at z( of analytic
vector fields on M and of analytic functions on M, respectively. We say that
I' is a local analytic realization of P = {P,}yey if

P,(a) = hy o exp(tp Xy, ) o ... oexp(t1 Xy, )(zo)

for any v € V, for any k£ > 1 and uq,...,ur € U, with ¢; > 0 small enough.
Here exp(tX) denotes the local flow of X.

The realization I" is called locally minimal if dim M = rank P.

THEOREM 5 ([J2], [J3]). A family P of causal functionals has a local an-
alytic realization I' if and only if P is analytic, analytically extendable, and
rank P is finite. Then there exists a locally minimal, local analytic realization
of P.

For global versions of this theorem, with M an arbitrary differentiable
manifold, the reader may consult [J1], [CGM] and [J4].

REMARK 3. If the set U is finite then the requirement of analytic extend-
ability is superfluous, which follows from the proof of Theorem 2 in [J3] and
was independently proved in [CGM]. Theorem 5 remains true when the set V'
is infinite. This can be proved by choosing a finite subset Vy C V on which
the rank of P is realized, constructing the realization I" = (R", X, h, z)
with h = {hy}vev,, and showing that the remaining observation functions
hy, with v € V'\ Vj, can be constructed without changing the other elements
of I'.

REMARK 4. The family P of causal functionals defines a causal op-
erator F' by F((t1,u1)...(tg,ur)v) = Py((t1,u1)...(tg,ux)), in the ter-
minology used in [J3] and [J4]. For simplicity of notation the function o
used here in the definition of causal functionals was taken to be constant,
equal to 1/T, in [J3] (this implies that the operator F' is defined on func-
tions on the interval [0,7")). In the proofs in [J3] this assumption is not
needed.
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5. Equivalent ranks. Our family P = {P,},cy of analytic causal func-
tionals defines a family @ = {Q, },ev of formal power series via the formula
0 0

(1) <QU7U1”'U’C>:87251”‘87‘[;]€

Py((t1,u1) ... (tn, up)) o

The following fact holds for this family of formal power series.
LEMMA 1. If P is analytic, then both ranks defined above coincide, i.e.
rank P = ranky, ).

Before we prove the lemma we make the following observations.

OBSERVATION 1. The semigroup S can be extended to a group G defined
as follows. Consider formal products

a=(ty,uy)...(tg, uk),
where t1,...,tx € R, uy,...,ur € U, and k > 0. We introduce the relations
(t1,u)(t2,u) = (t1 +t2,u), (0,u) =e,

where e is the empty product (i.e. k& = 0). The set of formal products
factorized with respect to the equivalence relation generated by the above
relations forms a group G, with multiplication defined by concatenation of
products, and with inverse

((tl,ul) . (tk,uk))fl = (—tk,uk) o (—tl,ul)

(for simplicity we omit equivalence classes in our notation). It is easy to
see that the semigroup S defined in the preceding section can be identified
with the set of equivalence classes of formal products (t1,u1) . .. (tk, ur) with
t1>0,...,t > 0.

OBSERVATION 2. If P is a family of analytic causal functionals P, :
S, — R then the expressions P,((t1,u1)... (g, ux)) are well defined for
nonnegative t1,...,%; and, by uniqueness of analytic extensions, they are
also well defined for (¢i,...,%;) in a neighborhood of the origin in R¥. The
equalities

Py((ti,u1) ... (¢ w)(t",u) ... (te,ur)) = Po((tr,u1) ... (" +t",u) .. (tg, ug))
and
PU((tl,’LLl) e (ti,ui)(O,u)(tiH,uiH) e (tk,uk))
= PU(<t1,’U,1) e (ti,ui)(ti+1,ui+1) . (tk,uk))

extend, by uniqueness of analytic extensions, from a set of nonnegative
values of t1,...,t,, t',t"” € Ry, to arbitrary small values in R. (This roughly
means that the causal functionals P : S, — R have well defined extensions
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to a “neighborhood” of the identity in G.) In particular, our equations imply
P,(abb™c) = P,(ac)

for arbitrary elements a = (t1,uq1)... (tg,ux), b = (11,v1) ... (Trm, Vm ), and
c=(s1,w1)...(sp,w,), with t;, 7;, s; small.

OBSERVATION 3. From the definition (1) of the series @), we easily see
that

<Qv, [U1U2]Ul> = <Qv,u1u201) - <Qv7U2U1U1>

g o0 0
- 777P’U ’ ) — U1, )
Bt, 9ty o ((t1, u1)(t2, uz)(—t1,u1)(71, v1)) N
and, by easy induction,
(2)  (Qu,[ur...ugs1]vr ... o)
0 o 0 0
=—...———...—P,(altpy, ~1y )
8t1 atk+1 87-1 aTm (a( . Uk+1)a ) ti=..=tg41=71...=Tm =0

where
a = (tl,ul) PN (tk,uk), b= (7’1,’[11) e (Tm,Um)

and (-, -) denotes the scalar product while [uy ... ug41] denotes the Lie poly-
nomial, both defined in Section 3. Using formula (2), the definition of the
Lie polynomial [(u1)™ ... (ug)*ug+1], and the property

dr 0 0

7 —f(s) =—...

s o Os1 08,

we obtain the more general equalities

(3) <Qmi[(u1)“ = (uik)i’“Uk+1}(v1)jl'- - (m))
() () S (L) () Pattenna s

where a = (t1,u1) ... (tg,ur), b = (71,v1) ... (Tm, Um), and the derivatives
on the right side are taken at t; = ... =ty =0and 4 = ... =71, = 0.

f(51+~~-+5r)

s1=...=8,=0

Proof of Lemma 1. The following remark will be used in the proof.
In the definitions of both ranks there appear ranks of finite-dimensional
matrices. In order to show that rank P = ranky, @) it is enough to show that
for any p > 1 the following statement holds. If all the minors of order p of
the matrices involved in the definition of the first rank vanish, then all the
minors of order p of the matrices involved in the definition of the second
rank vanish, and vice versa.

The matrices which appear in the definition of rank P depend analyti-
cally on some real parameters. We will use the following general property of
determinants of matrices with coefficients depending on real parameters. Let
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¢ = det{a;; }fﬂ-:l, where the coefficients a;; = a;;(#*,7/) depend smoothly

(analytically) on the parameters t* = (t},...,t} ) and 7/ = (f s T )
Since determinant is a multilinear function with respect to rows, it follows

that
0

8T’§¢ = det{a;; },
where
a;j = a;; fori#k, and a; = 6T’§aij for i = k.
A similar property holds for columns. Assume that
(4) det{a;;} = 0.

By consecutive differentiation of this identity and application of the above
mentioned property of determinant we obtain

where
~ Fitm;
(6) Qij

T ot .ot o o,
1.0t Or] ... 0T,

We are ready for the main part of the proof.

We define
0 i i iN—
(7) G5 = apvj (a'(t,wy,11)(a") 1bj) )
t=0
where
aZ:(Zl?w,i)(;/ﬁ7w;Cl)’ b]:( f’v‘{)(T‘T]n]’vaJ)

and 7,5 =1,...,p.
In order to prove ranky Q < rank P we assume that rank P = n < oo.
Choosing the element a in the definition of rank P to be

(8) a=a'(s1, w[lﬁ_}_l)(al)—l e ap(5p7w£p+1)(ap)_l

we have

9) iP (abj) —iP (a*(ss,wi 1) (a")"tby) = a;j
8Si N ’ 51=0,...,5,=0 a 8Si N ook ’ s;=0 Y

and so we get det{a;;} = 0 if p > n. This implies (5). Using the definition
(7) and formula (2) we see that equality (5) takes the form
(10) det{(Q, [wi]vj> %:1 =0,

where w' = wi...wp, , and v/ = v] ... v, . Asw' € At and v/ € A* are
K

arbitrary, and p is any number > n, we conclude that ranky Q < n.
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In order to prove the converse inequality rank P < ranky, () assume that
rankz @ = n < co. Then we have (10) for any p > n. Taking a,; defined by
(7), and then applying formula (2), we deduce from (10) that (5) holds at
the origin (i.e., for all parameters equal to zero). The same can be proved
with a;; given by

_ o pi o p?c i o Q{ o an J
a;; = | — ce - — - - Qi
7=\ o ot or! 0T, ’

instead of (6). In this case one should start with

wh = (WP (), )R, o) = () (0, )™
in (10), and use formula (3).

In this way we deduce that any partial derivative of det{a;; } with respect
to the parameters ti, ... ,t};i and Tf, .. ,Tfﬁj is equal to zero at the origin.
This and analyticity give det{a;;} = 0 for any p x p matrix with p > n and
a;; given by (7).

Now we shall choose a* and b; in a special way. Take a = (t1,uy)...
e (tk,uk) and

ai = (tl,ul)...(ti,ui), bj :agj and wzﬁl = U;.

Then we obtain

_ 9 % ) in—1_7
Q5 = apvj (a'(t,u;)(a’) " aby) -
0 ~
= apvj((tl, Ul) e (ti,ui)(t, ui)(tiﬂ, uH_l) e (tk, uk)bj)
t=0
= 2 P () (e u)Ey)
_8tz v 1,U1) .- \lk, Uk )05 ),

with i,j =1,...,p. (With the above choice of a’ and b; some of the earlier
independent parameters are identified but our earlier conclusion det{a;;}
= 0 still holds.) Thus det{a;;} = 0 means that rank P <n. m

6. Proof of Theorem 4. (i)=-(ii). We will show that the data of our
theorem allow us to construct a family P = {P,},cy of causal functionals
which is analytic, analytically extendable, and has finite rank. We define

; PN
Py((tr,un) o (bun)) = Y (Quoult .. ouft) Lk

i) !
i1>0,...,i5 >0 ! K

From the estimate (A’) it follows that the series is majorized by the series

> Cc)(talo(ur) + ... + [trlo(ux))

=0
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and so it is convergent for o(ui)|t1]| + ... 4+ o(ur)|tx| < 1. It follows that
P, are well defined analytic, analytically extendable (with the function o
equal to p) causal functionals S, — R. From our assumption rank; Q@ <
oo and Lemma 1 it follows that rank P = ranky () < oo. Thus, Theo-
rem 5 is applicable here and there exists a local analytic realization I' =
(R™, { Xy }uev, {hv}vev, o) of P. We may take n = rank P = rank;, ) and
xo = 0 and the equality in the statement (ii) of Theorem 4 follows by con-
secutive differentiation of the equality

Py(a) = hy oexp(tp Xy, ) o...oexp(t1 Xy, )(xo).

The proof of the implication (ii)=-(i) uses Cauchy type estimates and is
straightforward. m
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