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WILCOX FORMULA FOR VECTOR FIELDS ON BANACH MANIFOLDS
Yuri S. Ledyaev

We obtain an analogue of Wilcox—Snyder formula for flows of diffeomorphisms of C™-smooth vector fields
on infinite-dimensional Banach manifolds. For classical linear system this formula can be efficiently used,
for example, to obtain Magnus expansion of solutions. The generalized Wilcox formula is obtained by using
an extended Chronological Calculus for Banach manifold. We apply this formula to derive new structured
differential equations which solutions approximate solutions of the original differential equation.
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1. Introduction

We consider a flow of diffeomorphisms on C"*-smooth Banach manifolds M which is defined by
the following differential equation:

Sa(t) = Vila(®), q(t) € M, (1)

where Vi(q) is a family of C™-smooth vector fields on the manifold M for almost all ¢ which are
measurable in ¢ for all ¢ € M.

For such flows we derive a generalization of Wilcox—Snider formula from [14; 15| for nonlinear
dynamical system (1.1). Wilcox formula can be used in many applications, in particular, in [15]
Wilcox suggested an approach to a derivation of Magnus expansions [12] of solutions of linear
differential operator equations. Such Magnus expansions have many applications (see [1;2;5;6]).

From this point of view the present paper’s objective is to derive Wilcox formula for nonlinear
dynamical systems (1.1) on Banach manifolds which can serve as a technical foundation for obtaining
approximations in more general setting under less restrictive assumptions than it was done before
for nonlinear system (1.1).

It is important to mention that the Magnus expansion and the original Wilcox formula were
obtained for linear systems.

Here we use methods of Chronological Calculus [1;2] by Agrachev and Gamkrelidze to rewrite
the differential equation (1.1) in the form of linear differential operator equation. The original
Chronological Calculus was developed for C'*°-smooth finite-dimensional manifolds and vector fields.
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This paper relies on the extension [10] of Chronological Calculus for C"*-smooth Banach manifolds
and vector fields which are only measurable in time.

The paper consists of four sections. The second sections contains a brief description of classical
results on linear systems, Magnus expansions and Wilcox formula. We put them here in order to
make the content of this note more accessible to a wider readers’ audience. We also put a short proof
of the original Wilcox formula by using elementary tools of differential equations theory. This proof
will serve as an example for the proof of a generalization of Wilcox formula for nonlinear systems
in Section 4.

Section 3 contains a brief description of extension of Chronological Calculus from [10] and
appropriate techniques which will be used in a derivation of the generalization of Wilcox formula
for the system (1.1). Section 4 contains the proof of this generalization and the last Section contains
a construction of approximations of solutions of (1.1) in terms of solutions of some structured
dynamical systems for small and large times. These structured differential equations are written
in terms of iterated Lie brackets of the original vector field in (1.1). We can see some possible
applications of these results to problems of singular control problems, to problems of controllability
and stabilizability of nonlinear systems,

2. Linear Systems, Magnus Expansions and Wilcox Formula

Let X be a Banach space, A : X — X be a bounded linear operator. We consider a linear
evolution equation [9] (or differential linear operator equation)

&= Az, z(0) = xo. (2.1)

Under appropriate assumptions on A the solution of the initial-value problem (2.1) can be written
as
z(t) = ey,

where operator (matrix) exponential is defined by the following infinite series (I : X — X is the
identity operator):

12 A2 th Ak
etA:I+tA+T+...+T+....

Note that e is a fundamental operator (matrix) solution of (2.1)
() = Aet, (2.2)

When X = R"™ the operator A becomes n x n matrix.
In the case of nonautonomous linear evolution equation the solution of Cauchy problem

p(t) = A(t) z(t), x(0) = xo,

can be written in the form

z(t) = X (t)xo,
where the fundamental operator (matrix) solution of (2.2) can be written as Volterra series

t

X(t) =1+ /tA(tl) dty + /A(t1)<7A(t2) dt2> dty + ... . (2.3)
0 0 0

Note that X (¢) in (2.3) satisfies the linear evolution equation

X(t) = ABX (), X(0)=1. (2.4)
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We remind that in quantum physics series similar to (2.5) are called Dyson series [8].

Volterra expansion (2.3) of the fundamental solution X (¢) of the linear evolution equation (2.4)
is not very convenient for approximation of the solution by using partial sums in (2.3) since in many
cases these partial sums don’t satisfy conservation laws arising from symmetries of the system.

But there is another representation of the fundamental solution of (2.4) which lacks such
disadvantage. This representation which was introduced by Magnus in [12] is called Magnus ezpansion
and has form

X(t) = 80, (2.5)
where () is an infinite series
Q) =N t) + Q) +... + Q) + ... (2.6)

and first three terms are

Ql(t) = A(tl) dtq,

o

~+

t1

(1) i= 5 [ dnr [ sl AG) (2.7)
0

N —

0

t 1 to

—_

0u(t) i= g [ dtr [ dra [[ata([Ale2) Ale2), Ae)] + [Alt), (Alt2), A(0)]).
0

0 0

We use classical notation [A, B] to denote the commutator of two operators A and B
[A,B] := AB — BA.
We also remind the linear operator ad(A) acting on the space of linear operators
ad(A)X :=[A, X].

Note that (ad(A4))°X := X, (ad(A))*X := [A, (ad(A))*1X], k =1,2,... . It is easy to check that
for any k-th derivative (e'X e_tA)(k) = e (ad(A))F Xe 4. Tt follows immediately that

_ — tF .
eixe M=) H(ad(A))’fX = et x (2.8)
k=0

In many physical applications by replacing (¢) in (2.6) by the partial sum we obtain the approxi-
mation of Magnus expansion of fundamental solution (2.5) which maintains its important physical
properties. For example in the case X = R", if matrices A(t) are skew-symmetric then values of
approximations of Magnus expansion (where €2(t) is replaced by partial sums of (2.6)) are orthogonal
matrices.

This remarkable fact will be explained later in the context of dynamical systems (1.1) on
manifolds which describe evolution of physical systems subject to some conservation laws.

An excellent exposition of theory of Magnus expansions and its applications can be found in a
survey [4] which also contains a detailed bibliography.

Here we provide a brief explanation of a derivation of Magnus expansion formula (2.5)—(2.6) to
illustrate the use of Wilcox formula.

The standard approach is based on the following expression for the derivative of the function
A— et
N I — e—ad(A)

A _
de” =e ad (4)

(2.9)
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Rossmann [13] relates original versions of this result to F.Shur and Poincaré.
— e—ad(4)

d ( ) is determined by the power series for the

Note that the operator-valued function

function

k:O
where z is replaced by the linear operator ad(A).
Then for differentiable operator-valued function A(t) we easily obtain from (2.9) that
—ad(A(t
(eA(w)/ _ A [ — e A(D).
ad(A(t))

From this formula we obtain by using product rule for derivative of the next product (eA(t)e_A(t))/: 0
that AW
a t
aw) Z T T A 2.10
(e ) ad(A@y) O (2.10)
ad(2(t))

Returning to Magnus expansion (2.5), we obtain from (2.10) and (2.4) that Q'(t) = Q) ]
ea —

A(t),

where we have the following representation with Bernoulli numbers Bj:

ad(Q(t) 5B
a7 = 2 g @A)

— B
By using previous relations we obtain the following equation [4]: Q'(¢) = Z ]; (ad(Q(t)))kA(t)

which can be used to derive recursively expressions for Q(¢) in the Magnus expansmn (2.6)-(2.7).
In his 1967 paper [15] Wilcox suggested a different approach to the derivation of Magnus
expansion based on the following Wilcox formula (2.11).
Let us consider an operator-valued function H(«) of a scalar variable o, H(a) : X — X is a
linear bounded operator for any . We assume that H(«) is differentiable at o and

H'(a) = lim H(a+ Aa) — H(«)
Aa—0 Ax ’

Theorem 2.1 (Wilcox formula). Under previous assumption the following derivative exists:

t
3etH(o‘) = /e(t_s)H(o‘)H/(a)eSH(o‘) ds. (2.11)
Oa
0
Proof. Let Ya(t) := et (@22 he a fundamental solution of the linear evolution equation

Vi, () = H(a + Aa)Yau(t), Yaa(0) = I, and Yy(t) := e(®) be a solution to Y{(t) = H(a)Yy(t),
Yo(0) = I. It is easy to see that

YAL(t) = H(a)Yau(t) + AH(AQ)Yao(t), AH(Aa):= H(a+ Aa) — H(a).

By using Cauchy formula for the previous linear evolution equation we obtain that

t
Yaa(t) = Yo(t) + / HOAH (Aa)Yau(s) ds.
0
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This implies that for any Aa # 0
t
Yaa(t) — Yo(t) _/ (t—s)H(a) AH (Aa)
 Aa /€ “Aq [Bals) ds.

By taking limit as Aa — 0, we obtain (2.11). O

Note that the proof of the Wilcox formula is based on an idea of differentiation of solution of
differential equation by parameter. In this case the differential equation is linear. But the same idea
can be used for a derivation of a generalized Wilcox formula for the nonlinear equation (1.1).

Now we demonstrate how to use Wilcox formula (2.11) to derive the formula (2.9) for the
derivative of operator exponential function.

Let us fix some bounded linear operator Y : X — X and define operator

H(a) = A+aY

then H(0) = A, H'(0) = Y and we obtain from the Wilcox formula (2.11) (with ¢ = 1) the expression
for Gateau derivative of the operator exponential (by using (2.8))

1 1
(ieH(a)> _ /e(l—s)AYesA s :eA/ —sad(A)y
Oa a=0
0 0

1
—o( [y iy by = Al e
e (/kzzo (ad(A))* d )Y ’ kzo Sty = ey,

NO

which implies (2.9) since Y is arbitrary.

3. Extended Chronological Calculus

Here we collect notation and some results of Chronological Calculus which will be used in this
paper.

Let F and F' be Banach spaces. Recall that a map f : E — F is said to be differentiable at
xo if there exists a bounded linear operator f’(zg) : E — F such that for all z € E we have
f(x) = f(zo) + f'(w0) (x — ) + o(||x — x¢]]). If f is differentiable on all of E, then we have
f'+ E — L(E,F), where L(E, F) is the Banach space of bounded linear operators from F to F.
When f’ is continuous, we say that f is of class C'. As a map between Banach spaces, we may
then ask if f’ is differentiable and so on. If f has m continuous derivatives, then we say that f is of
class C™.

Functions f : R — E which take values in a Banach space can also be integrated. For a rigorous
introduction to the integration of vector-valued functions, we recommend [7]. This monograph
contains detailed description of Bochner integrable functions and Bochner integral. A brief synopsis
can be also found in [10].

It is worth noting that when F = R, the Bochner integral is the same as the Lebesgue integral.
In general Banach spaces, the Bochner integral retains many desirable properties of the Lebesgue
integral. In particular, one has

d t
g / F@), dr= £,

t
for almost all ¢ in [tg,t1]. Function F'(t) is called absolutely continuous if F(t) = F(to)+ [ f(r)dr

to
for some integrable f.
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We remind some results from the theory of differential equations in Banach spaces

= f(t,z), x(ty) = wo, (3.1)

where f : J X E — E and J C R is an interval containing tg. An excellent resource for this material
is [6]. There it is demonstrated that in a Banach space, continuity of f is not enough to ensure a
solution. We introduce the following definitions for vector fields on E:

Definition 3.1. A nonautonomous C™ wvector field on E is a function f: J x E — E which is
measurable in ¢ for each fixed z and C™ in x for almost all ¢.

Definition 3.2. A nonautonomous C™ vector field on E is said to be locally integrable bounded
if for any o € F, there exists an open neighborhood U of zg and k € L!(J,R) such that for all
x € U, for all 0 < ¢ < m, we have Hf(i) (t,:E)H < k(t) for almost all ¢, where f) denotes the i*"
derivative of f with respect to z.

It can be shown that if f : J x £ — FE is a nonautonomous C™ vector field that is locally
integrable bounded, then for any (to,x() there exists an open interval Jy C J containing to and
depending on (tg,z¢) as well as a unique, absolutely continuous function =z : Jy — E which
satisfies (3.1) for almost all ¢ € Jy. This type of solution is called a Carathéodory solution.
In addition, the dependence of this solution upon the initial condition xg is C"-smooth. More
precisely, if z(¢;tg, zg) denotes the solution to (3.1), then z¢ — z(t; o, xo) is m times continuously
differentiable for appropriate values of ¢ and xg.

We will write Py ; for the local flow xy — x(t;tp, o). Uniqueness of solutions gives us the
following properties for the flow:

Ps,t © Pto,s(gj) = Ptoﬂf("p)’ (3'2)
Py y(x) = Prgy ().

In defining dynamical systems, it is enough for the underlying space to have the structure of a
Banach space only locally. Here we remind the reader of some definitions and basic results from the
theory of smooth manifolds. For a greater level of detail, we suggest [11].

A Banach manifold of class C™ over a Banach space F is a paracompact Hausdorff space M
along with a collection of coordinate charts {(Ua, ) : o € A}, where A is an indexing set. This
collection of charts should be such that the collection {U,} is a cover for M; each ¢, is a bijection
of U, with an open subset of F; and the transition maps @4 o cpgl tp(Ua NUB) = 0a(Us NUR)
are of class C™.

If M and N are Banach manifolds, a function f : M — N is said to be C™-smooth (or C™ for
brevity) if for any coordinate charts ¢ : U C M — E and ¢ : V C N — F the map o fop !is
a C"-smooth mapping of Banach spaces. Analogously, a function f: M — N is differentiable at a
point qq if 1 o f o p~ 1 is differentiable at ¢(qq).

The tangent space to M at q is defined as follows. Consider the collection of differentiable curves
v : R — M with v(0) = ¢ and define an equivalence relation on this collection by 1 ~ 72 if and only
if (pov1)"(0) = (¢ or2) (0) for some coordinate chart . One can check that if this relationship
holds for one coordinate chart, it will hold for all coordinate charts. We write [y] for the equivalence
class of a curve 7. The collection of these equivalence classes forms the tangent space T, M and
there is a natural isomorphism T, M > E.

Every C™ map f : M — N induces a map from Ty M to Ty N by [y] — [f o] and we denote
this mapping by f.(q). The tangent bundle T'M is a union of the tangent spaces with a topology
given locally by the charts (q,v) — (©(q), p«(q)v), where @ is a coordinate chart for M. When f is
a map between linear spaces E and F, we will write f’ for its derivative. When f is a map between
Banach manifolds, we will write f, for the corresponding map from T'M to T'N. We emphasize that
in local coordinates, fi(q) : ToM — TN is the map given by v f'(@)v. In contrast, the map
fx : TM — TN sends a pair (g,v) to the pair (f(q), f«(q)v).
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Let w : TM — M be the projection (q,v) — q. A nonautonomous vector field is a mapping
V :R x M — TM which satisfies 7 o V;(q) = q. Given gy € M and a coordinate chart (¢, U) at qo,
the function J x £ — FE given by

(Vi) (@) := 0u (¢~ (@) Vi (7' (2)) (3.3)

is the local coordinate representation for V;. Recalling definition 3.2 we introduce

Definition 3.3. A nonautonomous vector field on M is said to be a locally integrable bounded C*
vector field if it is C*-smooth in ¢ for almost all ¢, is measurable in ¢, and in some neighborhood of
each ¢ € M there is a coordinate representation (3.3) which is locally integrable bounded.

If z(t) is a solution for the differential equation & = (¢«V;)(z) on E with initial condition

z(tg) = ¢(qo), then q(t) = p~! o x(t) is a solution to the differential equation on M

q="Vi(q), q(to) = qo- (3.4)
For any ¢ € C"™ (M, E) we have the following integral representation:

t

o(a(t)) = o(q0) + / e (a(T)Vi (a(r)) dr. (3.5)

to

With each nonautonomous vector field V; on M, we associate a local flow P, ; given by gy
q(t;to, qo), the solution to (3.4) with initial condition ¢(tg) = go. These flows are C"™ diffeomorphisms
of M and are of central importance in the development of our extension of the Chronological
Calculus, which we now turn to.

The main observation behind the Chronological Calculus [1-3] is that one may trade analytic
objects such as diffeomorphisms and vector fields for algebraic objects such as automorphisms and
derivations of the algebra C°°(M), which is the collection of C'*° mappings f : M — R. This
correspondence is developed in [1-3]|, where C°°(M) is given the structure of a Fréchet space.

In [10] we developed a streamlined version of the theory which is effective for computations with
infinite-dimensional C™-manifolds and dynamical systems. In order to include Banach spaces in the
theory, we consider the vector space C™ (M, E) of C™ functions f : M — E rather than the algebra
of scalar functions C*°(M).

We begin by defining the following operators:

i. The identity operator Id is defined as follows j;l(gp) = for any ¢ € C(M, E).
ii. Given any point g € M, let ¢: C™ (M, E) — E be the linear map given by q(p) := ¢(q).

iii. given C™-manifolds M and N over a Banach space £ and a C™ map P : M — N, let
P:C™(N,E) = C"(M,E) (0 <r < m) be the linear map given by P(¢) := ¢ o P. Note
that if P is a diffeomorphism of M, P gives us an isomorphism of C™ (M, E).

iv. Given a tangent vector v € T,M, let v : C"™ (M, E) — E be the linear map given by v(yp) :=
P+ (q).

v. Given any C™ vector field V on M, we define a linear map V: C™(M,E) - C™ Y M, E)
by V() : g = @)V (q)-

Of course, we can consider linear combinations of such linear operators.

When ¢ is a local diffeomorphism, these operators simply give local coordinate expressions.
We need not restrict ourselves to the space C™ (M, E). Indeed, given any open set U C M, we
may view U as a Banach manifold in its own right and therefore consider the space C™ (U, E).
For example, the local flow Py, ; : Jo x U — U of a vector field V; gives rise to a family of linear

mappings ﬁto,t :C™(U,E) — C™(U,E).
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Note that for operators P the semigroup property (3.2) for flow of diffeomorphism P, ; becomes
Pto,s o Ps,t = Pto,t'

Consider an operator-valued function ¢ — A; whose values are linear mappings A; : C"™(M, E) —
CP(M, E). This function is called integrable if for any ¢ € C™(M,FE) and ¢ € M the function

t1
t — Ai(p)(g) is integrable. Then the linear operator </ A; dT): C"(M,E) — C"(M,E) is
to

( / Adr) ()la) = / Ac(e)(@) dr

It follows immediately from (3.4) and (3.5) that the flow operator ﬁto,t representing flow of diffeo-
morphisms for a nonautonomous vector field V; satisfies the integral equation

defined as follows

t
Py —Td+ / Py, 0¥ dr (3.6)

to

Moreover, we have that the unique operator valued solution of the integral equation (3.6) is the
function t — ﬁto 4

In the case when the vector field V; is only integrable in ¢ then a Carathéodory solution ¢(t) of
the differential equation (3.4) is an absolutely continuous function and we cannot guarantee that
ﬁto,t is differentiable for every ¢.

t
An operator-valued function A; is called absolutely continuous on [a, b] if Ay = Ay, + / B, dr for
to
. ~ d ~
any t € [a, b] for some integrable operator-valued function B;. We denote By as — A; and understand

this derivative in the sense of distributions: for any t1,ts € [a, b], for any ¢ € C"™(M, E) and ¢ € M

3,0)0) - ()@ = [ T3 ()t

t1

Remark 3.1. Let W be a C™ vector field and Et is absolutely continuous then gt oW is also
absolutely continuous and %(A\t oW) = %A\t oW.

Here we discuss product rule for operator-valued functions ]3t and @t in the sense of distributions
for absolutely continuous operator-valued functions P; and )y which are represented for any ¢ € (a, b)

as
t

t

~ ~ d ~ ~ ~ d ~

PtZPto—F/EPrdT, Qt:Qto—i_/EQTdT'
to to

The following product rule for product Eo@t was proved in [10] under general assumptions which
are satisfied if these operator-valued functions are solutions of the operator integral equations (3.6)
with locally integrable vector fields.

Theorem 3.1. Let absolutely continuous operator-valued function Pt and Qt be solutions of
operator integral equations. Then Pt o Qt is absolutely continuous and for any ty, to in (a,b)

t t
L (Roa)a— [ (LhoqRo o)

t1 t1
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Let V' be a vector field and F M — M be a C™ diffeomorphism. Following [3| we define the
operator Ad(F ) Vi FoVoPF-l

Recall that the Lie bracket [V W] of vector fields V' and W is the vector field whose operator
representation has form [V W] = VoW -—WoV.

It makes sense (as in [3]) to define an operator ad(V;) by ad(V;) o W= [‘7,5, W]

We recall that in general case of measurable in t vector-field V; we defined ]3t07t which satisfies
the integral operator equation

Py —Td+ / Py, ol dr (37)

and which is the unique absolutely continuous solution of this equation or the solution of the
differential equation

d ~ —~ —
dtPt()ﬂf - Pto t © Wa Pt(),to = [d7 (38)

in sense of distributions. The justification of this fact is based on the relation of ﬁto’t to the
Carathéodory solutions of ordinary differential equation (3.4).
Now we consider the differential operator equation

d ~ ~ o~ ~ —~
a@to,t = —VioQut, Qi =1d. (3.9)

Note that this operator equation, even in the case M = R", is related to some first-order linear
partial differential equation.

The following result [10] states that for a locally integrable bounded C™ vector field V; there
exists a solution @to,t of (3.9) in the sense of distributions. Moreover we have a representation of
@to,t in terms of a solution of the equation of the type (3.7). It can be easily proved by using the
product rule from Theorem 3.1.

Proposition 3.1. Let V; be a locally integrable bounded C™ wvector field. Then absolutely conti-
nuous operator-valued solutions Ptot and Qtot of differential equations (3.8) and (3.9) exist, are
unique and

Qrot = (Prt) ™"

We also use the product rule from Theorem 3.1 and the previous Proposition 3.1 to prove the
following important fact which is used in this paper.

Proposition 3.2. Let V; be locally integrable bounded C™-smooth vector field and ﬁto,t be an
absolutely continuous solutzon of (3.7). Then for any C™-smooth vector field W the operator-valued
function t — Ad(PtO t)o W is absolutely continuous and satisfies the following equation in the sense
of distributions:

d
dt
Method of variation of parameters can also be easy applied to the operator differential equation
in the sense of distributions

Ad(Py ) o W = Ad(P,, ) o ad(V;) o W. (3.10)

d 5

dtSto,t = S0 (Vi+Wy), Sy = Id. (3.11)

Namely, we have the following (see [10]).

Proposition 3.3. Let Vi, W, be locally integrable bounded C™-smooth vector fields. Then a
solution of (3.11) can be represented in the form

Sto,t = Cto,t o Pto,t,
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where ﬁto,t is the solution of the differential equation (3.8) and (Zo,t is a solution of the differential
equation

d

a@o,t = @O,t o Ad ﬁto,t 9] Wt, ét(),to = Id. (312)
From now on we use the following notation for brevity: ]3t = ﬁO,t- We also use the following

concept of the operator 6

~

Definition 3.4. Parametric family of linear operators O(«) : C™(M; E) — E is called Big O
of a at point gy € M if for any 1p € C™(M; E) there exists a neighbourhood O of qg, a constant K
such that for all small o > 0
10(@)(g)]| < Ka ¥V q€O.

4. Dynamical Systems on Banach Manifolds and Wilcox Formula

Consider a parametric family of dynamical systems on Banach manifold M
q'(t) =V(t,q(t),q), (4.1)

d
where ¢’ := Eq and « is a scalar parameter.

As we know we can relate dynamical system (4.1) to the operator differential equation

d ~ U P
%Pta = Pta ° V;fav P(Sx = Id, (42)
where ]3ta is a flow of diffeomorphisms corresponding the dynamical system (4.1) and the operator ‘A/ta
corresponding to the vector field V (¢, g, «).

Here we discuss assumptions on vector fields V,* which imply a generalization of Wilcox formula

for the system (4.1).

Assumption 4.1. Let for given « and all small Aq, all ¢ € M and almost all ¢ we have

V(t,q,a + Aa) = V(t,q,a) + AaW (t,q) + U(t, q,a, Aar), (4.3)
where for any tq, to
to
1
1' I % / / A = 44
Jim o [ UG, B ds =0 (14)
t1

uniformly with respect to ¢’ from some neighbourhood of q.

We use notation gV(t, q, ) for W(t,q) in (4.3). Then the following generalized Wilcox formulas
a

have a remarkable resemblance with the original Wilcox formula for operator exponentials (2.11).

Theorem 4.1. Under Assumptions 4.1 operator-valued function o — ]313 is differentiable and
we have the following two representations for its derivative:

t

0 Do Do 0 o Do

a—aPt = /Ad(Ps )o a—a‘/; ds o P, (4.5)
0

t
saPr=Fro [ Ad)o SLVe as (40
0
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Proof. We have from the Product Rule and (4.2) that

O‘)_l ds

&|Q‘

t
ﬁta—l—Aa (Pa —1d /
0
t
_ / (ﬁ;x-l—Aa o ‘//\;a-i—Aa o (ﬁsa)—l _ ﬁéx-i—Aa o ‘/}Sa (133)_1) ds.
0
It follows from this relation and (4.3) that
t t
Pothas (P —1d = Aa/ﬁg o W4 (P,) " dso P2 + /f{s ds, (4.7)
0

where Ry = Uy + Aa(ﬁf‘*’Aa — ]30‘) oW, o (]380‘)_1 Then it follows from (4.4) and (4.7) that

t
ﬁta—l—Aa _ ﬁta + Aa/Ad(ﬁsa) o /V[?s dso ﬁg + 5t(AOé)
0

This representation implies that o — ﬁta is differentiable and (4.5) holds.
To derive (4.6) from (4.5) we use semigroup properties of diffeomorphisms flows

Pe=Probr, (P 'oPr= (P!

5. Approximation of Dynamical Systems on Banach Manifolds

In this Section we use a generalized Wilcox formula (4.6) to obtain some useful approximations of
solutions of the differential equation (1.1) by solutions of some more structured differential equation
for small and large t.

It seems that such approximations can be applied to singular optimal control problems, to
problems of controllability and stabilizability of nonlinear control systems etc.

Let a be a scalar parameter and we consider a parametric family of dynamical systems on the
manifold

& 4= avifa) (5.1)

where V;(g) is the vector field in (1.1). Thus, we have in (4.1) Vi(q, ) := aVi(q).
Then the diffeomorphisms flow P# for dynamical system with the vector filed (5.1) is described
by the operator differential equation

d =

dtPt = P o al. (5.2)

It follows from Wilcox formula (4.6) that the diffeomorphisms flow ﬁta also satisfies the following
equation:

d =

dapt = po /Ad P2y o, ds. (5.3)

Note that this equation is some operator functional-differential equation but we show below that its
solution can be approximated by a solution of some operator differential equation for small values
of a.
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Let us define the vector field operator

m—1
FY = Z ozk_l/Wk,t, (5.4)
k=1
where
t
Wl,t = /‘715? dtl,
0
t t1 to te—1
Wit ::/dtl/dtg/dtg... / At [Vies Wir s WVias Vialy o5 1], k=2,...,m—1.
0 t t t

In the next result we demonstrate that the solution §f‘ of the following operator differential
equation:

d ~ PN . _
=7 ey, I =1d (5.5)

approximates the solution P? of (5.3) (and of (5.2)) for  small enough, namely,
PY = Z& + 0(a™). (5.6)

Before its precise statement we write differential equation on the manifold corresponding to the
operator differential equation (5.5)

R (] (5.7
where
m—1
EFf(z) = ak_lwk,t(z), (5.8)
k=1
t
Wia(z) = / Vi, (2) diy,
0
t t1 to tp—1
Wi(2) ::/dtl/dtg/dtg... / Atk [Vig, Virrs > Vias Vi )y -5 1] (2), k=2,...,m—1.
0 t t t

Assumption 5.1. For any gy € M there exists a > 0, 6y and neighbourhood O of gg such that
for any « solution ¢(t) of (5.1) with imitial condition ¢(0) € O exists on [0, 6)).

The following Proposition’s statement is the reformulation of the relation (5.5).

Proposition 5.1. Under Assumptions 4.1, 5.1 for any qo € M, function ¢» € C™(M, E) there
exists a constant K such that for all sufficiently small o and t € [0,00) and any solutions qa(t)
of (5.1) and 2'(a) of (5.7) with initial conditions 2(0) = q(0) € O

(g™ (8)) — (" (@) < Ko™, (5.9)

Proof. We use extended Chronological Calculus to prove (5.5) (or equivalent (5.9)). Note that
the vector field operator in (5.3) is written as

t
/ Ad(PRy,) o Vi, dty. (5.10)
0
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Then it follows from (3.10) that

t1

Ad(BE, ) o T = T + / dtAd(PE,) o TW.
t
t A~ A~ A~ ~
By using recursively this relation for (5.10) we obtain that / Ad(Py,) o Vi dty = FY* + o™ RS
0

where Ff* is defined in (5.4) and

t t1 to tm—1
R ::/dtl/dtg/dtg... / Qb Ad(BE, )0 [V [T s s Vi Vil ).
0 t t t

N d ~  ~ N

Thus, it follows from (5.5) that P satisfies the equation d—Pta = P o (Ff +a™ ' R%). We use the
o

method of variation of parameters to find its solution in the form P = Cyo Z* to obtain a formula

similar to (3.12) that

Co = Td + / C7 0 Ad(Z7) 0 c™ 'R do.
0

From this representation we obtain (5.6) which implies the assertion of the Proposition 5.1. [

Approximation of solutions of dynamical systems for small time. Consider the solu-
tion ¢(t) of the initial-value problem

5 ) =Vita), a0 = ao (511)

Here we use Proposition 5.1 to show that for any small 7" the value ¢(T") can be approximated by
the value z(T") of the solution z(«) of the following structured differential equation:

L 2(0) = G3a(a), 2(0) = a0 (5.12)
where
m—1 1 T1 Tk—1
G%(Z) = Z Oék_l /dTl /d7'2 cee / di [VTTka [VTT;C,N ceey [VTT27 VTT1]7 s 7]] (Z)
k=1 0 1 1

Theorem 5.1. Let V; in (5.11) be locally bounded. Then for any qoy € M, function i €
C™(M; E) there exists a constant K such that for any T > 0 small enough

[4(g(T)) = »(=(T))I| < KT™. (5.13)
Proof. We fix small T' > 0, define a, := T and make substitution ¢t = T'r, (1) := ¢(T'7). Then

4 atr) = aVer(@(m)), d(0) = ao.

dr
Note that this is a particular case of the differential equation (5.1) and ¢(1) = ¢(7).

Then it follows from the Proposition 5.1 that for any function ¢ € C™(M; E) there exists a
constant K such that for all small "> 0 ||1(G(1)) — ¥ (2(ax))|| < Kaf', where z(a) is a solution of
the differential equation (5.12).

But this inequality is the relation (5.13). O
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Approximation of solutions of dynamical systems for large time. Consider the solu-
tion ¢(t) of the initial-value problem (5.11).

Here we use Proposition 5.1 to show that for any large 7' > 0 the value ¢(T") can be approximated
by the value z(T?) of the solution z(a) of the structured differential equation (5.12), where G%(z)
is given by the expression

me1 T2 T1 Th—1
Z ak_l/dTl/dTg... / dty, [VTk/T,[Vrkil/Ty---7[V7-2/T7V7'1/T]7’”7H (Z) (5'14)
k=1 0 T2 T2

Theorem 5.2. Let for any qo € M solution q(t) of (5.11) exist on (0,+00). Then for any
function ¢ € C™(M; E) there exists a constant K such that for any T > 0 large enough we have
for solution z(«) of (5.12), (5.14)

1 (a(T) = Y (T < 7 (5.15)

Proof. We fix large T > 0, define o, := 1/T and make substitution ¢t = 7/T', ¢(7) := q(7/T).

Then J
774(1) = auVoyr(d(r),  4(0) = .

Note that this is a particular case of the differential equation (5.1) and G(T?) = ¢(T).

Then it follows from the Proposition 5.1 that for any function ¢ € C™(M;E) there exists
a constant K such that for all small T' > 0 ||1/(G(T?)) — ¥ (z(ax))|| < Ka™, where z(a) is a solution
of the differential equation (5.12)—(5.14).

But this inequality is the relation (5.15). O
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