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Transverse exponential stability and applications

Vincent Andrieu* Bayu Jayawardhana! Laurent Praly*
January 4, 2016

Abstract

We investigate how the following properties are related to each other: i) - A manifold is
“transversally” exponentially stable; ii) - The “transverse” linearization along any solution in
the manifold is exponentially stable; iii) - There exists a field of positive definite quadratic forms
whose restrictions to the directions transversal to the manifold are decreasing along the flow. We
illustrate their relevance with the study of exponential incremental stability. Finally, we apply
these results to two control design problems, nonlinear observer design and synchronization. In
particular, we provide necessary and sufficient conditions for the design of nonlinear observer
and of nonlinear synchronizer with exponential convergence property.

1 Introduction

The property of attractiveness of a (non-trivial) invariant manifold is often sought in many control
design problems. In the classical internal model based output regulation [16], it is known that the
closed-loop system must have an attractive invariant manifold, on which, the tracking error is equal
to zero. In the Immersion & Invariance [6], in the sliding-mode control approaches, or observer
designs [3], obtaining an attractive manifold is an integral part of the design procedure. Many
multi-agent system problems, such as, formation control, consensus and synchronization problems,
are also closely related to the analysis and design of an attractive invariant manifold, see, for example,
[8, 29] 34].

The study of stability and/or attractiveness of invariant manifolds and more generally of sets has
a long history. See for instance [35 §16] and the references therein. In this paper, we focus on the
exponential convergence property by studying the system linearized transversally to the manifold.
We show that this attractiveness property is equivalent to the existence of positive definite quadratic
forms which are decreasing along the flow of the transversally linear system. For constant quadratic
forms and when the system has some specific structure, the latter becomes the Demidovich criterion
which is a sufficient, but not yet necessary, condition for convergent systems [22], 23] 25]. On the other
hand, if we consider the standard output regulation theory as pursued in [16], the attractiveness of
the invariant manifold is established using the center manifold theorem which corresponds to the
stability property of the linearized system at an equilibrium point. Due to the lack of characterization
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of an attractive invariant manifold, most of the literature on constructive design for nonlinear output
regulator is based on various different sufficient conditions that can be very conservative. In these
regards, our main results can potentially provide a new framework for control designs aiming at
making an invariant manifold attractive.

The paper is divided into two parts. In Subsection 2.1} we study a dynamical system that admits
a transverse exponentially stable invariant manifold. In particular, we establish equivalent relations
between:

(i) the transverse exponential stability of an invariant manifold;

(ii) the exponential stability of the transverse linearized system;
(iii) the existence of field of positive definite quadratic forms the restrictions to the transverse direc-

tion to the manifold of which are decreasing along the flow.

We illustrate these results by considering a particular case of exponential incremental stable systems
in Subsection [2:2] Here, incremental stability refers to the property where the distance between
any two trajectories converges to zero (see, for example, [4, [12] 5]). For such systems, the property
(i) < (iii) is used to prove that the exponential incremental stability property is equivalent to the
existence of a Riemannian distance which is contracted by the flow.

In the second part of the paper, we apply the equivalence results to two different control problems:
nonlinear observer design and synchronization of nonlinear multi-agent systems. In both problems,
a necessary condition is obtained. Based on this necessary condition, we propose a novel design for
an observer, in Subsection [3.1] and for a synchronizer, in Subsection [3.2

In Subsection we reinterpret the three properties (i), (ii) and (iii) in the context of observer
design. This allows us to revisit some of the results obtained recently in [27] and [I] and, more
importantly, to show that the sufficient condition given in [27] is actually also a necessary condition
to design an exponential (local) full-order observer.

Finally, in Subsection we solve a nonlinear synchronization problem. In particular, we give
some necessary and sufficient conditions to achieve (local) exponential synchronization of nonlinear
multi-agent systems involving more than two agents. This result generalizes our preliminary work
in [2]. Moreover, under an extra assumption, we show how to obtain a global synchronization for
the two agents case.

It is worth noting that our main results are applicable to other control problems beyond the two
control problems mentioned before. In a recent paper by Wang, Ortega & Su [33], our results have
been applied to solve an adaptive control problem via the Immersion & Invariance principle.

2 Main result

2.1 Transversally exponentially stable manifold

Throughout this section, we consider a system in the form
é="F(ex), i=G(ex) (1)

where e is in R™, z is in R™ and the functions F : R™ x R" — R™ and G : R™ x R — R"=
are C2. We denote by (E(eq,o,t), X (eo, To,t)) the (unique) solution which goes through (eg,zo)
in R™ x R™= at time ¢t = 0. We assume it is defined for all positive times, i.e. the system is forward
complete.

The system above can be used, for example, to study the behavior of two distinct solutions
X (x1,t) and X (z9,t) of the system defined on R™ by

&= f(x) (2)



Indeed, we obtain an (e, x)-system of the type with
Fle,z) = f(z +e) — f(z) , Gle,x) = f(z). (3)

This is the context of incremental stability that we will use throughout this section to illustrate our
main results.
In the following, to simplify our notations, we denote by B.(a) the open ball of radius a centered
at the origin in R"e.
We study the links between the following three notions.
TULES-NL (Transversal uniform local exponential stability)
The system s forward complete and there exist strictly positive real numbers v, k and A
such that we have, for all (eg,xg,t) in Be(r) x R™ x Rxq,

|E(eq, xo,t)| < k|eo| exp(—At) . (4)

UES-TL (Uniform exponential stability for the transversally linear system)
The system

i =G(@) :=G(0,7) (5)

1s forward complete and there exist strictly positive real numbers k and \ such that any solution

(E(eo, To, t), X (To,t)) of the transversally linear system

€= %(07,@)6 , T=G(T) (6)

satisfies, for all (€p,To,t) in R™ x R™ x Rxq,
| E(G0, 7, )] < kexp(—Xt)|2] - (7)

ULMTE (Uniform Lyapunov matriz transversal equation)
For all positive definite matriz (), there exists a continuous function P : R" — R™e X" aqnd
strictly positive real numbers p and p such that P has a derivative 05P along G in the following

sense

0P(@) = lim P(X(,h)) - P(3)

(8)
and we have, for all T in R,

2 0.3P@) < @ Q

pI < P@E)<pI. (10)

05P(%) + P(E)%—Z(o, z)+

In other words, the system is said to be TULES-NL if the manifold &£ := {(e,z) : e = 0} is
exponentially stable for the system , locally in e and uniformly in z; and it is said to be UES-TL
if the manifold £ := {(Z,€) : € =0} of the linearized system transversal to & in @ is exponentially
stable uniformly in z.

Concerning the ULMTE property, condition @ is related to the notion of horizontal contraction
introduced in [T}, Section VII]). However a key difference is that we do not require the monotonicity
condition @ to hold in the whole manifold R™ x R™= but only along the invariant submanifold £.
In this case the corresponding horizontal Finsler-Lyapunov function V' : (R x R™¢) x (R™ x R"¢)
that we get takes the form V((x,e€), (04,d.)) = 6. P(x)de.

In the case where the manifold is reduced to a single point, i.e. when the system is simply
¢ = F(e) with an equilibrium point at the origin (i.e. F(0) =0) then



e the TULES-NL property can be understood as the local exponential stability of the origin;

e the UES-TL notion translates to the exponential stability of the linear system ¢ = %—f(())’ev;
and

e the ULMTE concept is about the existence of a positive definite matrix P solution to the

Lyapunov equation P %—Z(O) + %—S(O)TP = —( where () is an arbitrary positive definite matrix.

In this particular case it is well known that these three properties are equivalent.
For the example of incremental stability, as mentioned before, the three properties of TULES-NL,
UES-TL and ULMTE can be understood globally as follows :

P1 (TULES-NL) System (@ s globally exponentially incrementally stable. Namely there exist two
strictly positive real numbers k and X such that for all (x1,z2) in R™ x R™ we have, for all t in
R207

| X (21,t) — X (22,t)| < k|z1 — 22| exp(—At). (11)

P2 (UES-TL) The manifold £ = {(x,e),e = 0} is globally exponentially stable for the system

of
e = —— = 12
e=L@e, i=f) (12
Namely there exist two strictly positive real numbers ke and A such that for all (e, ) in R™ xXR"™,
the corresponding solution of (@ satisfies

|E(e,z,t)| < kele| exp(—Aet) , VEt € R>q .

P3 (ULMTE) There exists a positive definite matriz Q in R™*", a C? function P : R™ — R™*" and
strictly positive real numbers p and D such that P has a derivative 9y P along f in the sense of

(@ ,and satisfies and@.

In this context it is known that P3 = P1. Actually asymptotic incremental stability for which
Property P1 is a particular case is known to be equivalent to the existence of an appropriate Lya-
punov function. This has been established in [36] [32] [4] or [25] for instance. In our context, this
Lyapunov function is given as a Riemannian distance. We shall show below that, as for the case of an
equilibrium point, we have also P1 = P2 = P3, (see Proposition7 namely incremental exponential
stability implies the existence of a Riemannian distance for which the flow is contracting.

In studying the equivalence relation between TULES-NL,UES-TL and ULMTE, we are not in-
terested in the possibility of a solution near the invariant manifold to inherit some properties of
solutions in this manifold, such as, the asymptotic phase, the shadowing property, the reduction
principle, etc., nor in the existence of some special coordinates allowing us to exhibit some invari-
ant splitting in the dynamics (exponential dichotomy). This is the reason that, besides forward
completeness, we assume nothing for the in-manifold dynamics given by :

=G()=G(0,%) .

So, for not misleading our reader, we prefer to use the word “transversal” instead of “normal” as
seen for instance in the various definitions of normally hyperbolic submanifolds given in [I4], §1].

In order to simplify the exposition of our results and to concentrate our attention on the main
ideas, we assume everything is global and/or uniform, including restrictive bounds. Most of this
can be relaxed with working on open or compact sets, but then with restricting the results to time
intervals where a solution remains in such a particular set.



2.1.1 TULES-NL “=” UES-TL

In the spirit of Lyapunov first method, we have the following result.

Proposition 1. If Property TULES-NL holds and there exist positive real numbers p, i and ¢ such
that, for all x in R™=,

OF oG
ae(Oam)‘Sm \axm,m <p (13)
and, for all (e,x) in Be(kr) x R"=,
0’F 0’°F oG
< < — <
’8636(67x)’_07 axae(e,x)‘_c7 ae(e,aL‘) <ec, (14)

then Property UES-TL holds.

The proof of this proposition is given in Appendix[.I} Roughly speaking, it is based on the com-
parison between a given e-component of a solution E (€0, Zo,t) of with pieces of e-component of
solutions E(e;, T;,t—t;) of solutions of (1) where €;, T; are sequences of points defined on E(go, Zo, t).
Thanks to the bounds and 7 it is possible to show that E and E remain sufficiently closed
so that E inherit the convergence property of the solution E. As a consequence, in the particular

case in which F' does not depend on z, the two functions F and E do not depend on z either and
the bounds on the derivatives of the G function are useless.

2.1.2 UES-TL “=” ULMTE

Analogous to the property of existence of a solution to the Lyapunov matrix equation, we have the
following proposition on the link between UES-TL and ULMTE notions.

Proposition 2. If Property UES-TL holds and there exists a positive real number u such that

oOF

’(O,x) <u Vo € R™ | (15)

Oe

then Property ULMTE holds.

The proof of this proposition is given in Appendix The idea is to show that, for every

symmetric positive definite matrix @, the function P : R"® — R™ %" given by
T (9F " O

is well defined, continuous and satisfies all the requirements of the property ULMTE. The assumption
(15) is used to show that P satisfies the left inequality in . Nevertheless this inequality holds

without 1) provided the function s +— ‘%(O, Z, s)| does not go too fast to zero.



2.1.3 ULMTE “=” TULES-NL

Proposition 3. If Property ULMTE holds and there exist positive real numbers n and c such that,
for all (e,x) in Be(n) x R"=,

oP
- <
5 )| S (17)
O*F 0*F oG
< < —_— <
6686(6,:1:)‘0, ‘axae(e,x)’c, 86(6,x) <e, (18)

then Property TULES-NL holds.

The proof of this proposition can be found in Appendix [:3] This is a direct consequence of the
use of V(e,z) = ¢/ P(z)e as a Lyapunov function. The bounds and are used to show that,
with equation @, the time derivative of this Lyapunov function is negative in a (uniform) tubular
neighborhood of the manifold {(e, z),e = 0}.

2.2 Revisiting the exponential incremental stable systems

Incremental stability of an autonomous system is the property that a distance between any
two solutions of converges asymptotically to zero. The characterization of it has been studied
thoroughly, for example, in [, 12} [5]. In [4} [5], a Lyapunov characterization of incremental stability
(6-GAS for autonomous systems and §-ISS for non-autonomous ones) is given based on the Euclidean
distance between two states that evolve in an identical system. A variant of this notion is that of
convergent systems discussed in [22] 25]. All these studies are based on the notion of contracting
flows which has been widely studied in the literature and for a long time, see, for example, [I8],
19, 13} @, 211, 20, 11]. These flows generate trajectories between which an appropriately defined
distance is monotonically decreasing with increasing time. See [I7] for a historical discussion on the
contraction analysis and [30] for a partial survey.

The big issue in this view points is to find the appropriate distance which may be a difficult
task. The results in Section [2] may help in this regard with providing an explicit construction of a
Riemannian distance.

Precisely, let P be a C? function defined on R™ the values of which are symmetric matrices
satisfying

pIl <P(z)<pl VzxeR" (19)

The length of any piece-wise C! path 7 : [s1, s3] — R™ between two arbitrary points 1 = 7(s;) and
o = y(s2) in R™ is defined as :

L(v)

"= [ Serraen o o (20)

By minimizing along all such path we get the distance d(z1, z2).

Then, thanks to the well established relation between (geodesically) monotone vector field (semi-
group generator) (operator) and contracting (non-expansive) flow (semi-group) (see [18] [13], [7), [15]
and many others), we know that this distance between any two solutions of is exponentially
decreasing to 0 as time goes on forward if we have

of of

0P (x) + P(m)%(ac) +—(z)'P(z) < -Q VzeR", (21)



where @) is a positive definite symmetric matrix and

2, P(z) = }ZIL% P(X(x,h]z) — P(x) .

(22)

For a proof, see for example [I8, Theorem 1] or [I5, Theorems 5.7 and 5.33] or [24] Lemma 3.3]
(replacing f(z) by z + hf(x)).

In this context, using the main results of our previous section, we can show that, if we have
exponential incremental stability, then there exists a function P meeting the above requirements.
Specifically, we have the following proposition.

Proposition 4 (Incremental stability). Assume the system @ is forward complete with a function
f which is C3 with bounded first, second and third derivatives. Let X (x,t) denotes its solutions.
Then we have P1 = P2 = P3 (and therefore P1 < P2 < P3).

In other words, exponential incremental stability property is equivalent to the existence of a
Riemannian distance which is contracted by the flow and can be used as a -GAS Lyapunov function.
Note also that, despite the fact that the main results in Section 2] are local, when we restrict ourselves
to the incremental stability problem, we can obtain a global result.

Proof : P1 = P2 = P3: Consider the system and let n, = n., = n. The boundedness of the first
derivative of f implies the forward completeness of the corresponding systems and . Moreover
the inequalities , and with 7 = 400 follow from the assumption of boundedness of the
derivatives of f.

As a consequence P1=- P2 follows from Proposition [I| and P2= P3 from Proposition Note
however that it remains to show that P defined in is C2. This is obtained employing the
boundedness of the first, second and third derivatives of f. Indeed, note that we have for all (¢, z)

%(O, x,t) = %(x, t). So to show that P is C! it suffices to show that the mapping ¢ — 82—)((56, t)

Ox;0x
goes exponentially to zero as time goes to infinity. Note that this is indeed the case since given a
2
vector v in R™ and ¢ in {1,...,n} the mapping v(t) = aii)a(m (z,t)v is solution to
. of
Uv=—(X(a,t)v+
L (X(,1)

"L 0%f 0X; 0X

Hence, from , and the fact that f has bounded second derivatives, it yields the existence of
a positive real number ¢ such that

: 2
—_—
V' P(X(z,t))v < —V'Qu + ¢y

0X
%(xa t)

Since t — %—f(m, t) exponentially goes to zero as time goes to infinity, it implies that v exponentially

goes to zero. Hence, P is C'. Employing the bound on the third derivative and following the same
route, it follows that P is C2. O



3 Applications

In this section, we apply Propositions and [3]in two different contexts: full order observer and
synchronization.

3.1 Nonlinear observer design

Consider a system

&= f(x), y=nh(z). (23)
with state z in R™ and output y in RP augmented with a state observer of the particular form
i = f(@) + K(y, ) (24)
with state £ in R™ and where
K(h(z),z) = 0 Vo . (25)

Assuming the functions f, h and K are C?, we are interested in having the manifold {(z,%) : z = 2}
exponentially stable for the overall system

i=flx), @=[f@)+K(@y2). (26)

When specified to this context, the properties TULES-NL, UES-TL and ULMTE are

Exponentially convergent observer (TULES-NL): The system is forward complete and there exist
strictly positive real numbers 7, k and A such that we have, for all (z,Z,t) in R™ x R™ x Rxq
satisfying |xg — Zo| < 7, we have

| X (z0,t) — X (o, &0, t)| < k|zg — &0| exp(—At) . (27)

UES-TL FOR OBSERVER The system
&= f(x)

is forward complete and there exist strictly positive real numbers k and \ such that any solution

(E(€p,x0,1t), X(x0,t)) of the transversally linear system

< [of, . 0K oh, 1. .
€= afx(x)Jrafy(h(w),m)afx(x) e, &= f(x) (28)

satisfies, for all (€y, zo,t) in R” x R™ x R,
|E(€9, 20, t)| < kexp(—At)|e| - (29)

ULMTE FOR OBSERVER : For all positive definite matrix @, there exists a continuous function
P :R™ — R" ™ and strictly positive real numbers p and p such that we have, for all z in R,

pl < P(x) <pl,
0/ P(x
7 of 0K oh
+ 25y (P0)| g () + G (h(a).0) 5 )] (30)

where Sym(A) = A+ A'.



Propositions and |3| give conditions under which these properties are equivalent. But these
properties assume the data of the correction term K. Hence, by rewriting UES-TEL and TULES-NL
in a way in which the design parameter K disappears, these propositions give necessary conditions
for the existence of an exponentially convergent observer.

Property UES-TL involves the existence of an observer with correction term depending on x for
the time-varying linear system resulting from the linearization along a solution to the system ,

1.€. N_g( )~ ~_@
T VT o

seeing ¢ as output. As a consequence of Proposition [I} a necessary condition for Property UES-
TL to hold and further, when some derivatives are bounded, for the existence of an exponentially
convergent observer is that the system be infinitesimally detectable in the following sense

Infinitesimal detectability We say that the system is infinitesimally detectable if every so-

lution of of 9
= f(x), e= %(x)e , %(aﬁ)e =0

defined on [0, +00) satisfies lim;_, o0 | E(e, 2, t)| = 0.

(x)e (31)

A similar necessary condition has been established in [I] for a larger class of observers but under an
extra assumption (the existence of a locally quadratic Lyapunov function).

Example 1: Consider the planar system
j71=$2, i‘2=—$1, Yy = 1 . (32)

We wish to know whether or not it is possible to design an exponentially convergent observer for this
nonlinear oscillator in the form of . The linearized system is

€1 =312, e = -, §=& (33)

This system is not detectable when the solution, along which we linearize, is the origin which is an
equiltbrium of @ Consequently the system @ is not infinitesimally detectable on R? and so

22 gt
there is no exponentially convergent observer on R%. Fortunately the subset {x € R? : %1 + %2 > e},
with € > 0, is invariant and @ is infinitesimally detectable in it.

To design a correction term K for an exponentially convergent observer, we use the property that

L y,x) = Y, T
(y, @) y (y, )
should be an observer gain for the linear system . So we start our design by selecting L. We
pick
_ | 343

L{y, ) = [—33:% + 1}

This gives (see (28))
af oK oh -1 1
A = = —_— — =
(z) pe (x) + a9y (h(x),a:)(%j (x) 3o [ 0 _J

The transition matriz generated by A(X (x,t)) when X (z,t) is a solution of (33) is

B(t,0) = exp (~I(1)) Ll) 1(;)}



where .
I(t) = 3/ Xo(z,8)ds .
0

Since Xo(z,t) is periodic, (@) holds when the initial condition x is in the compact invariant subset

1 22 i
= R2. Z>21 4225 4
C {z € E72+476} (34)

Then, according to Pmpositions@ and@ and in view of , we obtain an exponentially convergent
observer by choosing K as

Kpo) = [ soyis = | 35 o0

Similarly, Property ULMTE involves the existence of P and K such that holds. By re-
stricting this inequality on quadratic forms to vectors which are in the kernel of , we obtain as
a consequence of Propositions [I| and [2] that a necessary condition for Property ULMTE to hold
and further, when some derivatives are bounded, for the existence of an exponentially convergent
observer is that the system be R-detectable (R for Riemann) in the following sense.

R-Detectability We say that the system is R-detectable if there exist a continuous function
P :R" — R™ ™ and positive real numbers 0 < p < p and 0 < g such that P has a derivative
07 P along f in the sense of and we have

pl < P(x)<pl Vo € R" (35)
and 9
Vo P(T)v + 2v’P(E)8—£(x)v < —qv'P(x)v (36)

holds for all (x,v) in R™ x R™ satisfying %(m)v =0.

A similar necessary condition has been established in [27], where only asymptotic and not exponential
convergence is assumed. In that case, the condition allows p and g to be zero.
Further it is established in [28] that when the R-detectability holds then

O @)y~ b))

gives, for k large enough, a (locally) exponentially convergent observer.

K(y.z) = kP(a)

Example 1 continued: For the system (@, the necessary R-Detectability condition is the existence

of P = P P satisfying in particular (36) which is (see (34)))
Py P

aPQQ (CL‘) .T3 _ 6P22
8931 2 6IE2

(x) 21 + 6P12(x) x% < —qPyp(z) Vrel (37)

We view this as a condition on Pay only since whatever Pio is, we can always pick P11 to satisfy
. Note also that we can take care of any term with x3 in factor by selecting Pio appropriately.
With this, it can be shown that it is sufficient to pick Pao in the form

(%5 <) Pat) = 1)+ e (< w)

10



where the presence of r defined below is justified by homogeneity considerations

(4 ) r@) = \J203 +af (g ;‘)

This motivates us to design

5 a3 1
S i)
24 \/r(z) 3

In this case, the left hand side in the inequality s

P12(ZE) = —

Finally, by choosing
P12 (ZC)Q

Pra() = =

Pu(l’) = 2+ s

it can be shown that we obtain

el < min{ (4)}1 < P(z) < 3max{1l,r(x)}I < g

Hence @ holds on C. From this, the correction term

_ kPas () Py ()
K(y,x) = P11P22(17§2* P12(x)2 ( —Plz(ﬁﬂ) )(y—l‘l)

gives a (locally) convergent observer on C.

3.2 Exponential synchronization

Finally, we revisit the synchronization problem as another class of control problems that can be
dealt with the results in Section II. We consider here the synchronization of m > 2 identical systems
given by

In this setting, all systems have the same drift vector field f and the same control vector field
g : R* — R™ P but not the same controls in RP. The state of the whole system is denoted
w = (wy,...wy) in R™". We define also the diagonal subset of R™"

D:{(w17"'7wm) GR'HL"’U)I :w2:wm}

Given w in R™", we denote the Euclidean distance to the set D as |w|p. The synchronization
problem that we consider in this section is as follows.

Definition 1. The control laws u; = ¢;(w), w = (w,...wy), ¢ = 1...,m solve the local uniform
exponential synchronization problem for @ if the following holds:

1. ¢ is invariant by permutation of agents. More precisely, given a permutation w: {1,...m} —

{1,...m}

¢5m(w1, cee aw’rn) = ¢i(w7r17 cee 7wﬂ'm)

11



2. ¢ is zero on D:
o(w) =0 Yw e D, (39)

3. and the set D is uniformly exponentially stable for the closed-loop system, i.e., there exist
positive real numbers 1, k and XA > 0 such that, for all w in R™" satisfying |w|p < T4,

|[W(w,t)|p < kexp(—At) |w|p, (40)
holds for all t in the domain of existence of the solutions W (w,t) going through w at t = 0.
When r,, = 00, it is called the global uniform exponential synchronization problem.

In this context, we assume that every agent shares an information (which will be designed later)
to all other agents (in which case, it forms a complete graph) and it has local access to its state
variables.

It is possible to rewrite the property of having the manifold D exponentially stable as property
TULES-NL. As it has been done in the observer design context, employing Propositions [I| and
and by rewriting properties UES-TL and ULMTE it is possible to give equivalent characterization
of the synchronization property. By rewriting these conditions in a way in which the control law
disappears, these properties give necessary conditions to achieve exponential synchronization.

Proposition 5 (Necessary condition). Consider the systems in @ and assume the existence of
control laws u; = ¢;(w), i = 1,...m that solve the uniform exponential synchronization of @

Assume moreover that g is bounded and f, g and the ¢;’s have bounded first and second derivatives.
Then the following two properties hold.

Q1: The origin of the transversally linear system

b= @+ g, 5= 1), w

is stabilizable by a (linear in €) state feedback.

Q2: For every positive definite matriz Q, there exist a continuous function P : R™ — R™*"™ and

positive real numbers p and p such that inequalities @) are satisfied, P has a derivative 05 P
along f in the sense of @, and

af

00 P(z)v + 20" P(x) " (z)v < —v'Qu (42)

holds for all (v,z) in R*" satisfying v' P(x)g(x) = 0.

Proof : First of all note that the vector fields having bounded first derivatives, it implies that
the system is complete. Consider (i,j,k,1), 4 integers in {1,...,m} and consider a permutation
m:{1,...,m} — {1,...,m} such that m; = k and m; = . Note that k = ¢ if and only if i = j. Note
that the invariance by permutation implies

¢k(w) = ¢’i(wﬂ‘17 B 7w7Tm) .

Hence, it follows that
o6
awg

_ 0¢i

N 8wj

(w (Wrys-evyWa,)
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and if we consider w in D, this implies

Do ) _ 00

99; 09y
B () = o ()

By denoting e = (ea, ...e,,) with e; = w; — wq, i = 2,...m and & = w1, we obtain an (e, x)-system
of the type with

Fle,z) = (Fi(e,2))i=2,..m (43)
Flew)=fla+e)—f@)

—i—g(.’lﬁ + ei)¢i(e’ ‘T) - g(‘r)(bl (67 CL‘) ) (44)
G(ea ‘T) = f(l’) + g(x)(gl(ea x) ) (45)

where we have used the notation

oi(e,x) = gi(x,x +ea,..., 2+ ey)

Note that we have

lel* < (m = Dwlp (46)
and
m 2
2 12 1 w1 — Wy
ol < e+ (1) 5
m—1 9
Hence, (40) implies for all (e,x) with |e| < Tr—r

-1
Ble.x,)] < \/ o =1) (14 22 eexp(-an) el
m
It follows from the assumptions of the proposition that Property TULES-NL is satisfied with r =

\/# and that inequalities and hold. We conclude with Proposition (1| that Property

UES-TL is satisfied also. So, in particular, there exist positive real numbers k and X such that any e;

component of (E(ey, To,t), X (Zo,t)) solution of @ satisfies, for all (€p, T, t) in R™™ x R™" x R>,
|E;(0,7,1)| < kexp(—At)|&| . (48)
On another hand, with 7 we obtain :

or; . Of _[0¢i, . Ob1,
503 = L@+ | 5200 - 5 0] (19)
And, when j # 1, it yields
OF; [0 o 91, T
86j (07$) o g(x) |:(9€j (O,JJ) B 8€j (07£L‘):| =0 (50)

13



Consequently, any solution of the system

b= |+ |00 - 5200 |a

and T = f(Z) can be expressed as an e; component of (E(€y,Zo,t), X (Zo,t)) solution of @ Since
these solutions satisfy 7 Property Q1 does hold.
Finally we consider the system with state (e;, ) in R?"

é = Fi(e;,x) , ©=G(es,x) = f(z) (51)

with Fj(e;,x) = F;((0,e;,0),z). The previous property and Proposition [2| imply that Property
ULMTE is satisfied for system . So in particular we have a function P satisfying the properties
in Q2 and such that we have, for all (v,z) in R™ x R™,

V0 P(T)v
v [(OF _[0¢;, . 09 ~
+20P(@ (5@ + o) | 5209 - S 0.3 ) o
< —v'Qu
which implies when v'P(x)g(z) = 0. O

Example 2: As an illustrative example consider the case in which the system is given by by m
agents w; in R? with individual dynamics

Wi = Wiz + 2sin(wse) , Wiz = a+u; , (52)

where a is a real number. Because of a singularity when 1 + 2cos(wy2) = 0, this system is not
feedback linearizable per se. Hence the design of a synchronizing controller may be involved.

In order to check if local synchronization in the sense of Definition [1| is possible, the necessary
conditions of Proposition[5 may be tested. The transversally linear system is

kS 0 14 2cos(zg+at)|~ 0
e=1o (go )}e—l—{l}u. (53)

When a = 0 and z¢y = 2?“, this system is not stabilizable by any feedback law. Hence in this case,
with Proposition [5, there is no exponentially synchronizing control law in the sense of Definition [1]

satisfying @ in particular.

Similar to the analysis of incremental stability in the previous section and observer design in
[27] , by using a function P satisfying the property Q2 in Proposition [5], we can obtain sufficient
conditions for the solvability of uniform exponential synchronization of (38)

We do this under an extra assumption which is that, up to a scaling factor, the control vector
field g is a gradient field with P as Riemannian metric.

Proposition 6 (Local sufficient condition). Assume f has bounded first and second derivatives, and

g is bounded and has bounded first and second derivatives. Moreover, assume that

1. there exist a C? function U : R® — R and a bounded C? function o : R — RP which has bounded
first and second derivative such that

S @) = P@g@ae) (54)

holds for all x in R™; and

14



2. there exist a positive definite matriz Q, a C? function P : R™ — R™ "™ with bounded derivative,
and positive real numbers p, p and p > 0 such that @) 1s satisfied and

2

of ou

/ / Y Y < o
v P(x)v + 20" P(z) 50 (x)v—0p p (2)v] < —0'Qu,
(55)

holds for all (x,v) in R™ x R™.
Then there exist a real number £ such that with the control laws u; = ¢;(w) given by
m
_ U(w;)

oi(w) = La(w;) ; - U(w;) (56)

and { > £ and if the closed loop system is complete then the local uniform exponential synchronization

of @ 18 solved.

Note that, for its implementation, the control law requires that each agent ¢ communicates
U(w;) to all the other agents.
Proof : First of all, note that the control law ¢; is invariant by permutation due to its structure.
Let e = (ea,...,em,) with e, = x1 — x; and © = x1. We obtain an (e, z)-system of the type (/1)
with F' and G as defined in with ¢ as control input. For this system, we will show that
property ULMTE is satisfied. Consider the function P, : R* — R(m=1nx(m=1n {efined as a block
diagonal matrix composed of (m — 1) matrices P. i.e. P,,(x) = Diag(P(x),...,P(z)). Note that
with property and , it yields that %—5(0, Z) is also (m — 1) block diagonal. Hence, we have

oF oF

0 Pu(®) + Pu(® 2 (0,.3) + 2 (0,7 P

~ Disg(R(E). ... R(E)
where
R(E) =P+ PE) |3 @) - to@a(@ G @)

{af oU
+ T g(x)a(x

With , this gives

ou . |?

VR(Z)v < —v'Qu + (k — 20) %(x)v

for all (z,v) in R™ x R™. Hence, picking ¢ > g, inequality holds. To apply proposition [3} it
remains to show that inequalities , and are satisfied. Note that employing the bounds
on the functions P, f, g, a and there derivatives, it is possible to get a positive real number ¢

15



(depending on ¢) such that for all 4 in 2,...,m and all (e, z)

oF; A Uz + e) ~
<
‘861 (e,z)| < ¢ JE:I —Ulx+e)|+¢,
OF; A U + e) 5
< E
’567:5'17( )’ = ¢ = m Ulz+ei)|+¢,

aFZ ~ i U(ZE+€Z) -
< - 7 .
’@eiaej(e’x)‘ < ¢ g Ulx+e)|l+eé,

Z VELE) e te)| <dle] V)

So we fix 1 positive and pick ¢ = é2n + ¢. The above shows that inequalities and (18] are
satisfied. With Proposition |3 I, we conclude that Property TULES-NL holds. Hence e =0 is (locally)
exponentially stable manifold. With inequalities (46)) and (47| . ) this implies that inequality . 40) holds.
O

In this result it is important to remark that there is no guarantee that the control law given here
ensures completeness of the solution. Note however, that on the manifold |w|p = 0, the trajectories
satisfy © = f(x) which is a complete system
Example 2 (continued): We come back to the example (@ in the case where a = 1. We note
that the linear system 1s stabilizable by a feedback in the form

u=—(1+2(cos(zo +1)[2 3]e
Indeed, the solution of with the previous feedback satisfies

€= (1+cos(zo +1)) [_02 _13] .

Hence its solution are E(e,:z:,t) = (x,t)e, where 1 is the generator of this time varying linear
system given as

.Z',

V(@ 1) = exp ((t—I—len (z + 1) [02 D
¢
t)

- 1+290 zt) —1+ (@, t)
= p(x,t
A0 {( ) 2—p(w,t)
with (x,t) = el+2sin(t+z)
Consequently, we get that € goes exponentially to zero. Hence Property Q1 is satisfied.

We can then introduce the matriz P solution to Q2 and given in (@ as

—+o0

P(z) = P(x, 8)'P(x, s)ds . (57)

0
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This matriz is positive definite and satisfies property Q2. So we may want to use it for designing an
exponentially synchronizing control law. With decomposing the 2 X 2 matrix P as

N [ P(wi2)  Pra(wi2)
Plwi) = [Pm(wn) Py (w;2)

we obtain P(w)g(w) = [Plg(wig) ng(wig)}/. Note that it can be shown (numerically) that

° 9 5
Pyo(w; / — + dt >0 .
12{we) o plw,t)?  p(wi,t)®  p(wi,t)*
It follows the that function a(w) = Pra(an) is well defined and setting
Wiz Pyo(s)
U(w;) = w1 + ds
( z) il 0 P12 (S)

property is satisfied. Hence, for this example, picking ¢ a sufficiently large real number, the
control law @ ensures local exponential synchronization of m agents. We have checked this via
simulation for the case m = 5, £ = 3. The time evolution of the solution with w;(0), i = 1,...,5
chosen randomly according to a uniform distribution on [0,10] is shown in Figure a for w1 and b
for w;s.

Evolution of the state trajectories w;,i = 1...5 Evolution of the state trajectories wjs,i = 1...5

0 1 2 3 4 5 6
time (s) time (s)

(a) The plot of w;1,i=1,...5 (b) The plot of w2, i=1,...5

Figure 1: Numerical simulation results of the interconnected five agents as considered in Example
1. The left-figure shows the trajectories of the first state variable of each agent, w;;,7 = 1...5 while
the right-figure shows those of the second state variable of each agent w;2,7 = 1...5. The simulation
results show that the proposed contraction-based distributed control law is able to synchronize the
states w;, 2 =1...5.

As in the context of the observer design given in [27], a global result can be obtained by imposing
a further constraint on P. Specifically, the notion we need to introduce is the following.

Definition 2 (Totally Geodesically Set). Given a C? function P defined on R™ the values of which
are symmetric positive definite matrices, a C' function ¢ : R® — R, and a real number @, the
(level) set S = {x € R, p(x) = @} is said to be totally geodesic with respect to P if, for any (x,v)
m S X R™ such that

¢

8z( x)v=0,0"Plx)v=1,
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any geodesic vy, i.e. a solution of

S Zerreren) (58)

with v(0) = z and ?TZ(O) = v satisfies

) S5 =0 ¥

For the case of two agents only, we have the following.

Proposition 7 (Global sufficient condition for m = 2). Assume
1. there exist a C® function U : R" — R which has bounded first and second derivatives, and a C!
function a : R™ — RP such that, for all x in R™, is satisfied;
2. there exist a positive real number X, a C? function P : R™ — R™ "™ and positive real numbers P
and p, such that inequalities @) hold and we have, for all (x,v) in R™ XR™ such that g—g(x)’v =0
of

% Vo P(z)v + U/P(x)%(:c)v < =MV P(z)v, (59)

3. For all U in R, the set S = {x € R",U(x) = U} is totally geodesic with respect to P.
Then there exists a function £ : R®® — R, invariant by permutation such that, with the controls
given by

¢i(w) = L(w)a(w:) (U(w;) = U(wi)) ,

with (i,7) € {(1,2),(2,1)} the following holds and for all w in R*",

|[W(w,t)|p < k|lw|pexp (—;t) , (60)

where t is any positive real number in the time domain of definition of the closed loop solution.

The proof of this result is given in Appendix It borrows some ideas of [27]. However, different
from [27], we have here a global convergence result. This follows from the fact that in the high gain
parameter ¢, the norm of the full state space can be used (and not only the norm of the estimate as
in the observer case ).

Note that nothing is said about the domain of existence of the solution.

4 Conclusion

We have studied the relationship between the exponential stability of an invariant manifold and the
existence of a Riemannian metric for which the flow is “transversally” contracting. It was shown
that the following properties are equivalent

1. A manifold is “transversally” exponentially stable;

2. The “transverse” linearization along any solution in the manifold is exponentially stable;

18



3. There exists a field of positive definite quadratic forms whose restrictions to the transverse
direction to the manifold are decreasing along the flow.

As an illustrative example for these equivalence results, we have revisited the property of exponential
incremental stability where we can obtain a global result.

The characterization of transverse exponential stability has allowed us to investigate a necessary
condition for two different control problems of nonlinear observer design and of synchronization of
nonlinear multi-agent systems which leads to a novel constructive design for each problem. Recent
result by others has also shown the applicability of our results beyond these two control problems.
Although the main results hold for local uniform transverse exponential stability, we show that
global results can also be obtained in some particular cases. The extension of all the results to the
global case is currently under study.
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.1 Proof of Proposition

Proof : Let us start with some estimations. Let z = e — ¢. Along solutions of (1)) and (6], we have

z2=Flex)— 88—};(0, T)e = %—Z(O,E)z + Az, e, )

with the notation

Ale,xz,Z) = Fle,x)— %—5(075)6 )
= [F(e,m) - F(e,f)]
+ |F(e,Z) — F(0,7) — %—Z(O,E)e

Note that the manifold € := {(e, x) : e = 0} being invariant, it yields
F0,z)=0 Vz. (61)

With Hadamard’s lemma, and , we obtain the existence of positive real numbers ¢; and ¢
such that, for all (e, z,Z) in Be(kr) x R? x R"=,

|A(e,z,T)| < cile|* + colel|lz — T .
This, with (15)), gives, for all (e,e,z,7) in Be(kr) x R x R™ x R" E|

~

2] < plel + ealel® + ealellr — 2] - (62)

1 Here the notation T;| is abusive. The function = + |z| is not C! but only Lipschitz. Nevertheless given a vector
field f an upper right Dini Lie derivative, i.e. lim Supy, o, M does exist and, by the triangle inequality,
we have

b M= lal

—|f(2)] < limsup
h—04

So here and in the following |’;| denotes this upper right Dini Lie derivative.
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Similarly , @ and give, for all (e,z,Z) in Be(kr) x R™ x R"=,
—_—
|z — 7

< |G(e,z) — G(0,z)| + |G(0,z) — G(0,7)]|,

< del+ple— 7. (63)

Now let 7 be a positive real number smaller than r and S be a positive real number both to be
made precise later on. Let &y in B.(7) and &, in R™* be arbitrary and let (E(&, %o, t), X (Zo,t)) be
the corresponding solution of @ Because of the completeness assumption on 7 the linearity of
@ and the fact that (0, X (Zo,t)) is solution of both (1) and @, (E, X) is defined on [0, +00). We
denote :

& = E(0,%0,1S) , & = X(%0,i8)  Vie N[
and consider the corresponding solutions (E(e;, Z;, s), X (€;,Z;, s)) of . By assumption, they are
defined on [0, +00) and, because of (4), if €; is in B,(r), then E(¢;,Z;,s) is in B.(kr) for all positive
times s, making possible the use of inequalities and . Finally, for each integer i, we define
the following time functions on [0, S]

Zi(s) = |E(@, %, s) — E(¢y, %o, 5 +1i95)]| ,

WZ(S) = |X(gi,§i,8) —X(ig,S—FiS)l .
Note that we have Z;(0) = W;(0) = 0.

From the inequalities , and , we get, for each integer i such that ¢€; is in B.(r), and for all
s in [0, 5],

Wi(s) < c/os exp(p(s — 0))|E(€;, Z;, s)|do

< c/‘ exp(p(s — o))k exp(—Ao)do|é;] ,
0

expl(p+A)s) — 1

< ckexp(—A\s) A

p+A
Similarly, using and Gronwall inequality we get
Z,/(S) .
< 6/ exp(u(s — 0))|E(, Zi, 0)| (|E(€i, Ti, 0) |+ Wi(0)) do
0
< () |&l? Vs € [0,95],

where we have used the notation,

~(s) = c/os exp(p(s — o))k exp(—2Ao)x

x (k + chexp(—ro) 2R F ) = 1) do .

p+A
With all this, we have obtained that, if we have €; in B.(r) for all j in {0,...,¢}, then we have also,

2N denotes the set of integers.
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for all s in [0,.5] and all j in {0,...,d},

|E(€0,%0,s+j5)\ = |E(gj7§j’3)‘ ’
< |E(e), x5, 8)| +1Z;(s)] ,
< [kexp(-As) +7(5)[&]] I&)

Now, given a real number ¢ in (0, 1), we select S and 7 to satisfy :
min{k,1 —¢}
2 )

< min{r _minfk, L=} } .

"2 SUPselo,5] v(s)

kexp(—AS) <

Then, for all €; smaller in norm than 7, we have

|E (€0, To, s + 5 S)| < (1 —€) [e]
So, since €y is in Be(7), it follows by induction that we have :
&l = |E(€0, 70,i5)| < (1 —e)i7 <7 VieN.

.
Since, with , we have also €] < ple], we have established, for all s in [0, 5] and all ¢ in N,

|E(%0,To, s +iS)| < exp(ps)(1 — €)'[E]
and therefore, for all (€y, Zo,t) in Be(a) x R" x Rx,

=P t=S
|E(€0, To, )| < exp(uS)(1 —€) 5 [éo] .

By rearranging this inequality and taking advantage of the homogeneity of the system @ in the €
component, we have obtained with k£ = w and \ = —%. O

.2 Proof of Proposition

Proof : Let (E(&,%o,t), X (To,t)) be the solution of @ passing through an arbitrary pair (€p,Zo)
in R™ x R™=. By assumption, it is defined on [0, +00).
For any v in R™¢, we have

o (0E OF < _ OE _ _
— (e(O,xo,t)v> = %(O,X(x()?t))%(OmO,t)v .

Uniqueness of solutions then implies, for all (€, Zo, t) in R™ xR™* xR>q, E(€y, Zo,t) = 9E (0, %0, )

e
and our assumption gives, for all (€, Zo,t) in R™ x R™ x Rx,

OE . _
7(07 Zo, t)eO

55 < k[eo| exp(—At)
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and therefore B

oE _
—(0 t
85 ( , L0, )

< kexp(—)\t) V(/j?'o,t) e R™ x RZO .

This allows us to claim that, for every symmetric positive definite matrix (), the function P : R™* —
R™eX™e given by is well defined, continuous and satisfies

Lk N
AmaX{P(x)} < ﬁ)‘maX{Q} = T? Vz € R .

Moreover we have

o ,loE _ 1
2 Y a»é(owo,t)]
OF COF o
_ _ 1Y%= or =~
=—v [(%V(O,xo,t)] e (0, X (Zo, 1)) ,
With , this yields
~ -1
OFE
UI %(0,$07t)] S exp(,ut) |U‘
and implies
[v/v]?
~ — 2 ~ 2
oE , OFE ,  _
~ ’U/ g(o,x()?t) %(07550,15)’[)
- 12
1 , | OF ,
>~ 7)\min{Q} v %(07$07t) X
OE , OF
X U/E(va()at)l@%(o?xo’t)v
|v]? exp(2pt) /@ =~ gy @ =~

I Amin{Q} v e (0,$0,t) Q e (O,Io,t)v

This gives
1
p= E)\min{Q} < /\mm{P(%)} vz € R .

Finally, to get @D, let us exploit the semi group property of the solutions. We have for all (€, x)
in R"* x R™ and all (t,7) in R,

E(E(@E,7,t), X(%,t),r) = E(E,T,t+7) .
Differentiating with respect to € the previous equality yields

OE ~ <~ OE_ _ . OE, _
E(E(e,x,t),X(m,t),T)%(ew,t) = %(e,x,t +7)
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Setting in the previous equality
(€,%):=(0,X(%,h)), h:=—t, s:=t+r

we get for all ¥ in R™ and all (s, h) in R?
OF OE, < OF
0, h 0,X(z,h),—h)=—
05,5+ ) (0, X (@, ), —h) = S

Consequently, this yields,

(0, X(Z,h),s) .

P(X(%,h)) ,
Jim OT OF (0, X @1, >> Q2L 0. %31, 5)d
= lim_ ‘98;(0 X (@, h),~h) | x
« VOT @E:m 7 s+h)>/Q%E:(O %5+ h)ds| x
x‘g(o,f(f, h),—h)

But we have :

}336 0 =509
! (0,Z,s+ h) (0,2,s) 0 aE(ON )
) h as \ o "

OF OF
- (gé(o,x,:r)) Q <a~(0 T T)) Q.

Since limy and limy, commute because of the exponential convergence to 0 of (O Z, s), we conclude
that the derivative (8]) does exist and satisfies @ O

.3 Proof of Proposition

Proof : Consider the function V(e,z) = €/P(z)e. Using (J), the time derivative of V along the
solutions of the system is given, for all (e, z), by
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0e'P(-)e
Oox

< —€'Qe + 2¢' P(x) {F(e,x) - %—6(0, x)e}

V(e-,ac) = 2¢'P(z)F(e,z) + (2)G(e,x)

/

Pl
+ 2710 ) (Ge.a) - G(0.2]
ox
On the other hand, using Hadamard’s Lemma and , we get :

— < cle”,
e
|G(e,z) — G(0,z)| < cle| V(e,z) € Be(n) x R™ .
These inequalities together with and imply, for all (e,z) in Be(n) x R™=,

)\min{Q} _
p

’F(e, x) — %F (0,z)e

e <-| 261+ ) el | Vi)

It shows immediately that holds with r, k and X satisfying :

B . Amin{Q}
r < pmm{n’2pc(1+c)}’
NG

p
A= {)\rni;l?Q}rc(lJrc)g].

.4 Proof of Proposition [7]

The result holds when w is in D or when U is constant (since holds for all v). So, in view of
[27, Proposition A.2.1], we can assume without loss of generality that g—g has nowhere a zero norm
and, in the following, we restrict our attention to R?"\D. In R?>"\D the dynamics of w is

i = f(wi) + L(w)g(w)a(w;) Y [Uw;) = Ulw;)]

Jj=1

With the C? matrix function P we define the Riemannian length of a piece-wise C! path v : [s1, 2] —
R™, between w; = v(s1) and we = ~(s2) as in and the corresponding distance d(wq,ws) by
minimizing along all such path

Because of (19) and the fact that P is C3, Hopf-Rinow Theorem implies the metric space we
obtain this way is complete, and, given any w; in R” and w; in R™, there exists a C3 normalizecﬂ
minimal geodesic v*, solution of , such that

wy =7"(s1), w2 =7"(s2),

d(wy,we) = L(Y") T S9 — 81 - (64)

S1

*

dy

3This means that v* satisfies 7
s

() PO () () =1
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Following [27], for each s in [s1, s2] consider the C! function ¢ + T'(s,t) solution of

O (5.0) = (0(5,1)
+ LW (w,t)) g(T(s,t))a(T(s,t))x
X [U(W;(w,t)) = U (s,1))]
with initial condition
I'(s,0) =7"(s) . (65)

With (39)), we have
F(Sl,t) = Wl(w,t) y F(Sz,t) = Wg(w,t)

and so, for each t, s € [s1, so] > ['(s,t) is a C? path between Wi (w,t) and Wa(w,t). From the first
variation formula (see [31, Theorem 6.14] for instanctﬂ), we have

% (L(I‘(s,t)) ) = Aw) + Cw)
where
Alw) = ) [U(w) ~ Us)] T 52 Plus) gl ) o)
() [Uaz) — Uwn)) T (31 Pl g o ()
Ow) = D (o) Pl flua) — T (s Plan) ()
But, with , we obtain :
Alw) = ~(w) [U(w) ~ Ulun)] %
U . dy* U dy*
) (o) + S (o)

Also, with the Euler-Lagrange form of the geodesics equation , we get :
C(w)

-/ 4 (%s)'zﬂw*(s») Fr(5))

:/:2 _;aaw (dczs* (S)/P(x)d(zs* <5>>L_’Y*(S)f(,y*(8))
+ ddl <S>’P(w*(s)>g£(w*(s)>ds(sﬂ ds .

4In [31, Theorem 6.14], the result is stated with v* C* note however that C? is enough.
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Here the integrand is nothing but the left hand side of . With a compactness argumentﬂ we
can show that condition in Proposition m is equivalent to the existence of a smooth function
v:R™ — R, such that, for all (z,v),

0
% Vo P(z)v + v’P(x)a—f;(:c)v

ouU

< =MV P(x)v + v(x) B

(z)v

Hence, the geodesic being normalized, we have :

Cw) + A N %(s)/P(W*(S)%(s)dtﬁ

s1
= C(w) + Ad(wi,w2) < B(w),
with the notation :

Bw) = [ vt ) |[Go0r o) D) s

From A and B we define two C? functions a and b by dividing by d(w;,ws) = s3 — s1. Namely, we
define :

U (r+s1)) = Uwr)

ays(w,r) = " X (66)
S22 ) + S ) 2 )

7451 * 2
b ) =+ [ vl ()| S (6D )] s (67)

They are defined on R?\D x ]0, d(w1, w2)] and depend a priori on the particular minimizing geodesic
v* we consider. We extend by continuity (in r ) their definition to R?"\D x [0, d(wy, ws)] by letting

ou dvy* 2

ay-(w,0) = 2|2 (7" (51)) = (51)

)

by (10,0) = vy (1)) | G 07 61) (o)

In this way, for any pair (wi,ws) in R?”\ D and any minimizing geodesic v* between w; and ws,
~ the function r — (@« (w,7), by (w,r)) is defined and C* Hon [0, d(w1, w2)],

5The following two properties are equivalent
a) v/ f(z)v < 0 for all v with |v| =1 and all z satisfying g(z)v =0
b) there exists v such that v’ f(z)v — v(z)|g(z)v|? < 0 for all v with |v| = 1 and all .
Proof b) = a) is trivial. For the converse, let C' be an arbitrary compact set, if b) does not hold for some n¢c and
all z in C, there exist x; and v; with |v;| = 1 satisfying v} f(x;)v; > ilg(x;)vi|2. With compactness this implies the
existence of z,, and v, with |v,| = 1 satisfying g(zw)ve, = 0 and v), f(zw)vew > 0. This contradicts a).

6 This comes from this general result. Let f be a C? function defined on a neighborhood of 0 in R, where it is 0.
The function ¢ defined as ¢(r) = @ if 7 # 0 and ¢(0) = f/(0) is C*.

’
Indeed it is clearly C? everywhere except may be at 0. Its first derivative is ¢’ (r) = w

. It is also continuous
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— we have :

1 d

meﬁﬁ(unm» + A

S2
S1

t=0

< by (w, d(wy, w2)) — U(w) ay- (w, d(wy, w2)) -

Also

Lemma 1. For any pair (wy,ws) in R*"\D and any minimizing geodesic * between wi and ws,
a+ (w, d(w,ws)) is non negative, and if it is zero, the same holds for by« (w, d(wy,w2)).

Proof : For any pair w in R?"\ D, the function 7 — a,«(w,r) is defined and continuous on
[O7d(wlaw2)]'
If the real number
ou, , dv*
ay(w,0) = 2 E(V (51))—~(51)

is zero, the level sets of U being totally geodesic, we have

ou . dy' B
37(7 (r+s1)) s (r+s)=0,

Uy (r+s1)) =U(w) ,

Vr e [0, d(wl,wg)] .

and so U(wz) = U(w) and ay-(w, d(wi, ws2)) and by« (w, d(wq,ws)) are zero.
If instead that real number is positive and

Uy (s2)) — Ulw) |

Ay (w, d(wy, we)) = d(wy,w2)

O N (" (52)) + O ) T (s1)

is non positive, then there exists ¢ in in ]0, d(wy, w2)] such that
either U(v*(ro + s1)) = U(wy). But the level sets of U being totally geodesic and +* being a
minimizing geodesic between w; and ws and therefore between w; and v*(rg + $1), it follows from

at 0 since lim,_0 p(r) = f/(0) = p(0). Its first derivative at 0 exists if lim,_,0 M = lim,_.0 W exists.
But this is the case, since f being C?, we have

f(r) —rf'(0)

r2

- 5[ e -rou

- %2 /O /O £ () dtds
= %2/0 (@) —tldt

which leads to ¢’ (0) = %f”(O). We have also
_ !/ 1 T
00 L e
r 0

r2
This implies
lim /() = /(0)
r—0

and therefore ¢’ is continuous.
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(the proof of) [27, Proposition A.3.2] that v* takes its values in the level set {z : U(z) = U(w1)}
at least on [s1, 79 + s1]. This implies

ou , , d* B
O 6) Ts) = 0

for all sin [sq,79+s1] and consequently in [s1, so]. This yields U(w2) = U(w1) and a+ (w, d(w1, w2))
and by« (w, d(wy,w2)) are zero;
or we have

Ut (ro  510) + 90 (1 (51) 2 (sn)

O tro +51)

=0.

This implies that %—g('y*(sl))ddi;(sl) and 42 (v*(ro +51))%(r0+51) have opposite signs and so the
function r — 9 (v*(r + 51))%(7" + s1) must vanish on |0, r[. Again this implies U(ws) = U(wy)
and and a,- (w, d(wy,ws2)) and by« (w, d(w1, w2)) are zero.

O

Now, to each pair of integers (i1,i2), we associate the compact set
Cilig = {(wl,wg) S R .
i1 < d(wi,0) <ip 4+ 1, ip < d(ws,0) < i2+1} .

Lemma 2. For any pair (i1,i2), there exists a real number €; ;, such that, for all (wy,ws) in
Ci,i, \ D and all £ larger or equal to 4;,;,, we have :

b(w, d(wy,ws)) — La(w, d(wy,ws)) < = . (68)

| >

Proof : For the sake of getting a contradiction, assume there exist a pair (i1,42) and a sequence
(w1k, wak, V) )ken of points and minimizing geodesic satisfying

d(wig,wor) # 0

wiy = 7,(0)
wa, = Y (d(wik, wak))
= wiy + /Od( B 2}C)CZZSZ(S)ds (69)
and
A
-5 + by (w1, war, d(wik, wak)) (70)

>k ay; (wig, wak, d(wig, wor)) > 0.
Because the sequence (b’hﬁ (w1, wag, d(wig, wag)))ken is bounded, we have

klggoav;(wlkvw2k>d(w1k»w2k)) =0. (71)
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The sequence (wik, wak)ken has a cluster point (w1, way). To keep the notations simple, we still
denote by k the index of the subsequence for which we have convergence to this point.

Case 1 : w1, = wa, = W, . Assume we have

lim d(wig, war) = lim d(wig, w,) = lim d(wag,w,) =0.
k— o0 k— o0 k—o0

By compactness, C' property and boundedness, there exists a real number M and an integer k,
such that, for all k larger than k., we have

Ay (W1k, Wk, d(wig, wak))

>y (Wig, wog, 0) — M d(wig, war)

N N

> 2 7 (wlk) s (0) — Md(w1k7w2k)

by (W1k, o, dwig, wak))

< b’Y; (w1k7w2k70) + Md(w1k7w2k:)

ou dv;, )P

< wv(wy) %(wlk) Is (0)] + M d(wik,war)

This implies

A [v(wig) oU dv;, |
i |25 2] g e GO
> —M 1 + 1] d(wig, war)
and therefore )
. |oU dvy B
Jim %(Wlk) 2z 0 =0 (72)

Also, by compactness m has a cluster point we denote v,. With again k as index for the

subsequence (of the subsequence!), we have

vy = lim 22k~ Wik
o =
k—o0 d(wlk, ’wgk)

But with , this gives also

= 1 k
Y k—>Holo ds (0)
which, with ([72]), gives :
oUu
87( W)Uw =0

and implies :
lim b'y; (w1k, Wk , d(’w1k, ’wgk)) =0
k—o0

Since a.» (w1k, wak, d(wir, way)) is non negative, this contradicts (70)).
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Case 2 : wyy, # Wy, . Assume now we have

lim d(wig,w1,) = lim d(wag, wa,) =0,
k—o0 k—o0
d(wlw, QUQW) # 0.

(w1k, wag) is in the compact set C;,;, and v; is a minimal geodesic at least on [0, d(w1p, wap)]. So,
from :

VP wr —wa] < d(wy, we) < VP w1 — wy|
V(wi,wqy) € C X C,

we get, for all s in [0, d(wk, war )],
VP IE(s) —wikl < d(yi(s), wie) < d(wik, war) < Diyig

where

D sup d(wy, wz)

(w1,w2)€C 1,

ivia =
We have also

lwig] < Jwag — wig] + Jwal

d(way, wir) + d(way, 0)
P

Dy, i, + (i + 1)

—t

With the completeness of the metric, this implies that v; : [0, D;,:,] — R™ takes its values in a
compact set independent of the index k and is a solution of the geodesic equation. It follows, from
instance from [I0, Theorem 5, §1], that there exist a subsequence (of the subsequence !) again with
k as index and a solution 7 of the geodesic equation satisfying,

IN

)

IN

fY:(O) = Wiw ) ’Y:Jd(wIUMUJQUJ)) = Way -
and
khm Ye(s) = vi(s) uniformly in s € [0, D;,;,]
—00

Also each v} being minimizing between wyy, and way, 7 is minimizing between w1, and wa,, (see [20],
Lemma IT—.4.2]). With the definitions and of a« (w1, we, d(w1, w2)) and by« (w1, wa, d(w1, wa))
and with we obtain

Ay (W1, W, d(W1e, Was))
lim a.» (w1g, wak, d(wik, wak)) ,
k—o0

= O y

b’Y:, (wluh W2, d(wluJ7 wa))

= lim by (wig, wak, d(wig, war)) -
k—oo

With Lemma [I] we get :
b'y: (wlw; W2, d(wlcm w2w)) =0
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So,

as in the previous case, we get a contradiction of .
To complete the proof of Proposition [7} it is sufficient to observe that for any pair (wq,w2) in

R?" we can find (i1,42) such that C;,;, contains it. It is then sufficient to pick ¢(w1,ws) larger or
equal to £;,;, to obtain, with (68)),

A
—5 d(w1, ’wg)

IN

otdunua) < G (200

This gives :

VP Wi (wr, wa, t) — Wa(wi, wa, 1)

< d(Wi(wy,ws, t) — Wa(wy,wa, t))
A
exp (—2t> d(wy,ws) ,

A
exp <—2t> \/1:)|w1 — wa . O

IN

IN
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