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Abstract

The aim of this article is to highlight the interest to apply Differential Ge-

ometry and Mechanics concepts to chaotic dynamical systems study. Thus,
the local metric properties of curvature and torsion will directly provide the
analytical expression of the slow manifold equation of slow-fast autonomous
dynamical systems starting from kinematics variables (velocity, acceleration
and over-acceleration or jerk).
The attractivity of the slow manifold will be characterized thanks to a crite-
rion proposed by Henri Poincaré. Moreover, the specific use of acceleration
will make it possible on the one hand to define slow and fast domains of the
phase space and on the other hand, to provide an analytical equation of the
slow manifold towards which all the trajectories converge. The attractive
slow manifold constitutes a part of these dynamical systems attractor. So,
in order to propose a description of the geometrical structure of attractor, a
new manifold called singular manifold will be introduced. Various applica-
tions of this new approach to the models of Van der Pol, cubic-Chua, Lorenz,
and Volterra-Gause are proposed.

Keywords: differential geometry; curvature; torsion; slow-fast dynam-
ics; strange attractors.



1 Introduction

There are various methods to determine the slow manifold analytical equation of
slow-fast autonomous dynamical systems (S-FADS), or of autonomous dynami-
cal systems considered as slow-fast (CAS-FADS). A classical approach based on
the works of Andronov [1966] led to the famous singular approximation. For
e # 0, another method called: tangent linear system approximation, developed
by Rossetto et al. [1998], consists in using the presence of a “fast” eigenvalue
in the functional jacobian matrix of a (S-FADS) or of a (CAS-FADS). Within
the framework of application of the Tihonov’s theorem [1952], this method uses
the fact that in the vicinity of the slow manifold the eigenmode associated in the
“fast” eigenvalue is evanescent. Thus, the tangent linear system approximation
method, presented in the appendix, provides the slow manifold analytical equa-
tion of a dynamical system according to the “slow” eigenvectors of the rangent
linear system, 1.e., according to the “slow” eigenvalues. Nevertheless, according
to the nature of the “slow” eigenvalues (real or complex conjugated) the plot of
the slow manifold analytical equation may be difficult even impossible. Also to
solve this problem it was necessary to make the slow manifold analytical equation
independent of the “slow” eigenvalues. This could be carried out by multiplying
the slow manifold analytical equation of a two dimensional dynamical system by
a “conjugated” equation, that of a three dimensional dynamical system by two
“conjugated” equations. In each case, the slow manifold analytical equation inde-
pendent of the “slow” eigenvalues of the rangent linear system is presented in the
appendix.

The new approach proposed in this article is based on the use of certain prop-
erties of Differential Geometry and Mechanics. Thus, the metric properties of
curvature and torsion have provided a direct determination of the slow manifold
analytical equation independently of the “slow” eigenvalues. It has been demon-
strated that the equation thus obtained is completely identical to that which the
tangent linear system approximation method provides.

The attractivity or repulsivity of the slow manifold could be characterized
while using a criterion proposed by Henri Poincaré [1881] in a report entitled
“Sur les courbes définies par une equation différentielle”.

Moreover, the specific use of the instantaneous acceleration vector allowed a
kinematic interpretation of the evolution of the trajectory curves in the vicinity of
the slow manifold by defining the slow and fast domains of the phase space.

At last, two new manifolds called singular were introduced. It was shown that
the first, the singular approximation of acceleration, constitutes a first approxi-
mation of the slow manifold analytical equation of a (S-FADS) and is completely
equivalent to the equation provided by the method of the successive approxima-
tions developed by Rossetto [1986] while the second, the singular manifold, pro-
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poses an interpretation of the geometrical structure of these dynamical systems
attractor.

2 Dynamical System, Slow-Fast Autonomous Dynam-
ical System (S-FADS), Considered as Slow-Fast Au-
tonomous Dynamical System (CAS-FADS)

The aim of this section is to recall definitions and properties of (S-FADS) and of
(CAS-FADS)

2.1 Dynamical system

In the following we consider a system of differential equations defined in a com-
pact E included in R:

dX = /-
— =X 1
dt J( ) S
with
X’r = [.1'17372, ...7.Tn]t e FCR"
and

g (%)= [1 (%) (%), 1 ()?)T € ECR"

The vector §> ()? ) defines a velocity vector field in E whose components f;
which are supposed to be continuous and infinitely differentiable with respect to
all x; and ¢, i.e., are C*° functions in E and with values included in R, satisfy
the assumptions of the Cauchy-Lipschitz theorem. For more details, see for ex-
ample Coddington & Levinson [1955]. A solution of this system is an integral
curve X (t) tangent to I whose values define the states of the dynamical system
described by the Eq. (I). Since none of the components f; of the velocity vector
field depends here explicitly on time, the system is said to be autonomous.

Note:

In certain applications, it would be supposed that the components f; are C"
functions in E and with values in R, with r > n.



2.2 Slow-fast autonomous dynamical system (S-FADS)

A (S-FADS) is a dynamical system defined under the same conditions as above
but comprising a small multiplicative parameter € in one or several components
of its velocity vector field:

@ _3 ()Z") @)
with

dX dry dre  dz,]"
S22 22 B o peRe
dt [8dt’dt’ ’dt]e <

I<exl

The functional jacobian of a (S-FADS) defined by (2)) has an eigenvalue called
“fast”, i.e., with a large real part on a large domain of the phase space. Thus,
a “fast” eigenvalue is expressed like a polynomial of valuation —1 in ¢ and the
eigenmode which is associated in this “fast” eigenvalue is said:

- “evanescent” if it is negative,
- “dominant” if it is positive.

The other eigenvalues called “slow” are expressed like a polynomial of valua-
tion 0 in €.

2.3 Dynamical system considered as slow-fast (CAS-FADS)

It has been shown [Rossetto et al., 1998] that a dynamical system defined under
the same conditions as () but without small multiplicative parameter in one of
the components of its velocity vector field, and consequently without singular
approximation, can be considered as slow-fast if its functional jacobian matrix
has at least a “fast” eigenvalue, i.e., with a large real part on a large domain of the
phase space.



3 New approach of the slow manifold of dynamical
systems

This approach consists in applying certain concepts of Mechanics and Differential
Geometry to the study of dynamical systems (S-FADS or CAS-FADS). Mechanics
will provide an interpretation of the behavior of the trajectory curves, integral of
a (S-FADS) or of a (CAS-FADS), during the various phases of their motion in
terms of kinematics variables: velocity and acceleration. The use of Differential
Geometry, more particularly the local metric properties of curvature and torsion,
will make it possible to directly determine the analytical equation of the slow
manifold of (S-FADS) or of (CAS-FADS).

3.1 Kinematics vector functions

Since our proposed approach consists in using the Mechanics formalism, it is first
necessary to define the kinematics variables needed for its development. Thus, we
can associate the integral of the system (I)) or @) with the co-ordinates, i.e., with
the position, of a moving point M at the instantt. This integral curve defined by
the vector function X (¢) of the scalar variable ¢ represents the frajectory curve of
the moving point M.

3.1.1 Instantaneous velocity vector

As the vector function X (t) of the scalar variable ¢ represents the trajectory of
M, the total derivative of X (¢) is the vector function i (t) of the scalar variable ¢
which represents the instantaneous velocity vector of the mobile M at the instant
t; namely:

diX =/
7 = — = ( X ) 3
(="=3 ®

The instantaneous velocity vector V (t) is supported by the tangent to the
trajectory curve.



3.1.2 Instantaneous acceleration vector

As the instantaneous vector function 7 (t) of the scalar variable ¢ represents the

velocity vector of M, the total derivative of V (t) is the vector function 7 (¢) of
the scalar variable ¢ which represents the instantaneous acceleration vector of the
mobile M at the instant ¢; namely:

v
7 ()=~ (4)

Since the functions f; are supposed to be C*° functions in a compact E in-
cluded in R", it is possible to calculate the total derivative of the vector field
V (t) defined by () or (2). By using the derivatives of composite functions, we
can write the derivative in the sense of Fréchet:

AV _asax 5
dt  gx dt

_)
By noticing that % is the functional jacobian matrix J of the system (I)) or
@, it follows from Egs. () and (3)) that we have the following equation which
plays a very important role:

7 =JV (©6)

3.1.3 Tangential and normal components of the instantaneous acceleration
vector

By making the use of the Frénet [1847] frame, i.e., a frame built starting from the
trajectory curve X (t) directed towards the motion of the mobile M. Let’s define

the unit tangent vector to the trajectory curve in M, 7/ the unit normal vector,
i.e., the principal normal in M directed towards the interior of the concavity of
the curve and B’ the unit binormal vector to the trajectory curve in M so that

the trihedron (?, 7, 5) is direct. Since the instantaneous velocity vector 7

is tangent to any point M to the trajectory curve X (t), we can construct a unit
tangent vector as following:

T = (7)



In the same manner, we can construct a unit binormal, as:

G- [Fod] (8)
and a unit normal vector, as:

P=BAP=— =

)

with
7=

where the vector Vﬁ represents the normal vector to the instantaneous veloc-
ity vector 7 directed towards the interior of the concavity of the trajectory curve
and where the dot (-) represents the derivative with respect to time. Thus, we can
express the tangential and normal components of the instantaneous acceleration
vector 7 as:

».7

Y = ’— (11)

|
|7~ 7]

Yo = (12)

v

By notici% that the variation of the Euclidian norm of the instantaneous ve-

— =l

locity vector V' can be written:

W) _=.v

= 13
T v
And while comparing Egs. (1)) and (I2) we deduce that
aul
i - 14
i Vr (14)



Taking account of the Eq. (I0) and using the definitions of the scalar and vec-
tor products, the expressions of the tangential (IT) and normal (I2) components
of the instantaneous acceleration vector 7 can be finally written:

= 4|V —

- W; - Hdt | 3 cos (7.7V) (1s)

A
IVl

=7

Sm(%}%’ (16)

Note:

While using the Lagrange identity: H7 AV i + (7 . ‘_})2 =171 H7
one finds easily the norm of the instantaneous acceleration vector 7 (t).
2 2 2 2

(F-V) |7V +(7V)
+ 2 2

7] 7]

2
’

AV
Wmf=ﬁ+ﬁ=H ;
V]

=171

3.2 Trajectory curve properties

In this approach the use of Differential Geometry will allow a study of the metric
properties of the trajectory curve, i.e., curvature and torsion whose definitions are
recalled in this section. One will find, for example, in Delachet [1964], Struik
[1934], Kreyzig [1959] or Gray [2006] a presentation of these concepts.

3.2.1 Parametrization of the trajectory curve

The trajectory curve X (t) integral of the dynamical system defined by (1)) or by
@), is described by the motion of a current point M position of which depends on
a variable parameter: the time. This curve can also be defined by its parametric
representation relative in a frame:

Tr = F1 (t), To = F2 (t), veey Ty = Fn (t)

where the F} functions are continuous, C'™ functions (or C"** according to the
above assumptions) in E and with values in R. Thus, the trajectory curve X (1)
integral of the dynamical system defined by (1) or by (@), can be considered as
a plane curve or as a space curve having certain metric properties like curvature
and rorsion which will be defined below.



3.2.2 Curvature of the trajectory curve

Let’s consider the trajectory curve X (t) having in M an instantaneous velocity

vector V (t) and an instantaneous acceleration vector 7' (t), the curvature, which
expresses the rate of changes of the tangent to the trajectory curve, is defined by:

EZHV/\?H: Y
S L I

where R represents the radius of curvature.

> (17)

Note:

The location of the points where the local curvature of the trajectory curve is
null represents the location of the points of analytical inflexion, i.e., the location of
the points where the normal component of the instantaneous acceleration vector

7 (t) vanishes.

3.2.3 Torsion of the trajectory curve

Let’s consider the trajectory curve X (¢) having in M an instantaneous velocity

vector V (t), an instantaneous acceleration vector 7 (t), and an instantaneous
over-acceleration vector 7, the forsion, which expresses the difference between
the trajectory curve and a plane curve, is defined by:

_ _—i' WM_/;) (18)

”7/\7

where & represents the radius of torsion.

=

Note:

A trajectory curve whose local forsion is null is a curve whose osculating
plane is stationary. In this case, the trajectory curve is a plane curve.



3.3 Application of these properties to the determination of the
slow manifold analytical equation

In this section it will be demonstrated that the use of the local metric properties
of curvature and torsion, resulting from Differential Geometry, provide the an-
alytical equation of the slow manifold of a (S-FADS) or of a (CAS-FADS) of
dimension two or three. Moreover, it will be established that the slow manifold
analytical equation thus obtained is completely identical to that provided by the
tangent linear system approximation method presented in the appendix.

3.3.1 Slow manifold equation of a two dimensional dynamical system

Proposition 3.1. The location of the points where the local curvature of the trajec-
tory curves integral of a two dimensional dynamical system defined by (1) or (2)
is null, provides the slow manifold analytical equation associated in this system.

Analytical proof of the Proposition 3.1:

The vanishing condition of the curvature provides:

v_[7e7]
)

By using the expression (@), the co-ordinates of the acceleration vector are

written:
7 x o ax + by
gy )  \ cx+dy

The equation above is written:

—0 e FAV =0 © ij—ij=0 (19)

ci® — (a—d)iy —by*> =0

This equation is absolutely identical to the equation (A-27) obtained by the
tangent linear system approximation method.

10



Geometrical proof of the Proposition 3.1:

The vanishing condition of the curvature provides:

N Kiad BPRRET
A

The tangent linear system approximation makes it possible to write that:
— — —>
7 = OzY)\l + 5Y>\2 ~ 5Y>\2
While replacing in the expression (6) we obtain:
= =
T = IV =7 (B73) = AV = AV

This shows that the instantaneous velocity and acceleration vectors are collinear,
which results in:

FAV =0

3.3.2 Slow manifold equation of a three dimensional dynamical system

Proposition 3.2. The location of the points where the local torsion of the trajec-
tory curves integral of a three dimensional dynamical system defined by (1)) or (2)
is null, provides the slow manifold analytical equation associated in this system.

Analytical proof of the Proposition 3.2:

The vanishing condition of the torsion provides:

5 7
éWo@i(VAV)O (20)

The first corollary inherent in the tangent linear system approximation method
implies to suppose that the functional jacobian matrix is stationary. That is to say

dJ

E_O
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Derivative of the expression (@) provides:

LAV A= di= .o dl=
The equation above is written:
(#7) (7 27) =0

By developing this equation one finds term in the long term the equation (A-
34) obtained by the tangent linear system approximation method. The two equa-
tions are thus absolutely identical.

Geometrical proof of the Proposition 3.2:

The tangent linear system approximation makes it possible to write that:

— — = — =
7 = OzY)\l + ﬁY}\2 + 5Y>\3 ~ 5Y)\2 + 5Y)\3
While replacing in the expression (6) we obtain:
— = — —
=gV =J (8Ya. + %2, = BAaYi, + AV,
According to what precedes the over-acceleration vector is written:
,‘7 ~J 27
While replacing the velocity by its expression we have:
. — = — —
xS BV, + 0V ) = BNV, + AT,
Thus it is noticed that:
— =
V=BV, 0V
7= BAaYy, + 0XsYy,
5 = BA3Yy, + 0A3Y),

This demonstrates that the instantaneous velocity, acceleration and over-acceleration
vectors are coplanar, which results in:

7 (FaV) =0
This equation represents the location of the points where forsion is null. The
identity of the two methods is thus established.
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Note:

Main results of this study are summarized in the table (I)) presented below.
Abbreviations mean:

- T.L.S.A.: Tangent Linear System Approximation

- A.D.G.E.: Application of the Differential Geometry Formalism

Determination of the slow manifold analytical equation
T.L.S.A. AD.G.F.
H — —
Dimension 2 7/\}/,\2 =0 %: ”FQF” =0 & 7/\720
— - :
Dimension 3 7.(Y,\2/\Y,\3):0 %z—%zO@’?-(V/\?)zO
A

Table 1: Determination of the slow manifold analytical equation

In the first report entitled on the “Courbes définies par une équation différen-
tielle” Henri Poincaré [1881] proposed a criterion making it possible to character-
ize the attractivity or the repulsivity of a manifold. This criterion is recalled in the
next section.

3.3.3 Attractive, repulsive manifolds

Proposition 3.3. Let X (t) De a trajectory curve having in M an instantaneous
velocity vector 7 (t) and let (V) be a manifold (a curve in dimension two, a
surface in dimension three) defined by the implicit equation ¢ = 0 whose normal
vector 7 = V ¢ is directed towards the outside of the concavity of this manifold.

- If the scalar product between the instantaneous velocity vector 7 (t) and the
normal vector 7 = ?gb is positive, the manifold is said attractive with respect to
this trajectory curve

- If it is null, the trajectory curve is tangent to this manifold.

- If it is negative, the manifold is said repulsive.

This scalar product which represents the total derivative of ¢ constitutes a new
manifold (V) which is the envelope of the manifold (V).

13



Proof.
Let’s consider a manifold (V) defined by the implicit equation ¢ (x,y, z) = 0.

The normal vector directed towards the outside of the concavity of the curva-
ture of this manifold is written:

7T=Voo | & @1

dt
p_ (&

The scalar product between these two vectors is written:

7?¢:%dﬁ+%@+%%

Ox dt Oydt 0Ozdt

By noticing that Eq. (22) represents the total derivative of ¢, envelopes theory
makes it possible to state that the new manifold (V) defined by this total derivative
constitutes the envelope of the manifold (V) defined by the equation ¢ = 0. The
demonstration in dimension two of this Proposition results from what precedes.
O

(22)
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3.3.4 Slow, fast domains

In the Mechanics formalism, the study of the nature of the motion of a mobile M
consists in being interested in the variation of the Euclidian norm of its instanta-

neous velocity vector V', i.e., in the tangential component -, of its instantaneous
acceleration vector 7 The variation of the Euclidian norm of the instantaneous

velocity vector V' depends on the sign of the scalar product between the instan-
taneous velocity vector 7 and the instantaneous acceleration vector 7, i.e., the
angle formed by these two vectors. Thus if, 7 . 7 > 0, the variation of the Eu-
clidian norm of the instantaneous velocity vector 7 is positive and the Euclidian
norm of the instantaneous velocity vector 7 increases. The motion is accelerated,
it is in its fast phase. If, 7 . ? = 0, the variation of the Euclidian norm of the
instantaneous velocity vector 7 is null and the Euclidian norm of the instanta-
neous velocity vector 7 is constant. The motion is uniform, it is in a phase of
transition between its fast phase and its slow phase. Moreover, the instantaneous
velocity vector 7 is perpendicular to the instantaneous acceleration vector 7 If,
7 . 7 < 0, the variation of the Euclidian norm of the instantaneous velocity vec-

tor 7 is negative and the Euclidian norm of the instantaneous velocity vector
decreases. The motion is decelerated. It is in its slow phase.

Definition 3.1. The domain of the phase space in which the tangential component
v, of the instantaneous acceleration vector 7 is negative, i.e., the domain in
which the system is decelerating is called slow domain.

The domain of the phase space in which the tangential component =, of the
instantaneous acceleration vector 7 is positive, i.e., the domain in which the
system is accelerating is called fast domain.

Note:

On the one hand, if the (S-FADS) studied comprises only one small multi-
plicative parameter ¢ in one of the components of its velocity vectors field, these
two domains are complementary. The location of the points belonging to the do-
main of the phase space where the tangential component -y, of the instantaneous
acceleration vector 7 is cancelled, delimits the boundary between the slow and
fast domains. On the other hand, the slow manifold of a (S-FADS) or of a (CAS-
FADS) necessary belongs to the slow domain.
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4 Singular manifolds

The use of Mechanics made it possible to introduce a new manifold called singular

approximation of the acceleration which provides an approximate equation of the
slow manifold of a (S-FADS).

4.1 Singular approximation of the acceleration

The singular perturbations theory [ Andronov et al., 1966] have provided the zero
order approximation in ¢, i.e., the singular approximation, of the slow manifold
equation associated in a (S-FADS) comprising a small multiplicative parameter
¢ in one of the components of its velocity vector field 7 In this section, it will
be demonstrated that the singular approximation associated in the acceleration
vector field 7 constitutes the first order approximation in € of the slow manifold
equation associated with a (S-FADS) comprising a small multiplicative parameter
¢ in one of the components of its velocity vector field V' and consequently a small
multiplicative parameter £ in one of the components of its acceleration vector

field 7.

Proposition 4.1. The manifold equation associated in the singular approximation
of the instantaneous acceleration vector 7 of a (S-FADS) constitutes the first
order approximation in € of the slow manifold equation.

Proof of the Proposition 4.1 for two-dimensional (S-FADS):

In dimension two, Proposition 3.1l results into a collinearity condition (19))

between the instantaneous velocity vector 7 and the instantaneous acceleration
vector 7 While posing:

dx ) dy .
i & and i Y=g
The slow manifold equation of a (S-FADS) is written:
99\ .o (10 dg\. (1) ,
= —g|l-—=—-—= )z |- =0 23
(83:):6 g(a&c dy ‘ e 0y g 23)

This quadratic equation in 2 has the following discriminant:

_ g (LOL 99N, (99 (1O o
A=y (583: dy i ox e dy g =0
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The Taylor series of its square root up to terms of order 1 in € is written:

(N P E)- @) )0

Taking into account what precedes, the solution of the equation (23)) is written:

of

Ay

of
(Bx)
This equation represents the second-order approximation in € of the slow man-

ifold equation associated with the singular approximation. According to equation
(6), the instantaneous acceleration vector 7 is written:

42z Of de | Of dy
7 _ Eg? | ra Ty
- d?y - 9gdx | Ogdy

2z Oz dt Jy dt

1
VA~ L
19

i~ —g +0(e) (24)

The singular approximation of the acceleration provides the equation:

ofds ofdy _ |

or dt  Oydt
While posing:
dx dy
i d=2Z —y=
at e T
We obtain:
)
. oy
=g (25)
(5:)

By comparing this expression with the equation (24) which constitutes the
second-order approximation in ¢ of the slow manifold equation, we deduces from
Eq. (23)) that it represents the first-order approximation in ¢ of the slow manifold
equation. It has been also demonstrated that the singular approximation of the
acceleration constitutes the first of the successive approximations developed in
Rossetto [1986].
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Proof of the Proposition 4.1 for three-dimensional (S-FADS):

In dimension three, Proposition results into a coplanarity condition (20Q)
between the instantaneous velocity vector 7, the instantaneous acceleration vec-
tor 7 and the instantaneous over-acceleration vector ? The slow manifold equa-
tion of a (S-FADS) is written:

3. | dy d? 3, | d*xz d 3., | de d?

d—xg_gg?g+d—yg?§g_§'+ﬁg_fg?§:0 (26)
3| dz d7z 3 z dz 3

a |G @Ew | Wl E Tl A G

In order to simplify, let’s replace the three determinants by:

dy d’y Pz dx de  d’z
S IS A RS A
dt  dt? atz dt dt dt?
Equation (26) then will be written:
()AL + (U) A+ () A3 =0 (27)
While posing:
de . dy . dz . L
— = y - — = , T/ — Zz =
dt a VT
By dividing Eq. @7) by (%), we have
(@4 — &y) + 7= [(T) A+ (¥) Ag] = 0 (28)

&

First term of Eq. (28)) is written:

(4 — i) = (ﬁ) fz—g(la—f—@—@ﬁ%‘gj <%+8_fﬁ) 2

ox £
For homogeneity reasons let’s pose:
9 1

QG:@

Equation (28)) is written:

2
()i (L0 20 200y, (U0 gm0 o

or €

() Ay + () Ao
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This quadratic equation in & has the following discriminant:

_ [ (B9 09hNTP L, o (D9 [1(OF L OF kY _
A=y [683: 8y+8zg g ox ) |e 8y+8zg G

The Taylor series of its square root up to terms of order 1 in ¢ is written:

af € dg of Ofh dg Ogh of 9
=L 1 2 (22 L) (2 2 -
g(@x)'{ N (?)2 [ <8x) <8y+8zg 8y+8zg Ox +0(<)
Taking into account what precedes, the solution of the equation (30Q)) is written:

of | ofn
gW+O(s) 31)

ox

@zé

r= —

This equation represents the second-order approximation in € of the slow man-

ifold equation associated with the singular approximation. According to equation
(6D, the instantaneous acceleration vector 7 is written:

d? ﬂd_m+ﬂd_y+ﬂ@

ar og dt T gy di 9zt

?_ dy — @d_ﬂﬁ+_gﬂ+@@
- d52 - Ox dt Oy dt Oz dt
&z @d_x+@ﬂ+@@

dt? Oz dt Oy dt Oz dt

The singular approximation of the acceleration provides the equation:

of e 0fdy  0fdz
ox dt  Oydt 0Ozdt
While posing:

de . dy . dz

ar Do VTN T
‘We obtain:

T = _g(g_if) (32)

By comparing this expression with the equation (3I) which constitutes the
second-order approximation in € of the slow manifold equation, we deduce from

Eq. (32) that it represents the first-order approximation in ¢ of the slow manifold
equation.
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It has been also demonstrated that the singular approximation of the acceler-
ation constitutes the first of the successive approximations developed in Rossetto
[1986].

The use of the criterion proposed by H. Poincaré (Prop. 3) made it possible
to characterize the attractivity of the slow manifold of a (S-FADS) or of a (CAS-
FADS). Moreover, the presence in the phase space of an attractive slow manifold,
in the vicinity of which the trajectory curves converge, constitutes a part of the
attractor.

The singular manifold presented in the next section proposes a description of
the geometrical structure of the attractor.

4.2 Singular manifold

The denomination of singular manifold comes from the fact that this manifold
plays the same role with respect to the attractor as a singular point with respect to
the trajectory curve.

Proposition 4.2. The singular manifold is defined by the intersection of slow man-
ifold of equation ¢ = 0 and of an unspecified Poincaré section (X) made in its
vicinity. Thus, it represents the location of the points satisfying:

dpNY =0 (33)

This manifold of co-dimension one is a submanifold of the slow manifold.

In dimension two, the singular manifold is reduced to a point.
In dimension three, it is a “line” or more exactly a “curve”.

The location of the points obtained by integration in a given time of initial con-
ditions taken on this manifold constitutes a submanifold also belonging to attractor
generated by the dynamical system. The whole of these manifolds corresponding
to various points of integration makes it possible to reconstitute the attractor by
deployment of these singular manifolds.

The concept of deployment will be illustrated in the section 5.4.
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S Applications

5.1 Van der Pol model

The oscillator of B. Van der Pol, [1926] is a second-order system with non-linear
frictions which can be written:

i+a@®—1)i+r=0

The particular form of the friction which can be carried out by an electric
circuit causes a decrease of the amplitude of the great oscillations and an increase
of the small. There are various manners of writing the previous equation like a
first order system. One of them is:

. 1‘3
r=alr+y— 7
j=—=
When a becomes very large, x becomes a “fast” variable and y a “slow” vari-

able. In order to analyze the limit @« — oo, we introduce a small parameter
e = 1/a” and a “slow time” t’ = ¢/« =,/et. Thus, the system can be written:

dx N _ 2
7(?%):%(f@”)=(x+y 3) (34)
o g9 (z,y) —
with € a positive real parameter

e =0.05

where the functions f and g are infinitely differentiable with respect to all
x; and t, i.e., are C°° functions in a compact E included in R? and with values
in R. Moreover, the presence of a small multiplicative parameter £ in one of
the components of its velocity vector field 7 ensures that the system (34) is a
(S-FADS). We can thus apply the method described in Sec. 3, i.e., Differential
Geometry. The instantaneous acceleration vector 7 is written:

d’z z d B
7(@2):@(%(%4‘%_%2%)) (35)
-y dt dz

a2 Tat

Proposition 3.1l leads to:

1_“7/\7“_ L bo o de|
§—W—0@7A7—O@xy—xy—0@ ‘% %'—O
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We obtain the following implicit equation:

% [9y” + (92 + 32°) y + 62" — 22° + 92%c] =0 (36)

Since this equation is quadratic in y, we can solve it in order to plot y according
to x.

1‘3 i

x
y172:—€—§i§\/$4—2$2+1—45 (37)
In Fig. [Mlis plotted the slow manifold equation (37) of the Van der Pol system

with & = 0.05 by using Proposition 3.1} i.e., the collinearity condition between

the instantaneous velocity vector V' and the instantaneous acceleration vector 7,
i.e., the location of the points where the curvature of the trajectory curves is can-
celled. Moreover, Definition 1 makes it possible to delimit the area of the phase
plane in which, the scalar product between the instantaneous velocity vector 7
and the instantaneous acceleration vector 7 is negative, i.e., where the tangen-
tial component .- of its instantaneous acceleration vector 7 is negative. We can
thus graphically distinguish the s/low domain of the fast domain (in blue), i.e., the
domain of stability of the trajectories.
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Figure 1: Slow manifold (in blue) and stable domain of the Van der Pol system
(in white).
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The blue part of Fig. [ corresponds to the domain where the variation of the
Euclidian norm of the instantaneous velocity vector 7 is positive, i.e., where
the tangential component of the instantaneous acceleration vector 7, is positive.
Let’s notice that, as soon as the trajectory curve, initially outside this domain,
enters inside, it leaves the slow manifold to reach the fast foliation.

-0.25

-0.75

Figure 2: Zoom of the stable part of the B. Van der Pol system.

The slow manifold equation provided by Proposition[4.T]leads to the following
implicit equation:
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% (3 — 42° + 2° + (3 — 32%) y — 3zc] =0 (38)

Starting from this equation we can plot y according to x:

2’ — 42’ + 3z (1 —¢)
3(—=142?)

In Fig.Blis plotted the slow manifold equation (39) of the Van der Pol system
with e = 0.05 by using Proposition 4.1l i.e., the singular approximation of the
instantaneous acceleration vector 7 in magenta. Blue curve represents the slow
manifold equation (37)) provided by Proposition 3.1

Y- (39)

-3t

Figure 3: Singular approximation of the acceleration of the B. Van der Pol system
(in magenta).
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In order to illustrate the principle of the method presented above, we have
plotted in the Fig. H the isoclines of acceleration for various values: 0.5, 0.2, 0.1,
0.05.

-3

Figure 4: Isoclines of the acceleration vector of the B. Van der Pol system.

The very large variation rate of the acceleration in the vicinity of the slow
manifold can be noticed in Fig.d Some isoclines of the acceleration vector which
tend to the slow manifold defined by Proposition 3.1l are plotted.
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5.2 Chua model

The L.O. Chua’s circuit [1986] is a relaxation oscillator with a cubic non-linear
characteristic elaborated from a circuit comprising a harmonic oscillator of which
operation is based on a field-effect transistor, coupled to a relaxation-oscillator
composed of a tunnel diode. The modeling of the circuit uses a capacity which
will prevent from abrupt voltage drops and will make it possible to describe the
fast motion of this oscillator by the following equations which constitute a slow-
fast system.

(jl_f N f(l’,’y,Z) %(2—4?41’3—%3;2_“3:)
dz
@t h(z,y,z) ~0.77 4+ y + 0.242

with € and p are real parameters

e =0.05

=2

where the functions f, g and h are infinitely differentiable with respect to all
x;, and t, i.e., are C™ functions in a compact E included in R? and with values
in R. Moreover, the presence of a small multiplicative parameter € in one of the
components of its instantaneous velocity vector 7 ensures that the system (4Q)
is a (S-FADS). We can thus apply the method described in Sec. 3, i.e., Differ-
ential Geometry. In dimension three, the slow manifold equation is provided by
Proposition[3.2] i.e., the vanishing condition of the torsion:

1 - (7 A 7) .

= =——- =067 (7A7) =0

> H7 N
Within the framework of the tangent linear system approximation, Corollary 1

leads to Eq. (34). While using Mathematica® is plotted in Fig.[3]the phase portrait
of the L..O. Chua model and its slow manifold.

Without the framework of the tangent linear system approximation, i.e., while
considering that the functional jacobian varies with time, Proposition[3.2] provides
a surface equation which represents the location of the points where torsion is
cancelled, i.e., the location of the points where the osculating plane is stationary
and where the slow manifold is attractive.
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Figure 5: Slow manifold of the L.O. Chua. Model.
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Figure 6: Attractive part of the slow manifold of the L.O. Chua model.
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We deduce, according to Proposition[3.3] that the location of the points where
the rorsion is negative corresponds to the attractive parts of the slow manifold.
Thus, the attractive part of the slow manifold of the LO. Chua model is plotted in
Fig.

Slow manifold equation provided by Proposition [4.1] leads to the following
implicit equation:

oz (50432 + 90202 + 38722° — 2461z — 26422z — 4.22¢
+6ye + 1.44ze + 3692%p + 35223 — 6z + 6xp®) = 0

The surface plotted in Fig. [7] constitutes a quite good approximation of the
slow manifold of this model.

Figure 7: Singular approximation of the acceleration of the L.O. Chua model.
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6 Lorenz model

The purpose of the model established by Edward Lorenz [1963] was in the be-
ginning to analyze the impredictible behavior of weather. After having devel-
oped non-linear partial derivative equations starting from the thermal equation
and Navier-Stokes equations, Lorenz truncated them to retain only three modes.
The most widespread form of the Lorenz model is as follows:

dx
dt f(xayaz) O'(y—l‘)

7: % :§> g(x,y,2) | = —xzz+rz—y 41)
d_i h([E,y,Z) ZE’y—ﬁZ

with o, r, and [ are real parameters: o = 10, § = %, r=28

where the functions f, ¢ andh are infinitely differentiable with respect to all
x;, and t, i.e., are C'"*° functions in a compact E included in R? and with values
in R. Although this model has no singular approximation, it can be considered
as a (S-FADS), according to Sec. 1.3, because it has been numerically checked
[Rossetto et al., 1998] that its functional jacobian matrix possesses at least a large
and negative real eigenvalue in a large domain of the phase space. Thus, we can
apply the method described in Sec. 3, i.e., Differential Geometry. In dimension
three, the slow manifold equation is provided by Proposition[3.2] i.e., the vanish-
ing condition of the forsion:

G(FAV .
éHV(/\V}Q)O & ’7-(7/\7)20

Within the framework of the tangent linear system approximation, Corollary 1
leads to Eq. (34). While using Mathematica®is plotted in Fig.[§l the phase portrait
of the E.N. Lorenz model and its slow manifold.

31



20

Figure 8: Slow manifold of the E.N. Lorenz model.

32



Without the framework of the tangent linear system approximation, i.e., while
considering that the functional jacobian varies with time, Proposition[3.2] provides
a surface equation which represents the location of the points where torsion is
cancelled, i.e., the location of the points where the osculating plane is stationary
and where the slow manifold is attractive.

20

Figure 9: Attractive part of the slow manifold of the E.N. Lorenz model.

We deduce, according to Proposition[3.2] that the location of the points where
the forsion is negative corresponds to the attractive parts of the slow manifold.
Thus, the attractive part of the slow manifold of the E.N. Lorenz model is plotted
Fig.
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7 Volterra-Gause model

Let’s consider the model elaborated by Ginoux et al. [2005] for three species
interacting in a predator-prey mode.

1 1
AN TSR B I CERE R
7: L =S1 9(xy2) | = —0y + a2y — Y22 (42)
dt h(x,y,z) £z (y% —52>

with £, ¢, §; and J, are real parameters: £ = 0.866, ¢ = 1.428, ; = 0.577,
09 = 0.376.

And where the functions f, g and h are infinitely differentiable with respect to
all z;, and ¢, i.e., are O™ functions in a compact E included in R?® and with values
in R.

This model consisted of a prey, a predator and top-predator has been named
Volterra-Gause because it combines the original model of V. Volterra [1926] in-
corporating a logisitic limitation of P.F. Verhulst [1838] type on the growth of the
prey and a limitation of G.F. Gause [1935] type on the intensity of the predation
of the predator on the prey and of top-predator on the predator. The equations
(@2) are dimensionless, remarks and details about the changes of variables and
the parameters have been extensively made in Ginoux et al. [2005]. Moreover,
the presence of a small multiplicative parameter £ in one of the components of its
instantaneous velocity vector V' ensures that the system (42)) is a (S-FADS). So,
the method described in Sec. 3, i.e., Differential Geometry would have provided
the slow manifold equation thanks to Proposition But, this model exhibits a
chaotic attractor in the snail shell shape and the use of the algorithm developed
by Wolf et al. [1985] made it possible to compute what can be regarded as its
Lyapunov exponents: (+0.035,0.000, —0.628). Then, the Kaplan-Yorke [1983]
conjecture provided the following Lyapunov dimension: 2.06. So, the fractal di-
mension of this chaotic attractor is close to that of a surface. The singular manifold
makes it possible to account for the evolution of the trajectory curves on the sur-
face generated by this attractor. Indeed, the location of the points of intersection
of the slow manifold with a Poincaré section carried out in its vicinity consti-
tutes a “line” or more exactly a “curve”. Then by using numerical integration this
“curve” (resp. “line”) is deployed through the phase space and its deployment
reconstitutes the attractor shape. The result is plotted in Fig.
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Figure 10: Deployment of the singular manifold of the Volterra-Gause model.
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8 Discussion

Considering the trajectory curves integral of dynamical systems as plane or space
curves evolving in the phase space, it has been demonstrated in this work that the
local metric properties of curvature and torsion of these trajectory curves make
it possible to directly provide the analytical equation of the slow manifold of dy-
namical systems (S-FADS or CAS-FADS) according to kinematics variables. The
slow manifold analytical equation is thus given by the

- vanishing condition of the curvature in dimension two,
- vanishing condition of the forsion in dimension three.

Thus, the use of Differential Geometry concepts made it possible to make the
analytical equation of the slow manifold completely independent of the “slow”
eigenvectors of the functional jacobian of the tangent linear system and it was
demonstrated that the equation thus obtained is completely identical to that which
provides the tangent linear system approximation method [Rossetto et al., 1998]
presented below in the appendix. This made it possible to characterize its at-
tractivity while using a criterion proposed by Henri Poincaré [1881] in his report
entitled “Sur les courbes définies par une equation différentielle”.

Moreover, the specific use of the instantaneous acceleration vector, inherent in
Mechanics, allowed on the one hand a kinematics interpretation of the evolution of
the trajectory curves in the vicinity of the slow manifold by defining the slow and
fast domains of the phase space and on the other hand, to approach the analytical
equation of the slow manifold thanks to the singular approximation of accelera-
tion. The equation thus obtained is completely identical to that which provides the
successive approximations method [Rossetto, 1986]. Thus, it has been established
that the presence in the phase space of an attractive slow manifold, in the vicinity
of which the trajectory curves converge, defines part of the attractor. So, in order
to propose a qualitative description of the geometrical structure of attractor a new
manifold called singular has been introduced.

Various applications to the models of Van der Pol, cubic-Chua, Lorenz and
Volterra-Gause made it possible to illustrate the practical interest of this new ap-
proach for the dynamical systems (S-FADS or CAS-FADS) study.
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Appendix: formalization of the tangent linear system
approximation method

The aim of this appendix is to demonstrate that the approach developed in this
work generalizes the tangent linear system approximation method [Rossetto et
al., 1998]. After having pointed out the necessary assumptions to the applica-
tion of this method and the corollaries which result from this, two conditions (of
collinearity / coplanarity and orthogonality) providing the analytical equation of
the slow manifold of a dynamical system defined by (I)) or (2) will be presented
in a formal way. Equivalence between these two conditions will be then estab-
lished. Lastly, while using the sum and the product (also the square of the sum
and the product) of the eigenvalues of the functional jacobian of the tangent linear
system, the equation of the slow manifold generated by these two conditions will
be made independent of these eigenvalues and will be expressed according to the
elements of the functional jacobian matrix of the fangent linear system. It will be
thus demonstrated that this analytical equation of the slow manifold is completely
identical to that provided by the Proposition[3.T]and [3.2]developed in this article.

Assumptions

The application of the tangent linear system approximation method requires that
the dynamical system defined by (@) or (@) satisfies the following assumptions:

- /=
(H;) The components f;, of the velocity vector field & (X ) defined in E are
continuous, C* functions in E and with values included in R.

(H3) The dynamical system defined by (I)) or (2) satisfies the nonlinear part
condition [Rossetto et al., 1998], i.e., that the influence of the nonlinear part of the

= /=
Taylor series of the velocity vector field & (X ) of this system is overshadowed
by the fast dynamics of the linear part.
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Corollaries

To the dynamical system defined by (d) or @) is associated a rangent linear system
defined as follows:

% - J(X’O) 53X (A—2)
where
— /S
0X = X — Xy, Xy =X () and # d :J()Z’O)
Xo

Corollary 1. The nonlinear part condition implies the stability of the slow man-
ifold. So, according to Proposition it results that the velocity varies slowly

on the slow manifold. This involves that the functional jacobian J ()?0> varies

slowly with time, i.e.,

%(X'O) —0  (4-3)

The solution of the tangent linear system (A-2) is written:

5X = ! (K0)0105 % (1) (A —4)
So,

5X =% aYy  (A=5)
i=1

where n is the dimension of the eigenspace, a; represents coefficients depend-
ing explicitly on the co-ordinates of space and implicitly on time and Y, the eigen-
vectors associated in the functional jacobian of the tangent linear system.

Corollary 2. In the vicinity of the slow manifold the velocity of the dynamical
system defined by (1)) or (2)) and that of the tangent linear system (4)) merge.

A6 X

where ?T represents the velocity vector associated in the tangent linear sys-
tem.
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The tangent linear system approximation method consists in spreading the ve-
locity vector field 7 on the eigenbasis associated in the eigenvalues of the func-
tional jacobian of the tangent linear system.

Indeed, by taking account of (A-2) and (A-5) we have according to (A-6):

d X — — N n n . n
=1 i=1 i=1

Thus, Corollary 2 provides:

A6 X - =

The equation (A-8) constitutes in dimension two (resp. dimension three) a
condition called collinearity (resp. coplanarity) condition which provides the an-
alytical equation of the slow manifold of a dynamical system defined by (I) or
@.

An alternative proposed by Rossetto et al. [1998] uses the “fast” eigenvector
on the left associated in the “fast” eigenvalue of the transposed functional jacobian
of the rangent linear system.

In this case the velocity vector field 7 is then orthogonal with the “fast”
eigenvector on the left. This constitutes a condition called orthogonality con-
dition which provides the analytical equation of the slow manifold of a dynamical
system defined by (@) or @).

These two conditions will be the subject of a detailed presentation in the fol-
lowing sections. Thereafter it will be supposed that the assumptions (H1) - (H2)
are always checked.
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Collinearity / coplanarity condition
Slow manifold equation of a two dimensional dynamical system

Let’s consider a dynamical system defined under the same conditions as () or
@). The eigenvectors associated in the eigenvalues of the functional jacobian of
the rangent linear system are written:

N — 2
n(Nam) e

ox
with

1=1,2

The projection of the velocity vector field 7 on the eigenbasis is written ac-
cording to Corollary 2:

d6X & T
W = 771 =~ 7 = ZCLZ}\ZY)\Z = OZY)\I + ﬁYAQ
i=1
where « and (3 represent coefficients depending explicitly on the co-ordinates
of space and implicitly on time and where Y),, represents the “fast” eigenvector

and Y, the “slow” eigenvector. The existence of an evanescent mode in the vicin-
ity of the slow manifold implies according to Tihonv’s theorem [1952]: o < 1
We deduce:

Proposition A-1: A necessary and sufficient condition of obtaining the slow
manifold equation of a two dimensional dynamical system is that its velocity vec-

tor field V' is collinear to the slow eigenvector Y\, associated in the slow eigen-
value \s of the functional jacobian of the tangent linear system. That is to say:

V ~8Y,  (A—10)

While using this collinearity condition, the equation constituting the first order
approximation in € of the slow manifold of a two dimensional dynamical system
is written:

steae (3)(5)- (-3 oo
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Slow manifold equation of a three dimensional dynamical system

Let’s consider a dynamical system defined under the same conditions as () or
@). The eigenvectors associated in the eigenvalues of the functional jacobian of
the rangent linear system are written:

10709 L 10 (\ _ 09
N e 0y 0z € 0z 4 dy
19f dg dg 10f _
Vi, toae it (- 13) (A-12)
10f dg 10f 9g
—ia5 T (Ni—15) (Az‘ a—y>

with
i=1,2,3

The projection of the velocity vector field 7 on the eigenbasis is written ac-
cording to Corollary 2:

WX _ 3

a — = = —
i T 7 = Zal)\ZYAz = OZ}/)\1 + BY)\Q + 5Y)\3

i=1
where o, 5 and ¢ represent coefficients depending explicitly on the co-ordinates
of space and implicitly on time and where Y),, represents the “fast” eigenvector

and Y),, Y, the “slow” eigenvectors. The existence of an evanescent mode in
the vicinity of the slow manifold implies according to Tihonv’s theorem [1952]:
a < 1 We deduce:

Proposition A-2: A necessary and sufficient condition of obtaining the slow
manifold equation of a three dimensional dynamical system is that its velocity

vector field V' is coplanar to the slow eigenvectors Yy, and Y, associated in the
slow eigenvalue \y and \s of the functional jacobian of the tangent linear system.
That is to say:

V ~ BV +6Yn  (A—13)

While using this coplanarity condition, the equation constituting the first order
approximation in ¢ of the slow manifold of a three dimensional dynamical system
is written:

det (75/725/73)) —0 e V. (KZAKZ) —0  (A-14)
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Orthogonality condition
Slow manifold equation of a two dimensional dynamical system

Let’s consider a dynamical system defined under the same conditions as () or
@). The eigenvectors associated in the eigenvalues of the transposed functional
jacobian of the tangent linear system are written:

9g

W( _> (A~ 15)

1
€

ol
iy e

with
i=1,2

'y, represents the “fast” eigenvector on the left associated in the dominant

eigenvalue, i.e., the largest eigenvalue in absolute value and 'Y}, is the “slow”
eigenvector on the left.

But since according to Rossetto et al. [1998], Eg: velocity vector field 7 is
perpendicular to the “fast™ eigenvector on the left 'Y, we deduce:

Proposition A-3: A necessary and sufficient condition of obtaining the slow
manifold equation of a two dimensional dynamical system is that its velocity vec-
tor field V' is perpendicular to the fast eigenvector 'Yy, on the left associated in
the fast eigenvalue A\, of the transposed functional jacobian of the tangent linear
system. That is to say:

V1% (A 16)

While using this orthogonality condition, the equation constituting the first
order approximation in € of the slow manifold of a two dimensional dynamical
system is written:

e (o)) () ()0 o
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Slow manifold equation of a three dimensional dynamical system

Let’s consider a dynamical system defined under the same conditions as () or
@). The eigenvectors associated in the eigenvalues of the transposed functional
jacobian of the tangent linear system are written:

og0n | oh (\ _ 09
s oz dy +8 T By
10f dh 1o) 19f
Yx, T G (N 1) (A—-18)
19f 0 10f 0
—zoyoe T (Ni—25) (A —a—i)

with
i=1,2,3

'y, represents the “fast” eigenvector on the left associated in the dominant

eigenvalue, i.e., the largest eigenvalue in absolute value and 'Y),, 'Y), are the
“slow” eigenvectors on the left.

But since according to Rossetto et al. [1998], the velocity vector field 7 is per-
pendicular to the “fast™ eigenvector on the left 'Y),, we deduce:

Proposition A-4: A necessary and sufficient condition of obtaining the slow
manifold equation of a three dimensional dynamical system is that its velocity
vector field V' is perpendicular to the fast eigenvector 'Yy, on the left associated
in the fast eigenvalue A\, of the transposed functional jacobian of the tangent linear
system. That is to say:

V1iYe  (A-19)

While using this orthogonality condition, the equation constituting the first
order approximation in ¢ of the slow manifold of a three dimensional dynamical
system is written:

—s —
V1Y, o V. =0 (A—20)
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Equivalence of both conditions

Proposition A-5: Both necessary and sufficient collinearity / coplanarity and or-
thogonality conditions providing the slow manifold equation are equivalent.

Proof of the Proposition 5 in dimension two

In dimension two, the slow manifold equation may be obtained while considering
that the velocity vector field V' is:

- either collinear to the “slow” eigenvector Y), .
- either perpendicular to the “fast™ eigenvector on the left 1Y),

There is equivalence between both conditions provided that the “fast” eigen-

vector on the left 'Y}, is orthogonal to the “slow” eigenvector Y),. Both co-
ordinates of these eigenvectors defined in the above section make it possible to
express their scalar product:

AR V. 99\", (10fY (09

While using the trace and determinant of the functional jacobian of the fangent
linear system, we have:

—— 1/0f8g Ofdyg g\ (10f Og og\> [10f\ [ 9g
ty,y, =2 (2L L) 22 -2, 27 -7 -z =z
M T <8x8y y 8x) <(’9y) <€(’3x +8y)+<8y) * edy ) \Ox

So,

oo
Yy 1Yy,  (A=21)

Thus, collinearity and orthogonality conditions are completely equivalent.
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Proof of the Proposition 5 in dimension three

In dimension three, the slow manifold equation may be obtained while consider-
ing that the velocity vector field V' is:

: . o —
- either coplanar to the “slow” eigenvectors Y, and Y),
- either perpendicular to the “fast™ eigenvector on the left 'Y},

There is equivaglce between both conditions provided that the “fast” eigen-
vector on the left 'Y, is orthogonal to the plane containing the “slow” eigenvec-

tors Y_,\: and Y),,. While using the co-ordinates of these eigenvectors defined in the
above section, the sum and the product (also the square of the sum and the prod-
uct) of the eigenvalues of the functional jacobian of the tangent linear system, the
following equality is demonstrated:

R s
Y AYy =Yy (A—22)

Thus, coplanarity and orthogonality conditions are completely equivalent.
Note:

In dimension three numerical studies shown significant differences in the plot
of the slow manifold according to whether one or the other of the both conditions
(coplanarity (A-14) or orthogonality (A-20)) were used. These differences come
from the fact that each one of these two conditions uses one or two eigenvectors
whose co-ordinates are expressed according to the eigenvalues of the functional
jacobian of the tangent linear system. Since these eigenvalues can be complex
or real according to their localization in the phase space the plot of the analytical
equation of the slow manifold can be difficult even impossible. Also to solve this
problem it is necessary to make the analytical equation of the slow manifold inde-
pendent of the eigenvalues. This can be carried out by multiplying each equation
of the slow manifold by one or two “conjugated” equations. The equation obtained
will be presented in each case (dimension two and three) in the next section.
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Slow manifold equation independent of the eigenvectors

Proposition A-6: Slow manifold equations of a dynamical system obtained by the
collinearity / coplanarity and orthogonality conditions are equivalent.

Proof of the Proposition 6 in dimension two

In order to demonstrate the equivalence between the slow manifold equations ob-
tained by each condition, they should be expressed independently of the eigen-
values. So let’s multiply each equation (A-11) then (A-17) by its “conjugated”
equation, i.e., an equation in which the eigenvalue \; (resp. \s) is replaced by
the eigenvalue A\, (resp. A;). Let’s notice that the “conjugated” equation of the
equation (A-11) corresponds to the collinearity condition between the velocity

vector field V' and the eigenvector Y),. The product of the equation (A-11) by its
“conjugated” equation is written:

(V A32) - (VAT =0

So, while using the trace and the determinant of the functional jacobian of the
tangent linear system we have:

0 dg\ (dx\> [19f g\ (dx\ (d 10f\ (dy\>
99 | (29 (dz\" _ (190 _ 09 (dr) fdy)  (LOFN (dy)\™h 4 o
ox ox dt edxr Oy dt dt e dy dt
In the same manner, the product of the equation (A-17) by its “conjugated”
equation which corresponds to t}g)rthogonality condition between velocity vec-

tor field V' and the eigenvector 'Y}, is written:

(752) (7 72) -

So, while using the trace and the determinant of the functional jacobian of the
tangent linear system we have:

CD[EE D@ E- @] v

Both equations (A-23) and (A-24) are equal provided that:
dg 10f
— Oand | —== 0
(356) 70 <€ 0y) 7
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These two last conditions are, according to the definition of a dynamical sys-
tem, satisfied because if they were not both differential equations which constitute
the system would be completely uncoupled and it would not be a system anymore.
Thus, the equations obtained by the collinearity and orthogonality conditions are
equivalent.

(VAY_Q-(VM/_AZ) —0 o (VUK)) (7-%2) —0  (A-25)

Equations (A-23) and (A-24) provide the slow manifold equation of a two di-
mensional dynamical system independently of the eigenvalues of the functional
jacobian of the tangent linear system. In order to express them, we adopt the fol-
lowing notations for:

- the velocity vector field

- the functional jacobian

a b
=( )
- the eigenvectors co-ordinates (A-9)
[ N—d
m(h)
withi=1,2

Equations (A-23) and (A-24) providing the slow manifold equation of a two
dimensional dynamical system independently of the eigenvalues of the functional
jacobian of the tangent linear system are then written:

ci* —(a—d)iy—by*=0 (A —26)

= = 0ifi+j#2
— e — i o —
<z$—§ Oawxy 0 with a; { 0ifitj=2 (A—27)
27-]:
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Slow manifold analytical equation of a two dimensional dynamical system

2 R :
¢ = ivjzz:oaijx'lyj = () with Qi = { #81?21; i;
Qg = C
11 = —(a—d)

Ozogz—b

Table 2: Slow manifold analytical equation of a two dimensional dynamical sys-
tem

Proof of the Proposition 6 in dimension three

In order to demonstrate the equivalence between the slow manifold equations ob-
tained by each condition, the same step as that exposed in the above section is
applied. The slow manifold equation should be expressed independently of the
eigenvalues. In dimension three, each equation (A-14) then (A-20) must be multi-
plied by two “conjugated” equations obtained by circular shifts of the eigenvalues.
Let’s notice that the first of the “conjugated” equations of the equation (A-14) cor-

responds to the coplanarity condition between the velocity vector field 7 and the
eigenvectors Yy, and Y),, the second corresponds to the ﬂlanafﬂ condition be-

tween the velocity vector field 7 and the eigenvectors Y),and Y),. The product
of the equation (A-14) by its “conjugated” equation is written:

P EaR) [ AR [P (R0 o

In the same manner, the product of the equation (A-20) by its “conjugated”
equation which corresponds to the orthogonality condition between the velocity

vector field V' and the eigenvector 'Y, and, the orthogonality condition between
the velocity vector field ? and the eigenvector 'Y}, is written:

(V) (V-5 (P-5) =0 (429

By using Eq. (A-22) and all the circular shifts which result from this we
demonstrate that Eqs. (A-28) and (A-29) are equal. Thus, the equations obtained
by the coplanarity and orthogonality conditions are equivalent.
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7 (7R [P (TR [P ()] o
& (A —30)

(7457) (7 72) (772 =

Equations (A-28) and (A-29) provide the slow manifold equation of a three
dimensional dynamical system independently of the eigenvalues of the functional
jacobian of the tangent linear system. In order to express them, we adopt the fol-
lowing notations for:

- the velocity vector field

T
Vg
Z
- the functional jacobian
a b c
J=1d e f
g h 1
- the “slow” eigenvectors co-ordinates (A-12)
bf +c(X\ —e)
Y, cd+ f (N —a)

—bd + (N\; —a) (N —e)
withi=2,3
- the “fast” eigenvectors co-ordinates on the left (A-18)

hd+g()\1 — 6)
Y bg + 1 (A — a)
—bd + (A —a) (A —e)

Starting from the coplanarity condition (A-14) and while replacing the eigen-
vectors by their co-ordinates (A-12) and while removing all the eigenvalues A,
and A3 thanks to the sum and the products (and also the square of the sum and
the products) of the eigenvalues of the functional jacobian of the tangent linear
system, we obtain the following equation:
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Ayi— B+ Ci=0  (A—31)
with

Ay = fA —(ef +if +cd) M\ +efi+cdi—cfg— f°h

By = cA\} — (ac +ic+ bf) M\ +aci + bfi — g — cfh (A—32)

C=bf?>—c*d+cf(a—e)

The equation (A-31) is absolutely identical to that which one would have ob-
tained by the orthogonality condition (A-20). Let’s multiply the equation (A-
31) by its “conjugated” equations in Ay and )3, i.e., by (As@ — Boy + C'2) and
by (Ast — B3y + C2). The coefficients A;, B; are obtained by replacing in the
equations (A-32) the eigenvalue \; by the eigenvalue )\, then by the eigenvalue
A3 respectively for i =2, 3. We obtain:

So,
3

6= oty = 0 with oy = {

i,j,k=0

=0ifi+7+k#3
£0ifi+j+k=3 (4-34)

By developing this expression we obtain a polynomial comprising terms com-
prising the sum and product of the eigenvalues and also of the square of the sum
and the product of the eigenvalues and which are directly connected to the ele-
ments of the functional jacobian matrix of the tangent linear system. The equa-
tion obtained is the result of a demonstration (available by request to the authors)
which establishes a relation between the coefficients of this polynomial and the
elements of the functional jacobian matrix of the tangent linear system.

The expression (A-34) represents the slow manifold equation of a three di-
mensional dynamical system independently of the eigenvalues of the functional
jacobian of the fangent linear system. Both expression (A-27) and (A-34) are also
available at the address: http://ginoux.univ-tln.fr
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Slow manifold analytical equation of a three dimensional dynamical system

b —0ifi+j+k#3

3
ed = 0 with agp, = L
Z’j7k:0a”kl’y2 w1 ik {#01{:2—'—]—'—]{7:3

asp = d*h + dgi — fg* — dge

Q30 — Ch2 + abh — b2g — 1bh

ooz = 2d + cfe —bf? — cfa

a919 = bdg + aeg — €*g + cg® — 2adh — 2fgh + deh — agi + egi + dhi

Q99 = —abg + 2beg + a*h — fh? — bdh — ach + 2cgh — bgi — ahi + ehi

(901 = —bd* + ade — cdg + 2afg + 2dfh — efg — adi — dei — fgi + di?

a2 = acd + cde — a*f — 2bdf + aef + cfg+ f2h — 2cdi + afi — efi

Qo1 = b*d — abe — 2bcg — 2ceh + ach + bfh + abi + bei + chi — bi?

a1z = 2bed — ace + ce? — abf — bef — c*g — cfh + aci — cei + 2bfi

a1 = abd — a’e — bde + ae* — acg + 3bfg — 3cdh + efh + ai — i + cgi — fhi — ai® + ei?

Table 3: Slow manifold analytical equation of a three dimensional dynamical sys-
tem
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