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Abstract

This paper deals with the asymptotic study of the so-called canard solutions, which arise in the
study of real singularly perturbed ODEs. Starting near an attracting branch of the ”slow curve”,
those solutions are crossing a turning point before following for a while a repelling branch of the ”slow
curve”. Assuming that the turning point is degenerate (or non-generic), we apply a correspondence
presented in a recent paper. This application needs the definition of a family of functions ¢ that is
studied in a first part. Then, we use the correspondence is used to compute the asymptotic expansion
in the powers of the small parameter for the canard solution.

Introduction

We are concerned with the asymptotic study of the so-called canard solutions [4][1][16] in real singularly
perturbed differential equations which allows a degenerate (or non-generic) turning point. More partic-
ularly, we apply the formal correspondence presented in [9] to compute an asymptotic expansion in the
powers of the perturbation parameter [15][14][3].

So, we consider equations
et =Y(t,u,a,¢)

where U is C*°, t € I C R, « is a real control parameter, u is a real function of the variables ¢ and ¢, and
e €]0,¢ep] is a small real parameter which is tending to 0.
By assuming natural and non-natural hypothesis, we restrict our study [8] (or see [7][10]) to equations

Pt = (p+ 1)tPu+ ot® + S(t, o) + P P(t,u, o, n) (1)

where t € [—tg,t9], @ € R, u is a real function of the variables ¢ and 7, n = '/®+1 €]0, [, p is odd,
L < pis even, and where the functions S and P are C* in their variables. Furthermore, the function S is
such that S(¢,0) = 0, and each of its monomial terms have a valuation, with pounds 1 for t and p— L+1
for «, strictly greater than p + 1.

The existence of a canard solution in such equations, which is proved in the articles mentionned below,
is also proved in [13][2] with geometrical methods.

In what follows, we assume that p > 3, and thus (1) has a degenerate turning point at ¢ = 0.

For convenience, we adopt the change of variables o = n?~+1q and u = nu, which consists of assuming
that the parameter (resp. the function) is equal to O,—o(nP~E+1) (vesp. Op—o(n)).
Such assumptions are taken to guarantee [10] the existence and the uniqueness of the canard solution
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(ap,ur).
This change of variables transforms (1) to the equation

P2t n) = (p+ LntPu(t,n) + n?~ " at® + St P~ " a) + PPt qu(t, n), "~ ayn)  (2)

which is the studied equation in what follows.
For convenience, the notations u(t,n) and u,(t) are assumed to represent the same object.

Moreover, for each fixed couple (gn, v,), the system
P2, () = (p+ DntPu, () + P~ F ey th + St~ a,) + gL P(E mu,, (8), P58 )

u(—to,n) = 0 = u(to,n)

has a solution (a,,u,) defined all over [—tp,o]. So we can define an operator =, : (8,v) — (a,u), which
was proved [8] to be a contraction, with Lipschitz constant equals to O,_.o(7).

And thus, the fixed point theorem implies the existence of a canard solution (aj,uy) of (2), which can
be obtained as the limit of an iterative sequence ((g%n), %(7”)))" defined from =,,.

In a first part, we recall the correspondence, presented in [9] by giving fundamental assumptions wich
leads to a theorem of existence of an asymptotic expansion in the powers of 7 for the canard solution.
Then, the second part of this paper is dedicated to the definition and the study of a family of functions,
that we call intermediary [12].

Finally, it is proved that this choice of functions is relevant to apply the correspondence in the linear
case. Unfortunately, it encounters some problems with the uniqueness, in the general case.

Nevertheless, we conclude by proving the existence and the uniqueness of an asymptotic expansion in the

powers of n for the canard solution (g;;, g;) of the kind

(et o0+ ()1

where, for all integer k, a;, € R, u,, € C*([—t1,t1]) and gk has an asymptotic expansion with negative
powers in its variable T" in +00 and in —oo that are identical, and tends to 0 as T tends to +o0.

Such expansions are uniformly defined in an appreciable neighborhood of the turning point [5][11][6].
Those kind of expansions are currently studied by A. Fruchard and R. Schéifke with methods from the
complex analysis.

By convenience, we suppose that the variable ¢ belongs to an interval [—t1,t;] C] — o,t0[. As we are
concerned by an asymptotic expansion in an appreciable neighborhood of 0, this assumption is necessary
to avoid boundary problems that are not concerning our study.

1 Recalls on the correspondence

In this section, we present the mechanism of the correspondence used to compute the asymptotic expan-
sion in what follows. The fundamental results are demonstrated in [9] .

To define the spaces which are relevant in this study, we give a finite family ¢ of symbols that have to
be chosen in a countable fixed set. All of those symbols are associated to a function, and the family of
those functions is denoted by ¢. The choice of such functions is due to the considered equation.

In the remainder of this paper, the symbol ~ is put on terms to indicate the substitution of the formal
symbols ¢ by their associated topological functions.

Moreover we give an order ord(.), associated to the asymptotic approximation in the powers of 1 to each
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of the "monomial terms” t'p’n!.

Those objects allow us to define the sets Ay, as the vector spaces which are generated by terms made up
of powers of ¢, n, and of the intermediary functions ¢, that have an order ord(.) lesser or equals k.
Then, for all integer k, we define

By := {t'¢/n" . |J| > 1, ord(i, J,1) =k} , and Cp := Rup* x (C>([—to, to]).n" & VectBy)

A = A1 ® Cr, = ®1<xC; (where we assume A_; :=C_y := {(0,0)} )

We assume that the order ord(.) is such that, for all k, the set {(¢, J,1) € I; |J| > 1 and ord(i, J, 1) = k}
is finite. Thus, the substitution in those spaces of the symbols ¢ by the associated functions have sense.
In what follows, their images will be respectively denoted by By, Ck, and Ay.

Finally, for all integer k, we denote by 7 the natural projection from Agii to Ag. The sequence

((Ag, 7))k has a natural projective limit (A, (7 )x)-
Definition 1. A sequence (Ex)k, where for all integer k Zy, : A — Ay, is compatible if, for all k € N,
M O Spy1 = =k O Tk

Definition 2. A sequence of functions (Zk)k is formally equivalent to a topological operator Z: D C
E — & if and only if, for all (ck)r € A, and for all integer k:

e ¢ belongs to the set on which Z is well defined.

e~

o =(¢k) — Zi(ck) € OnHO(nk)

Definition 3. A couple (v, w), where v € R and w : (t,m) — w(t,n) is a C> function, has the couple
Ok Ts 2o wi) € A for semi-asymptotic expansion if, for alln € N, (v,,wy,) € Cy, and

k
Y= Zﬁn
n=0

The couple (v, w) has an asymptotic expansion if it has an unique semi-asymptotic expansion.

Vk e N,

te[—to,to]

k
w(ta 77) - Z {En (ta Sz(tv 77)) 77)
n=0

= (977"0 (nkJrl)a sup {

} = Onao(ﬁkﬂ)

In practice, the computation of the expansion is a consequence of the two following propositions [9]:

Proposition 1. If the choice of intermediary functions @ (and so the construction of the sets Ay) is
such that we can define, from the contration Z,, a sequence of functions (Z)k, where Zi is defined from
Ay to itself. Moreover, if (E)r is compatible and formally equivalent to =,, then we have the existence
of a semi-asymptotic expansion for the canard solution (g;;,g;;).

More particulary, we consider the coefficients

w,(t, p,m) = (¢, )"

Proposition 2. If the family (Ax)i is asymptotically free, i.e. satisfied to
Vk € N fized, Ve € Ay, [(@ = Opo(n™)) = (cx = 0)]
Then, we have the uniqueness of the semi-asymptotic expansion that was computed in the previous

proposition.

For all k£ € N, 5, is defined from the substitutions, in the integral form of Z,, of the functions P and
S by their respectives Taylor expansions, truncated at order k. And then, by the substitution of all the
terms by their associated formal terms in Ay.

In practice, for all k € N, and for all (3,,v;) € Ak, we denote (ay,uy,) == Z,(8,, )

As, by definition of Ay, (B,+vy) is associated to (ék,ﬁk) € Ay, we can define

(Qka@k) = Ek(éka@k)

Finally, the expected asymptotic expansion is obtained as the limit of the sequence ((¢&, fix))k-
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2 Study of a family of functions

In this section, we define the family of intermediary functions which is relevant to our study. This family
is defined in two steps:

- Firstly, we define a family of functions (¢ ) from equations that are similar to the studied one.

- From the properties of those functions, and the definition of their order ord(.), we define the relevant
family (v; x):,x used for the study, in the linear case, presented in the section 3.

Finally, we propose a generalization of this, which brings a theorem in the general case.

2.1 Definition of a family of functions
We denote by Z,(v) the canard solution of the system
Pt n) = (p+ DtPw(t,n) + dux” + 0P ot n)
lmy— oo e~ @D (8, ) = 0 = limy— 400 e~ @D w(t, m)
where the parameter §, is such that the function Z,(v) is continuous at ¢ = 0. We have

s e me @y L [ ey e dy

fj_oooo yLe*(y/n)p+1dy 2 f0+oo yLe*(y/n)p+1dy

p+1

n , as L is even

In what follows, we adopt the notation A, = np—lﬂév.

An explicit study of the equation (3) gives:

Proposition 3.

Z,0)(0) ="

t v(z, e~/ gy
(v( 1) = J oo vle) yL) e~/ gy
+OO

2 f0+oo zLe=(z/mP

In the case v(t,n) = t*, we denote

k41
= (11:((2111))1—‘ (%QTP—H) -T (%;TP"H)) , if k is even

. E+1. pp+1 ; ;
ST (B Tr) i ks odd
where T'(k, .) is the incomplete Gamma function I'(k; T) := eT f;oo 2f7le7?dz. This implies that

T,(X(0) = 1L (%)

where the functions ¥ are independant from 7. Moreover, those functions are such that:
Proposition 4. ¢y, =0 and, for all k € {0,--- ,p — 1}, ¥y is C*° and limited for all t € R.
Those properties are fundamental to define the order ord(.) of those functions.

As the first definition of the operator Z,, implies that Z,(v) is an odd (resp. even) function if v is even
(resp. odd), we conclude that T, (X*) is well defined for negative values of t.

Moreover, the following properties are an immediate consequences of the definition of Z,,:
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Proposition 5. - If, for allm and t € R, v(t,n) = Oy_o(n), then I, (v)(t) = Op—o(n*1)

- Iy(u+v) = Iy(u) + Zy(v)

(
- Zy(g(n) v) = g(n) Zy(v)
- LX) =0 (et 6,0 = —npt!)
- T(XP) = =Lt (et 5 = 0)

Finally, we denote D), : u — v the operator

. 1
Dy(u) ==u—(p+ 1)77p+1 tPu

The interactions between D,, and Z,, brings:

Proposition 6. For all integer k, and for all function u:

1
L](Xkln(u)) k — (thrlI ( ) In(XkJrlu) . )\uzn(XkJrLJrl))
Z%()(pu)%;;finp+l(z%(u) —u)
In particular
In(Xk+p+1) — —np+1 ((k+ 1) (Xk> Xk+1)

p+1
Moreover, D, gives:
Proposition 7. The family {¢y : k€ {0,--- ,p— 1}\{L}} is free.

Proof:
We consider a linear combination

p—1

t
E %¢k<—)
k=1, k£L N

that we supposed to be equals 0.
As D, is linear, its definition implies that

()= G) s ()

p—1 k p—1 L
Lk If) Ak (t)
— (=) + —— Lk - =0
SICTEY RN U SR vaon

k=1, k#L k=1, k#£L

which gives

Finally, as the family 7" = (%)n is free, we conclude that the family {¢y : k€ {0,--- ,p—1}\{L}} is

free too.
O
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2.2 Definition of the relevant family of functions

To define the relevant family of ”intermediary” functions, we study the asymptotic order ord(.) of the
monomial terms t*yn’.

As, for all m €]0,1[ and for all positive real U, we have

+oo
D, 0)=e ¥ [ amtetay
U
then, for all k € {0,---,p}, we have the following asymptotic approximation of ¢ near £oo:
T~ (e—max{k.L}) "if [ ig even
Ve(T) ~1—too s po T~ P—max{k,L})

T-®=F) if k is odd
Moreover, as t = O, ,0(1), we have the approximation:
. Oy—0 (114 (On—0(1))) = Oy—o(*t!) , if t = Op—o(n)
t"Yy (—> n' =
! On—o(1)

In conclusion, for all (i,k,1) € N x {0,---,p} x N, the relevant choice of order for the monomial term
tip (L)nt is
n

ord(t'yyn') := min{p — max{k, L},i} + 1, and (ord(i, k,1) :=) ord(t'In') := ord(t'yn'TF+1)

—(p—max{k,L}) .
On—o((£) n') = Opo(np~max{BLIH) if ¢ £ 0o ()

n

The choice of order for the term t'n! is naturally

ord(t'n!) :=1
This choice implies that the terms of order K are the couples
axn™ ug (O™ + > i ot Ten™ * + > pmmaxth LY g () !
(i,k,l); i<p—max{k,L}, i+l=K (k,l); p—max{k,L}+I=K

where ag € R, u; 1 € R, ug and fi; are C*® in t € [—t1,t4].

As there is not a finite number of such couples, we have to define an other family of functions that is
using the following terminology:
If p is a function of the variable T such that

N
P(T) ~T—too anTn + Z pmT ™™

n=0 m>1

We denote N
(1)) == p(T) = > puT"
n=0

This terminology gives
Proposition 8. For all (i,1) € N2, and k € {0,--- ,p — 1}\{L}, we have

. . t . .
ord(t'n') :== 1, and 0Td<|:tz’l/)k <—>} nl> = ord([T* (7)) =i + 1
n
So, for all integer K, our relevant space Cg is the vector space which contains the couples
K p—1 B +
aen, [+ S s (—) <
i=0 k=0, k#L N
where ax € R, u; 1 € R, ug € C®([—t1,t1]), where we adopt the notation
bik(T) := [Ty (T)]
Thus, for all integer k, we define A, := @f:o C.
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3 Computation in the linear case

This section is dedicated to the computation in the linear case. We will prove that the method and the
choice of intermediary functions presented previously allows the computation of the expected asymptotic
expansion for the canard solution.

In the last section, we will give some comments on the computation of the asymptotic expansions in
general. It will be showned that problem of uniqueness of such expansions still remains.

In this section we assume that the function P in the equation (2) is linear in w.
In a first part, using the proposition 1, we prove the existence of semi-asymptotic expansions. Then, it
is proved, in a second part, that the assumptions of the proposition 2 are satisfied.

3.1 Existence of semi-asymptotic expansions

To prove the existence of semi-asymptotic expansions for the canard solution, we need:

Lemma 1. For all integer k, I,, has a formal equivalent in Aj.

Proof:

By definition of the spaces Ay, it is sufficient to prove that, for all integer K and for all function
w € C*°([—t1,t1]), the functions Z, (w(X)) and Z,(v; (X /n))n’ have a natural equivalent formal term in
Agk.

In what follows, we suppose that an integer K is fixed.

® Study of terms of the kind I, (w(X)):
We assume that K > p (the case K < p is a simplier case).
Considering the Taylor expansion of order p for the function w, the linearity of 7, gives

Zwln ")+ Iy (XPR1 (X))

Then, the equation(4) implies that

P
. 1 1
X)) = 2wy (X7 = g B e (B (O

By iterating this process, we arrive, for all integer ¢, to an equation of the kind

q
Zy(w(X) Z (Z Wi, (m—1)(p+1)> T,(X™) - Z Sp™ D 4 T, (A +D)

n=0 m=1

that we can written

q

Ty (w(X Z <Zwm N ”“)) B (/)] — > TP 4 I, (A)y D

n=0 m=1
where wy, , € R, and the functions T,,, and A belongs to C*°([—t1,t1]).

In conclusion, by denoting gk := min{m € N; m(p + 1) > K}, the equivalent term of Z,(w(X)) which
belongs to A is
Zfl{;ol ( g =1 Wm n(mil)(p+1)+n+1) W’n] JFK <p
€ Ag

i:o( ¢ W, n(mfl)(p+1)+n+1)[ U] — S Lp Tt )nm(erl) K > p
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® Study of terms of the kind T, (v; 1 (X/n))n':
The formal substitution of a series in negative powers of 7" in the differential equations on which )y is
solution shows that the function i has an expansion of the kind:

Vi(T) ~1—t00 Z pnT™"

n>p—max{k,L}

So, for all i € N, and for all k € {0,--- ,p — 1}\{L}, we have:

o, (%) Di (%) Jif i < p— max{k, L}
e (f)=1 | )
¢ i—p+max{k,L} e
(£) v (%) -0 pon (L) it > p—max{k, L}
In what follows, we study the second case, as the first one can be prove with a similar method.

So, we assume that ¢ > p — max{k, L}, and then

i—p+max{k,L}

oo (D)= (o (5)) - TE i

n=0

The proposition 6 brings

. X 1 : 1 . . .
IT] (X"¢]g <;>> = Wl—n (X'In(Xk)) — W (tH_lIn(Xk) _In(Xz-Q—k:-l»l) _ )\XkIn(X1+L+1))

which gives

i X 1 i i Ak 4
o (X o (?)) i (t i (%) 0 e (%) gt (%)) T
1 AN t t Ak t
=" +1 ((5) Vi (5) — VYitk+1 (5) - nkiL¢i+L+1 (5))

In conclusion, the formula (5) implies that Z,, (Xiz/zk (%)) belongs to |J Ak-

Even if it means to make truncations, we conclude that In(z/;i7k(X /1)1’ has an equivalent formal term
in Ag.

O

Thus, we can prove the fundamental result of this section:

Theorem 1. There exists a sequence (Ex )k, which is defined from the topological contraction =, which
s formally equivalent to =, and compatible.

In particular, this theorem allows the computation of semi-asymptotic expansions for the canard solution.

Demonstration of the theorem:
This sequence is defined by iteration. So, an integer K is supposed to be fixed.
To define =k, a couple (3 ol k) € Ak is given. We recall that its equivalent formal term is denoted by

(éK,@K) € Ax. We denote (ap,uy) := E,](QK,QK).

Study of the equivalent formal term of ay:

The definition of the operator Z,, implies that the parameter o satisfies to

to |
0=n"""a / ghem €M™ e 4

—t9

to

1 [t P -
+_/ S(& P ag)e €/ d€+77p/ P&, g (&m), ™ 1 B e om)e™ /" dg

n —to —to
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By substituting S by its explicit formulation and by substituting to the C°°-function P the term of order
K in its Taylor expansion, the right-handed term of this equation become

to
P lag. gLe—(ﬁ/n)p+ld§+

p+1 ) ) to .
2 (Z gt De=L+D) gJitlg, (p=Lily gle= &M gy

i=0 —to

fo 2 —L+1 —(&/ p+1
+ §P+ R(§7n2’ + QK)E &/m) df) + ...

K+1

_ +1
P S pape e vdge / v (€m) e/ ge

c€{0,1} a,b,d=0

which is supposed, by approximation, to be 0.
As (B, vk) belongs to Ay, we can replace the terms B, et vg by the topological version of (ﬁK, V) €

Ak
Finally, an approximation of the integral terms brings to an equation of the kind

E(ag,n) =0, where E is C* in its variables

More precisely, an asymptotic approximation of each integral terms show that all of the monomial
terms which constituate the function E, and contains ay, are asymptotically dominated by the term
P~ Lo ﬁoto é’Le—(g/U)P+1d€.

Applying the implicit function theorem, we conclude that the parameter aj is a C*°-function of the
variable 1. And, we denote by &y the term of order K in its Taylor expansion.

Study of the equivalent formal term of uy :

By definition of the operator Z,, the function uy satisfies, for all ¢ and 7, to

1 w1 [Y,
k(tn) = ——=elt/m /(n” Laeht ...

npt to

1 - — _ p+1
+ES(€a77p L+1QK)+77PP(§,17QK(£’77),77P L+1QK’77)>6 (&/m) dé

The definition of the functions S and P show that the presence of the terms # and % did not prevent
each of the terms to be equals O, _o(1).

In this last expression, we are willing to replace aj by a formula which comes from

0= qnPL ) —/mrty
=n"""ag e £+ ...
—to

1 to 3 to B B pi1
+_/ S(E P Iy )e™E/M" de 4y / P& mugc (€ m), P~ 51 B, me™ /" dg

nJ—t, —to

So, we remark that the term
+oo
77P*LQK / €Le*(§/n)p+1d£+.”

—+o0

1 +oo 7 - it i . n
+5/ SEn" ™ ag)e " d£+n”/ P& mug(&m), "~ B me” M7 dg (6)
is exactly
WP_LQK /71&0 é’Le_(E/ﬂ)p+ld5+“.
1 [~to _ B - . B
+;/_Oo S(& P~ F o, )e (&/mP dé+n / P(&,mug (&), NP~ LHEKW)@ /P ge _
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—+oo
,nprgK/ ¢ e*(&/n)p“dg,
to

+o0 oo

_l/ S E g )em /D" e —np/ P& ugc(€.m), P~ 1B, m)e™E/M" dg

n Jtg to -

By the change of variable £ +tq = (, each terms can be written e—(to/m)" " Sf(ak,n), where the function
f is C*°. Consequently, each of those six terms is exponentially small, and so can be put on side of our
study, as a term which has a regular asymptotic expansion in the powers of 77 equals 0. In conclusion, we

approximate in what follows the term (6) by 0.

This approximation allows us to substitute the term n?~Lq,,, in the formulation of u; previously given,
by
+ _ _ +1 + - - +1
1 [T S(s,mP~E oy )e (/M ds pf,;f P(s,nuge(s,m), P53, m)e= (/M7 ds

n f:r;f sLe—(s/m)PTt g a fjooj sLe—(s/m)PTlds

This substitution gives for approximation of w:

+o0 p—L+1 —(s/m)P Tt
1 e(t/n)P+1 /tl S(é_ nP7L+1a )_ f—oo 5(5777 QK)E dsé—L e,(g/n)p#»ldé__’_
np+l to M ’ oK 2 f0+°° ske—(s/mPtlgs

JEZ P(s,muge(s,m), P~ L1 )57(%)“1&9
J-o y MUK S M), 1 _K7n £L e—(%)p+1d£
2 [ she Gl ds

t
+np/t (P(é,nyx(&n)mpL“ﬁK,n)

As t € [—t1,t1] C] — to, yo[, we make the approximation which consists in replacing ¢ty by 400 in the
integral terms. This substitution generate only terms which have an asymptotic approximation equal to

Moreover, an asymptotic approximation of each integrals show that all of the terms which defined w
are equal O, _0(1). And so, in what follows, we put away the negative powers of 7 that appear.

To propose an equivalent formal term of uy, the first step is to substitute formally the functions S and
P by the term of order K of their respective Taylor expansions. Then, to substitute to 3 X (resp. ay,

vk ) the topological version of @K (resp. G, D). This gives

) — +1
+1 [? n f_+ wn(s)n"e (/M ds _ +1 N oo
e(t/mP A (wn(f)n - O‘F+£8L67(S/n)p+lds gL e—(&/m? d¢ , ol wy, € C*°([—t1,t1])

' Mg me—(s/mPH g
or e(t/n)P“/ (wn,k(ﬁ/n)nm SIS nk(s/mnme SgL) (e g
+oo

fj_:: sLe—(s/mPtlqg
where n and m are integer, and k € {0,--- ,p — 1}\{L}.

The proposition 3 shows that those terms are respectively Z, (w,, (X )n™) and Z,,(X"Z, (X*)(X)n™).
Moreover, even if it means to took away terms that have an order ord(.) greater than K + 1, the lemma
1 implies that we are able to define a term iy, which is formally equivalent to uy in Ak, such that

(Gp, ) € Ak

Consequently, the operator Ex can be defined by Ex (3., 0 ) := (Qg, Uy ).

In conclusion, this construction shows that (=) is formally equivalent to =, and is compatible.
O

In the next part, we study the uniqueness of the semi-asymptotic expansion for the canard solution that
we can compute.

3.2 Uniqueness of the asymptotic expansion

This part is dedicated to the proof of the following theorem:

10
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Theorem 2. The sequence (Ay)y is asymptotically free, i.e.
VK €N fized, Vex € Ak, [ (cx = Opo(n™ 1)) = cx =0 ]

Its demonstration needs:

Lemma 2. For each fized integer i, the family
&= {T" s n € {0, pyU{TYp(T): k{0, - ,p— 1}\{L}}
is free

Proof of the lemmas:
This proof use the definition and the properties of the operator D,, described above. In particular, we

note that
p n n—1 p+n
D, (1) = -2+ <E> ,Vn e {1, ,p}, 'Dn<<§> > =nn<3> —(p+n*"! (E> ,
n n n n n

t 1 /t\" Ak t\ L
vk €{0,---,p—1}\{L}, Dy (wk <;>> :5<5> +n’“++1<;> et

o £\* t 1/ t\tk Ak e\ i e\ t
WEN’”’I((J wk(n»:n(n) rtm () G ()

The demonstration consists in a recurrence over the integer ¢:

Initialization: By definition,
Eoi={T": ne {0, )} U{un(T): ke {0, ,p— TN{L}}
So, we supposed that

D p—1
o + Z wn T+ Z vetb(T) =0
n=1

k=0, k#L

The application of the linear operator D,, transforms this equation to

_p+1

P p—1
1 A
poT? + Z (nnMnTn_l —(p+ 1)772n_1MnTp+n) + Z (—Vka + k+;+1VkTL> —0
n—=1 k=0, k£L n

Moreover, as the family {T™ : m € {0,---,2p}} is free and as, for all n € {0,---,p}, the term
—(p+ 1)n*" L, TP is the only one which allows TP+ in factor, we conclude that all the coefficients
[y, are Zero.
Finally, as k # L, we have v, = 0.

Heredity: We fixed an integer ¢ > 1.
The family D, (&;) is constituated by the terms:

p+1 e - R Ak
— TP, g T"" — (p + )" 1 TPH", i +k+nk—tL+1

rith 4 Lpiciy, )
n
where n € {Oa e ap}7 and k € {0’ Y 1}\{L}

All of those terms are generated by &£_1 which is, by hypothesis of recurrence, free.
We consider, at first, the terms which contains T?*™. By application of the proposition 7, the family of
the functions vy, is free. So, we conclude that the family &; is free.

O
Demonstration of the theorem:
By definition of Ak, each cx € Ak is such that
K K n p—1
e =D e D (un®+D0 D wintie | 0"
n=0 n=0 i=0 k=0, k#L

11
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The uniqueness of the coefficients of the first member being immediate, we will be concerned by the
second member. The proof consists in a recurrence over the integer K.

An element cx € Ak is supposed to be given, and supposed to be such that cx = (’)n_,o(nK‘H). By
definition we have, for all ¢t € [—t1,#1]:

S w0+ 5 s [(f)l@ (g)] 0| = Oy 7

n=0 i=0 k=0, k%L n

To prove the initialization (K = 0), the definition of ord(.) gives

VE € [—t1, 1], |uo(t) + pil Ug,k |:Jk (%)] = Op—o(n)

k=0, k#L

A similar demonstration than the one proposed below to prove the heredity shows that the function wug
is 0, and that ug, = 0.

To prove the heredity of the recurrence we assume, by hypothesis of recurrence, that the property is true
for all integer smaller or equal to K — 1.
As, by definition of ord(.) and Ck, we know that

K p—1 i
t\ ~ [t
Wl [(‘) . (‘)] 1| = Oyor)
i=0 k=0, k#L
we conclude from (7) that
K-1 n p—1 " i ~ +
Dol +D > win l(—) Vi (—)1 0" = Op—o(n™)
n=0 i=0 k=0, k#L
And so, the hypothesis of recurrence gives
Vne{0,---,K -1}, Vie {0,---,n}, Vk€{0,--- ,p—1}\{L}, up =0, and u; s, =0
Finally, (7) become

K p—1 " i "
Vt € [—ﬁ1,t1], UK(f) + Uik l(_) P (_)
i—0 k=0, kAL n N

K2

=On—o (n)

As, by construction, the functions T' — [T%Zk (T)} are C* and limited over R, a study with ¢t = O, ()
gives ug = 0.
Moreover, the formula (5) and the previous lemma shows that

{[T%Zk(T)} cie{0,--, K}, ke {0, ,p—1}\{L}}

is free.

O

The two theorems presented in this section gives a correspondence that brings to the computation of an
asymptotic expansion in the powers of 1 for the canard solution of (2), in the linear case. This can be
presented in the more general result:

12
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Theorem 3. If the equation (2) is linear, its canard solution (a*,u*) has an asymptotic expansion that

can be written
n

p—1
San ) lun® A+ Y wintix (%) n"

n i=0 k=0, k#£L

This method gives a formal process which compute this asymptotic expansion in the powers of 7, which
remains uniformly valid all over [—t1,¢;].

Remark:
Writing the expansion of the function u* on the form

> | wlt) + pii Pyl (%) '

1 k=0, k#£L

gives an asymptotic expansion of the regularly perturbed differential equations which is associated to (2)
(obtained by the change of variables t = nT, u = nU, a = n?~EFT1A). This last equation is defined in a
domain which is growing as n tends to 0.

And so, the change of variable T = %, brings to a local study of the canard solution in a small neighborhood
of t = 0.

4 Study in the general case

In the general case, the family of intermediary functions which was used in the linear case is clearly not
sufficient. As the function P is not necessary linear in u, we have to take into account the functions
generated by the product of others intermediary functions, as Z,(X*)Z,(X!), and the one that are
consequently obtained by composition, as Z,(XZ,(X*)Z,(X")) for example. Due to the lack of control
of those functions by a theorem similar to the proposition 6 for the linear case, those problems still
persists.

The natural space of the intermediary functions F can be defined as the inductive limit of the sequence
(Fx)r defined as follow:

Fo:={1} et Vk > 1, Fi = (t Feo1) U (n Fr1) ULp (Zy(X*) Frm1) ULy (Froi)
On those spaces, the natural order is given by
ord(t'n') =1, and ord([T* ¢y, (T) .. . g, (T) ) =i +1

And it is possible to define the spaces Ay as the vector spaces generated by the monomial terms that
have an order lesser than k.

Unfortunately, those spaces A are infinite, and although we have determined some properties that allow
us to extract a family of functions from F | it has not be proved that this family is such that the expansions
that are computed are unique.

On the other hand, even with the infinite family F, a demonstration similar to the theorem 1 brings:

Proposition 9. The canard solution of (2) has at least one semi-asymptotic expansion in the powers of
1, which is belonging to the space A obtained as a projective limit of (Ax).

Nevertheless, it is possible to use this result to prove the existence and the uniqueness of a more general

form of an asymptotic expansion for the canard solution.
This definition needs to consider the set D which contains the functions of the variable T' that have an

13
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asymptotic expansion in negative powers of T at +00 and at —oo which are identical.
In particular, for all i € Nand k € {0, ,p — 1}\{L}, ¥, x € D.

Considering this set, the previous proposition gives the existence of a semi-asymptotic expansion for the

canard solution of the kind
* t k
w(t,n) ~ Y w(t) + én a))n

k
where, for all integer k, u, € C*°([—t1,t1]) and ¢ € D tends to 0 as T tends to +oo.
The following theorem gives the uniqueness of this kind of asymptotic expansion:

Theorem 4. The canard solution (a*,u*) of (2) has an asymptotic expansion in the powers of n of the

kind
(et o0+ ()1

where, for all integer k, u, € C*°([—t1,t1]) and ér € D and tends to 0 in +oo.

Demonstration:

As the proof of the uniqueness of the expansion for the parameter is trivial, we will concentrate ourselves
on the function.

Similarly than the proof of the uniqueness of the asymptotic expansion proposed in the linear case we
suppose, by hypothesis of recurrence, and for a fixed K, that if we have

K-1

veltinl Y (w060 (L))o = 0,00

k=0

then all of the coefficients of this sum are 0.

We suppose that
K

vt e <t ], Y (gk(t) + o (%)) " = Opo(n™ ™)

k=0

As the term (QK(t) + oK (%)) n* is, by definition, equal to O,_(n’*), the hypothesis of recurrence

gives (aK © + ox (%)) K = 0ot

which we write

ug (t) + oK (%) = Op—o(n)

Assuming than 7 tends to 0, the hypothesis on ¢x implies that uz = 0.
And then, by considering the expansion of the function ¢k, we deduce that ¢x = 0.

O

In this result, we have lost the possibility of having an algorithm that computes the expected asymptotic
expansion. We have prove that the computed expansion is a semi-asymptotic expansion for the canard
solution.

Nevertheless, this theorem remains important because it shows the existence and the uniqueness of an
asymptotic expansion in the powers of 1, which remain uniformly valid all over the interval [—ty,#].

Remark 1:
The change of variables t = T, u = nU, a = n?~ 1A transforms this expansion in an asymptotic
expansion of the regularly perturbed differential equation associated to (2), on a domain which is growing

14
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as n tends to 0.
In particular, the change of variable 7 = % brings a local study of the canard solution in a small
neighborhood of ¢ = 0.

Remark 2:
This theorem shows that the lack of uniqueness mentionned previously is only due to the lack of control
of the different interactions between the intermediary functions.

Remark 3:
The asymptotic expansion presented in the last theorem are currently studied, in the complex case, by
A. Fruchard and R. Schéfke in a recent preprint.
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