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FLATNESS AND MONGE PARAMETERIZATION OF TWO-INPUT SYSTEMS,
CONTROL-AFFINE WITH 4 STATES OR GENERAL WITH 3 STATES

DAVID AVANESSOFF! AND JEAN-BAPTISTE POMET!

Abstract. This paper studies Monge parameterization, or differential flatness, of control-affine sys-
tems with four states and two controls. Some of them are known to be flat, and this implies admitting
a Monge parameterization. Focusing on systems outside this class, we describe the only possible
structure of such a parameterization for these systems, and give a lower bound on the order of this
parameterization, if it exists. This lower-bound is good enough to recover the known results about
“(z,u)-flatness” of these systems, with much more elementary techniques.
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1. INTRODUCTION

In control theory, after a line of research on exact linearization by dynamic state feedback [5,6, 14], the
concept of differential flatness was introduced in 1992 in [7] (see also [8,9]). Flatness is equivalent to exact
linearization by dynamic state feedback of a special type, called “endogenous” [7], but, as pointed out in that
reference, it has its own interest, maybe more important than linearity. An interpretation and framework for
that notion is also proposed in [1,18,24]; see [16] for a recent review.

The Monge problem (see the the survey article [25], published in 1932, that mentions the prominent con-
tributions [12] and [4], and others) is the one of finding explicit formulas giving the “general solution” of an
under-determined system of ODEs as functions of some arbitrary functions of time and a certain number of
their time-derivatives (in fact [25] allows to change the independent variable, but we keep it to be time). Let
us call such formulas a Monge parameterization, its order being the number of time-derivatives.

The authors of [7] already made the link with the above mentioned work on under-determined systems of
ODEs dating back from the beginning of the 20th century; for instance, they used [4,12] to obtain, in [17,22]
some results on flatness or linearizability of control systems.

Let us precise the relation between flatness and Monge parameterizability: flatness is existence of some
functions — we call this collection of functions a flat output — of the state, the controls and a certain number
1 of time-derivatives of the control, that “invert” the formulas of a Monge parameterization, i.e. a solution
t — (x(t), u(t)) of the control system corresponds to only one choice of the arbitrary functions of time appearing
in the parameterization, given by these functions. Let us call ¢ the order of the flat output.
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Characterizing differential flatness, or dynamic state feedback linearizability is still an open problem [10],
apart from the case of single-input systems [4,5]. The main difficulty is that the order of a parameterization or a
flat output, if there exists any, is not known beforehand: for a given system, if one constructs a parameterization,
it has a definite order, but if, for some integer j, one proves that there is no parameterization of order j, there
might exist a parameterization of higher order, and we do not know any a priori bound on the possible j’s. In
the present paper, we consider systems of the smallest dimensions for which the answer is not known; we do not
really overcome the above mentioned “main difficulty”, in the sense that we only say that our class of systems
does not admit a parameterization of order less than some numbers, but the description of the parameterization
that we give, and the resulting system of PDEs is valid at any order.

Consider a general control-affine system in R* with two controls, where ¢ € R* is the state, w; and w» are
the two scalar controls and Xy, X; and X5 are three smooth vector fields:

= Xo(&) + w1 X1(§) + w2 Xa(8).

In [19], one can find a necessary and sufficient condition on Xy, X1, X3 for this system to admit a flat output
depending on the state and control only (j = 0 according to the above notations). Systems who do not satisfy
this conditions may or may not admit flat outputs depending also on some time-derivatives of the control
(7 > 0). This is recalled and commented in Sections 2.4 and 5.

Instead of the above control system, we study a reduced equation (3); let us briefly explain why it represents,
modulo a possibly dynamic feedback transformation, all the relevant cases. Systems for which the iterated Lie
brackets of X; and X5 do not have maximum rank can be treated in a rather simple manner [19], first cases of
Theorem 3.1; if on the contrary iterated Lie brackets do have maximum rank, it is well known (Engel normal form
for distributions of rank 2 in R4, see [3]) that, after a nonsingular feedback (w; = 8%°(¢) + 41 (&)wy + B42(£)wa,
i=1,2, with 311322 — 12321 £ ), there are coordinates such that the system reads

Gi=wi, & =761, 6,8,8) +Ewr, & =0(61,86,6,6) + &wr, €4 =wy (1)

with some smooth functions v and . One can eliminate w; and wy and, renaming &1,&2,£3,&4 as z,y, z, w,
obtain the two following relations between these four functions of time:

(this can also be seen as a control system with state (x,y, z) and controls w and ). If v does not depend on
w, this system is always parameterizable, and even flat (see [19] or Ex. 2.5 below). If, on the contrary, v does
depend on its last argument, one can, around a point where the partial derivative is nonzero, invert  with
respect to w, i.e. transform the first equation into w = g(z,y,2,y — z2) for some function g, and obtain,
substituting into the last equation, a single differential relation between z,y, z written as (3) in next section.

Note that (3) also represents the general (non-affine) systems in R? with two controls that satisfy the necessary
condition given in [22,23], i.e. they are “ruled”; we do not develop this here, see [2] or a future publication.

The paper technically focuses on Monge parameterizations of (3). The problem is unsolved if g and h are
such that system (1) does not satisfy the above mentioned necessary and sufficient condition. We do not give
a complete solution, but our results are more general than — and imply — these of [19]. The techniques used in
the present paper, derived from the original proof of non-parameterizability of some special systems in [12] (see
also [21]), are much simpler and elementary that these of [19]: recovering the results from that paper in this
way has some interest in itself.
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2. PROBLEM STATEMENT
2.1. The systems under consideration

This paper studies the solutions ¢ — (x(t),y(t), z(t)) of the scalar differential equation
z2 = hz,y,2,\) + g(z,y,2, )&  with A=g—z& (3)

where g and h are two real analytic functions  — R, Q being an open connected subset of R*. We assume
that g does depend on \; more precisely, associating to g a map G :  — R* defined by G(z,y,2,\) =
(z,y,2,9(x,y,2,\)), and denoting by g4 the partial derivative of g with respect to its fourth argument,

g4 does not vanish on Q and G defines a diffeomorphism Q — G(). (4)
We denote by Q the open connected subset of R% defined from Q by:
(ac,y,z,jc,y)eﬁ & (z,y,2,y— zt) € Q. (5)

From g and h one may define v and §, two real analytic functions G(2) — R, such that G~ !(z,y, z,w) =
(,9,2,v(z,y,z,w)) and § = ho G™1, i.e.

w:g(z,y,z,k)@)\:'y(x,y,z,w), (6)
h(lE,y,Z,A) = 5(:E,y,z,g(lc,y,Z,>\)), i.€. 6(x7yazaw) = h(:c,y,z,'y(x,y,z,w)). (7)

Then, one may associate to (3) the control-affine system (1) in R* with two controls, that can also be written
as (2); our interest however focuses on system (3) defined by g and h as above. Let us set some conventions:

The functions v and d: when using the notations v and 9, it is not assumed that they are related to g
and h by (6) and (7), unless this is explicitly stated.

Notations for the derivatives: We denote partial derivatives by subscript indexes. For functions of
many variables, like ¢(u,...,u® v,...,;v®) in (10), we use the name of the variable as a subscript:
@y means O /0v®); p_ o—1y means 0%p/dx du*~Y in (16-b). Since the arguments of g, h, v, § and a
few other functions will sometimes be intricate functions of other variables, we use numeric subscripts
for their partial derivatives: he stands for Oh/dy, or g4 for 839/ OX3. To avoid confusions, we will
not use numeric subscripts for other purposes than partial derivatives, except the subscript 0, as in
(20, Yo, 20, Lo, Yo) for a reference point.

The dot denotes, as usual, derivative with respect to time, and ) the j* time-derivatives.

The following elementary lemma — we do write it for the argument is used repeatedly throughout the paper —
states that no differential equation independent from (3) can be satisfied identically by all solutions of (3):

Lemma 2.1. For M € N, let W be an open subset of R3t2M and R : W — R a smooth function. If any solution
(z(.),y(.),2(.)) of system (3), defined on some time-interval I and such that (z(t),z(t),..., 2™ (), y(t),...,
yM)(t)) is in W for all t in I, satisfies R(z(t),y(t), ...,y M (t),2(t),..., M) () =0 identically on I, then
R is identically zero on W.

Proof. For any X € W there is a germ of solution of (3) such that (z(0),2(0),...,z)(0), y(0),...,y*)(0)) =

X. Indeed, take e.g. for z(.) and y(.) the polynomials in ¢ of degree M that have these derivatives at time zero;
Cauchy-Lipschitz theorem then yields a (unique) z(.) solution of (3) with the prescribed z(0). O

2.2. The notion of parameterization

In order to give rigorous definitions without taking care of time-intervals of definition of the solutions, we
consider germs of solutions at time 0, instead of solutions themselves. For O an open subset of R™, the notation
C° (R, O) stands for the set of germs at ¢ = 0 of smooth functions of one variable with values in O, see e.g. [11].
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Let k, £, L be some non negative integers, U an open subset of R¥t#+2 and V an open subset of R2L+3. We
denote by U C C§°(R,R?) (resp. V C Cg°(R,R?)) the set of germs of smooth functions t +— (u(t),v(t)) (resp.
t— (x(t),y(t), 2(t))) such that their jets at ¢ = 0 to the order precised below are in U (resp. in V):

u {(u,v) € C (R, R?)|(w(0),(0),...,u*(0),v(0),...,0v0(0) e U}, (8)
Vo= {(,y,2) € C&°(R,R?)|(x(0), (0), 2(0),#(0), §(0),..., 2 (0),y")(0)) € V'}. 9)

These are open sets for the Whitney C* topology [11], p. 42.

Definition 2.2 (Monge parameterization). Let k,¢,L be non negative integers, L > 0, k < ¢, and
X = (zo, Y0, 20, %0, Yo, - - - ,xéL), yéL)) be a point in Q x R2:=2 (Q) is defined in (5)). A parameterization of

order (k,£) at X for system (3) is defined by

e a neighborhood V of X' in ) x R2L-2,

e an open subset U € R¥+¢+2: and

e three real analytic functions U — R, denoted ¢, ¥, X,
such that, with ¢/ and V defined from U and V according to (8)—(9), and ' : U — C$°(R,R3) the map that
assigns to (u,v) € U the germ I'(u,v) at t =0 of

x(t) o(u(t),u(t), ..., u® (t),v(t),v(t), O (¢
t= | y®) | = ), w),. .., u® @), v),0d),...,000) |, (10)
z(t) x(u(t), a(t), ..., u® (t),v(t), 0(t), ..., 0" (t))

the following three properties hold:
(1) for all (u,v) belonging to U, I'(u, v) is a solution of system (3);
(2) the map T is open and T'(4) D V;
(3) the two maps U — R3 defined by the triples (¢, k), Yy, Xu) and (@4, P00, X ) are identically
zero on no open subset of U.

Remark 2.3 (on ordering the pairs (k, £)). Since u and v play a symmetric role, they can always be exchanged,
and there is no lack of generality in assuming k < ¢. This convention is useful only when giving bounds on
(k,£). For instance, k > 2 means that both integers are no smaller than 2.

Example 2.4. Consider the equation 2 =y + (§ — z&)%, i.e. (3) with g = A, h = y (and Q = R3). At any
(w0, Y0, 20, ©0, Yo, 0, o) such that o + 2§ # 1, a parameterization of order (1,2) is given by:

v*u+ 1 (I =9d)u+ou

Tr=v = z =
SR R i+ o° 1

(11)
It is easy to check that (z,y, z) given by these formulas does satisfy the equation, point 2 is true because the
above formulas can be “inverted” by u = —z + y&, v = z (this gives the “flat output” see Sect. 7), point 3 is
true because 1y, ¥y, Xy and Xy are nonzero rational functions. Here, L = 2 and V' can be taken the whole set
of (x,y,2,,7,%,1) € R” such that & + @3 # 1 and U the whole set of (u,,v, v, %) € R® such that @ + ©% # 1.

Example 2.5. Suppose that the function 7 in (2) depends on z,y, z only (this is treated in [19], case 6 in
Th. 3.1). For such systems, eliminating w does not lead to (3), but to the simpler relation §y — z& = y(z,y, 2).
One can easily adapt the above definition replacing (3) by this relation. This system y — z& = y(x, y, z) admits
a parameterization of order (1,1) at any (xo, Yo, 20, L0, Yo) such that o + v3(xo, Yo, 20) # 0.

Proof. In aneighborhood of such a point,, the map (z, &,y, z) — (z,Z,y, v(x, y, 2)+2%) is a local diffeomorphism,
whose inverse can be written as (z,4,y,9) — (z,%,y, x(z,%,y,9)), thus defining a map x. Then z = u,
y=wv,z = x(u,q,v,v) defines a parameterization of order (1,1) in a neighborhood of these points. O
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Remark 2.6. The integer L characterizes the number of derivatives needed to describe the open set where the
parameterization is valid. For instance, in Examples 2.4 and 2.5, L must be taken no smaller than 2 and 1 respec-

tively. Obviously, a parameterization of order (k,¢) at (xo, Yo, 20, 0, Yo, - - - ,xéL), yéL)) is also, for L' > L and
any (acéL—H), yéL—H), .. ,xéL ), y(()L )), a parameterization of the same order at (xg, yo, 20, Z0, Y0, - - - ,xéL ), y(()L )).

The above definition is local around some jet of solutions of (3). In general, the idea of a global parameteri-
zation, meaning that I' would be defined globally, is not realistic; it is not realistic either to require that there
exists a parameterization around all jets (this would be “everywhere local” rather than “global”): the systems
in Example 2.5 admit a local parameterization around “almost every” jets, meaning jets outside the zeroes of a
real analytic function (namely jets such that & + ~3(x,y, z) # 0). We shall not define more precisely the notion
of “almost everywhere local” parameterizability, but rather the following (sloppier) one.

Definition 2.7. We say that system (3) admits a parameterization of order (k,£) somewhere in Q if there exist
an integer L and at least one jet (o, Yo, 20, 0, Yo, - - - ,xéL), yéL)) € O x R?L=2 with a parameterization of order

(k, ) at this jet in the sense of Definition 2.2.

In a colloquial way this is a “somewhere local” property. Using real analyticity, “somewhere local” should
imply “almost everywhere local”, but we do not investigate this.

2.3. The functions S, T and J

Given g, h, let us define three functions S, T" and J, to be used to discriminate different cases. They were
already more or less present in [19]. The most compact way is as follows: let w, w! and 7 be the following
differential forms in the variables z,y, z, A:

wh = dy —zdz , w = —2g,>dx+ (gaaha — gahaa) w' — gaa (dz — gdz),

n = dz—gdx — hgw'. (12)
From (4), wAw'An = 2g42dxA dyA dz # 0. Decompose dwAw on the basis w,w!,n, d)\, thus defining the
functions S, T and J (we say more on their expression and meaning in Sect. 4):

T
dwhw = <2id>\/\n+5d>\/\w1+Jw1/\n>/\w. (13)
94

Example 2.8. Le us illustrate the computation of S, T and J on the following three particular cases of (3). For
each of them, the table below gives the differential forms w and 7, the decomposition of dw A w on w',w,n, dX
and the resulting S, T, J according to (13). System (a) was already studied in Example 2.4.

(@) 2=yt @ —2i)i, (bpi=y+@-2a)-(-1Di), () z=y+@-2i)% (14)
system —w/2
(14) g(z,y,2,\) h(z,y,z,\) s dw A w S, T,J
(a) A y gz_ e 0 0,0, 0
(b) A Y+ A2 SZ:E\Zd; 17);)3;1 wiAnpAw | 0,0, -1
(c) A2 Yy jitiéi&x SdAANAw | —12,0,0

2.4. Contributions and organization of the paper

IfS=T=J=0,ie dwAw=0,system (3) admits a parameterization of order (1,2), at all points except
some singularities. This is stated further as Theorem 4.3, but was already contained in [19]. We conjecture that
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these systems are the only parameterizable ones of these dimensions, i.e. system (3) admits no parameterization
of any order if (S,T,J) # (0,0,0), d.e. if dw Aw # 0.
This is unfortunately still a conjecture, but we give the following results, valid if (S, T, J) # (0,0,0) (recall
that k </, see Rem. 2.3):
e system (3) admits no parameterization of order (k,¢) with k <2 or k = ¢ =3 (Th. 5.4);
e a parameterization of order (k,£) must come from a solution of the system of PDEs 5,:7’46 (Th. 5.1);
e since a solution of this system of PDEs is also sufficient to construct a parameterization (Th. 3.7), the
conjecture can be entirely re-formulated in terms of this system of partial differential relations.
Note that this allows one to recover the results from [19] on (x,u)-flatness!. See Remark 5.6 for details.

The paper is organized as follows. Section 3 is about the above mentioned partial differential system Ekvf .
Section 4 is devoted to some special constructions for the case where S =T = 0, and geometric interpretatic;ns.
The main results are stated in Section 5, based on sufficient conditions obtained in Sections 3 and 4, and
necessary conditions stated and proved in Section 6. Sections 7 and 8 comment on flatness versus Monge
parameterization and then give a conclusion and some perspectives.

3. A SYSTEM OF PARTIAL DIFFERENTIAL EQUATIONS

This section can profitably be skipped or overlooked in a first reading; the reader will come back when needed
to this material that might appear, at first sight, somehow disconnected from the thread of the paper.

It defines Ek’y’f and its “regular solutions”, proves that a regular solution induces a parameterization of order
(k,£), and that no regular solution exists unless k > 3 and ¢ > 4.

3.1. The equation Sk%f , regular solutions

For k£ and ¢ some positive integers, we define a partial differential system in k& + ¢ + 1 independent variables
and one dependent variable, i.e. the unknown is one function of k + ¢ + 1 variables. The dependent variable is
denoted by p and the independent variables by u,,...,u* Y z v,0,...,0¢=D . Although the names of the
variables may suggest “time-derivatives”, time is not a variable here.

In R*H+1 with the independent variables as coordinates, let F' be the differential operator of order 1

k—2 5 =2 P
_ (i+1) (i+1)
F= .z; “ Ou(® * Z; v Ov(@®’ (15)
1= 1=

where tlle first sum is zero if k¥ <1 and the second one is zero if ¢ < 1. _

Let 2 be an open connected subset of R* and 7, § two real analytic functions 2 — R such that 74 (partial
derivative of v with respect to its 4th argument, see end of Sect. 2.1) does not vanish on Q. Consider the system
of two partial differential equations and three inequations:

Pute—1 (Fpe — 6(2, 0, P2, Do) — Prutc-v (Fp — (2, P, P2, Paz)) = 0,
Pyuk=1) Pppye=1) — Pragy(k—1) Pyye—1) = 0,

GO

(
5 (
8;::2 Dyk-1 7 0, (c) (16)
DPye—1) 7§ 0, (d)
Y1+ V2 Pz + V3 Pz + V4 Pazx _(5750 (e)
To any p satisfying 5,:26 , we associate two functions ¢ and 7, and a vector field E:
Pye—n _Fp + fy(x7pap:c7pla,) a 8
= pon = ’ E= . 17
T e Pute— "9 T et (17)

IThe term “dynamic linearizable” in [19] is synonymous to “flat” here.
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We also introduce the differential operator D (see Rem. 3.2 on the additional variables #, . . ., x(’”e*l)):
k+e—2 9
_ (i+1) .
D=F+ror—+ ; o (18)

Definition 3.1 (regular solutions of Ekvf). A regular solution of system Ekvf is a real analytic function
p: 0O — R, with O a connected open subset of R¥+*+1 such that the image of O by (x,p, ps, pss) is contained
in ﬁ, (16-a,b) are identically satisfied on O, the left-hand sides of (16-c,d,e) are not identically zero, and, for at
least one integer K € {1,...,k+ ¢ — 2},

EDXp #0 (19)

(not identically zero, as a function of w, ... D g oD w2 on O x RE).
We call it K -regular if K is the smallest such integer, i.e. if ED'p =0 for all i < K — 1.

Remark 3.2 (on the additionnal variables &, ..., z(**¢=1) in D). These variables appear in the expression (18).
Note that D is only applied (recursively) to functions of u,. .. cuf=D v, 0D only; hence we view it
as a vector field in R¥***! with these variables as parameters. In fact, D is only used in ED'p, 1 < i <
k + ¢ — 1. This is a polynomial with respect to the variables ,, ...,z with coefficients depending on
.., u* Y gz v, 0D wig the functions p, v, 6 and their partial derivatives. Hence ED'p = 0 means
that all these coefficients are zero, i.e. it encodes a collection of differential relations on p, where the spurious
variables &, &, . .., z(") no longer appear. Likewise, ED'p # 0 means that one of these relations is not satisfied.

Definition 3.3. We say that system 5,:’46 admits a reqular (resp. K-regular) solution somewhere in Q if there
exist at least an open connected O C R¥T**! and a regular (resp. K-regular) solution p: O — R.

Remark 3.4. It is easily seen that p is solution of 51],26 if and only if there exist o and 7 such that (p,o,7) is
a solution of
Fp+1pyo—n = (@, P, Prs Paz) Ep=0, 0, =0, (20)
Fp, + TPy uk—1) = 5(xapapzapza:) Py k=1 7é 0, 7z 7£ 0, o 7£ 0.
Indeed, (16) does imply the above relations with o and 7 given by (17); in particular, 7,, # 0 is equivalent to
(e) and o # 0 to (d); conversely, eliminating o and 7 in (20), one recovers 5,:7’6. Note also that, with g and h
related to v and § by (6) and (7), any solution of the above equations and inequations satisfies

Dps = (2, p, pz, Dp — pa®) + 9(x, p, P, Dp — pa ). (21)
The following will be used repeatedly in the paper:

Lemma 3.5. If p is a solution of system Sk’y’f and

(1) either it satisfies a relation of the type p, = a(x,p) with a a function of two variables;

(2) or it satisfies a relation of the type pyr = a(x,p,p:) with a a function of three variables;

(3) or it satisfies two relations of the type Pyrzr = (T, P, Do, Pra) ad FDpy + TPppu—1 = V(2,0 Pry Daz)s
with v and « two functions of four variables,

then it satisfies ED'p = 0 for all i > 0 and hence is not a regular solution of Ek’ff .

Proof. Point 1 implies point 2 because differentiating the relation p, = «(z,p) with respect to x yields
Dox = Qg(z,p) + prop(z,p). Likewise, point 2 implies point 3: differentiating the relation p, , = a(x,p, ps)
with respect to x yields prze = (2,0, P2) + Pop(T, P, Pz) + Pazttp, (T, p, p) while differentiating it along
the vector field F + 79/0u*~1) and using (20) yields Fpyp + TDyput-1 = Y(, P, Dzy Daz) Op(T, D, Pz) +
(2, P, Do, Paa) Op, (T, P, Pr)-
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Let us prove that point 3 implies ED'p = ED'p, = ED'p,, = 0 for all i > 0, hence the lemma. It is indeed
true for ¢+ = 0 and the following three relations

Dp = v(z,p, Dz, Paz) + Pz, Dpz = 0(, P, D2y Pez) + £ Pazy Dbza = (T, P, Doy Do) + & (X, D, Pa, Paa)s

that are implied by (18), (20) and the two relations in point 3 allow one to go from i to i+ 1 (EDz = Ex() =0
and ED'4 = Ex(*1) = 0 from the very definition of D and E). O

3.2. The relation with Monge parameterizations

Let us now explain how a Monge parameterization for system (3) can be deduced from a regular solution
p: 0O — Rof Skvf . This may seem anecdotal but it is not, for we shall prove (cf. Sects. 5 and 6) that all Monge
parameterizations are of this type, except when g and h are such that dw Aw =0 (see (12)—(13)).

We saw in Remark 3.4 that (16-e) is equivalent to 7, # 0; let (ug, ... ,uék_l), g, V0, - - .,v(()e_l)) € O be such

that 7 (uo, . . . ,u(kfl), 0,00, - - - ,vélil)) # 0. Choose any (uék), ’Uél)) € R? (for instance with ’Uél) = 0) such that

u(()k) -0 (uo, . ,u(()k_l),vo, . ,v((f_l)) v(()e) =7 (uo, e ,u(()k_l),:co,vo, e ,v(()e_l)) ) (22)

Then, the implicit function theorem provides a neighborhood V' of (uo,..., u(()k), VOy v - ,v(()e)) in RFH+2 and a
real analytic map ¢ : V' — R such that ¢(uo,. .. ,uék), Vg, . .. ,v(()l)) = x9 and

T (u, R TIC (u . 'v(e)) SV, . ,v(lfl)) = u® g (u, couFY ,v(lfl)) v® (23)

identically on V. Two other maps V — R may be defined by

) (u,...,u(k),v,...,v(@) = p (u,...,u(kfl),cp(u),v,...,v(lfl)) , (24)

(k) @) = k=1) (... (e-1)
Yt y Uy eeey - x IR ) s Uyeeey .
X(u u’ v v ) D (u U ol ),v v ) (25)

From these ¢, ¥ and x, one can define a map I" as in (10) that is a candidate for a parameterization. We prove
below that, if p is a regular solution of &, ’f , then this I' is indeed a parameterization, at least away from some
singularities. The following lemma describes these singularities; it is proved in Appendix A.

Lemma 3.6. Let O be an open connected subset of RFHH and p: O — R be a K-reqular solution of system
81126 , see (16). Define the map 7 : O x RE — RE+2 py

po(, .. uF=D p oy pE)
pu,. .., u*=D z v, ... 0D)
7r(u,...,u(kfl),:c,v,...,v(lfl),:b,...,x(K)) = Dp(ua-~'au(k71)afcv’0w~7??(271),5&) . (26)
DXp(u,... ,u(kfl),:c,v,'...,v(l’l),:t, o zE)

There exist two non-negative integers ig < k and jo < £ such that ig + jo = K + 2 and

on on or on
det (au(kio) T guk=1) 7 gyl—io) 7T 30(21)) (27)

is a nonzero real analytic function on O x RX.

We can now state precisely the announced sufficient condition. Its interest is discussed in Remark 5.5.
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Theorem 3.7. Let p : O — R, with O C RFHHL open, be a K-reqular solution of system Ekvf, and g, jo

be given by Lemma 3.6. Then, the maps p,v,x constructed above define a parameterization T' of system (3)
(K) (K)

of order (k,£) (see Def. 2.2) at any jet of solutions (zo, Yo, 20, %0,---, Ty Yos---,Yg ) Such that, for some
(k—1) (6-1)
ug, .-, Ugy , V0, -+, s
k— ‘—
(uo,...,ué 1),330,1)0,...,1)6 D) e 0,
k— ‘—
20 = Pa (uo,...,u(() 1),1)0,...,1)(() 1),1'0), (28)

yél) = Dip ('U/O7.. .,Uékil)/UOa- "71}8271))I05- a‘rgL)> ) 0 < { < K’

the left-hand sides of (16-c,d,e) are all nonzero at (ug,. .. ,uékil),xo,vo, ... ,véeil)), and the function ED¥p
and the determinant (27) are nonzero at point (uo, . .. ,uék_l), zo, . .. ,xéK), Vg, - - - ,v(()e_l)) €0 xRE |

Proof. Let us prove that I' given by (10), with the maps ¢, ), x constructed above, satisfies the three points
of Definition 2.2. Differentiating (23) with respect to u® and v® yields ¢, 7w = 1, @, Tz = —0o, hence the
point 3 (o # 0 from (20)). To prove point 1, let u(.),v(.) be arbitrary and z(.),y(.), 2(.) be defined by (10).
Differentiating (10) with respect to time, using relations (24) and (25), taking u(¥)(t) from (23), one has

y(t) = Fp+ 1p,o—v + v (t)Ep+@(t) 2(t), 2(t) = Fpe + Dy yoe-1) + v (t)Epy + &(t) pra,

where F is given by (15) and the argument (u(t),...,u* =D (t),z(t),v(t),..., v "V (t)) for Fp, Fp,, Ep, Ep,,
T, Dyuti-1), Pyti-1 and pg, is omitted. Then, (20) implies, again omitting the arguments of p,., one has
g(t) = y(x(t),y(t), 2(t), pza) + 2(£)2(t), and 2(t) = §(x(t), y(t), 2(t), Paa) + Pzz@(t). The first equation yields
Dz = g(x(t),y(t), 2(t), y(t) — z(¢)Z(t)) with g related to v by (6), and then the second one yields (3), with h
related to ¢ by (7). This proves point 1. The rest of the proof is devoted to point 2.

Let t — (z(t),y(t), z(t)) be a solution of (3). We may consider I'(u,v) = (z,y,z) (see (10)) as a system of
three ordinary differential equations in two unknown functions u,v:

u® — o (u,...,u(k_l),v,...,v“_l)) o9 — 7 (u,. . u* Y g, 0OD) = 0, (29)
plu,... . u D g, D) = g (30)
po (u,. . 0 o D) = 2 (31)

Differentiating (30) K + 1 times, substituting u®) from (29), and using the fact that EDp = 0 for i < K (see
Def. 3.1), we get

D'p (u(t),...,u““*l)(t),u(t),...,u“*”(t),x(t),...,x“)(t)) =M, 1<i<K, (32)

vty EDSp (u(t),...,u® V@), 0(),..., o (@),2(0), ..., (1))

_ - dity
+ D (u(®), - u® D@, 0(0), o 0TI, 2 (0), 2D (@) = e (1) (33)
Equations (30)—(32) can be written
z
Y
71'(u,...,...,u(k_l),x,v,...,v(e_l),jc,...,x(K)> = Yy (34)

y ()
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with 7 given by (26). From the implicit function theorem, since the determinant (27) is nonzero, (30)—(32)
yield u=0) k=1 (=do)  y(=1) a5 explicit functions of u, ..., uF~0=1 o .  oE—do=1) g p(K)

y,...,y5) and z. Let us single out these giving the lowest order derivatives:
uF—i0) = f1 (u, coutklmio=) o pEdo=) g (D gy ,y(K)) , 35
DU=00) = F2 (1m0 [y i) ) 05 (35)

Let us prove that, provided that (z,y,z) is a solution of (3), system (35) is equivalent to (29)—(31), i.e. to
I(u,v) = (x,y,2). It is obvious that any ¢t — (u(t),v(t), z(t),y(t), 2(t)) that satisfies (3), (29), (30) and (31)
also satisfies (35), because these equations were obtained from consequences of those. Conversely, let ¢ —
(u(t),v(t), z(t), y(t), z(t)) be such that (3) and (35) are satisfied; differentiating (35) and substituting each time
 from (3) and (u*~%) (¢=5)) from (35), one obtains

ulh=iodd) = fLi(y  qgh=t=io=D) gy o plmio=) g g (KHD oy Ly (BFDY e,
plmdotd) = 23 (y, .. uk=1io=) gy pUEmdom ) g (B gy B e N (36)
Now, substitute the values of u(*=%) . . u®) y=do) 4@ from (36) into (29), (30) and (31); either the
obtained relations are identically satisfied, and hence it is true that any solution of (3) and (35) also satis-
fies (29)—(31), or one obtains at least one relation of the form (recall that k& < £):

R (u, cutRmiom ) gy o) g (KD gy .,y(KH)) =0.

This relation has been obtained (indirectly) by differentiating and combining (3)-(29)—(31). This is absurd
because (29)—(33) are the only independent relations of order k,¢ obtained by differentiating and combin-
ing? (29)—(31) because, on the one hand, since DX p # 0, differentiating more (33) and (29) will produce higher
order differential equations in which higher order derivatives cannot be eliminated, and on the other hand,
differentiating (31) and substituting z from (3), u(®) from (29) and ¢ from (32) for i = 1 yields the trivial 0 = 0
because p is a solution of Ek’y’f , see the proof of point 1 above.

We have now established that, for (z,y,z) a solution of (3), I'(u,v) = (z,y,2) is equivalent to (35). Us-
ing Cauchy Lipschitz theorem with continuous dependence on the parameters, one can define a continuous
map s : V — U mapping a germ (z,y,z) to the unique germ of solution of (35) with fixed initial condition
(u,...,ulF=0=0 o pl—io=D) = (yq, ... ,uék ©=D o, ,vée_j"_l)). Then s is a continuous right inverse
of I, i.e. I' o s = Id. This proves point 2. O

3.3. On (non-)existence of regular solutions of system El]f

Conjecture 3.8. For any real analytic functions v and § (with v4 # 0), and any integers k, ¢, the partial
differential system 5,1’@5 (see (16)) does not admit any regular solution p.

An equivalent way of stating this conjecture is: “the equations ED'p = 0, for 1 < i < k + £ — 2, are
consequences of (16)”. Note that “ED'p = 0” in fact encodes several partial differential relations on p; see
Remark 3.2. If v and § are polynomials, this can be easily phrased in terms of the differential ideals in the set
of polynomials with respect to the variables u,...,u*Y z v, ... v with k + ¢ + 1 commuting derivatives
(all the partial derivatives with respect to these variables).

2In other words (29)—(33), as a system of ODEs in u and v, is formally integrable (see e.g. [3], Chap. IX). This means, for a
systems of ODEs with independent variable ¢, that no new independent equation of the same orders (k with respect to w and ¢
with respect to v) can be obtained by differentiating and combining these equations. It is known [3], Chapter IX, that a sufficient
condition is that this is true when differentiating only once and the system allows one to express the highest order derivatives as
functions of the others. Formal integrability also means that, given any initial condition (u(0),...,u(*)(0),v(0),...,v®(0)) that
satisfies these relations, there is a solution of the system of ODEs with these initial conditions.
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This is still a conjecture for general integers k and ¢, but we prove it for “small enough” k, ¢, namely if one
of them is smaller than 3 or if k = ¢ = 3. The following statements assume k < ¢ (see Rem. 2.3).

Proposition 3.9. If system Ek’ff , with k < £, admits a regular solution, then k > 3, £ > 4 and the determinant
Py (k-1 Py (k-2) Pryk=3)

Dout=1  DPputi=2)  Papy(k—3) (37)

Przu—1)  Przutk—2) Prrpyk—3)

is a nonzero real analytic function.

Proof. Straightforward consequence of Lemma 3.5 and the three following lemmas, proved in Appendix B. [

Dy k—1) Dy (k—2)
Pruk—1)  Pgyk—2)
each point such that p,w-1) # 0, there exists a function a of two variables such that a relation p, = a(x,p)
holds identically on a neighborhood of that point.

Lemma 3.10. If p is a solution of system Sk’y’f and either k =1 or = 0, then around

Lemma 3.11. Suppose that p is a solution of 81126 with

Y Z k 2 2 , Pyti-1) ?é 0 ’ Do (k—1) Doy (k—2)
Pruk=1)  Pgyk-2)

£0. (38)

If either k = 2 or the determinant (37) is identically zero, then, around any point where the two quantities
in (38) are nonzero, there exists a function a of three variables such that a relation py ., = a(z,p,ps) holds
identically on a neighborhood of that point.

Lemma 3.12. Let k = ¢ = 3. For any solution p of 537756, in a neighborhood of any point where the determi-
nant (37) is nonzero, there exist two functions o and i of four variables such that pyr. = @(x, D, Ds, Poz) and
Fpio + T0pput-1 = (T, D, Doy Puz) identically on a neighborhood of that point.

4. REMARKS ON THE CASE WHERE S =T =0
4.1. Geometric meaning of the differential form w and the condition S =T =0

For (z,y, z) such that the set A = {\ € R, (z,y,z,\) € Q} is nonempty, (3) defines, by varying A in A and &
in R, a surface ¥ in [the tangent space at (z,y, z) to] R?. Fixing A in A and varying @ in R yields a straight
line Sy (direction (1,z2,g(x,y,2,)))). Obviously, ¥ = (Jyc, Sa; ¥ is a ruled surface. For each A € A, let Py
be the osculating hyperbolic paraboloid to ¥ along Sy, i.e. the unique® such quadric that contains Sy and has a
contact of order 2 with ¥ at all points of Sy. Its equation is, omitting the argument (x,y, z, A) of h and g,

(h44g4 - 944h4) (
294°

(§ — 2 — A) (Jb—i— G- zi— \) + 24 (z—gi—h))—er@(y—m—A):o.

2 942 N 94

With w, w!, n defined in (12) and § the vector with coordinates z, ¢, Z, the above equation reads

(w, &) + (hasgs — gasha) X + gaah B (n,€) —h _
2 g4? 94

- (whe =)

0,

3General hyperbolic paraboloid: (allz' +a'?Y + alBZ) (a21:i3 +a??Y +a?3 Z) +a3li+a3?Y +a33Z 4 a° = 0, where the matrix
[a%] is invertible and Y, Z stand for § — 2@ — \, 2— g@ — h. Tt contains S if and only if al! = a3! = a® = 0. Contact at order 2 means

al® =0, a% = —a'2a?! /g4, a3? = —h4a33, a?? = %am (gahas — gaaha)/ga?, a®3 = %a21g44/g42. Normalization: a'? = a?! = 1.
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that can in turn be rewritten (w!, é}(w, f} —{w?, f} —a® = 0, with w? and a° some differential form and function;
w, w? and a° are uniquely defined up to multiplication by a non-vanishing function; they encode how the
“osculating hyperbolic paraboloid” depends on x,y, z and .

We will have to distinguish the case when S and T', whose explicit expressions derive from (12) and (13):

S=2g1g144 — 3924%, T =2gshsas — 3gaahaa, (39)

are zero. From (13), it means that the Lie derivative of w along 9/0\ is co-linear to w, and this is classically
equivalent to a decomposition w = k2 where k # 0 is a function of the four variables z,y,z, A but @2 is a
differential form in the three variables z,y, z, the first integrals of 9/9X. Then, one can prove that the form
©% = w3/k and the function a° = a/k also involve the variables x,y, z only. From w’s expression, one can
take for instance k = g4q4 or k = ggss — 294> (they do not vanish simultaneously because g4 does not vanish).
Hence S =T = 0 if and only if, for each fixed (z,y, ), the osculating hyperbolic paraboloid Py in fact does not
depend on A i.e. the surface X itself is a hyperbolic paraboloid, its equation being

(W', O(@% &) + (@°,6) +a® =0, (40)

where § is the vector of coordinates &, 7, 2. This yields the following proposition®, where the functions a°, a',
a2, b9, b, &9, ¢! of x,y, z are defined by

3 0

o2 = % —blde + 42w —éldz, %= ‘% —Ode+alw' —%dz, @ = % (41)

Proposition 4.1. If S and T, given by (12)—(13), or (39), are identically zero on Q, then, for any (zo, Yo, 20, Ao)

in Q, there exist an open set W C R®, an open interval I C R, with (zo, Yo, 20, o) € W x I C §Q, and seven

smooth functions W — R denoted by a°, a', a2, t°, b, é°, &' such that ¢° + ¢'\ does not vanish on W x I,

b0 — b0 does not vanish on W, and, for (x,y,z,A) € W x I, & € R and 2 € R, equation (3) is equivalent to

A (@9, 201 + 2y, 2)A = w,9,2)2 ) + (9, 2)8 + 0 @,y 2N = E(,,2)2) + @ (w,9,2) = 0.

4.2. A parameterization of order (1, 2) if S=T=J=0

It is known [19] that system (3) is (z,u)-flat (see Sect. 7) if S =T = J = 0. For the sake of completeness,
let re-state this result in terms of parameterization. We start with the following particular case of (3):

Z2=k(z,y,2) A+ a(z,y,2) A+ b(z,y,2) &+ c(x,y,2) with A=¢ — 2 (42)

where x does not vanish on the domain where it is defined. Note that Example 2.4 was of this type with x = 1,
a=0b=0, c =y. For short, define the following vector fields:

Note that, for h an arbitrary smooth function of z, y and z, X°h, X'h, X2h, X3h also depend on z,¥, z only.

4We introduced the osculating hyperbolic paraboloid because it gives some geometric insight on w, S and T, but it is not
formally needed: Proposition 4.1 can be stated without it, and proved as follows, based on (39) (see also [2]): the general solution
of S =0 is a linear fractional expression g = (IA)0 + 131,\)/(60 + ¢'\) where B0, b1, 89, &1 are functions of z,y, z only — this is known,
for S/(ga)? is the Schwartzian derivative of g with respect to its 4th argument, but anyway elementary — and g4 # 0 translates
into 6981 — b1 #£ 0; then T = 0 yields h = (a° + a' X + a2)?)/(e° + &' \) with a°, a', a2 functions of x,y, z. With such g and h,
multiplying both sides of (3) by &° + ¢!\ yields the equation in Proposition 4.1.
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Lemma 4.2. System (42) admits a parameterization of order (1,2) at any (zo, Yo, 20, To, Yo, Lo, Yo) such that
kio+ k%25 + (X'h — XPb+ 2ak)id + (X'a+ X% — X?c — X?b+ a*)io + Xa — X?c #0. (43)

Proof. From (43), the two vector fields Y = X2 + X3 and Z = [ X" + X!, X2 + 2X3] + X3 are linearly
independent at point (xo, Yo, 20, Lo, £o). Let then h be a function of (z,y, 2z, &) such that Yh = 0 and Zh # 0;
its “time-derivative along system (42)”, given by h = X°h + (th)jc + (Yh))\ + (8h/8:t)fn', does not depend
on A: it is a function of (z,y, z,&,%); also, since Yh = 0, one has Yh = Zh; finally, Zh # 0 implies that
dh A dh Adz Adi Adi # 0. In turn, this implies that (x,y,2,2,%) — (h(x,y,z,:b),h(z,y,z,ab,jé),x,ab,:i)
defines a local diffeomorphism at (xo, yo, 20, <0, o). Let ¢ and x be the two functions of five variables such
that the inverse of that local diffeomorphism is (u,,v,0,9) — (v,9¥(u,,v,0,0), x(u, w,v,0,0),0,0). The
parameterization (10) is given by: & = v,y = ¥ (u, 4, v,0,9), 2 = x(u, 0, v, 0, D). O
Theorem 4.3. If S =T = J = 0, then system (3) admits a parameterization of order (1,2) at any (xo, Yo, 20, Zo,
Yo, Zo,Jo) € ((AZ X RQ) \ F', where F C Q x R? is closed with empty interior.

Proof. From Proposition 4.1, (3) and (40) are identical. Since independent and do? A &2 = 0 (see (13)—(41)),
there is a local change of coordinates (&,7, %) = P(z,y,z) such that ©* = k’dZ and w' = k" (dg — 2dZ) with
k' # 0, k" # 0. Hence P transforms (40) into (42), for some &, a,b,c. Lemma 4.2 gives @, 1,y defining a
parameterization of order (1,2) for this system. Then P~! oy, P71 04, P71 o y define one for the original
system (3), or (40); ((AZ x R?) \ F is the inverse image by P of the set defined by (43). O

4.3. A normal form if S=T=0and J #0

Proposition 4.4. Assume that the functions g and h defining system (3) are such that S and T defined by (13)
or (39) are identically zero on ), and let (zo, Yo, 20, No) € 2 be such that J(xo, Yo, 20, Ao) # 0.

There exist an open set W C R® and an open interval I C R such that (zo, Yo, 20, No) € W x I C £, a smooth
diffeomorphism P from W to P(W) C R? and siz smooth functions P(W) — R denoted k, o, 3, a, b, ¢ such
that, with the change of coordinates (Z,7, %) = P(x,y,2), system (3) reads

2=r(2,9,2) (y - a(#,5,2) 2) (y - B(&,5,2) 2) + a(2,5,2)T + b(Z,§,2)y + c(Z,9,2) (44)
and none of the functions k, a — 3, az and B3 vanish on W.
Proof. From Lemma 4.1, we consider system (40). Let P!, P? be a pair of independent first integrals of the

vector field ét (6% + z%) + I;l%; from (41), w',®? span the annihilator of this vector field, and hence are

independent linear combinations of dP' and dP?: possibly interchanging P! and P? or adding one to the other,
there exist smooth functions k', k2, f!, f2 such that &% = k? (dP2 — fidPl), fr=—f2#40k#£0,i=1,2.
Now, take for P? any function such that dP* AdP? A dP? # 0; decomposing &3, we get three smooth functions
p% p', p? such that @ = p° (—dP? + p*dP' + p2dP?), p° # 0. The change of coordinates P = (P!, P?, P?)
does transform system (40) into (44) with

k'k? -1 1 -1 2 -1 1 -1 2 -1 a’ -1
= 0 oP™, a=f'oP ", B=fc0P ", a=p oP ", b=p“oP ", C:EOP .

KR

x and a — (3 are nonzero because f' — f2, k' and k? are. a3 and 3 are nonzero because the inverse images of
a3d® Adg A dZ and B33dE Adj A dZ by P are dP' A dP? A df? for i = 1,2, that are equal, by construction, to
dw! Awl/(k1)? and do? A ©?/(k?)%, which are both nonzero (the second one because J # 0). O

Note that (44) is not in the form (3) unless @ = Z or 8 = Z. This suggests, since a3 # 0 and (3 # 0, the
following local changes of coordinates A and B, that both turn (44) to a new system of the form (3):

(jagag) = A(fi’,g,g) - (jagaa(ja tildeyag)) and (:Z'vgag) = B(iagag) - (59,3],5(59,3),2)). (45)
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These two systems of the form (3) correspond to two choices h', g' and h?, g? instead of the original h, g, and
they yield, according to (6) and (7), two possible sets of functions v and d. These will be used in Theorem 6.5;
let us give their explicit expression:

w — mi,O(m, Y, Z)

4 51 — 7,0 7,1 1,2, 2 e 11.2 46
ml71(I,y’Z) ’ n +n 7+n Y, {7 } ( )

vz, y,z,w) =

with (these are obtained from each other by interchanging « and f3):

m'? = (a1 +aay+ (a+ba)az)o A7, m'! = (kag(a— )0 A1,
nl,O 2043014_1, nLl = (052 +ba3) OA_l, n12 ([4/043)014_1,

2,0 1 2,1 1 (47)
m*? = (B1+ BB+ (a+bB)B3)oB™, m> =(kf3(8—a))oB™",
n*0=p30B7", n*' = (B2+bf3)o B!, n*? = (kf3)0 B
Example 4.5. System (14-b) in Example 2.8 is already as in (44). The above choices are, for this system:
Y@y, z,w) = w, 8 (z,y,2,0) =y +w?, Py, z,w0) = —w, (z,y,z,w0) =y+w. (48)

5. MAIN RESULTS

We gather here our main results in a synthetic manner. They rely on precise local results from other sections:
sufficient (Sects. 4 and 3.2) or necessary (Sect. 6) conditions for parameterizability, results on solutions of the
partial differential system 51:,26 (Sect. 3.3) and on the relation between flatness and parameterizability (Sect. 7).
We are not able to give local precise necessary and sufficient conditions at a given point (jet) because singularities
are not the same for necessary and for sufficient conditions; instead, we use the “somewhere” notion as in
Definitions 3.3 and 2.7.

Theorem 5.1. System (3) admits a parameterization of order (k,{) somewhere in Q if and only if
(1) either S=T =J =0 on Q (in this case, one can take (k,0) =(1,2));
(2) or S=T =0 on Q and one of the two systems 5 or 5,]2’ " with yi, 8% given by (46)—(47), admits
a regqular solution somewhere in Q,
(3) or S and T are not both identically zero, and the system 51:,26 with v and & defined from g and h
according to (6) and (7) admits a regular solution somewhere in ).
Proof. Sufficiency: the parameterization is provided, away from an explicitly described set of singularities, by
Theorem 4.3 if point 1 holds, and by Theorem 3.7 if one of the two other points holds. Eor necessity, assume
that there is a parameterization of order (k,¢) at a point (z,v,z, 2,7, ...,z y)) in (Q X RQL_2)\F. From
Theorems 6.2 and 6.5, it implies that one of the three points holds. (I
Example 5.2. Consider again systems (a), (b) and (c) in (14). From point 1 of the theorem, system (a) admits

a parameterization of order (1,2), see also Example 2.4. System (b) is concerned by point 2 of the theorem: it
has a parameterization of order k, ¢ if and only one of the two systems of PDEs

Pute—1 (FPo = P = Paa?)) = Pputc-0 (FP % Daz)) = Pute-1) Pane—1) — Paute—1) Pyie—1 = 0, (49)
Py e—1) 7é 0, Dye-1 7£ 0, p+pzz2 Tt Doz 7£ 0

admits a “regular solution”. Point 3 of the theorem is relevant to system (c) because S # 0: (c) admits a
parameterization of order k, £ if and only there is a “regular solution” p to

Pute—1) (Fpz = D)) = Dyute—1 (FP = \/Paz)) = Pute—1) Pap(e—1) — Dyyte—1) Pyie—1) = 0, (50)
DPyk—1) 7& 07 Dye—1) 7& 0; p— pwww/Q\/p:cx 7& 0.
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If Conjecture 3.8 is true, neither system (b) nor system (c) admits a parameterization of any order.

Theorem 5.1 gives a central role to the system of PDEs 8&5 . It makes Conjecture 3.8 equivalent to Conjec-
ture 5.3 below. Theorem 5.4 states that the conjecture is true for k,£ “small enough”.

Conjecture 5.3. If dw A w (or (S,7T,J)) is not identically zero on , then system (3) does not admit a
parameterization of any order at any point (jet of any order).

Theorem 5.4. If system (3) admits a parameterization of order (k,0), with k < ¢, at some jet, then either
S=T=J=0o0rk>3and{>4.

Proof. This is a simple consequence of Theorem 5.1 and Proposition 3.9. (I

Remark 5.5. If our Conjecture 3.8 is correct, the systems Ekvf never have any regular solutions, and the
sufficiency part of Theorem 5.1 (apart from case 1) is essentially void, and so is Theorem 3.7. However,
Conjecture 3.8 is still a conjecture, and the interest of the sufficient conditions above is to make this conjecture,
that only deals with a set of partial differential equalities and inequalities, equivalent to Conjecture 5.3 below.
For instance, if one comes up with a regular solution of some of these systems Ek’y’f , this will yield a new class
of systems that admit a parameterization.

Remark 5.6 (on recovering the results of [19]). The main result in that reference can be phrased:

“(1) is (x, u)-dynamic linearizable (i.e. (z,u)-flat) if and only if S =T = J =0".
Sufficiency is elementary in [19]; Theorem 4.3 implies it. The difficult part is to prove that S =T = J =0 is
necessary; that proof is very technical in [19]: it relies on some simplifications performed wvia computer algebra.

From our Proposition 7.4, (z, u)-flatness implies existence of a parameterization of some order (k, £) with k£ < 3
and ¢ < 3. Hence Theorem 5.1 does imply the above statement.

6. NECESSARY CONDITIONS
6.1. The case where S and T are not both zero
The following lemma is needed to state the theorem.
Lemma 6.1. If (S,T,J) # (0,0,0) and system (3) admits a parameterization (@,v,x) of order (k,£) at point

L L
)

(%0, Y0, 20, - - - » Tgy € R2EH3  then o, u) is a nonzero real analytic function.

Proof. Assume a parameterization where ¢ does not depend on u®). Substituting in (3) yields

X =h(e, 0,0 — x@) + 9(o, 0. x, % — ).

Since ¢ does not depend on u*t1 | differentiating twice with respect to u**1) yields

Xut = Yy (s + 94), 0=y (ha + ga.49).

If 1,y was zero, then, from the first relation, x, ) would too, and this would contradict point 3 in Definition 2.2;
hence the second relation implies that hs4 4 4 g4,4¢ is identically zero. From point 2 in the same definition, it
implies that all solutions of (3) satisfy the relation: hya(z,y, 2,9 — 22) + gaa(x,y,2,9 — z&)t = 0. From
Lemma 2.1, this implies that hs 4 and g4 4 are the zero function of four variables, and hence S =T = J = 0.
This proves the lemma. O

Theorem 6.2. Assume that either S or T is not identically zero on Q, and that system (3) admits a param-

eterization of order (k,{) at X = (20,0, 20,40, o, -7, y5")) € Q x R2E72, with k, £, L some integers and
©, 1, x defined on U C RFH+2,
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Then k > 1, £ > 1 and, for any point (uog,... ,u(()k),vo, e ,’U(()e)) € U (not necessarily sent to X by the
parameterization) such that

) (uo, ... ,uék),vo, .. .,vée)) #0,

there exist a neighborhood O of (ug,. .. ,u(()kfl), o(ug -+ v(()e)) LU0y - - - ,v(()efl)) in REFHY and a regular solution

p:0 — R of Ekvf, related to ,v,x by (23), (24) and (25), the functions v and § being related to g and h
by (6) and (7).

Remark 6.3. The regular solution p is K-regular for some positive integer K < k+ ¢—2. If L > K, Theorem 3.7

implies, possibly away from some singular values of (xo, Yo, 20, o0, Yo, - - - ,xéK), y(()K)), that system (3) also admits

a parameterization of order (k,¢) at (zo, yo, 20, T0, Yo, - - - ,xéK), y(()K)). See also Remark 2.6.

Proof. Assume that system (3) admits a parameterization (¢, ¥, x) of order (k, ¢) at (zo, Yo, 20, Zo, Yo, - - - ,ng)

)

y(()L)). Since ¢, does not vanish, one can apply the inverse function theorem to the map
(u,u, cou® b, ,v(e)) — (u, coutEh) o(u, ... RIS ,v(e)),’u, . ,v(e))

and define locally a function r of k 4 ¢ + 2 variables such that

go(u,u,...,u(k),v,i),...,vm) =z & 7“(u,u,...,u(kfl),x,v,i),...,v(l)) =M, (51)

Defining two functions p, ¢ by substitution of v*) in ¢, x, the parameterization can be re-written implicitly as

y=p(ud,... . u* Y z0p,... 00),
z=q(u,a,...,u(k_l),x,v,i},...,v(e)), (52)
u®) =r (u,a, couRY g e o) ,v(e)) .
We now work with this form of the parameterization and w,w,...,u* "V z & &, ... v,0,..., 00, D
instead of w,w, ..., u D u® vo,. . 0@ @D In order to simplify notations, let us agree that, if
k =0, the list u, @, ..., u* = is empty and any term involving the index k — 1 is zero (same with £—1if £ = 0).
Let us also define P and Q by
P =Fp+rp,on +vpen + 0o, Q=Fq+rgun +vOen +v g0, (53)

with F' given by (15). P and Q depend on u, 4, . .. Y w0, o) but not on #; Fp and Fg depend
neither on & nor on v+, When substituting (52) in (3), using § = P + @p, and 2 = Q + iq,, one obtains:

Q+ gy = h(z,p,q,\) + g(x,p,q, \)&  with X =P+ &(p, — q). (54)

Differentiating each side three times with respect to &, one obtains:

qz = (h4(x7paQ7>‘)+g4(map7Qa )\)QL') (pz *Q)+g(mapa% >‘)7 (55)
= (haa(z,p, ¢, N) + ga,4(x,p, ¢, N)E) (D2 — @) + 2 94(2, p, ¢, N) (P — q), (56)
= (haaa(2,p,q, ) + gaa4(z,p,q, NE) (po — 0)* + 3 gaa(z,p, ¢, N (ps — @)% (57)

Combining (56) and (57) to cancel the first term in each equation, one obtains (see S and T in (39)):



MONGE PARAMETERIZATION WITH THREE STATES AND TWO CONTROLS 253

The second factor must be zero because, if T+ Si was identically zero as a function of u,...,u* =D z v, ...,
v¢=1 then, by Definition 2.2 (point 2), all solutions (2(t),y(t), 2(t)) of (3) would satisfy T'(z,y, 2,9 — 2&) +
#S(x,y, z,y—z4) = 0 identically, and this would imply that S and T are identically zero functions of 4 variables,
but we supposed the contrary. The relation ¢ = p,, implies

)\ = P = Fp + TPy (k—1) + 'U(e)pv(efl) + /U(e—‘rl)pv([) (59)
and (55) then yields p,. = g(z,p, pz, \), or, with v defined by (6),

A= ’Y(xapap:cvax)- (60)

Since neither p nor Fp nor r depend on v*1 (59) and (60) yield p,) = 0, i.e. p is a function of u, ..., u*=1), x,
v,...,0 1 only. Then (59) and (60) imply (109) with f = ~. Furthermore, since @, # 0 (point 3 of
Def. 2.2), (51) implies 7, # 0. Also, if p was a function of z only, then all solutions of (63) should satisfy a
relation y(t) = p(z(t)), which is absurd from Lemma 2.1. We may then apply lemma 8 and assert that k& > 1,
£>1, pu—1 # 0, pye—1y #0.

Since p does not depend on v¥), (60) implies that the right-hand side of (59) does not depend on v(*) either;
since p, -1 # 0, 7 must be affine with respect to v®, e

r=714 009, (61)

with ¢ and 7 some functions of w,...,u* Y z v, ... 0%V Since p, ¢ = ps, A and ¢, = Py do not depend
on v, (54) implies that Q does not depend on v either; with p, = ¢, and r given by (61), the expression of
Q. 18 oPyuk-1) + Pype—1y while, from (59), the expression of P, . Collecting this, one gets

OPy—1) + Pye—1) = 0Dy (k—1) + Ppye—1) = 0. (62)

Since p,,x-1) # 0and p,e—1) # 0, (62) implies Eo = 0, and also 0, = 0, 0 # 0. Then, since r,, # 0 (see (51)), (61)
implies 7, # 0. With the above remarks, (59) yields P = A = Fp + 7p,x-1 and hence, from (60), the first
relation in (20). In a similar way, (53) yields Q = Fp, + 7p,,x-1), and substituting in (54), one obtains (the
terms involving & disappear according to (60)) F'p, —0(x, p, Puy Daz) + Ppuk-n7T = 0 with 6 defined by (7). This
proves that p satisfies (20), equivalent to (16) according to Remark 3.4, and hence that p is a solution of Sk’y’f )

To prove by contradiction that it is K-regular for some K < k + £ + 1, assume that ED'p = 0 for
0 <i<k+£{ Then py,p,...,DEH0p ¢ 2+=1) are 2k 4+ 20 4+ 1 functions in the 2k + 2¢ variables
Uy .. uFD D g (1) AL points where the Jacobian matrix has constant rank, there is at
least one nontrivial relation between them. From point 2 of Definition 2.2, this would imply that all solutions
of system (3) satisfy this relation, say R(z(t),y(t),...,y* =D (), z(t),..., 2 =D (t)) = 0, which is absurd
from Lemma 2.1. 0

6.2. The case where S and T are zero

Here, the situation is slightly more complicated: we also establish that any parameterization “derives from”
a solution of the system of PDEs (16), but this is correct only if J is not zero, and there are two distinct (non
equivalent) choices for v and §. If J # 0, we saw, in Section (3) that possibly after a change of coordinates,
system (3) can be written as (44), which we re-write here without the tildes:

z= K(xayaz) (y - a(xayaz) x) (y - ﬁ(xayaz) x) + a(m,y,z)i + b(x,y,z)y + C($7yaz)7 (63)

where k, «, 3, a, b, ¢ are real analytic functions of three variables and k # 0, « — 8 # 0, O /dx # 0, 93/0x # 0.
We state the theorem for this class of systems, because it is simpler to describe the two possible choices for ~
and ¢ than with (3), knowing that S =T = 0.
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Lemma 6.4. If system (63) admits a parameterization (p, 1, x) of order (k,£) at a point, then @, is a nonzero
real analytic function.

Proof. After a change of coordinates (45), use Lemma 6.1. (]

Theorem 6.5. Let (zo, Yo, 20) be a point where k, o — B, as and PB3 are nonzero, and k,{, L three integers. If

system (63) has a parameterization of order (k,£) at X = (o, Yo, 20, L0, Yo, - - - ,x(()L), y(()L)) with p, 1, x defined

on U C RF2 then k > 1, £ > 1 and, for any point (uo, . . . ,uék),vo, ... ,Uée)) € U (not necessarily sent to X

by the parameterization) such that

Py (uo, o ,uék),vo, L. ,Uél)> # 0,
there exist a neighborhood O of (ug, .. . ,u(()k_l), o(ug, -+ ,’uc()e)), Vg, - - - ,v(()e_l)) in R¥41 and a regular solution
1 1 2 . .
p: O — R of one of the two systems Elge’é or 5,]@’6 with ~*, §* given by (46)—(47), such that p, ¢, v, x are
related by (23)—(25).

Remark 6.3 applies to this theorem in the same way as Theorem 6.2.

Proof. Like in the beginning of the proof of Theorem 6.2, a parameterization (¢, ¥, x) of order (k,¢) with
Y # 0 yields an implicit form (52). Substituting in (63), one obtains an identity between two polynomials
in v*1) and #. The coefficient of (v**1))2 in the right-hand side must be zero and this yields that p cannot
depend on v®; the linear term in v+ then implies that ¢ does not depend on v(®) either. To go further, let
us define, as in the proof of Theorem 6.2,

P=Fp+rp,e- + v(l)pv(pl), Q=Fq+rq,u- + v(l)qv(pl), (64)

with F' as in (15). Still substituting in (63), the terms of degree 0, 1 and 2 with respect to & then yield

Q = k(z,p,q)P? +b(z,p,q)P + c(z,p, q),
Qe = H(%I’a‘]) (21’)1704(33,]7,(]) 7ﬂ(map7Q))P+a(map7Q)+b(x7paQ)pza (65)

The factors in the third equation cannot both be zero because a — 3 # 0. Let us assume

pe—a(z,p,q) =0, p,—B(z,p,q) #0 (66)

(interchange the roles of o and f for the other alternative). Since oz # 0, the map A defined in (45) has
locally an inverse A~!, and the equation in (66) is equivalent to (x,p,q) = A~!(x,p,p.); by differentiation
an expression of ¢, as a function of x,p,p,, pr. is obtained; solving the second equation in (65) for P and
substituting ¢ and ¢, one obtains P = y!(z, p, px, pzz) With 4! defined by (46)—(47). If one had chosen the
other alternative in (66), A and ' would be replaced by B and 2.

Since P is also given by (64), the relation (109) holds with f = ~!; also, for the same reasons as in the proof
of Theorem 6.2 (two lines further than (60)), r, is nonzero and it would be absurd that p depends on z only.
One may then apply Lemma 8 and deduce that k > 1, £ > 1, p,x—1) # 0, pye—1 # 0.

Since neither p nor P = v(z, p, Pz, pee) depend on v and p,,—1) # 0, the first equation in (64) implies that
r assumes the form (61) with o and 7 some functions of the k + £ + 1 variables u, u, . . . LR v, oD
and that two relations hold: on the one hand op, -1y + p,e-1) =0, i.e. one of the relations in (20), and on the
other hand the first relation in (20) with v = ~*. Similarly, the second equation in (64) yields oq,x-1) +q,e-1) =
0 and Fq+7q,0-1) = Q = kP2 +bP +c. Applying F+79/0u*~1 and E to the first relation in (66) and using
the four relations we just established, one obtains on the one hand the second relation in (20), with § = 6* (§!
defined in (46)—(47)) and on the other hand op,,x-1) + Pyye-1 = 0. The relations o, =0, ¢ # 0 and 7, # 0
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are then obtained exactly like at the end of the proof of Theorem 6.2; hence p satisfies (20) with v = v and
1 51 2 ¢2
§ = 6'; this proves, thanks to Remark 3.4, that p is a solution of 5,15’5 (it would be Sk’y’z’é if one had chosen

the other alternative in (66)). The last paragraph of the proof of Theorem 6.2 can be used to prove that this
solution is K-regular with K < k+ ¢+ 1. O

7. FLAT OUTPUTS AND DIFFERENTIAL FLATNESS

Definition 7.1 (flatness, endogenous parameterization [7]). A pair A = (a,b) of real analytic functions on a
neighborhood of (z9, yo, 20, - - - ,xéj),y(()j)) inQ x R¥-2ig a flat output of order j at X = (x0, Yo, 20, - - - ,:L'(()L), y(()L))
(with L > j > 0) for system (3) if there exists a Monge parameterization (10) of some order (k,¥) at X such
that any germ (x(.),y(.), 2(.),u(.),v(.)) € V x U (with U,V possibly smaller than in (10)) satisfies (67) if and
only if it satisfies (68):

(p(u(t),ﬂ(t), au(k)(t)av(t)a@(t)v ’U(e)(t)) = x(t)
Y(ut),at),. .., u (), v(t),0(t),...,000) = ylt) ¢, (67)
x(u(t),at), ..., u® (@), v(t),o(t),...,v0() = =z(t)
2(t) = h(z(t),y(t), 2(t), §(t)—2(t)@(t)) + g(w(t),y(t),Z(t_), y(t)—z(t)a(t)) ()
u(t) = ala(t), y(t), z(t), &(t), y(t), &(t), §(t), . .. ,x@(t), y@(t)) : (68)
v(t) = b((z(t), y(t), z(t), &(t), §(t), & (), §(t), ..., 29 ),y (1))

System (3) is called flat if and only if it admits a flat output of order j for some j € N. A Monge parameterization
is endogenous® if and only if there exists a flat output associated to this parameterization as above.

In control theory, flatness is a better known notion than Monge parameterization. For general control systems,
it implies existence of a parameterization (obvious in the above definition), and people conjecture [10] that the
two notions are in fact equivalent, at least away from some singular points. In any case, our results are relevant
to both: systems (3) that are proved to be parameterizable are also flat and our efforts toward proving that the
other ones are not parameterizable would also prove that they are not flat.

Theorem 3.7 gave a procedure to derive a parameterization of (3) from a regular solution p of Ekvf , and we
saw in Section 5 that, unless S =T = J = 0, these are the only possible parameterizations. One can tell when
such a parameterization is endogenous:

Proposition 7.2. Let p: O — R, with O C R¥t*1 open, be a regular solution of system Ek’ff . The parame-
terization of order (k,f) of system (3) associated to p according to Theorem 3.7 is endogenous if and only if p
is exactly (k + € — 2)-regular; then, the associated flat output is of order j < k+ £ — 2.

Proof. In the end of the proof of Theorem 3.7, it was established that (67), written T'(u,v) = (z,y, 2), is
equivalent to (35) if (z,y, z) is a solution of (3). If either ig < k or jo < £ in (35), then there are, for fixed
x(.),y(.), z(.), infinitely many solutions u(.),v(.) of (35) while there is a unique one for (68). Hence i = k and
Jjo = £ if (67) is equivalent to (68); then K =ig + jo — 2 = k + ¢ — 2 so that p is (k + ¢ — 2)-regular and (35)
(where u and v do not appear in the right-hand side) is of the form (68) with j = K =k + ¢ — 2. O

The main result in [19] is a necessary condition for “(z,u)-dynamic linearizability” ((x,u)-flatness might
be more appropriate) of system (1). For system (1), it means existence of a flat output whose components
are functions of &1, €2 €3 ¢4 wh w?; for system (3), it translates as follows. The functions v and § in (1) are
supposed to be related to g and h in (3) according to (6) and (7).

Definition 7.3. System (1) is “(z,u)-dynamic linearizable” is and only if system (3) admits a flat output of
order 2 of a special kind: A(x,y,z,4,9,%,§) = a(z,y, 2, A, dotx, ) for some smooth a.

5This terminology (endogenous vs. exogenous) is borrowed from the authors of 7,15]; it usually qualifies feedbacks rather than
parameterizations, but the notion is exactly the same.
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The following proposition is useful to recover the main result from [19], see Remark 5.6.

Proposition 7.4. If system (1) is “(x,u)-dynamic linearizable” in the sense of [19], then (3) admits a param-
eterization of order (k,f) with k <3 and ¢ < 3.

a(z,y, 2z, A, &, )\)
a(x7 y’ Z’ >\7 j;7 >.\’ i’? >\)
Q(z,y, 2, \, @, A, ..., 23 A6))
a(3) (1" y? Z? >\’ i’? }\’ MR 1'(4)7 )\(4))
Its Jacobian is 8 x 12, and has rank 8, but the 8 x 8 sub-matrix corresponding to derivatives with respect to
z, )\, o, z® A® has rank 4 only. Hence z, y, z, and A can be expressed as functions of the components of
a,a,d,a® yielding a Monge parameterization of order at most (3,3). ([

Proof. Consider the map (x,y, z, A, &, A x®, )\(4)) —

8. CONCLUSION

Let us discuss both flatness (see Sect. 7) and Monge parameterization. For convenience, assume k < ¢ and
call F-systems the systems (3) such that S =T = J = 0 and C-systems all the other ones.

F-systems are flat; this was proved in [19]. This paper adds that they admit a Monge parameterization of
order (1,2), but does not prove differential flatness of any system not known to be flat up to now: C-systems
are not believed to be flat. It does not either prove non-flatness of any system: it only conjectures that no
C-system admits a parameterization, and hence none of them is flat. To the best of our knowledge, no one
knows whether simple systems like (14-b) or (14-c) are flat of not.

The first contribution of the paper is to prove that a C-system admits a parameterization of order (k, ¢) if and
only if the PDEs 5,1’@5 , for suitable v, §, admit a “regular solution” p. The second contribution is to prove that,

for any =, d, there is no regular solution to 51],26 if either £ <2 or k = ¢ = 3 (this does not contradict existence
of parameterizations of order (1,2) for F-systems: these do not “derive from” a solution of these PDEs). We
guess, in Conjecture 3.8, that even for higher values of the integers k, ¢, none of these PDEs have any regular
solution; this would imply that C-systems are not flat.

Besides recovering the results from [19] with far more natural and elementary arguments, we believe that some
insight was gained on Monge parameterizations of any order for “C-systems” | by reducing non-parameterizability
to non-existence of solutions to a systems of PDEs that can easily be written for any k, ¢.

The main perspective raised by this paper is to prove Conjecture 3.8. The only theoretical difficulty is,
in fact, that no a priori bound on the integers k, ¢ is known. Indeed, as explained in Section 3.3, for fixed
k,?,~,6, it amounts to a classical problem. To prove Proposition 3.9, we solved, in a synthetic manner, this
problem for k < 2 or k = ¢ = 3 and arbitrary v and 6. We lack a non-finite argument, or a better understanding
of the structure, to go to arbitrary k,¢. Let us comment more on the (non trivial) case where v and § are
polynomials, for instance the very simple ones in (49). For fixed k, ¢, the question can be formulated in terms
of differential polynomial rings: does the differential ideal generated by left-hand sides of the equations (49)
contain the polynomials ED’p ? Differential elimination (see [20] or the recent survey [13]) is relevant here; finite
algorithms have been already implemented in computer algebra. Although we have not yet succeeded (because
of complexity) in carrying out these computations, even on example (49) for (k,¢) = (3,4), and although it will
certainly not provide a bound on k, ¢, we do believe that computer algebra is a considerable potential help.

Another perspective is to enlarge the present approach to higher dimensional control systems. For
instance, what would play the role of our system of PDEs 5,1’@5 when, instead of (3), one considers a single
relation between more than three scalar functions of time (this captures, instead of (1), control affine systems
with n states and 2 controls, n > 4)? We have very little insight on this question: the present paper strongly
takes advantage of the special structure inherent to our small dimension; the situation could be far more complex.
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APPENDIX A

Proof of Lemma 3.6. For this proof only, the notation F; ; (0 < ¢ <k, 0 < j < {) stands either for the following
family of i + j vectors in RE*2 or for the corresponding (K + 2) x (i + j) matrix:

Foy = ( on ' on on on )

Ouk=1) 77" Gy (k=1)7 gyt=3) """ "7 Gy£=1)

with the convention that if ¢ or j is zero the corresponding list is empty; F; ; depends on w, . .. culk=D
oD g 2| Let us first prove that, at least outside a closed subset of empty interior,
Rank Fj, = K+ 2. (69)

Indeed, if it is smaller at all points of O x R¥ then, around points (they form an open dense set) where it is
locally constant, there is at least one function R such that a non-trivial identity R(pg,p, ..., DXp,z, ... ,x(K)) =
0 holds and the partial derivative of R with respect to at least one of its K + 2 first arguments is nonzero.
Since p is K-regular, applying F to this relation, shows that R does not depend on D¥p, and hence does not
depend on ) either. Then, applying ED, ED? and so on, and using the fact that, according to (21), Dp,, is
a function of p,, p, Dp, x, &, we get finally a relation R(p,p,x) = 0 with (R,,, R,) # (0, 0). Differentiating with
respect to u*~1) one obtains Ry, Pyut-1 + Rppu-1 = 0; hence, from the first relation in (16-c), R,, # 0,
and the relation R(p,,p,x) = 0 implies, in a neighborhood of almost any point, p, = f(p,z) for some smooth
function f. From Lemma 3.5, this would contradict the fact that the solution p is K-regular. This proves (69).

Let now Wy (1 < s < K 4 2) be the set of pairs (7, j) such that i + j = s and the rank of F; ; is s at least at
one point in O x RX, i.e. one of the s x s minors of Fi,; is a nonzero real analytic function on O x R¥. The
lemma states that Wk o is nonempty; in order to prove it by contradiction, suppose that Wx 2 = @ and let 5
be the smallest s such that Wy = @. From (16-c), W; contains (1,0), hence 2 <5 < K +2 < k+ ¢+ 1. Take
(i',4') in Ws_1; Fy j» has rank ¢’ + j' (i.e. is made of ¢’ 4 j linearly independent vectors) on an open dense set
AC O xRE. Let the i; <k and j1 < £ be the largest such that F;, ;» and F;/ j, have rank 5—1 on A. On the
one hand, since ¢/ + 7' =35 —1 < k+ /£, one has either i’ < k or 7/ < £. On the other hand since W5 is empty, it
contains neither (i’ + 1,5’) nor (¢/,j' + 1); hence the rank of F; 41 ;s is less than i + j' + 1 if ¢/ < k, and so is
the rank of Fy jry1 if j/ < £.

To sum up, the following implications hold: ' < k = i3 > +1 and j <{¢ = 751 > j'+ 1. From (69),
one has either 4; < k or j; < £. Possibly exchanging u and v, assume i; < k; all the vectors dm/duF~"),
ey O )Ou T/ au =30 9 /ou=T+1) are then linear combinations of the vectors in Fy s, while
o /ouF=1=1) is not:

or

./ i -/ -/
Rankfyyj' =1 +] y Rankfilﬁjl =1 +] , Rank <W R

.7'-1'/7]'1) =i'+5 +1 (70)

on an open dense subset of O x R¥, that we still call A although it could be smaller. In a neighborhood of
any point in this set, one can, from the third relation, apply the inverse function theorem and obtain, for an
open  C RFHFEFL 4 map Q — REHI'+1 that expresses uk=1) .. u®=D =) (=1 apd yk-i1=1)
as functions of w,...,uk=0=2) yk=in) g (k=i'"=1) U= =D g 2D and i + ' + 1 functions
chosen among p,,p, Dp, ..., D¥p (i’ + 7/ + 1 columns defining an invertible minor in (87r/8u(k_“_1) , Firjr))-

Focusing on ¥~ one has
uh=1-b = p (u, a2 iy (R T 2O ,DKP) (71)

where B is some smooth function of k + ¢ + 2K + 2 — i’ — j’ variables and we have written all the functions
Dz, D, Dp, ..., DX~ 1p although B really depends only on i’ + j’ + 1 of them.
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Differentiating (71) with respect to u*=%) .. u®=1 (=) =1 one has, with obvious matrix nota-
tion, (gT]i %—? e 6,%3,1]0) Fir.jo = 0, where the right-hand side is a line-vector of dimension ¢’ + j'; from (70),
this implies

0B 0B 0B
= = . =22 \F. .. =0, 79
(apz ap 3DK1p) 21,71 ( )
where the right-hand side is a now a bigger line-vector of dimension i; + j;. Differentiating (71) with respect
to ulk=1) . ,u(k_i/_l),v(e_jl), . ,’u(e—j/_l) and using (72) yields that B does not depend on its arguments
wlb=i) oy (k='=1) ang (=31 p=3'=D B cannot depend on DX p either because EDXp # 0 and all

the other arguments of B are constant along F; then it cannot depend on 25 either because () appears in
no other argument; (71) becomes

T Ry (u, .. .,u(k*“*Q),v, . ..,v(lfjlfl),:n, . ,x(K*I),px,p, . ,DK*Ip) .

Applying D, using (21) and substituting u*=%~1 from above, one gets, from some smooth C,

wlk—i) = C(u, coutEmnm) g ) e DKp). (73)
—_——
empty if j1=~£
Differentiating with respect to u®=) .. uF=1 (=) =1 yields (% % - M?qup) Firj» =0, the
right-hand side being a line-vector of dimension i’ + j’. From the first two relations in (70), dr/0u*~1~1 is
a linear combination of the columns of F;/ j/, hence one also has (% % e aDE;(C,lp> au<£7f1,1) = 0. This

implies that the derivative of the right-hand side of (73) with respect to u(*~%~1) is zero. This is absurd. [

APPENDIX B. PROOF OF LEMMAS 3.10, 3.11 AND 3.12
We need some notations and preliminaries. With F', E and 7 defined in (15) and (17), define the vector fields

0 0
X1 =[X,Y], Xo=[X1,Y], B»=|BEY], Es=|E,Y] (75)
Then (20) obviously implies
Yp =70, pesPrz),  YPe=0(2,0,P2,P20), Xo=0, (76)

and a simple computation yields (we recall E from (17)):

Xi=Te 507, Xo=Te 5o + ()5 > (77)

_ 9 o) _ o) 9 o)
E=gumn togumn: B2=gus +0 g0 + () gurmn

By = 5ot + 0 guewr + () guiemzy + () guitmy -

The vector field X7 and X5 are linearly independent because 7., # 0, see (20). Computing the following brackets
and decomposing on X; and X5, one gets

(X, Xa] = AX1, [X1, Xo] =N X5 + N Xo (78)
[)(7 E] = O7 [)(7 Eg] = MXI 5 [)(7 E3] = MIXl + /_L”XQ 5 [E27X2:| = l/le + V”XQ, (79)

for some functions A, N, N/, pu, ', p”, v/, 0",
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Proof of Lemma 3.10. From (16-c), y = p(u,...,u* V) z v, ... v=1) defines local coordinates u, ..., u*=2),
y,x, v, ..., 0D Composing p, by the inverse of this change of coordinates, there is a function o of k 4+ ¢+ 1
variables such that p, = a(u,...,u*=2 p a, ... v D) identically. Since Ep = Ep, = 0 (see (20)), applying
E to both sides of this identity yields that « does not depend on its argument v~ . Similarly, if & > 2,
differentiating both sides of the same identity with respect to u*~1 and w(*=2)| the fact that the determinant
in the lemma is zero implies that & does not depend on its argument uw*=2). To sum up, p and p, satisfy an
identity
Pz = & (u,...,u<k*3), p,x,v,...,v(e*Q)) ,

where the first list is empty if K = 1 or k = 2. Now define two integers m < k — 3 and n < £ — 2 as the smallest

such that o depends on wu,...,u™ z,y,v,...,v", with the convention that m < 0if k = 1, k = 2, or a

depends on none of the variables u, ..., u*3) and n < 0 if & depends on none of the variables v, ...,v¢=2),
Applying Y to both sides of the above identity yields

m n
Yp: =ayYp+ Z ua,e + Z oo,
i=0 i=0

where, if m < 0 or n < 0, the corresponding sum is empty. Using (76), since pz» = az + oy, one can replace
Yp with v(z,v, o, oz + aay) and Yp, with 6(z,y, o, az + acey) in the above equation, where all terms except

the last one of each non-empty sum therefore depend on u, ..., u("™, z,y,v,...,v(™ only. Differentiating with
respect to w1 and vt yields Qm) = ey = 0, which is possible only if m < 0 and n < 0, hence the
lemma. O

Proof of Lemma 3.11. From (38), setting
y=p (u, couF g ,v“‘”) , 2= Dg (u, couF g ,U(e_l)) , (80)

one gets some local coordinates (u, ..., uF 3 oy 20, ,v(efl)). In these coordinates, the vector fields X
and Y defined by (74) have the following expressions, where x and « are some functions, to be studied further:

0 0 0

X = — — _ 1
ar oy Yz (81)
o 9 o S St
= ~v— —_ S (i+1) (i+1) )
Yy = ’Yay + 66,2 + X503 + ;u G + ;v NG (82)

In the expression of Y, the third term is zero if k = 2, the fourth term (25;04 -+-)iszeroif k=2or k=3, and
the notations v and § are slightly abusive: 7 stands for the function

(u""’“(kfg)a%yaz,v,---’U(lil)) = (x,y,z,a (U,...,u(’“’B),x,y,z,v,..-,U(471)>) ’

and the same for §. With the same abuse of notations, (16-e) reads

Xy —84#0. (83)

The equalities (U% + Wﬂn)u(k—m = %u(k_Q) = au(i’,l) u(*=2) = ( are obvious in the original coordinates.

Since the inverse of the change of coordinates (80) is given by

uF=2) = X (u, o uFd), Ty Y, 2,0, .. .,v“_l)) , uhh = Yx (u, e ,u(k_?’),x,y,z,v, .. .,v(e_l)) ,
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and E, X and X; are given by (77), those equalities imply

Ex=Xx=X1x=0. (84)
Then, from (75), (81) and (82),
X, = (X'y—é)3 + (X(S—Yoz)g, (85)
dy 0z
(X, X1] = (X?y-2X0-Ya) a% + (X% - XYa - Xa) %- (86)

With these expressions of X and X, the first relation in (78) implies:

Xy—-90 X?vy-2X0+Ya
9 =0. (87)
X6—Ya X°—XYa— X«
The definition of o implies Xz = «a. In the original coordinates, this translates into the identity
P = alt, ..., u* 3z p p. v 0D Since Ep = Ep, = Eps. = 0 (see (20)), applying E to both
sides of this identity yields that a does not depend on its argument v~ . Also, if k > 3, differentiating both
sides with respect to u*~=, 4(*=2) and «(*~3) we obtain that the determinant (37) is zero if and only if « does
not depend on its argument u(*~%). To sum up, under the assumptions of the lemma,

o depends on w, ..., u* Y z y z,v,..., 02 only (88)

with the convention that the first list is empty if £ = 2 or £ = 3. Now define two integers m < k — 4 and

n < { — 2 as the smallest such that « depends on wu,... ,u(m),x,y,v, ...,v" with the convention that m < 0
if k=2, k =3, or o depends on none of the variables u,...,u*% and n < 0 if o depends on none of the
variables v, ..., v=2). We have

m>0 = a,m #0, n>0 = a,m #0. (89)

Since m is no larger that & — 4, x does not appear in the expression of Y a:

m n
Ya = ~yay+da, + Z u(”l)au(i) + Z ’U(i+1)av(i) (90)
i=0 i=0

where the first (or second) sum is empty if m (or n) is negative.

In the left-hand side of (87), all the terms depend only on u, ... ™ xy, 2z, .., 0™ except Ya, XY
and X;a that depend on w1 if ;> 0 or on vt if n >0 (see above); the determinant is a polynomial of
degree two with respect to v and v("*1) with coefficients depending on w, ..., u("™, z,y, z,v,...,v™ only,
and the term of degree two, coming from (Y )2, is

1 1 2
(Oéu(m)u(m+ )-i-av(n)’lj("+ )> .

Hence (87) implies o, m) = a,m) = 0 and, from (89), negativity of m and n are negative. By definition of these
integers, this implies that « depends on (z,y, z) only: in the original coordinates, one has p,, = a(z,p,p,). O

Before proving Lemma 3.12, we need to extract more information from the previous proof:

Lemma B.1. Assume, as in Lemma 3.11, that p is a solution of Ek’ff satisfying (38), but assume also that
>k >3 and the determinant (37) is nonzero. Then [X, Es] = [X, E3] = 0.
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Proof. Starting as in the proof of Lemma 3.11, one does not obtain (88) but, since (37) is nonzero,
o depends on w,...,u* Y z y z,v,...,0? and k-3 7 0- (91)

Since Ep = Ep, = 0, one has E = a/au“*U in these coordinates. The first equation in (84) then reads
Xoe—1 =0, and (75) and (82) yield

0 0
By = o @y (X, Bp] = — a2 2
Since [X, E2] = pX1 (see (79)), relations (85) and (83) imply that a2, u, and the bracket [X, Es] are zero,
and prove the first part of the lemma. Let us turn to [X, Es]: from (75) and (82), one gets, since Ey and X
commute, and Xy = 0,

B 9 9
= Xo=2 507y g0

X, By] = —(Esa) 2 (92)

E
3 0z

In order to prove that Esa = 0, let us examine equation (87). For short, we use the symbol O to denote any
function that depends on u,...,u*3) z y z v,..., 03 only. For instance, Xy — 6 = O, and all terms in
the determinant are of this nature, except the following three:

Ya = xoue-3 + 1)(472)041)(@73) + O,
XYa = xXo,x-s + U(€_2)X0é7j(£73) + O,
Xia = —a, (X QL (k—3) + U(€_2)Oé7j(573)) +0

(we used Xy = 0). Setting ¢ = x a, -3 + v 2D, -2, one has

. XOéu(k—S) XOéu(k—S)

X¢ C+bo 2 with b= Xa,es — e

Qlyy(k—3) Qo (k—3)
and equation (87) reads
C+0C—(Xy-0)bv2+0 = 0. (94)
Differentiating with respect to X and using (93) yields

X, oo
2M§2+(2bu“*2>+0)g+0u“*2>+0 = 0.

Xy, (k—3)

Then, eliminating { between these two polynomials yields the resultant

1 O —(Xy-0)bov 2 +0 0
0 1 o —(Xvy—8bo2 + 0
25D 9b (D) 4 O 0v=2 + 0 0 =0.
0 pRAMLE] 2bv(t=2) + 0 0v=2 1 0
@, (k—3)

This is a polynomial of degree at most three with respect to v~2) the coefficient of (U(472))3 being
—4b*(X~ — §). Hence b = 0 and, from (94), ¢ does not depend on v*=2). This implies E3a = 0 because,
from (92) and the definition of ¢, one has (2 = Esa. O
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Proof of Lemma 3.12. The independent variables in 5377:’36 are u,u, i, x,v,0,0. Since the determinant (37) is
nonzero, one defines local coordinates (z,vy, z, w,v, v, 9) by

y = plu, i, 4, 2,v,0,0), z=ps(u,a,i,z,0,0,0), W=DPy(u,,i,z,v,0,0). (95)

In these coordinates, X and Y, defined in (74), have the following expressions, with ¢ and « some functions to
be studied further:

0

0 0 0
X = — 4z twrt+a—
or oy Vos +0‘aw’ (96)
0 8 .0 .0
= 75y 0% g i+ i (O7)
Then, using, for short, the following notation I':
' = Xv—§ # 0, (98)
one has
X, = I‘ng(Xé 1/))—+(X1/) Y)(9 (99)
Y dw’
B 0 9 0 9 0
(X, X1] = (XT—X6+4) 3 + (X0 —2X¢ + Ya) 5.+ (X* — XYa — Xa) o (100)
Also,
0 0 0 0
E=r, B=[BLY]=vig-+ oo, [XE]= s+ (Xt — Bza) -
but, from Lemma B.1, one has [X, F3] = 0, hence s =0, B = 9/0v and a; = 0. Then
0 0 0 0
B3 = {% ] ?/Jv ot g B =Yg + (X — Esa) 5,
but, from Lemma B.1, one has [X, E5] = 0, hence ¥, =0, E5 = 9/0v and «, = 0. To sum up,
0 0 0
=95 EQ—%; E3—%7 (101)

« depends at most on (z,y, z, w) only and ¢ on (z,y, 2z, w,v).
Notation. Until the end of this proof, O stands for any function of z, y, z, w only. For instance, « = O, v = O,
d=0,T=0,XI'=0,X5§=0 and X25 = 0.

r Xo—

From (78), (99) and (100), one has XT— X644 X%—2X¢+Ya |~ 0. Hence
X = %uﬂ + Oy + 0. (102)
We now write the expression (99) of X; as
X1 = X} +9X{ + 2 X7} (103)
with X = F§+Oa%+oai, X}:f%JrO%, X%:%%~ (104)
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Note that X?, X{ and X? are vector fields in the variables z,y, z, w only. Now define:

_ x1_ Y9 _ 90 AN
vo=-% I ow 8z+<0 )871) (105)
0 0 2
_ 0_2y2 _ 9 9 A
V = X7 —-¢°X7 FaerOaZJr(O 2F>8 (106)
so that
=V —yU (107)

and, from (97) and (103) one deduces the following expression of Xo = [X7,Y]:

9 e d 0B
F28w+1/) <ﬁ8—+08—+08 )+1/)X2+X2 (108)

Xo = (YY)U + (Xlz/f) 50 T P°

where X4 and X9 are two vector fields in the variables x, ¥, z, w only.

This formula and (101) imply [Ea, Xo] = (Y¢), U = ¢, U hence, from the last relation in (79), either 1,
is identically zero or U is a linear combination of X 1 and X5. We assume, until the end of the proof, that U
is a linear combination of X; and X5. This implies, using (107), that X5 and X are linear combinations of U
and V; hence U,V is another basis for X, X5. Also, from (78) [U, V] must be a linear combination of U and
V. From (105) and (106),
X 0 0

WO ol e

where W' and W0 are two vector fields in the variables z, y, z,w only, and, finally, with Z' and Z° two other
vector fields in the variables x,y, z,w only, one has, from (108)

[Ua V] =

0 Yo O 0 0
_ _ 3 Jw ¥ i s 1 0
Xp = (YY) U =T [U.V] = ¢35 =+ (QFE) +Oaz+oaw)+wz + 20,

This vector field is also a linear combination of U and V. Computing the determinant in the basis /9y, 9/9z,
0/0w, one has, using (105) and (106),

det (U, V, Xy — (Y)U —T[U,V]) = %w‘* +OY + 0P+ Op + 0 = 0.
It is assumed from the definition of 5,3 f that the partial derivative of v with respect to its fourth argument
is nonzero; hence v, # 0 and the above polynomial of degree 4 with respect to 1 is nontrivial; its coeflicients
depend on x,y, z, w only, hence 1 cannot depend on v.

We have proved that, in any case, both « and ¢ depend on z, y, z, w only, and this yields the desired identities
in the lemma. O

APPENDIX C

Lemma C.1. Let p be a smooth function of u,...,u* Y z v, ... o€V rasmooth function of u, ..., u*=1 x,
v, ..., 0O, with ryw #0, and f a smooth function of four variables such that
k—2 -1
Zu(“rl)pu(i) + TPy (k—1) + Zv(erl)py(%) = f(xapap:wpzz) (109)
i=0 i=0

where, by convention, rp,m-1) is zero if k =0 and the first (resp. last) sum is zero if k <1 (resp. £ =0). Then
either p depends on x only or

k>1 £>1, pux-1 #0, pue—1 #0. (110)

)



264 D. AVANESSOFF AND J.-B. POMET

Proof. Let m < k — 1 and n < £ — 1 be the smallest integers such that p depends on w, ..., u™ z,v,...,0™;
if p depends on none of the variables u, ...,u*=1) (or v,...,v D), take m < 0 (or n < 0). Then p,m) # 0 if

m

>0 and p,m #0ifn > 0.
The lemma states that either m < 0andn < Oork >1,¢ > 1and (m,n) = (k—1,£—1). This is indeed true:
—ifm=k—1and k> 1thenn=~/¢—1and ¢ > 1 because if not, differentiating both sides in (109) with
respect to v would yield 7, p k-1 = 0, but the lemma assumes that r,u # 0;
—if m <k —1o0r m=0, (109) becomes: > i ul*Vp,y + 31 vV iy = f(2,p, Pz, Paa); if m >0,
differentiating with respect to u(™*1 yields p,wm = 0 and if n > 0, differentiating with respect to
w™tD) yields Pyny = 0; hence m and n must both be negative. O
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