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Abstract. In this paper we generalize to any dimension and codimension some theorems about
existence of Liouvillian solutions or first integrals proved by M. Singer in Liouvillian first integral
of differential equations (1992) for first order differential equations.

Introduction. In [I5] M. Singer proved that order one differential equations with Li-
ouvillian general solutions have Liouvillian first integrals and that existence of such a
first integral forces the foliation given by the equation to be transversally affine. This last
statement was extended to codimension one foliations and to other kinds of first integrals.
One can look at [T6] where H. Zotadek gives a proof of Singer’s theorem using Khovanskii
topological Galois theory.

In this paper we prove that for a foliation of any codimension with fixed indepen-
dent variables, existence of Liouvillian general solution implies existence of Liouvillian
first integrals but only existence of sufficiently many Liouvillian first integrals forces the
foliation to have a transversal structure of solvable type.

Our main tool is the pseudogroup introduced by B. Malgrange [II] as a non-linear
analogue of the Picard-Vessiot group. Relevant information is contained in the transversal
part of the Lie algebra of the Malgrange pseudogroup. This quotient Lie algebra is called
the Galois Lie algebra of the foliation. Both existence of a general Liouvillian solution
and existence of sufficiently many Liouvillian first integrals imply solvability of the Galois
Lie algebra but the latter implies finiteness of the dimension of this Lie algebra.

First order examples. From Liouville (see [I4, [T5]) one gets an example of a first order
ordinary differential equation with a Liouvillian first integral but without Liouvillian
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general solutions. This equation is

dy_ _ v

dr  xy—x2’

A Liouvillian first integral is H(z,y) = y exp(—y/x) but this equation has no Liouvillian
general solution. If one changes the independent variable to t = 5 the equation is % =
—% whose solutions are Liouvillian.

The very special foliation of Brunella [2], or the foliations of Lins-Neto’s family [10] are
examples of foliations with a Liouvillian first integral but without any birational system
of dependent and independent variables ¢ and z such that the foliation is given by a linear

equation %2 = a(t)z + b(t).

Second order example. From [I2] one gets an example of a second order equation with
Liouvillian general solution but only one Liouvillian first integral (i.e. any two Liouvillian
first integrals are functionally dependent). This equation is

Pu <1 1) (du>2

dz? z/) \dx)
It is equivalent to the system given by % = % and % = ﬁ. The Liouvillian field
extensions are C(z) C C(z,¢ = logz) C C(z,f,u = [ -2%). This equation has a Liou-
villian first integral H = [(d¢ — ‘%) = ¢ — log x. By computation of B. Malgrange [12],
the Galois Lie algebra of this foliation is infinite dimensional. By theorem [6] there is no
functionally independent second Liouvillian first integral. A second first integral is given

by an integration with implicit parameter ¢ € C:

K(z,ﬂ,u):/ <du dz >
H(z,l,u)=c z—{

determined up to addition of an undetermined function of H.

1. Definitions

1.1. Foliations and equations. Let M be an affine irreducible smooth algebraic variety
of dimension ¢ + n over C with ring of coordinate C[M], Q}(M) its C[M]-module of
1-forms and ©(M) its C[M]-module of vector fields. The Lie bracket on ©(M) is the
C-bilinear map [-,] : O(M) x ©(M) — O(M) defined by [v, w] = vw — wv as derivations
on C[M]. To any submodule FF C ©(M) (resp. N C Q(M)) one associates its annihilator
Np C QY(M) (resp. Fy C ©(M)). A foliation on M is a submodule F C ©(M) such
that Fiy, = F and [F, F| C F.

From now on F' is a foliation on M. Elements of Np are called equations of the
foliation, those of C(M)® N over C[M] are rational equations and those of (C(M)alg®NF
algebraic equations. Equations satisfy dNy C Np A (C(M) ® Q'(M)). Because of its
reflexion property, Np is torsion free and is characterized by its restriction to Zariski
open subsets. This means that a C(M)-basis of rational equations determines F. The
dimension of this C(M)-vector space is the codimension of F' and is denoted by ¢. A
subvariety W of M is F-invariant if C[IW] ® F' C O(W). For such W, codimyW < q.
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A dominant map 7 : M — B is called independent variables for F if C(M)®Q! (M) =
C(M)® Np®C(M)®Q'(B). Then F (or NF) is a system of rational PDEs over B (with
finite type solution space). In the case 7* = Clz1,...2,] — Clz1,... 20, y1,...,Yq] &
basis of rational equations can be written dy; — >, Ef (x,y)dx; for 1 < i < g. Analytic
dimension n subvarieties tangent to F' are given by solutions of the system of PDEs

oyi j . .
8.13]‘
satisfying formal integrability conditions
a OF! ;
—FE! LE} = E’“ 2 EJ
(9I]€ i + ; 8,1 4 + Z yA

1<i<q, 1<j<n, 1<k<n.

Special type of foliations are given by rational maps ¢ : M --» W : Fy, has rational
equations generated by ¢*Q!(W). When ¢ is explicitly given by a subfield I of C(M)
then the foliation is denoted by Fy;.

1.2. First integrals and solutions. A differential ring is a ring A D C with a C-
derivation d : A — V4 taking values in a free A-module such that there is an extension
d : V4 — A%V satisfying d(av) = da A v+ adv. One can extend d to A®V4 by d(v Aw) =
dv A w + (—1)%8Yy A dw and one gets dd = 0. To come back to the usual definition
one chooses a basis e of V4. Then d = > d;e; for 9;’s some A-valued derivations of A.
Coordinates of v € A%V, are written v = > v(9;,,...,0;,)ei, ® ... ® e;,. The existence
of the extension of d means that the bracket on @ A9; defined by

dv(@i,aj) = v([@i, 8]]) + 6L1}(8]) — (9]"()(61‘), Yo € Vy

takes values in @ A9;. Then € AJ; is a subspace of Derc(A, A) stable under Lie bracket:
it is a C-Lie subalgebra. The exterior derivative d : C[M] — Q(M) gives to C[M] a
differential structure and (C(M);d) is a differential extension.

A 1-form w € Q'(A/C) gives a A-linear morphism from Derc(A, A) to A. It can be
extended by linearity to Derc(A4,Va) by w(>_ 0ie;) = > w(9;)e;. This definition does not
depend on the basis.

A differential extension (K;dg) of (A;d) is given by two inclusions i : A — K and
i : V4 — Vg such that ' od = dg o4 and 4’ is i-linear. An extension is strict if ¢’ extends
to an isomorphism of K ® V4 to V.

DEFINITION 1. A differential field extension (K;d) of (C(M);d) is called Liouwvillian if

there exists a sequence of strict differential extensions C(z1,...,z,) = Ko C K;... C
KN 1 C Ky = K such that K; = K,;_1(F;) with F; algebraic over K;_1 or dF; € Vg, _,
dF
-+ € VK

An element H of a differential extension (K;d) of C[M] is a first integral of a foliation
F if dH € K ® Np. The type of the C-linear subspace I P of first integrals in K is the
smallest integer ¢ such that the map IP7"! to A9V sending (Hi, ..., Hy41) to AdH;
is null.
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DEFINITION 2. Let F be a codimension ¢ foliation on M. A differential field extension
(K;d) of C[M] such that the subfield of first integrals has type ‘q’ is called a field of
complete integration.

DEFINITION 3. Let F' be a foliation on M and B be independent variables. An extension
L of C(M) which is a strict differential extension (L;dy) of (C(B);dp) with w(dr) =0
Vw € Np is called a general solution extension.

A particular solution is given by a general solution on an F-invariant subvariety of M.

DEFINITION 4. Let F be a foliation on M. A leaf £ of F' is an immersed analytic sub-
manifold such that Vo € £, T, L = F(x) and maximal for the inclusion.

From the Cauchy and Frobenius theorems complete integration fields, general solution
fields and leaves through any point & where Ng(z) has maximal rank exist. The subvariety
S(F) of M of points where Nr has not maximal rank is called the singular locus of F.

1.3. Malgrange pseudogroup and its Lie algebra. In this subsection, we outline
the definition of Malgrange pseudogroup. Precise definitions and justifications can be
found in [T, 12], [ 5] ]

The frame bundle of M is the proalgebraic variety RM on M of formal invertible maps
r: (C"t2,0)" — M, i.e. whose completion r” : (C"*%,0)" — (M,r(0))" is invertible
where (M, p)" denotes the formal neighborhood of p in M. From a commutative algebra
view point, a frame is given by a C-algebra morphism 7# : C[M] — C[[x1,...,Zn1q]] ;
if m is the maximal ideal of C[[z1,...,Tn44]] and J = (r#)~!(m) then the completion
is the map (r#)" : lim (C[M]/J")n — C[[x1,...,ZTniq]]- It is a continuous C-algebra
morphism and it is ré_quired to be an isomorphism. The proalgebraic structure is given
for each integer k£ by the projection on R M the space of k-jet of formal invertible maps.

Formal invertible maps and vector fields on M act on RM by target composition.
The action on RM of a dynamical system on M is called its prolongation and is denoted
by adding a R in front of its name. A foliation on M with equations N is prolonged on
RM by the annihilator RN in Q(RM) of prolongation of any vector field on M tangent
to Fn. Let I C C(RM) be the subfield of rational first integrals of RN. By [9] generic
leaves of the foliation Fy; are Zariski closures of leaves of Fry.

The group I';,1, of formal biholomorphisms of (C"*9,0) as well as the Lie algebra
O(cn+a,0) of formal vector fields act on RM by source composition. The frame bundle
RM is aT',,44 principal space over M. Because action by source and by target composition
commute, actions of I', 4, and @((Cn+q70) preserve Fry and Fyj.

The space AutM = {¢ : (M,a)" — (M,b)" invertible | (a,b) € M x M} has a proal-
gebraic groupoid structure and its coordinate ring has a canonical differential structure.
It acts on RM by target composition. A pseudogroup is a subgroupoid defined by a
differential ideal. In particular AutM is a pseudogroup. Then

e Malgrange pseudogroup, Mal(F), is the pseudogroup of formal invertible maps
(M,a)™ — (M, b)" preserving I pointwise,

e Malgrange Lie algebra at a € M, mal(F),, is given by all formal vector field on M
at a preserving I pointwise.
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These definitions are not the ones given by Malgrange in [11]. Equivalence of these
definitions with the original ones is a consequence of 7, théoréme 8.1]. An elementary
proof can be found in [I3] proposition 2.3.6].

It is straightforward that vector fields tangent to N are in the Malgrange Lie al-
gebra. One defines the Galois Lie algebra of F at a to be the quotient gal(F), =
mal(F)q/tan(F), where tan(F), is the ideal of mal(F), of formal vector fields tangent
to F.

The Maurer-Cartan form on RM is Q = TRM — O cn+a 0y (see [8, 7]). It is defined
by Q(r,v) = r*a~*(v) where a : ©(ar,(0)) — T RM is the isomorphism given by pro-
longation of formal vector fields. Many properties of Q are described in [8] [12]. One gets
Q(Fur) = g and Q(RF) = b where b is an ideal of g a subalgebra of ©(cn+4,). A frame
(C"+9,0)" — (M,a)" at a generic point a of M allows us to identify h C g C O(cn+a )
to tan(F'), C mal(F)a C Oar,q) and g/bh to gal(F),.

Notice that F has a rational first integral if and only if for generic a in M, mal(F),
is not transitive, i.e. the map 7 : mal(F), — T, M defined by m(v) = v(0) is not onto.

2. Theorems

2.1. Statements

THEOREM 5. Let E be a finite type system of PDE’s satisfying formal integrability condi-
tions. If E has a Liouvillian general solution field then its Galois Lie algebra is solvable.

THEOREM 6. Let F' be a codimension q foliation on M. If F' has a Liouvillian complete
integration field then its Galois Lie algebra is solvable and finite dimensional.

THEOREM 7. If F' is a foliation with solvable Galois Lie algebra then there exists a
rational first integral or a finite dominant map M --» M and a rational 1-form Q, :

TM --» gal such that

e gal is a regular algebraic transitive solvable Lie subalgebra of ©ca o),

. dQ/ = Q/ AN Q/,

emof), : TM --» C? gives q independent algebraic equations of F generating
——al
C(M)"’ ® Np.

Algebraic Lie subalgebras of ©(cq gy are Lie subalgebras defined by a system of PDEs.
Regularity means that 0 is a regular point of such a system. For instance Cz; 8%1 C Ocz2p
is an algebraic but not regular Lie subalgebra. It is defined by

0 0 da da
— +b—b=0,—=0, 29— —a=0,.
{aal'l + 81C2| 8:52 e 8‘%1 @ }
This system of PDEs is singular at 0.

2.2. Proofs. The pseudogroup AutM is identified with the quotient of RM x RM by the
diagonal action of I',, 1, via the map A\ : RM x RM — AutM defined by A(r,s) =ros™!.
The foliation F' can be prolonged in two ways on RM x RM by R'F = RF & {0} or
R*F = {0} ® RF. These two foliations are I',, 4 -invariant and thus A-projectable on
foliations on AutM still denoted by R'F and RSF.
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Along the open subset Idy;—g = {\(r,r)|r € R(M—S)} of Idys the identity subvariety
of AutM, R'F has no singularities. One can define £;4 to be the union of leaves of R*F
going through points of Idy;_g. It is readily proved that L£;; is a groupoid over M — S.
Because of the stability under inversion, £;4 is the union of leaves of R°F.

LEMMA 8. The Zariski closure L;q is equal to Mal(F).

Proof. The Zariski closure L;q is the smallest R*F'® R'F- invariant subvariety containing
Idyy.

Let i : RM --+ W be a rational map defining the foliation Fy; and Z be the Zariski
closure of the subvariety of RM x RM defined by i(r) = i(s). One gets L;g = A\(Z) and
thus is a sub pseudogroup of AutM. By construction the elements of this pseudogroup
are formal diffeomorphisms preserving I pointwise. =

This lemma can be used to give a new proof of the following theorem:

THEOREM 9 ([]). If ¢ : My --+ My is a rational dominant map and Fy (resp. Fs) is a
foliation on My (resp. My ) such that Fy is @-projectable on Fy then one gets a dominant
pseudogroup morphism

oy ¢ (mal(Fy) Ninv(F,)) --+ mal(Fy).

The proof of this theorem will not be given here. It can be read in the following way:
mal(F) is a quotient of a Lie subalgebra of mal(F}). So the former is solvable as soon
as the latter is.

Let (K;dg) D (C(M);d) be a Liouvillian field extension and W be a geometrical
model for K (i.e. C(W) = K). Because dx takes its values in Q'(M), one gets a mor-
phism QY (W) — QY(M) whose kernel defines a foliation Frr on W (with M as indepen-
dent variables). This foliation is defined by a sequence of rational equations wy,...,wx
with dw; =0 mod (w1, ...,w;—1). A direct computation (see [5]) shows that gal(Fk) is
solvable.

To prove theorem [5]one needs to apply the previous argument to (K;dx) O (C(B),d).
Then by definition the dominant map W --» M maps Fx to F and theorem [J] gives the
solvability of gal(F).

One can prove the first part of theorem[f]in the same way. We apply previous argument
to (K;dg) D (C(M),d). Let V (resp. Z) be a model for the subfield of first integrals
IP (resp. of rational first integrals). Consider the dominant map 7 : W --» V and
a section s : Z --» V (possibly multiform but algebraic). Then Wy = n~1s(Z) is a
subvariety of W whose projection on M is dominant. Let Fx N W7 be the foliation
induced on Wj. From solvability of gal(Fg) and transversality of Fx and W; one gets
solvability of gal(Fx NW;). This foliation projects on F and theorem [J] proves solvability
of gal(F).

To prove the second part of theorem [6] one considers the differential ring C(M)
(Hq,...,H,) generated by ¢ unknowns and the evaluation morphism C(M)(H, ..., Hy)
— K sending Hs to ¢ independent first integrals. Element of Malgrange pseudogroups
preserves the space of solutions of the system of PDEs given by the kernel I of the eval-
uation morphism. In formal local coordinate at a regular point a of F', one can choose
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independent variables x and transversal coordinates ¢. Transformations in Malgrange
pseudogroup preserve the space of solutions of I. Because of finiteness of the transcen-
dence degree of K over C(M) this space is finite dimensional. Moreover solutions are ¢
functions of ¢ variables ¢ thus the space of transformations preserving x and the space
of solutions must be finite dimensional. Taking infinitesimal transformations, one gets a
Lie algebra isomorphic to gal(F),.

One proves the third theorem by taking a section s : M — RM of the frame bundle
with values in the algebraic closure of a generic leaf of RF', i.e. a generic leaf of Fj;. This
leaf dominates M if and only if there are no rational first integrals. Then by properties of
Maurer-Cartan form, s*2 followed by the projection of mal(F') on gal(F') has the wanted
properties. The section s may not exist but after a ramified covering.

3. Three corollaries and one remark

COROLLARY 10 (M. Singer [15]). Let F be a codimension 1 foliation on M and B inde-
pendent variables. If F' has a Liowvillian general solution then it has a Liouvillian first
integral. F' has a Liowvillian first integral if and only if for w an equation of F' there is a
closed 1-form « such that dw = w A «.

Proof. This is an easy consequence of the theorems and of Lie classification of regular
algebraic Lie subalgebras of O¢ up to the choice of a formal coordinate. The only
solvable one are

e {0}, there exists an exact w;
. Ca% there exists a closed w on some ramified covering;
. (C% + (Ca:% there exists a closed a on M satisfying the statement. m

COROLLARY 11. Let F be a codimension 2 foliation on M. If F' has a solvable Galois Lie
algebra then there are algebraic equations w, n of F' such that there exist 1-forms o and
on a finite dominant M over M and dw = a Aw,da =0 and dn =G An mod w,df =0
mod w.

Proof. This corollary can be proved by using theorem [7] and Lie classification of regular
algebraic Lie subalgebras of ©¢2 o up to the choice of a formal coordinate (see [I]). One

gets that solvable Lie subalgebras of O¢z ¢ are subalgebra of (C% + (Cxa% + C{x}a% +
(C{x}ya%. Then w is the coefficient to 22 in the form Q, given by theorem [7] If this
coefficient is zero then F' has a rational first integral H and w = dH. The form « is the
coefficient of x%, 7n the coefficient of any C{z} multiple of a% and 3 the coefficient of
any C{z} multiple of ya%. n

COROLLARY 12. Let E be a finite type system of PDE’s. If E has a Liouvillian general
solution then its foliation F' has at least one non-constant Liouvillian first integral.

Proof. If mow is not onto then one gets a rational first integral. Now assume that it is
onto. Let b be the last non-zero derived subalgebra of gal and h = {v € gal | v || b}. It
is readily proved that H is an ideal of gal.

If 7(h) = CP C C7 then the quotient by the foliation defined by h gives Q1 : T M —
gal/h C Oca-» .
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If 7(h) = C? then gal = h x a were a is a solvable Lie subalgebra of gl,. Then by
the Lie theorem one can assume that the codimension one foliation given by level of
x1 is invariant. The quotient by this foliation gives €5 : T™ — Oc,0 whose image is a
solvable Lie subalgebra. Lie classification gives a couple of 1-forms w and « such that
dw = a A w,da = 0. The first integral is [ expt/ ) w on M and defines a Liouvillian
function on M. =

REMARK 13. Assume F has no rational first integral and gal(F') is solvable. Because Fyy
is I'y4¢-invariant, a leaf L of this foliation is a G-principal bundle over a Zariski open
subset of M for an algebraic regular subgroup G of I';, 4. The covering M needed to get a
rational section of £ over M has Galois group G/G where G is the connected component
of the identity. The structure of I',,; ensures that this quotient is isomorphic to G1/G1
where G is the subgroup of GL, of the transversal to F' linear parts of elements of G.

Up to enlarging the Lie algebra where the Maurer-Cartan form takes its values one can
simplify the covering needed. For this purpose, one needs to know the group of connected
components of maximal almost solvable subgroups of GLj,.

For instance if ¢ = 1 no covering is needed to get the forms w and « in Singer’s
theorem. If ¢ = 2 and one looks at the equation y” = E(z,y) then G; C SL(C)
and either G; is finite and primitive and one gets two Liouvillian first integrals given by
primitives of closed 1-form on a covering with Galois group (G; either one can assume that
G1/G1 = Z/2Z and the equation has at least one Liouvillian first integral [ expl @) w
on a two sheets covering of M.

References

[1] E. Cartan, Les sous-groupes des groupes continus de transformations, Ann. Sci. Ecole
Normale Sup. 25 (1908), 57-194.

[2] M. Brunella, Birational geometry of foliations, Publicagoes Matematicas do IMPA, Insti-
tuto de Matematica Pura e Aplicada (IMPA), Rio de Janeiro, 2004.

[3] G. Casale, Sur le groupoide de Galois d’un feuilletage, Ph.D. Thesis 2004; http://perso.
univ-rennesl.fr/guy.casale /research.html.

[4] G. Casale, Une preuve galoisienne de lirréductibilité au sens de Nishioka-Umemura de la
1ére équation de Painlevé, Astérisque 323 (2009).

[6] G. Casale, An introduction to Malgrange pseudogroup, to appear in Séminaires et Congreés
(2012).

[6] G. Casale and J. Roques, Nonintegrability by discrete quadratures, submitted, http: //perso.
univ-rennesl.fr/guy.casale/research.html.

[7] P. Gabriel, Construction de préshémas quotients, in: Schémas en groupes (SGA 63-64),
Fasc. 2a exposé 5, Lecture Notes in Mathematics 151, Springer, 1970, 250283,

[8] V. Guillemin and S. Sternberg, Deformation theory of pseudogroup structures, Mem. Amer.
Math. Soc. 64 (1966).

[9] X. Gomez-Mont, Integrals for holomorphic foliations with singularities having all leaves
compact, Ann. Inst. Fourier 39 (1989), 451-458.

[10] A. Lins Neto, Some examples for the Poincaré and Painlevé problems, Ann. Sci. Ecole

Norm. Sup. (4) 35 (2002), 231-266.


http://perso.univ-rennes1.fr/guy.casale/research.html
http://perso.univ-rennes1.fr/guy.casale/research.html
http://dx.doi.org/10.5802/aif.1173

[11]

12]
13]
14]
[15]

[16]

LIOUVILLIAN FIRST INTEGRALS 161

B. Malgrange, Le groupoide Galois d’un feuilletage, in: E. Ghys et al. (ed.), Essays on Ge-
ometry and Related Topics. Mémoires dédiés & André Haefliger, Vol. 2, Monogr. Enseign.
Math. 38, Genéve, 2001, 465-501.

B. Malgrange, Pseudogroupes de Lie et théorie de Galois différentielle, preprint THES
M/10/11 (2010).

J.-F. Pommaret, Differential Galois Theory, Mathematics and its Applications 15, Gordon
& Breach, New York, 1983.

J. F. Ritt, Integration in Finite Terms. Liouville’s Theory of Elementary Methods, Columbia
University Press, New York, 1948.

M. F. Singer, Liouvillian first integral of differential equations, Trans. Amer. Math. Soc.
333 (1992), 673-688.

H. Zotadek, The Monodromy Group, IMPAN Monogr. Math. 67, Birkhiiuser, Basel, 2006.


http://dx.doi.org/10.2307/2154053




	Definitions
	Foliations and equations
	First integrals and solutions
	Malgrange pseudogroup and its Lie algebra

	Theorems
	Statements
	Proofs

	Three corollaries and one remark

