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Abstract

‘We establish an efficient compatibility criterion for an overdetermined system of generalized complete intersection type in terms
of multi-brackets. To cite this article: B. Kruglikov, V. Lychagin, C. R. Acad. Sci. Paris, Ser. I 342 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Multi-crochets d’opérateurs différentiels et compatibilité des systems d’EDP. Nous établissons un critére de compatibi-
lité efficace pour un systeme détérminé de type intersection complete généralisée en termes de multi-crochets. Pour citer cet
article : B. Kruglikov, V. Lychagin, C. R. Acad. Sci. Paris, Ser. I 342 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Version francaise abrégée

Soit 7 un fibré de dimension m sur une variété de dimension n, et soient F; € C®(Jliz),i=1,...,m + 1, des
fonctions lisses sur les espaces de jets. On peut les assimiler a des opérateurs différentiels (non-linéaires) d’ordres /;.
Nous définissons un multi-crochet {F1, ..., Fju4+1} € C°°(Jln) d’ordre I =11 + --- 4+ ;41 — 1. Quand 7 est le

fibré trivial, si I’on dénote par £; (F) la i-éme coordonnées de la linéarisation £(F'), nous obtenons :

1 o P
{F1,~.-,Fm+1}=% Z (=D* (=D Ly (Fpa)) o - - - 0 Lam) (Fgm) (Fam+1))-

’ aGSm,ﬂESm+1

Définition. Un systeme & = (Fy, ..., F,) C JE() der équations différentielles ({F; = 0|1 <i < r} est une inter-
section compléte généralisée si

l. m<r<n+m-1,;

2. La variété caractéristique projective complexe Charfk &) c IE"(T);“)(C est de codimension r —m 4 1 en chaque
point x; € £

3. Le faisceau caractéristique sur Charg( (&) admet des fibres de dimension 1.
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Les intersections compleéte, introduites dans [7], satisfont les propriétés ci-dessus et sont des systemes particuliers
de type Cohen—Macaulay considérés dans [7].

Soient Js(F1,..., F) = (AFi: A eDiffy_;; (1, D|1 <i <r) CC®(J*n) les idéaux engendrés par Fy, ..., F, et
leurs dérivées totales.

Théoréme. Soir £ = (Fy, ..., F.) C J*(x) un systeme d’équations différentielles.

1. Si & est formellement intégrable, alors tous les multi-crochets s’ annulent pour le systéme :
{E| s e Em+|} € «7i1+~--+[m+|—1(F17 RN} Fr)s

pourtous 1 <iyp <--- <ipygp] KT
2. Si & est une intersection compléte généralisée, alors E est formellement intégrable si et seulement si les multi-
crochets s’annulent pour le systeme :

{E[v ] Fim+1} €L7i1+'~'+im+1—l(Fl""’ F}’)s

pourtous 1 <ip <-+- <ipygp1 <T.
1. Determinants over non-commutative algebras

Let k be a commutative algebra over a field F of characteristic 0. Consider a monoidal category of k-k bimodules
and let A be an associative algebra in this category. In other words, let A be an associative k-k-algebra. For any left
k-module V we turn A @ AV, where A’V = @i>0 AV is the exterior algebra of the module V, into an associative
F-algebra by setting

(a®r ) - (bQ®Fp)=ab@ranp,

where a,b e A, o, B € A'V.
Assume that A”V >~ Kk for some natural m > 0, and let 2 € A™V be a basis m-vector. We define a determinant

det=detg:V§Fm=VA®]F"'®IFVA_>A
as

El Sm =det($177§m)97
where VA = A Qg V is the left A-module and &, ..., &, € Va.
In the case of free module V we come to a version of Cayley determinant:
detr,....&m)= Y (=D&1501) " Emo(m)-
o €Sy

where &;; € Ais a j-coordinate of §; € V4.
The permutation group S,, acts on Vf’" in the natural way, and we define det, :V?’” — A for any permutation
o €S, as

detﬂ' (Sl ey Sm) = det(sg'*l(ly LR} éo'*l(m))y
and the antisymmetric determinant as
1
Det= — > dety : AR (Va) = A,
oeSy,

Using this determinant we define the multi-bracket A%’“ (Va) — V4 by the following formula:

m+1

(€l )y =) (=D Detr, .. & B )E

i=1
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2. Multi-brackets of differential operators

Here we apply the above construction to differential operators on a manifold M" with A = Diff(1, 1) be the algebra
of scalar linear differential operators (1 is the trivial one-dimensional bundle over M) and k = C*°(M, R) (see, for
example, [11,10,5]).

Let 7 be a smooth vector bundle. Then Diff(;r, 1) = AQxC®>° (™) = V5 for V = C®° (™). Assume that 7 is
orientable bundle and dimw = m. Then A™(;r*) is a trivial 1-dimensional bundle, and picking a volume form £2 €
A™V we get the multi-bracket {Vy, ..., V,,41} € Diff(sr, 1) for scalar-valued differential operators V; € Diff(sr, 1)
on .

The order of the bracket (which is again a differential operatoron w)isly +--- + ;41 — Ll if ord V; =1;.

Note that for the trivial 1-dimensional bundle & = 1 this bracket becomes the usual commutator of scalar differen-
tial operators: {V, Vo} =V Vo — VLoV, V; € Al

To define a multi-bracket for non-linear scalar-valued differential operators F; on vector bundle 7 we identify them
with functions on the jet-spaces J*m. The algebra A acts in the natural way on the algebra C°°(J*°x) and convert
A, = C®(J*®°m) ®k A into k-k algebra. For any function F € C*°(J k ), considered as a non-linear operator, the lin-
earization £(F) (see [5]) belongs to A, ®xC°(rr*), and therefore the bracket {£(F1), ..., L(Fu+1)} € Az QkC>® (™)
is well defined if 7 is orientable and the volume form §2 is fixed. One can check that the bracket is a linearization of
a function {Fy, ..., Fyu41} € C*°(J*m). In other words:

CUFY, -y Bt} = {€CFD, o £(Fy ).
This defines the skew-symmetric multi-bracket:
C°°(J[‘n) R - Or COO(JI’”“T() — COO(.]IJT),

where [ =11 + -+ 41 — 1.
Remark that for 7 =1 this bracket coincides with the Jacobi (or Lagrange for first order operators) brackets [9,5].
If 7 is a trivial vector bundle and £(F) = (¢1(F), ..., ¢, (F)), then

1
{Fl,..., Fpq1} = - Z (= D* (= 1P Loy (Fp1y) © - - © Lagmy (Faum) (Fpm+1))-

T aeS,, BESm+1
3. Main result

We consider overdetermined systems of differential equations £ =(Fi, ..., F,), which are defined by functions
FieC®WJlin),i=1,...,r,and r > m.

Define ideals J;(Fy,..., F,) = (AE: A e Diffy_;,(1,1)) C C*°(J*m) generated by Fi, ..., F, and their total
derivatives.

Definition. We call a system £ = (Fy, ..., F,) C J k() of r differential equations a generalized complete intersection
if

1. m<r<n-+m-—1, where n =dim M;

2. The complex projective characteristic variety Charﬁ &) c (1} )€ has codimension r — m + 1 at each point
Xk € E.

3. The characteristic sheaf /C over Char;(fk (&) has fibers of dimension 1 everywhere (see [5,7] or the next section for
definitions).

The complete intersections, introduced in [7], satisfy the above properties and they are particular systems of Cohen—
Macaulay type considered in [7].
Let us also define the reduced multi-bracket by the formula

[E]s R F'l'm+1]g = {E[v R F'l'm+1}mOdL7i1+'--+l‘m+1—l(Flv e Fr)
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Theorem. Let £ = (F\, ..., F,) C J*(r) be a system of differential equations.

1. If & is formally integrable, then all multi-brackets vanish due to the system:
[Fiy, ..., Fi, 1e =0,

forall1 <i; <---<ip41 <7
2. If € is a generalized complete intersection, then & is a formally integrable if and only if the multi-brackets vanish
due to the system:

[Fiy, ..., Fi, . 1e =0,

forall 1 <ij<-- <ipy1 <7

It should be noted that in general the equation should be prolonged to sufficiently high order of jets to achieve for-
mal integrability, but with our hypotheses (which are a kind of general position for overdetermined systems with spec-
ified range of r) we describe precisely to which order one should prolong and calculate obstractions to integrability.

In particular, we get the following compatibility criterion for scalar PDEs:

Corollary. Let £ =(Fy, ..., F,) C J*(1) be a system of complete intersection type. Then the system E is formally
integrable if and only if all pair-wise Mayer brackets [ F;, F;lg vanish.

This result, generalizing [6,7], was presented in [8] with an extra technical assumption. This additional condition
can now be removed.

4. Sketch of the proof

We will consider for simplicity only the case of linear PDEs of the same order. Let A be a differential operator
of order [ acting from vector bundle 7 to vector bundle v. Consider the corresponding equation & = Ker(A) C J L)
and its prolongations & ; C J*¥*! (7). Under the conditions of the theorem the prolongations £ j exist up to the order
j <s=ml+1—1 and the only obstruction to integrability belongs to the Spencer §-cohomology group H*~12(£).
It can be identified with our collection of multi-brackets [F;, ..., Fj, 1¢.
To see this we consider the A-module homomorphism

¢* : Diff(v, 1) — Diff(r, 1), 2 (V)=VoA

and let £* be the cokernel, which is the inductive limit of

¢A
Diffi (v, 1) —> Diffs(m, 1) — &, — 0.
System & is formally integrable if and only if the C°°(M)-modules &' are projective and the natural maps
Fi &8 — & are injective.
We consider then the corresponding symbolic module

T

M =Cokeroy,

where 04 :ST ® v* — ST ® n* is the dual symbol of the operator A.

Its annihilator is the characteristic ideal I (A) and the set of its zeros—the characteristic variety Char(A). It can
be characterized as follows [3,11,4].

For p e TX\Oletm(p) C S(Ty) = @90 S' T, be the maximal ideal of homogeneous polynomials vanishing at p.
Then localization (M a)m(p) 7 0 if and only if the covector p is characteristic. The set of characteristic covectors p
form the characteristic variety Charfk &) C IP’(TX’“)(C and the localizations (M A)m(p) # 0 for p € Chargk (&) form the
characteristic sheaf IC over it.

The condition of generalized complete intersection implies that the Fitting ideal of the symbolic module satisfies:
Fittg(M ) = Ann M 4 and the module ST/ Ann M 4 is Cohen—Macaulay [1].
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Then the Buchsbaum-Rim [2] complex C L.
0 sy g Ay -5 s 2yrg Ay L Lo amtiy Sy Ly

gives a resolution of the module M 4.

Here U = ST ® v*, V = ST ® *, % is the dualization over ST, 9 is the multiplication by the unit element
eeVRV*CSVRAV* (AV* acts on AU via the map Ay*) and ¢ is a special splice map [2].

We obtain a differential syzygy for £* from the symbolic one by taking our multi-bracket instead of €. In order that
& be formally integrable, this latter bracket should vanish due to the equation.
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