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Abstract

The theory of finite order variational sequences has been recently developed
trough Krupka’s finite order variational bicomplex and Vinogradov’s C-spectral
sequence. Such theories are formulated on finite order jets of fibred manifolds.
In this paper we shall provide a formulation on finite order jets of submanifolds
using Vinogradov’s C-spectral sequence approach. New insight on the geometry
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Introduction

Spectral sequences are a well-known tool in Algebraic Topology and Homological
Algebra (see, for example, [10]). The C-spectral sequence was introduced by Vino-
gradov [12,13]. It arises from a remarkable filtration of the De Rham complex on
jets of fibrings, jets of submanifolds or on differential equations (i. e., submanifolds
of a jet space). The filtration is provided by contact forms. These forms are charac-
terised by their vanishing when pulled back via prolonged sections of the given space.
The C-spectral sequence yields the variational sequence as a by-product. Some terms
of this sequence can be identified in a suitable way with objects from the calculus of
variations, like Lagrangians, Euler-Lagrange morphisms and Helmholtz morphisms.
This is due to the fact that contact forms yield zero contribution to action-like
functionals, .

The above formulation has been first carried out in the case of infinite jets, in or-
der to avoid serious technical difficulties due to the computation of jet order. Then,
after the partial results by Anderson and Duchamps [1] and Duzhin [4], Krupka
provided a finite order formulation on jets of fibrings [8]. After, a finite order formu-
lation of Vinogradov’s C-spectral sequence on jets of fibrings appeared in [15,16].

Here we provide a formulation of Vinogradov’s C-spectral sequence in the case
of jets of submanifolds of finite order.

In section 1 we recall the basics of jets of order r of submanifolds of dimension
n of a given manifold F [2, 5,6, 9, 14]. Such spaces arise as the equivalence class
of (embedded) submanifolds of dimension n of E having a contact of order r at a
point. It is easily seen that, locally, jets of submanifolds are diffeomorphic to jets
of fibrings. Thus, jets of submanifolds provide a non-trivial generalization of jets of
fibrings to situations where a fibering is absent.

We also present new structures that turn out to be essential to the computa-
tion of C-spectral sequence. Jets of submanifolds do not have the natural vertical
distribution, as jets of fibrings. But they have the Cartan (or contact) distribution.
We introduce a new version of this distribution in the higher order jet (pseudo-
horizontal bundle), inspired by the work by Modugno and Vinogradov [9]. It plays
the role of horizontal distribution, and a pseudo-vertical bundle can be introduced as
a quotient of the tangent space through the pseudo-horizontal bundle. Such bundles
do mot yield a vertical distribution on jets of submanifolds, but provide the same
essential information as the vertical distribution on jets of fibrings to the purposes
of variational sequence.

In section 2 we introduce Cartan (or contact) forms, i. e., forms annihilating
Cartan distribution. Then, we introduce the horizontalization, i. e., the restriction
of forms to the pseudo-horizontal bundle. Of course, Cartan forms are characterized
as the kernel of the horizontalization. This feature is new in the framework of jets of
submanifolds (to our knowledge), and is essential for the computations of C-spectral
sequence.



Variational sequences on finite order jets of submanifolds 3

In section 3 we introduce the finite order C-spectral sequence, and compute all
of its groups in the case of jets of submanifolds. Results are very close to that of
the infinite order case, and the direct limit of the finite order formulation yields
the infinite order formulation by Vinogradov. Through the Green-Vinogradov for-
mula for adjoint operators in the infinite order case we are able to compute distin-
guished representatives for finite order equivalence classes of some of the most im-
portant quotient spaces of the C-spectral sequence, like Euler-Lagrange morphisms
and Helmholtz morphisms. Locally, these expressions look like the fibred case, but
the spaces where they are defined are quite different.

In our paper we show the possibility to compute Vinogradov’s C-spectral se-
quence in the case of finite order jets of submanifolds. We think that it is possible
to formulate a finite order C-spectral sequence also in the case of differential equa-
tions. These can be regarded as submanifolds of jets of a given order; they act on
C-spectral sequence as a constraint. The technical difficulties coming from the ab-
sence of a fibring can be solved exactly as we did in this paper. We leave this topic
for future research.

1 Jet spaces

In this section we recall basic facts about the geometry of jets of submanifolds (our
sources were [2,5,16, 9,/14]) together with some new considerations which are suitable
to our purposes.

Let E be an (n + m)-dimensional manifold. We consider the class [L]. of n—

dimensional (embedded) submanifolds L C E having a contact of order r at = € E.
The set of such classes is said to be the r—jet of n—dimensional submanifolds of E,
and is denoted by J"(E,n). We also set J°(E,n) = E. Any submanifold L C E can
be prolonged to J"(E,n) via the map

(1) jrL: L — J"(E,n), p—>[L];;.

We identify L with its image through j,L, denoted by L("). The set J"(FE,n) has a
natural manifold structure, given as follows. We say a local chart (V,¢) on E to be
fibred if V is diffeomorphic to (X x U) C R""™ where X C R" and U C R™ are
open subsets. Obviously, the trivial projection 7: V' — X makes V a fibred manifold
on X. In this case, we set ¢ = (2*,u?), where (z*) are coordinates on X and (u?)
are coordinates on U. Greek indices run from 1 to n and the Latin ones from 1 to m.
We say a submanifold L C F to be concordant with the above chart at p € VN L if L
can be (locally) expressed as u’ = s*(z). Let o = (01,09, ...,0,) with 1 < 0; < n be

a multi-index and |o| 4 The fibred charts induce the local chart (J7m, (22, ul))
on J"(E,n) at [L];, where J'7 is the jet of the fibring 7. The functions u}, are
determined by uf o j,L = 9!ls? /027, where 027 stands for dz71...0x°".
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The natural projections . : J"(E,n) — J"(E,n), r > h, have a fibre bundle
structure. In particular, it is known [2, 6] that w41, are affine bundles for r > 1.
Of course, if r = 0 then 7 is the Grassmann bundle of n-dimensional subspaces
in TE. The infinite order jet J*°(E,n) is just the inverse limit of the projections

Tr41,r-
Let us consider the following bundles over J"+1(E,n): the pull-back bundle

T &gl E ) x TJT(E,n)
JT(E,n)

the subbundle H™+" d:ef{([L};H,U) € Trtir | v € T[L];L(T)} and the quotient
bundle V7L Eprale /et

Definition 1. We say H"t1" and V"7 to be, respectively, the pseudo-horizontal
and the pseudo-vertical bundle of J"(E, n).

The most important property of the bundles 77+1" H™L" and VL7 is the
following contact exact sequence

1 .
(2) 0 HT+1,7‘ Dcr_-t TT+1’T wrtl VT+17T 0

and the corresponding sequence of dual morphisms, yielding
(3)

k 41\ *
0 — Ak(gr+irys D

(Wwrth)*Aid
<«

/\k(TH‘LT)* (VT'H’T)* A /\k—l(Tr+1,r)* — 0

We observe that AF(T7+17)* is a vector subbundle of A¥(T*J™+1(E, n)).

Now we provide coordinate expressions of main objects. A local basis of the set
of sections of the bundle H™ 17 is

0 ; 0
A= g0n T e,
where the index o, \ stands for (o1, ...,0.,A); D, is said to be total derivative with
respect to 2. A local chart of H™t1" associated with the above basis is (:1;’\, ul, zH),
|| < r+1, z“([L]]’;H,U) = v*. A local basis of (H™"57)* dual to (D)) is given
by the restriction of the 1-forms dz* to H™", and is denoted by dz*. The local

expression of D"T! turns out to be

_ — 0 0
D =d* @Dy =dr* @ | = +ul ,—
7 Q Dy " & EIm +ua”\8uﬁ,

A local basis of the set of the sections of the bundle V' *+17 is B, d:ef[8 Joul] € VT,
lo| < r. A local chart of V""" associated with the above basis is (z*

J
j A, J

9 u'La_’ ZO’)y
zg([v]) = ve —v U, . The local expression of Wt s

P wg_ ® Bg_ = <duf7 — ujm)\d$)\> & Bg-
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Finally, we have a natural distribution C" on J"(E,n) generated by the tangent
spaces TL(") for any n-dimensional submanifold L C F, namely the Cartan Distri-
bution (see, for example, [3]). It is generated by the vector fields Dy and 9/0ul,
with |o| = r. This distribution has not to be confused with H™ !, which is a
subbundle of a different bundle and is generated by D).

When FE is endowed with a fibering 7: £ — M, the space J"7m of r-th jets of
sections s: M — E of 7 is an open dense subset of J"(E,n) [9], and the vertical

bundle Vi % ker T Tr+1, yields a splitting of the contact sequence (2).

2 Forms on jets

Here we introduce distinguished spaces of forms on jet spaces. Then, we give an
isomorphism between spaces of forms and spaces of differential operators. This
allows us to ‘import’ the theory of adjoint operators and Green’s formula in our
setting.

We denote by F, the algebra C*°(J"(E,n)). For k > 0 we consider the standard
Fr-module A¥ of k-forms on J"(E,n). We set also AF = @,AX. We introduce the
submodule of A¥ of the contact forms

ClAF d:ef{a € A* | (j,L)*a = 0 for each submanifold L C E}.

Clearly, contact forms annihilate Cartan distribution. We set C'A% = @®,ClAF.
Moreover, we define CPA* as the p-th exterior power of C!A%. Next we introduce
the F;,41-module Af+1,r of the k-forms along 7,41, i. e. k-forms on J"(E,n) with

coefficients in F,;1. Obviusly, A¥ C AffH’T CAF,,.
We also consider the F,;i1-module Hf 41, Of pseudo-horizontal k-forms, 1. e.,
sections a: J™T(E,n) — AF(H™ 7). Tt is a submodule of AF, ;.

Definition 2. We define the horizontalization to be the map
hi AY = M,y am (A(DT) oy (o)
where AF(D™1)* is the map of equation (3).
If & € A¥, then we have the coordinate expression
o= azl__'.’zi:hAhHm)\kdugl ARREWA duf,hh Adz A A daE

where 0 < h < k. Hence

0 ip o1...0p ToAL A LA A
h(a) = Ugy ny - Yoy Y. i As 1A dT A - A dath

Let us introduce the F,-module A} Chimh. It is easy to realize from the above
coordinate expressions that, if r > 1, then Ag is made by sections of ANY(H"17)* —
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JtY(E,n) whose coefficients are polynomial of degree < ¢ in the variables ul,
with |o| = r + 1. Note that coefficients are not generic polynomials: they have a
distinguished antisymmetry property on indexes [16]. The case r = 0 needs special
attention. In fact, m; o has no affine structure; but the local expression of the
horizontalization in a fibred chart is again polynomial. So, Kg is a subspace of the
space of locally polynomial forms of degree < ¢ in ul)\

Finally, we study the relationship of contact forms with horizontalization.

Proposition 1. We have
C'AF =kerh if 0<k<n, CAF=AF i E>n.

Proof. Let a € AF. Then, h(a) = 0 if and only if A¥(D""1)*(a) = 0. But
ker AF(D™1)* = im((w"*1)* A id). The second assertion is trivial. O

Let p < k and o € CpAff. From the above proposition we have the coordinate
expression

(4) Tre(a) =wld A Awg, A aZ%_.iZ”, az%_.i:” S
where |oy| < r for [ = 1,...,p. Note that derivatives of order r + 1 appear in
the above expression in the forms wg, with |o] = r. It is possible to obtain an

expression containing just r-th order derivatives by using contact forms of the type
dwg, with |o| =1 — 1; see [8].

In view of the above considerations, we introduce the subspace CpAf’r 1 C
CPAP 41 of contact forms of order r + 1 with coefficients in F.

Now, we establish a correspondence between forms and differential operators.
Let P, @ be projective modules over an R-algebra A . We recall [2] that a linear
differential operator of order k is defined to be an R-linear map A : P — @ such
that
Oags [« -5 [0ay,A]...]]=0

for all ag,...,ar € A. Here, square brackets stand for commutators and J,, is the
multiplication morphism by a;. Of course, linear differential operators of order zero
are just morphisms of modules. The A-module of differential operators of order k
from P to @ is denoted by Diffy(P, Q). The A-module of differential operators of
any order from P to @ is denoted by Diff(P, Q). This definition can be generalised
to maps with [ arguments in P. The corresponding space is denoted by Diff ;) (P, Q).

Let r <'s, P be a F,-module and @ be a Fs-module. We consider C-differential
operators [3] from P to @, i. e. differential operators whose expression contains total
derivatives instead of standard ones. In local coordinates, C-differential operators
have the form (a;’jDa), where afj € Fs, Do = Dy, 0---0D,,. We denote the
Fs-module of C-differential operators of order k from P to Q by CDiffi(P, Q). We
also introduce the Fg-module of differential operators from P to ) of any order
CDiff(P, Q). We generalize the definition to maps with [ arguments in P.
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Finally, for » > 1 we denote the F,-module of bundle morphisms ¢: J"(E,n) —
V10 over id J1(En) DY 5. We define also sq C 3 to be the subset of morphisms of
the type ¢’ = w!(p 0w ), with ¢: E — TE. In coordinates, ¢ € s has the local
expression ¢ = ¢'[0/0u!], where ¢! € F,. We have s, C 3,41, so we introduce the
direct limit > of morphisms on J*°(E,n). Any ¢ € s, can be uniquely prolonged
to a bundle morphism 9,: J"t5(E,n) — Vst1hs which is said to be evolutionary
morphism. In coordinates, D, = De¢'[0/0ul].

Proposition 2. We have the natural isomorphism

CP AP

Pl ® AL — CDiff?;)t)T(%o,Ag), a— Ve

where Vo (@1, ¢p) = Dy (... 2Dy, 1) ...).

The above proposition can be proved by analogy with the infinite order case
(see [3]). Just recall that the isomorphism is realized due to the fact that to any
pseudovertical tangent vector to J"(F,n) there exists an evolutionary morphism
passing through it.

3 Spectral sequence

The C-spectral sequence was introduced by Vinogradov in the late Seventies [12, 13].
Here, we present a new finite order approach to C-spectral sequence on the jets of
submanifolds of order r.

The module A is filtered by the submodules C?A¥; namely, we have the obvious
finite chain of inclusions

AFEECOAR S elAl 5 o ePAk 5 - o A S eI = (o),

where [ is the dimension of the contact distribution (see [3]). We say the above
graded filtration of A¥ to be the C-filtration on the jet space of order 7.
The C-filtration gives rise to a spectral sequence (ERY, en)n pqen in a standard
way [10]. We say it to be Vinogradov’s C-spectral sequence of (finite) order r on E.
Our goal is to describe all terms in the C-spectral sequence.

We recall that Ef? = CcPALTY / CPTIAPTY. The spaces CPAF admit a coordinate
description trough pull-back (proposition (1).
Generalizing h, we introduce the map h?: APTT AP 1 ® AZ such that

1
- Z ’J‘Oéa(l)/\.../\Oza(p)®h(ag(p+1)/\.../\0zo(p+q))

5) a1 A... N« —
() p+q p!Q~

0€Sp+q

where S, is the set of permutations of p + ¢ elements.
The following proposition is an immediate consequence of proposition /1] and
equation (4).
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Theorem 1 (Computation of Ey). The restriction of h? to CPAPY? yields the iso-
morphism
p+q
pq _  CPAr

- P AP A4
0 T Cprippta CPAL 1 © Ay,
T

[a] — hP ().

We denote the differential e (which is the quotient of d) by d &t eo. Obviously
we have

(6)

(j: Eg,q — Eg,q+17 hp+1(a) — hp+2(doz)

Hence, the bigraded complex (Ey, ep) is isomorphic to the sequence of complexes

0 0 0 0
d —d d (-1)1d
/—\? CDIff}yy, (50, A})  CDifffy (50, A7) CDiffy}5 . (0, A7)
d —d d (-1)1d
‘} CDIfflyS, (0, A})  CDiffy (50, A}) CDIffy}5 . (0, AY)
d —d d (-1)1d
A‘,Q CDIff?, (30, Fr)  CDIfffy, (50, ;) CDIffYS, (50, F7)

0 0 0 0

The sequence becomes trivial after the I-th column, and the minus signs are put
in order to agree with an analogous convention on infinite order variational bicom-

plexes.

Now we study the term Ej. We recall that Ey = H(Ejp), where the homology
is taken with respect to d. We need the following technical result. The proof is
analogous to the case of jets of fibring [16].

Lemma 1. The sequence

0 — crAP L cpppt?

d

is exact up to the term CPARTTTL

> ...

d
_°, CpAngnfl

d

L
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Then, we observe that the C-spectral sequence of order r converges to the de
Rham cohomology of J"(E,n). So, according to the definition of convergence [10],
there exists ng € N such that E,, = Es for s > ng, and E,,, is isomorphic to the
quotient vector spaces i H*(CPA*) /i1 H*(CPT1A*) of the filtration

H*(A*) D iH*(C'A*) D 2H*(C*A*) D --- D il H*(CTA*) > 0

of the de Rham cohomology of J"(E,n) (i is the natural inclusion). This is due
to the fact that the C-spectral sequence is a first quadrant spectral sequence [10].
Moreover, the de Rham cohomology of J”(E,n) is equal to H*(J(E,n)) because
J"(E,n) has topologically trivial fibre over J!(E,n).

Theorem 2 (Computation of E;"™). The term (E{™", e1) is isomorphic to the (short)
complex

0 a “~ CDIff (300, A7) /d(EF" ) —

AT /(A7)

where EY™ = CDIff{l (500, A7) /d(ES" ™), 4™ (W (a)]) = [hP+2(dev)].

Proof. The identifications of spaces come directly from the definition of E;. As for
the last statement, we have by definition (see, e. g., [10]) e; = 7 0§, where ¢ is
the Bockstein operator induced by the exact sequence and 7 is the cohomology map
induced by the corresponding map 7 of the exact sequence. The proof is completed
by expanding into the above equation the definition of . O

Theorem 3 (Computation of E; and Es). We have

EM =HI(J\(En), q#n  E{T=0, q#n, p#0;
EY" = HP(JY(E,n)), p>1.
Proof. The first statement follows from the fact that Eg’q is the quotient of the
de Rham sequence with an exact sequence (see lemma (1), and analogously for the

second statement. O

We can combine the complex Eg * with the complex Eik " producing the complex

LIy CDIff | (500, AT) Jd(Ey™ ) — s

where €; is the composition of the quotient projection with e;. Due to the above
theorem, the cohomology of the above complex is equal to the de Rham cohomology
of JY(E,n).

Definition 3. We say the above complex to be the finite order variational sequence
associated with the C-spectral sequence of order r on J"(E,n).
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The word ‘variational’ comes from the fact that we can identify the objects of the
space A" with (r + 1)-st order Lagrangians [16]. Moreover, next two spaces in the
sequence can be identified with a space of (finite order) Fuler—Lagrange morphisms
and a space of (finite order) Helmholtz morphism, and the differential e; is the
operator sending Lagrangians into corresponding Euler-Lagrange morphism and
Fuler-Lagrange type morphisms into Helmholtz morphisms.

Now we show that each equivalence class in the quotient spaces of the variational
sequence can be represented by a distinguished form. To this aim, we observe that
pull-back includes the C-spectral sequence of order r into the C-spectral sequence
of order 7 + 1. We can evaluate the direct limit of the finite order C-spectral se-
quences: this is equivalent to the C-spectral sequence of infinite order (as formulated
by Vinogradov). Hence, we have the embedding

(7)  CDifff (300, A7) /d(EE™ 1) — CDIffll (56, A) /d(CDiffh (32, A" 1)),

where CD1ff?1) is the space of operators of any order, A* is the space of pseudo-

horizontal forms on the jet space of any order and d is the direct limit of d (which
coincides, in a local chart, with the horizontal differential, see [11]).
We recall Vinogradov’s geometric formulation of Green’s formula for adjoint

operators. Let F be the space of functions on jet spaces of any order, and set
~ def

7 = Homg (s, A”). If A: P — @Q is a C-differential operator, then [3] there exists
an operator A*: Q — P fulfilling g(A(p)) — (A*(@))(p) = c/l\wpqu(A). In coordinates,
if A=AZDg, then A* = (-1)leIDg o AZ.

Now, the quotient spaces are isomorphic to K,(») (|12, 13]; see also [3, p.
192]) which is the subspace of CDiff?;f_l)(%, ) whose elements are skew-adjoint
in each argument, i. e. (V(p1,...,¢p—2))* = —V(p1,...,¢p—2) for all o1, ...,
pp—2 € 2. Note that, if p = 1, then the isomorphism reads as the evaluation of the
adjoint of the given operator at the constant function 1 [3].

The above considerations show that the equivalence class [a] in the quotient
space with contact degree p is represented, through the embedding (7) and the
characterization of K,(s), as the operator V, obtained after skew-adjoining o in
its first (p — 1)-arguments and adjoining it in its p-th argument.

Locally, a € CDiff?lt) (320, A7) is of the form o ' 77Tl A /\w?p ) /\wz-/\%,

11...0p—1]
where do ' dz' A - Ndz". Hence, if p = 1, then V, = (-1 )|"|Daa;’oﬂ A dz. This
clearly shows that the first quotient space in the variational sequence is the space of
Euler—Lagrange type operators. If p = 2, then

s—|o]

1 [Ca (.p)
Vo=1lag-3 (-1 (a,p>|< D.aloe
(8) 2 |74 p|0( ) 1| PYji

wi,/\wj/\%,
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where (o, p) denotes the union of the multiindexes o and p, s is the jet order of a7,

and the factor 1/2 comes from skew-symmetrization. Note that we also used the
Leibniz rule for total derivatives [11] to derive the expression of the C-differential
operator (—1)?7De 0 &, where a; are the coefficients of V7 (1). This clearly shows
that the second quotient space in the variational sequence is the space of Helmholtz-
type operators.

Through the above expressions it is possible to derive a representation formula

for any p, together with a representation of the differential e;.
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