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Abstract

Variational sequences are complexes of modules or sheaf sequences in which
one of the maps is the Euler—Lagrange operator, i.e., the differential operator
taking a Lagrangian into its Euler-Lagrange form. In this review paper we dis-
cuss variational sequences on finite order jets, with special emphasis on Krupka’s
approach. We also discuss recent results on this topic as well as possible research
directions.
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Introduction

In the Seventies, during a process of geometrization of the calculus of variations, it
was realized that operations like passing from a Lagrangian to its Euler-Lagrange form
were part of a complex, namely, the variational sequence. Foundational contributions
to variational sequences are in the papers [3, 7, 12, 39, 40, 41, 42, 43, 44, 45].

Among the problems which were solved by the variational sequence was the so-called
global inverse problem of the calculus of variations: given a set of Euler—Lagrange equa-
tions, the vanishing of Helmholtz conditions is a necessary and sufficient condition for
the existence of a local Lagrangian for the given equations; does there exist a global
Lagrangian? It was proved that the answer is in the cohomology of the variational
sequence. More precisely, the cohomological obstruction for always having a global La-
grangian is the n—+ 1-st de Rham cohomology of the space of independent and dependent
variables.

The geometric framework for variational sequences is that of jet spaces. Infinite
order jet spaces were used as a rule, with the exception of [3]. There are some technical
reasons for that choice: the first and most important is that on infinite order jet spaces
the contact distribution is integrable and admits an intrinsic direct summand. This
fact leads to much simpler computations.

On the other hand, using infinite order jets one simply drops any information on
the order of the objects involved in the computations. In this sense, the use of finite
order jets can lead to finer results. A first approach in this sense was in [3]. In that
paper the finite order variational sequence was truncated after the space of Euler—
Lagrange forms. Moreover, in order to obtain the solution of the global inverse problem
the authors resorted to infinite order jets. Another approach was through C-spectral
sequences in [8, 9]. But it used one conjecture about the structure of contact forms (see
Theorem 1.3).

In [23] Krupka proved the above conjecture and was able to give the first formulation
of the (long) variational sequence on finite order jets. The formulation was different
from both the so-called variational bicomplex [2, 37] and the C-spectral sequence [7, 44].
The idea is rather simple: consider the de Rham complex on jets of order r. Then
a subsequence of forms which yield trivial contribution to action-like functionals is
defined. The quotient of the former sequence with the latter one yields the finite order
variational sequence.

In this paper, after a preliminary section on jet spaces and contact forms, we describe
Krupka’s finite order variational sequence. In the final section we discuss the state of
the research on this topic.
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1 Jet spaces

Manifolds and maps between manifolds are C'°. All morphisms of fibred manifolds
(and hence bundles) will be morphisms over the identity of the base manifold, unless
otherwise specified. In particular, when speaking of ‘forms’ we will always mean ‘C*
differential forms’.

We recall some basic facts on jet spaces. Our framework is a fibred manifold
m:Y — X,

with dim X = n, dimY = n + m, and n, m > 1. We have the vector subbundle
VY ©ker T'r of TY, which is made by vectors which are tangent to the fibres of Y.

For 1 < r, we are concerned with the r-th jet space J"m; we also set J°7 =Y. For
0 < s < r we recall the natural fibrings

Trs : J ™ — J°m, T — X,

and the affine bundle 7, : J'7m — J" =7 associated with the vector bundle ®"T* X
Ry, VY — J 1,

Charts on Y adapted to the fibring are denoted by (x%,4?). Latin indices i, j, ...
run from 1 to n and label base coordinates, Greek indices o, 7, ... run from 1 to m
and label fibre coordinates, unless otherwise specified. We denote by (9/dz",9/0y°)
and (dz’,dy”), respectively, the local bases of vector fields and 1-forms on Y induced
by an adapted chart.

We denote (symmetrized) multi-indices by capital letters: I = (i1, ...,i,) € N". We
also set [I|= >, i, and I'®oy!---0,!. The sum of a multiindex with a Latin index
I + i will denote the sum of I and the multiindex (0,...,4,0,...,0), where 1 is at the
i-th entry.

The charts induced on J"7 are denoted by (2%, y?), where 0 < |I| < r and y3 & y°.
The local vector fields and forms of J"7 induced by the fibre coordinates are denoted
by (0/0y9) and (dy?), 0 < |I| <r, 1 < i < m, respectively.

An r-th order (ordinary or partial) differential equation is, by definition, a subman-
ifold S C J'7.

We denote by j.s: X — J'm the jet prolongation of a section s: X — Y and
by J'f: J'm — J'w the jet prolongation of a fibred morphism f: Y — Y over a
diffeomorphism f: X — X. Any vector field £: Y — TY which projects onto a vector
field £: X — T'X can be prolonged to a vector field £": J"m — T'J"m by prolonging its
flow; its coordinate expression is well-known (see, e.g., [5, 37]).

The fundamental geometric structure on jets is the contact distribution (or Cartan
distribution) C™ C T J"w. It is the distribution on J"7 generated by all vectors which
are tangent to the image j,.s(X) C J"7 of a prolonged section j,.s. It is locally generated
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by the vector fields
0 0 0

Dz - % + y]-i,-ia_y?a a_ygv (1)
with 0 < [I| <r —1, |J| =r. It is easy to show that this distribution is not involutive
and does not admit any natural direct summand that complement it to 7T'J"w. While
the contact distribution has an essential importance in the symmetry analysis of PDE
[5], in this context the dual concept of contact differential forms plays a central role.

Let us denote by F, the sheaf of smooth functions on J".

We denote by QF the sheaf of k-forms on J"r.

We denote by €2 the sheaf of forms of any degree on J"r.

1.1 Definition. We say that a form a € QF is a contact k-form if
(Jrs)"a =0

for all sections s of .
We denote by C'QF the sheaf of contact k-forms on J"7.
We denote by C'Q* the sheaf of contact forms of any degree on J"7.

Note that if & > n then every form is contact, i.e., C1QF = QF.

It is obvious from the commutation of d and pull-back that dC'QF C C1QFL. More-
over, it is obvious that C*Q)* is a sheaf of ideals (with respect to the exterior product) in
Q. Unfortunately, C'Q* does not coincide with the ideal generated by 1-forms which
annihilate the contact distribution (for this would contradict the non-integrability).
More precisely, the following lemma can be easily proved (see, e.g., [23]).

1.2 Lemma. The sheaf C'Q} is locally generated (on F,.) by the 1-forms
wi Zdy] —y7 dat, 0<|I]<r—1.

The above differential forms generate an ideal of €27. However, such an ideal is not
differential, hence it does not coincide with C*'Q. To realize it, the following formula
can be easily proved

dw] = —w],; Ada’, (2)

from which it follows that, when |I| = r —1, then dw{, which is a contact 2-form, cannot
be expressed through the 1-forms of lemma 1.2 because w7 ; contains derivatives of order
r+ 1.

The following theorem is an important achievement by Krupka. It has been first
conjectured in [9] (C'Q-hypothesis), then proved in [23, 24].

1.3 Theorem. Let k > 2. The sheaf C*QF is locally generated (on F,) by the forms
wy, dw9, o<|I|<r—1, |J|=r—-1

We can consider forms which are generated by p-th exterior powers of contact forms.
More precisely, we have the following definition.

4



1.4 Definition. Let p > 1. We say that a form a € QF is a p-contact k-form if it is
generated by p-th exterior powers of contact forms.

We denote by CPQF the sheaf of p-contact k-forms on J"7.

We denote by CP2; the sheaf of p-contact forms of any degree on J"7.

Finally, we set COQ* & Q.

In other words, CPQ is the p-th power of the ideal C'Q* in QF. Of course, a 1-contact
form is just a contact form. We have the obvious inclusion

crHQOr C Crar

It follows that CPTQ* is a sheaf of ideals of CPQ}, hence of QF. Moreover, dCPTQF C
CcrriQy.

Now, we would like to introduce a tool to extract from a form o € QF the non-
trivial part (to the purposes of calculus of variations). In other words, we would like to
introduce a map whose kernel is precisely the set of contact forms. Such forms yield no
contribution to action-like functionals (see Remark 1.10). First of all, we observe that
eq. (2) and Theorem 1.3 suggest that such a map can be constructed if we allow it to
increase the jet order by 1. More precisely, it can be easily proved that the contact 1-
forms w9, with 0 < |I| < r—1 generate a natural subbundle C* C J"7 X jr—1, T*J 17 C
T*J'm [46]. We have the following lemma (see [32, 37]).

1.5 Lemma. We have the splitting

JHr x T*J'n = (JTHW X T"X) ® Crq, (3)

Jrm X Jr+lg
with projections

Dt gt s T XTI, Iy T @ VI,
X Jrm

and coordinate expression

. . 0 0
D' =dr' @Dy =di' ® 55 + ylim
7' ® P ® (axz +yf+layg)’

T o a o o i
Wt = w = (dy7 — yidx ) ®

® — <
7 oyg dyg

Note that the above construction makes sense through the natural inclusions V' J "7 C
TJ'm and J 71 xx T*X C J 7 x jr T*J"7, the latter being provided by T*m,.
From elementary multilinear algebra it turns out that we have the splitting

T X e NPT T = €D (J’"“ﬂ X /\qT*X) O ANPCry.

p+q=k X Jrim
Now, we observe that a form a € QF fulfills
Trip () JHr — AT T AFTE T
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where the inclusion is realized through the map T, ,1,. Hence, 7, (a) can be split
into k + 1 factors which, respectively, have 0 contact factors, 1 contact factor, ..., k
contact factors. More precisely, let us denote by H? the set of g-forms of the type

a: J'm— NTX.
We have the following proposition (for a proof, see [23, 46, 48]).
1.6 Proposition. We have the natural decomposition
7r;f+17r(Q7]f) - @ Cr 1 ANHi,
pta=k

with splitting projections prt?: QF — CPQPY | A'HI, | defined by

—+ . . *
pr*¥(a) = ((p ‘ q> OF iprir © ®q2wr+1> © Mrt1m

where ipr+1, iyr+1 stand for contractions followed by a wedge product.
Note that the above maps pr? are not surjective. See [46] for more details.

1.7 Definition. We say the horizontalization to be the map

WP CPOPTE s CPOP AHY,,, o prP(a).

We denote by
Q" = ppa(crapt) (4)

the image of the horizontalization; we say an element & € ﬁf’q to be a horizontal form.

Probably the first occurrence of horizontalization is in [22]. Of course, horizontaliza-
tion is just the projection on forms which have no contact factors. Note that, if ¢ > n,
then horizontalization is the zero map. In coordinates, if 0 < ¢ < n, then

a=al L AyT N NdyTh A dz™+t A A dat

01 Ohlp41°" g

and the coordinate expression of the horizontalization is

0d()) = %t . ..oqfh . glrIn AL i
W) = YTl Y i O iy iy A A A d, (5)

where 0 < h < q. The coordinate expressions of h?¢ can be obtained in a similar way
(see [3, 23, 24, 46]).

Note that if n > 1 then the above form is not the most general polynomial in (r+1)-
st derivatives, even if ¢ = 1. For ¢ > 1 the skew-symmetrization in the indexes i1,...,
1, yields a peculiar structure in the polynomial, in which the sums of all terms of the
same degree are said to be hyperjacobians. Finally, we observe that if n = 1 then the
horizontalization is surjective on the space of forms with affine coefficients with respect
to r + 1-st derivatives [25].

The technical importance of horizontalization is in the next two results.
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1.8 Lemma. Let a € Q4, with 0 < q <n, and s: X — Y be a section. Then

(7-8)" () = (jry18)"(h*(ax))

1.9 Proposition. Let p > 0. The kernel of h?? coincides with p + 1-contact q-forms,
ie.,
CPT10 = ker hP.

For a proof of both results, see, for example, [48].

The above decomposition also affects the exterior differential. Namely, the pull-back
of the differential can be split in two operators, one of which raises the contact degree
by one, and the other raises the horizontal degree by one. More precisely, in view of
proposition 1.6 and following [37], we introduce the maps

ig: Q — Q. iy =ip+iom,, (6a)
L Ok k .. *
iy — QL Gy =g 0T, (6b)

The maps iy and iy are two derivations along 7,41, of degree 0. Together with the
exterior differential d they yield two derivations along 7,1, of degree 1, the horizontal
and vertical differential

de:efZ'HOd—dOZ‘HZQfHQf_’_l,

dy iy od—doiy: QF — QF |

It can be proved (see [37]) that dy and dy fulfill the properties

d%{:d%/:07 dHOdv+dVOdH:07 (7&)
dH + dv = (W:Jrl)* o d, (7b>
Gess) ody =0, do (jps)" = (ri15)" o du. (7c)

The action of dy and dy on functions f : J"Y — R and one-forms on J"Y uniquely
characterizes dy and dy. We have the coordinate expressions

% af o af )
duf = D;fdz" = ((‘%i + y[-l—ia_y};) dx’, (8a)
dpdx’ =0, dpdy] = —dy7,; A da’, dpw] = —wi ; Ada', (8b)
of
dy f = 7 8
Vf ay(I)— wI? ( C)
dydr' =0, dydy] = dyf,; N da’, dyw] = 0. (8d)

We note that dydy] = dywy.

1.10 Remark. A form o € 2 defines an action functional

Als, U) / (rs) (9)

U
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where U C X is any oriented n-dimensional submanifold of X with regular boundary.
This is slightly more general than the usual notion, where a horizontal form of the
type A: J'm — A"T*X is used (see, e.g., [37]). It follows that contact forms yield no
contribution to action-like functionals. The definition (9) is a first motivation for the
computations of the above section.

2 Finite order variational sequence

The first statement of a partial version of finite order variational sequence was in [3].
This finite order variational sequence stopped with a trivial projection to 0 just after
the space of finite order source forms (see below). The local exactness of this sequence
was proved, together with an original solution of the global inverse problem (despite
the fact that in order to do that the authors used infinite order jets). For more detailed
comments about that variational sequence see remark 2.8.

The first formulation of a (long) variational sequence on finite order jet spaces is
due to Krupka [23] (see [25] for the case n = 1). Below we will describe the main points
of the approach of [23], and compare it with other approaches.

In [23] a natural exact subsequence of the de Rham sequence on J"7 is defined.
This subsequence is made by contact forms and their differentials. Then we define the
r—th order variational sequence to be the quotient of the de Rham sequence on J"7 by
means of the above exact subsequence. Local and global results about the variational
sequence are proved using the fact that the above subsequence is globally exact and
using the abstract de Rham theorem.

Let us consider the sheaf of 1-contact forms C*Q, and denote by (dCPQFY the sheaf
generated by the presheaf dCPQ*. We set

O1E IO 4 (dC'QI) 0< g < n,

10
OOt + (dCPQY T 1< p < dim J'. Y

We observe that dC'Q¢™' C C'Q¢ so that the second summand of the above first
equation yields no contribution to C'Q%. The sheaves ©2™" become trivial when p+n >
P, where the value of P is computed in [23] using Theorem 1.3. Moreover, we have
the following property (proved in [23]).

2.1 Lemma. Let 0 < k < dim J"w. Then the sheaves @f’f are soft sheaves.

We have the following natural soft subsequence of the de Rham sequence on J"r

0 ol -2 4s...Lgr 1. (11)
2.2 Definition. The sheaf sequence (11) is said to be the contact sequence.

2.3 Theorem. The contact sequence is an exact soft resolution of C'Q}, hence the
cohomology of the associated cochain complex of sections on any open subset of J'm
vanishes.



The above theorem is proved in [23] by first proving the local exactness of the contact
sequence and then using standard results from sheaf theory (for which an adequate
source is [50]).

Standard arguments of homological algebra prove that the following diagram is
commutative, and its rows and columns are exact.

0 0 0
0 ol — -2 4. d.gr_1 .
0—R—Q0 40l 4 .02 4. _d. qp_d P d

N\ e

Qijer S g2/ez . TRgr joP

0 0 0

2.4 Definition. The above diagram is said to be the r-th order variational bicomplex
associated with the fibred manifold 7: ¥ — X. We say the bottom row of the above
diagram to be the r-th order variational sequence associated with the fibred manifold
Y — X.

Due to theorem 2.3 the finite order variational sequence is an exact sheaf sequence
(this means that the sequence is locally exact, [50]). Hence both the de Rham sequence
and the variational sequence are acyclic resolutions of the constant sheaf R (‘acyclic’
means that the sequences are locally exact with the exception of the first sheaf R).
Next corollary follows by the abstract de Rham theorem.

2.5 Corollary. The cohomology of the variational sequence is naturally isomorphic to
the de Rham cohomology of J"m.

The above finite order diagram yields a variational sequence which can be proved to
be equal to the finite order variational sequence obtained from a finite order analogue
of the C-spectral sequence [49]. Moreover, as one could expect, for 0 < s < r pull-back
via 7, s yields a natural inclusion of the s-th order variational bicomplex into the r-th
order variational bicomplex. More precisely, we have the following lemma (see [23]).

2.6 Lemma. Let 0 < s <r. Then we have the injective sheaf morphism
Xe (Qf/@lj) — (Qf/@’:) , o] = [7),al.

Hence, there is an inclusion of the s—th order variational bicomplex into the r—th order
variational bicomplex. The inclusion commutes with the operators of the variational
bicomplezes of orders s and r.



Having already dealt with local and global properties of the r-th order variational
sequence, we are left with the problem of representing the quotient sheaves. This
problem has been independently solved by many authors in the infinite order case.
We recognize two different approaches to the problem: with differential forms (see for
example [41, 42]) and with differential operators [43, 44]. The restriction to finite order
jets of the former approach has been developed in [46] for p = 1, p = 2, and in [20, 21]
for all p. See [49] for a finite order differential operator approach. We will describe the
differential forms approach.

First of all, it is obvious that, for 0 < ¢ < n, horizontalization provides such a
representation (see [23, 46]).

2.7 Proposition. Let 0 < g <n. Then we have the isomorphism

H,: Q1/0¢ — Q)

T o

[a] = h*(a).
The quotient differential £, reads through the above isomorphism as
Hoyi1(&,((a]) = Hyoa([da]) = B2 (da) = dyh®(a).

The last equality of the above equation is the least obvious, and was first proved
in [3]. The proof depends on the fact that D;y7,; = y7,,,,;, and that the indexes i, j
are skew-symmetrized in the coefficients of diyh®9(a) (see the coordinate expression of
h%9).

2.8 Remark. In [3] the finite order variational sequence is developed starting from
the idea of finding a subsequence of forms whose order do not change under dy. The
authors prove that the above property characterizes the forms which are in the image
of h% (see also [2]). Conversely, in [23] the idea is to start with forms on finite order
jets, but the result is the same up to the degree ¢ = n.

When the degree of forms is greater than n we are able to provide isomorphisms of
the quotient sheaves with other quotient sheaves made with proper subsheaves. This
helps both to the purpose of representing quotient sheaves and to the purpose of com-
paring the current approach with others, as we will see.

2.9 Proposition. Let p > 1. The horizontalization hP™ induces the natural sheaf
isomorphism

Hypn: QU /007 — QU7 [RP2((dCPQ2T 1)), [a] = (WP ()],
The quotient differential &,1,, reads through the above isomorphism as

Hp110(Epin([al]) = Hprr4n([da]) = (PP (da)).

For a proof, see [46, 48].
Following [2, 41, 42], let us introduce the map
1

L: CPOP NH? — CPO5 AHE,  I(a) = ];wg A (=DM Dy (isj9us ) (12)
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where D; stands for the iterated Lie derivative (Lp,)"---(Lp,)™. We say the map
I, to be the interior Euler operator. It can be proved [2, 20, 42] that the following
properties of I, holds

e [, is a natural map, i.e., Lx2 (I,()) = I,(Lx-()), hence I, is a global map;

o if @ € CPOP A'H! then there exists a unique form 3 € CPQL A HE., which is of the
type 3 = dyy with v € CPQb._, A'HS !, such that

a=I(a)+ 0. (13)

2.10 Remark. The above form ~ is not uniquely defined, in general. For p = 1, if
the order of «v is 1 it is easily proved that v is uniquely defined; if the order of « is 2
then there exists a unique ~ fulfilling a certain intrinsic property; if the order is 3 it is
proved in [16, 17] that no natural v of the above type exists. However, suitable linear
connections on M and on the fibres of 7: E — M can be used to determine a unique
7. See [1, 2] for the case of p > 1.

It follows from the above theorem that if v € CPQb | AHE Y, then I,(dyy) = 0, so
that 17 = I,

2.11 Theorem. We have the isomorphism
QU /ey =V, o] = L(Hpn([0])),

where VP C CPQY, 1 AN'Hy,,q is a suitable subspace (see [46] for a characterization for
p=1,p=2)

For a proof, see [46] (p = 1, p = 2) and [20, 21] for any p. The above theorem also
mean that, despite the fact that the denominator in proposition 2.9 is made by forms
which are locally total divergences, only global divergences really matter. We say the
elements of VP to be the p-th degree variational forms; for p = 1 they are also known
as source forms.

The map I,1; allows us to represent the differentials &,.,, through forms:

Ip11(Epin([a])) = Tpia([dal). (14)

From the coordinate expression of I, it follows that &, is just the Euler-Lagrange
operator and &, is just the Helmholtz operator. In fact, let v < dz' A--- Adz™. Then,
it A e ﬁf’”, then A = h%"(a) = Lv, where L is a function with polynomial structure in
r 4 1-st order derivatives as in (5). Now we can use (14) on «, but if « is not known
the computational problem of finding it can be technically difficult in principle. On
the other hand, we can use the commutativity of the inclusion of Lemma 2.6 with the
operators &,1, and consider A € Q" ;. Then h%"(\) = X and &,()\) is the standard
Euler—Lagrange operator on the r+ 1-st order Lagrangian . A similar reasoning proves
that &, coincide with the Helmholtz operator.
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A different, computational approach to the problem of the representation of quo-
tients is presented in [13, 14].

A further approach to the problem of representation appeared in [30] for the case
n = 1. Here the concept of Lepagean equivalent is introduced in full generality (older
version of this concept can be found e.g., in [22], with references to older foundational
works). Namely, let o € QP Then a Lepage equivalent of [a] € Q2™ /OPT" ig a
differential form § € QP such that

WPR(B) = WP (a),  RPTAB) = Ly (T (da).

The most important example of a Lepagean equivalent is the Poincaré—Cartan form of
a Lagrangian (see, e.g., [22]).

3 Some related problems

In this section we will briefly describe what are the most recent results which involve
finite order variational sequences.

3.1 Variationally trivial Lagrangians.

A variationally trivial Lagrangian is an element [o] € /O such that &,([a]) = 0. If
[a] is a variationally trivial Lagrangian, then by the local exactness of the variational
sequence we have h*"(a) = dg(h®"~1(3)) with [3] € Q»~1/©"~! a local form. A global
horizontal n — 1-form [3] € Q"~1/O""! such that [a] = dy[B] exists if and only if [a]
induces the zero cohomology class in the variational sequence. A refinement of this
result is the following theorem.

3.1 Theorem. Let \: J'm — A"T*X induce a variationally trivial Lagrangian [)].
Then, locally, \ = dyu, where = h%" () and o € Q]

In other words, A = h%"(da), hence ) is the representative of a class &,_;([a]) =
[da] € Q'~]/67~1. This means that A\ depends on r-th order derivatives through
hyperjacobians. This result has been proved in [3], [4] (here the proof is for the special
case when the Lagrangian does not depend on (z')), [14, 29] (here the proof uses the
finite order variational sequence). See also [27] for another approach to the problem.
Of course, the result is sharp: the order cannot be further lowered.

3.2 Locally variational source forms.

A locally variational source form is an element [a] € Q7! /O" ! such that £, ,([a]) = 0.
If [@] is a locally variational source form, then by the local exactness of the variational
sequence [a] is the Euler-Lagrange expression of a local Lagrangian, i.e., [a] = &,([0])
with [5] € QF/O". A global Lagrangian [5] € QF/O" such that [o] = &,([f]) exists if
and only if [a] =0 € H"™(Y).
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The previous result is sharp with respect to the order [23, 46]. However, it can be
very difficult to check that a source form is in the space Q"*!/@"1. A result proved
in [2] is helpful in this sense. Let y") denote all derivative coordinates of order r on a jet
space. Let f € C*(J? ), and suppose that f(a?,y(©, ... y® ty+D 2y+2) - ry(2r)
is a polynomial of degree less than or equal to r in y®, with 7 +1 < s < 2r. Then f
is said to be a weighted polynomial of degree r in the derivative coordinates of order
r+1<s<2r.

3.2 Theorem. Let [A] be a locally variational source form, with A: J*'7 — C& A
A"T*X . Suppose that the coefficients of A are weighted polynomials of degree less than
or equal to r. Then A = E(N), where A\: J'm — N'"T*X.

Again, the result is sharp with respect to the order of the jet space where the
Lagrangian is defined. The above theorem is complemented in [2] by a rather complex
algorithm for building the lowest order Lagrangian. This algorithm is an improvement
of the well-known Volterra Lagrangian

1
L:/ y”AU(xi,ty})dt
0

for a locally variational source form A. In fact, the above Lagrangian is defined on
the same jet space as A. The finite order variational sequence yields another method
for computing lower order Lagrangians, provided we know that A = [a] € Qntl /@t
Namely, we apply the contact homotopy operator to the closed form da € ©"2 finding
B € O™ such that d3 = da. Using the (standard) homotopy operator we find v € Q"
such that dy = 3 — a, and A = h%"(7) is the required Lagrangian. Of course, the most
difficult point is to invert the representation of quotients in the variational sequence,
i.e., to find a least order « such that A = [a].

The above theorem does not exhaust the finite order inverse problem. A locally
variational source form A on J? 7 seems to have a definite form of the coefficients with
respect to its derivatives of order s, with r +1 < s < 2r. It is an open problem to
determine such a structure, e.g. prove that such forms always lie in Q1 /©7*! for a
minimal value of s; a least order Lagrangian would follow from the local exactness of
the variational sequence.

Finally, we recall that recently some geometric results on variational first-order
partial differential equations have been obtained in [15]. Such equations arise in multi-
symplectic field theories.

3.3 Contact elements

Let Y be an n 4+ m-dimensional manifold, and x € Y. We say that two n-dimensional
submanifolds L;, Lo such that x € L; N Ly are r-equivalent if they have a contact of
order r at . It is possible to choose a chart of Y at z of the form (z%,47), 1 <1i < n,
1 <4 < m, where both L; and L, can be expressed as graphs 47 = f{(z%), v = f(x).
Then the contact condition is the equality of the derivatives of the above functions
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fi, fo at x up to the order r. This is an equivalence relation whose quotient set is
J"(Y,n), the manifold of r-th order n-dimensional contact elements. This construction
was first formalized in [10], and is also known as r-th order jet space of n-dimensional
submanifolds of Y [45] or extended jet bundle [34]). If Y is endowed with a fibring ,
then J" is the open and dense subspace of J"(Y,n) which is made by submanifolds
which are transverse to the fibring at a point (which, of course, can be locally identified
with the images of sections, hence with local sections themselves).

Of course, manifolds of contact elements have a contact distribution, hence a varia-
tional sequence can be formulated through the C-spectral sequence [7, 43, 44]. Manifolds
of contact elements can also be seen as jets of parametrizations of submanifolds (i.e.,
jets of local n-dimensional immersions) up to the action of the reparametrization group
[18]. In this setting another approach to the variational sequence is [38]. In [33] the
finite-order C-spectral sequence on the manifold of contact elements is computed. Re-
search based on Krupka’s approach on a variational sequence on finite order contact
elements is in progress [31].

Another interesting research topic is the development of finite order variational
structures on differential equations, i.e. submanifolds of jet spaces. This would possibly
lead to a classification of their conservation laws of a certain order [35].

3.4 Variational sequence and symmetries

The Lie derivative of variational forms is interesting for the determination of symmetries
of Lagrangians and source forms. However, the result of a Lie derivative with respect
to a prolonged vector field is a form which, in general, contains dy-exact terms. For
this reason it is natural to use a new operator, the variational Lie derivative, which
is defined up to dy-exact terms. Such a formula first appeared in [45] (‘infinitesimal
Stokes’formula’) in the infinite order formalism. The finite order case has been dealt
with in [11, 28]. See also [6] for symmetries of source forms which are locally but not
globally variational. This topic has clear connections with Noether’s theorem, for which
we invite the reader to consult the above literature.

3.5 Further topics

We already mentioned that other approaches to variational sequences exist in literature,
mostly on infinite order jets.

It can be proved that there exists an infinite order analogue of Krupka’s r-th order
variational bicomplex [47]. This is defined in view of Lemma 2.6 via a direct limit of
the injective family of r-th order variational bicomplexes. Nonetheless the direct limit
infinite order bicomplex will be a bicomplex of presheaves, because gluing forms defined
on jets of increasing order provides ‘forms’ which are only locally of finite order.

The C-spectral sequence on jets of fibrings yields an infinite order variational se-
quence [7, 43, 44]. See [26, 48] for a comparison with Krupka’s approach and [49] for
some finite order C-spectral sequence computations.
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In [36] the relationship between a part of the finite order variational sequence and
the Spencer sequence are stressed. This relationship was already explored in [43, 44] in
the case of infinite order jet spaces.
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