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SECOND VARIATIONAL DERIVATIVE OF LOCAL
VARIATIONAL PROBLEMS AND CONSERVATION LAWS

MARCELLA PALESE, EKKEHART WINTERROTH, AND E. GARRONE

ABSTRACT. We consider cohomology defined by a system of local Lagran-
gian and investigate under which conditions the variational Lie derivative of
associated local currents is a system of conserved currents. The answer to
such a question involves Jacobi equations for the local system. Furthermore,
we recall that it was shown by Krupka et al. that the invariance of a closed
Helmholtz form of a dynamical form is equivalent with local variationality of
the Lie derivative of the dynamical form; we remark that the corresponding
local system of Euler—Lagrange forms is variationally equivalent to a global
one.

1. INTRODUCTION

Geometric definitions of conserved quantities in field theories have been pro-
posed within formulations based on symmetries of field equations rather than of
the Lagrangian (see e.g. [I8]). In particular, a definition of variation of conserved
currents for gauge-natural theories [6] has been proposed in [7] where the field
equations content and the symmetry information have been used, in particular,
relatively to the existence of preferred lifts of infinitesimal principal automor-
phisms. Considering the first variation of a ‘variational’ Lagrangian (depending
on gauge-natural lifts and Euler-Lagrange equations); then performing repeated
integrations by parts with respect to covariant derivatives (with respect to fixed
connections) of the components of the infinitesimal symmetry — due to the par-
ticular structure of gauge-natural lifts — a potential was obtained by which to
define a concept of variations of conserved quantities. Independently, and without
the fixing of a connection a priori, the gauge-natural second variational derivative
of gauge-natural invariant Lagrangian has been exploited in order to construct
Noether covariant conserved current [16, [I5], by showing the relationship of the
Bergmann—Bianchi morphism with the variational derivative of what we called
the deformed Lagrangian (coinciding with the concept of ‘variational’ Lagrangian
mentioned above). In all the mentioned approaches generalized symmetries (i.e.
symmetries of field equations) - and in many of them some version of Noether
Theorem (II) - play a fundamental role. In this view that we shall now investigate
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how much can we say about existence and globality of conserved quantities without
resorting to the structure of a gauge-natural lift. The important fact is that we
consider symmetries of equations of motions supposed to be Euler—Lagrangian
equations of some (local) Lagrangian; thus we will be faced with inverse problems
(in general, at any degree of variational forms) in the calculus of variations.

In fact, we recall that the geometrical formulations of the calculus of variations
on fibered manifolds include a large class of theories for which the Euler-Lagrange
operator is a morphism of an exact sequence [2, [I3, 19, 20, 2T]. The module
in degree (n + 1), contains dynamical forms; a given equation is globally an
Euler-Lagrange equation if its dynamical form is the differential of a Lagrangian
and this is equivalent to the dynamical form being closed in the complex, i.e.
Helmholtz conditions hold true, and its cohomolgy class being trivial. Dynamical
forms which are only locally variational, i.e. which are closed in the complex and
define a non trivial cohomology class, admit a system of local Lagrangians, one for
each open set in a suitable covering, which satisfy certain relations among them.
We shall consider global projectable vector field on a jet fiber manifold which are
symmetries of dynamical forms, in particular of locally variational dynamical forms
and corresponding formulations of Noether theorem (II) in order to determine
obstruction to globality of associated conserved quantities. In this perspective it is
clear the relevant role played by the variational Lie derivative, a differential operator
acting on equivalence classes of variational forms in the variational sequence defined
in [I0], by which Noether Theorems can be formulated.

It is of great interest for the implications in the calculus of variations to investigate
the role of the variational Lie derivative operator for the cohomology. We relate the
cohomology class defined by a system of local Lagrangian with the cohomology class
defined by the local variational problem given by the system of their local variational
Lie derivative. We see that variational forms defining nontrivial cohomology class are
transformed in variational forms with trivial cohomology class. This is of relevance
since iterated variational derivatives define higher order variations [9] [IT]. Thus
variations of currents can be recognized in this approach. We consider cohomology
defined by a system of local Lagrangian and investigate under which conditions
the variational Lie derivative of associated local currents is a system of conserved
currents. The answer to such a question involves Jacobi equations for the local
system.

Symmetries of the Helmholtz form are also taken into account and as a conse-
quence of the above mentioned property of the variational Lie derivative with
respect to cohomology we show that not only the invariance of a closed Helmholtz
form (,,, i.e. L=(,, = 0 is equivalent with local variationality of the Lie deriv-
ative Lz1;, i.e. (£opn, = 0 meaning that the dynamical form Lzn; is locally the
Euler-Lagrange form of a Lagrangian, as shown in [I4], but also that the local
system of Euler-Lagrange forms L=m; is variationally equivalent to a well defined
global Euler-Lagrange form (in order to simplify notation, here we denote by Z a
suitable jet prolongation of a projectable vector field).
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2. LOCAL VARIATIONAL PROBLEMS AND COHOMOLOGY

We shall consider the variational sequence [I3] defined on a fibered manifold
m:'Y — X, with dim X = n and dimY = n 4+ m. For r > 0 we have the r—jet
space J,.Y of jet prolongations of sections of the fibered manifold 7. We have also
the natural fiberings 7, : J,Y — J Y, r > s, and n": J, Y — X; among these the
fiberings m,._; are affine bundles which induce the natural fibered splitting

JTY XJr 1Y T*Jrle >~ JTY XJ._1Y (T*X S5) V*JT,1Y) s

which, in turn, induces also a decomposition of the exterior differential on Y in the
horizontal and vertical differential, (7"11)*od = dg + dy. By (j,-Z,€) we denote
the jet prolongation of a projectable vector field (2,£) on Y, and by j,Zx and
jrZy the horizontal and the vertical part of j.=, respectively.

We have the sheaf splitting H{, ., ) = By, Cfsjl,s) NHL ., where if A? is the
standard sheaf of p—forms on J,Y, the sheaves of horizontal forms H?M) and H?

(g < s) the sections of which are local fibered morphisms over m; and 7 of the

type a: JJY — RT* JJY and 8: J,Y — XT*X, respectively and the subsheaves
cP p

(s.q) © Hl(js,q) of contact forms the sections of which are local morphisms a € ’H(s’q)

with values into X(JqY X, v V*Jq-1Y'), i.e. forms which do not have a variational
role. In fact, let us denote by dkerh the sheaf generated by the corresponding
presheaf and set then ©F = ker h + dker h. The quotient sequence

En—1 En Ent1 Enta d
0— Ry —--- S A"/O" AT/t A2 /g2 0 5

defines the r-th order variational sequence associated with the fibered manifold
Y — X. It turns out that it is an exact resolution of the constant sheaf IRy over
Y.

The quotient sheaves (the sections of which are classes of forms modulo contact
forms) in the variational sequence can be represented as sheaves V¥ of k-forms
on jet spaces of higher order. In particular, currents are classes v € (V*1)y;
Lagrangians are classes A € (V)y, while &,()) is called a Euler-Lagrange form
(being &, the Euler-Lagrange morphism); dynamical forms are classes n € (V1H1)y
and &,41(n) := Hy, is a Helmohltz form (being &,+1 the corresponding Helmholtz
morphism).

The cohomology groups of the corresponding complex of global sections
0— Ry —-- 25 (A" /00y 55 (A7 /1)y T8 (Ant2 g2y Srk2  dy g
will be denoted by Hyg(Y).

Since the variational sequence is a soft resolution of the constant sheaf IRy over
Y, the cohomology of the complex of global sections is naturally isomorphic to
both the Cech cohomology of Y with coefficients in the constant sheaf IR and the
de Rham cohomology HY. Y [13].

Let KT :=Ker &,. We have the short exact sequence of sheaves

i &
0— K? 5VP 56,(VP) —0.



398 M. PALESE, E WINTERROTH AND E. GARRONE

In particular &,(V?) is the sheave of Euler-Lagrange morphisms: for a global
section 7 € (V**1)y we have n € (€,(V?))y if and only if &,41(n) = 0, which are
the Helmholtz conditions of local variationality. A global inverse problem is to find
necessary and sufficient conditions for such a locally variational 7 to be globally
variational.

The above exact sequence gives rise to the long exact sequence in Cech cohomo-

logy
0— (KP)y — (V)y — (&,(V7)y -5 HY(Y, K?) —0.

Hence, every n € (€, (V™))y (i.e. locally variational) defines a cohomology class
5(n) =0,(n) € HWY,K}) ~ HEENY) ~ H5H(Y) ~ H"(Y, R). Furthermore,
every u € (dg(V" 1))y (i.e. variationally trivial) defines a cohomology class
5 () = 0us() € HY(Y, K1) = Hpo(Y) ~ Hjp(Y) ~ H'(Y, R).

The above gives rise to a well known diagram of cochain complexes:

0 0 0
¥ ) v < v
0 —— CO(Y, KP) ——CO(Y, V) —2— CO(Y,E,(VF)) —0
I 0 la
0——C\(Y.K7) — (v vr) S O(YE,008) ——=0

whereby we recognize the connecting homomorphism 6, = it 0005},*1 as a mapping
of cohomologies (as usual for any countable open covering 4 = {U,; }ier, I C Z,
C1(4U,S) is the set of g—cochains with coefficients in a sheaf S and 9: C?(U,S) —
CI+L(4,8) is the coboundary operator).

Note that 7 is globally variational if and only if §(n) = 0; if instead () # 0
then = &, () can be solved only locally, i.e. for any countable good covering of Y’
there exists a local Lagrangian A; over each subset U; C Y such that n; = &,(\;).
A system of local sections A; of (V')y, such that &,((Ai — Aj)|v,nv;) = 0, is what
we call a local variational problem; two local variational problems are equivalent
if and only if they give rise to the same Euler-Lagrange form: ({U;}icz, \i) is
a presentation of the local variational problem [§]; every cohomology class in
HFN(Y) ~ H"(Y,IR) gives rise to local variational problems. In general,
infinitesimal symmetries of different presentations can be different.

For any countable open covering of Y, A = {\;};cs is then a O-cochain of
Lagrangians in Cech cohomology with values in the sheaf V7, i.e. A € CO(4, V7).
By an abuse of notation we shall denote by 7, the O—cochain formed by the
restrictions n; = &£,(\;) (and so will do at any degree of forms). Of course, 0\ =
{Xij} = (M = Aj)|vinu,; = 0 if and only if A is globally defined on Y'; analogously,
if n € CO(YU, V2+1), then on = 0 if and only if i is global. Note that 9\ = 0 implies
ony = 0, while by IR-linearity we only have 31y = o5 = 0 i.e. 9A € C1(4, K7 [3].
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2.1. Local variational problems equivalent to global ones. As well known
Noether Theorems relate symmetries of a variational problem to conserved quanti-
ties; in order to make those theorems effective in the case of local systems, in [§]
we tackled the question what the most natural choice for symmetries of the local
variational problem might be. We use the concept of a variational Lie derivative
operator L;, =, defined for any projectable vector field (=, ¢), which was inspired
by the fact that the standard Lie derivative of forms with respect to a projectable
vector field preserves the contact structure induced by the affine bundles 7 _,
(with » > 1) [12]. The variational Lie derivative is a local differential operator by
which symmetries of Lagrangian and dynamical forms (as well as higher degree
classes of forms in the variational sequence) and corresponding Noether theorems,
can be characterized [I0]. We notice that the variational Lie derivative sends a
diagram of cochain complexes into a diagram of cochain complexes and thus defines
an operator which acts on cohomology classes.

Let 7, be the Euler-Lagrange morphism of a local variational problem. The
first Noether theorem implies that 0 = Zy |9y + du(e;(Ai, ) — B(Ai, E)), where
€ =€\, E) = JrEv I paya, + & J A is the usual canonical Noether current; the
current €(\;, Z) — B(\;, E) is a local object and it is conserved along the solutions of
Euler-Lagrange equations (local conservation law). Local conserved currents can be
derived by using Lepagian equivalent of local systems of Lagrangians [4]. Note that
the Noether current e(\;,Z) is conserved if and only if = is also a symmetry of ;.

Since a local variational problem has a global Euler-Lagrange morphism defining
a topological invariant, there is a precise relation between local conservation laws
[8]. In fact, let 1) be the Euler-Lagrange morphism of a local variational problem
and \; the system of local Lagrangians of an arbitrary given presentation. The local
currents satisfy dg(e(Ai, E) — B(Ai, E) — €(Aj,E) + B(A;, Z)) = 0. Note that, since
0 = Lj,=n = &E,(Ev Jny), the horizontal n-form Ey |, defines a cohomology
class and we have that the local currents are the restrictions of a global conserved
current if and only if the cohomlogy class ¢'(Ev Inx) € Hjp(Y) vanishes. It is
noteworthy that even the cohomology class ¢'(Zy 1 &,(A)) may be non trivial (see
e.g. [8]).

In order to study the obstruction to the existence of a variationally global
equivalent to a local variational problem it is of fundamental importance to study
how the variational Lie derivative affects cohomology classes. It is notewhorty that,
independently from the fact that = be a dynamical form symmetry or not, the
variational Lie derivative trivializes cohomology classes [17]. In fact, by linearity
and resorting to the naturality of the variational Lie derivative we have

Neex, = En(Eyv dma) + En(dre;) = E,(Bv Inn) = Lany

The result that Lzny = &,(Ev 7)) is very important for the cohomology since
it implies that 6(Lzgnx) = 0(ne=n,) = 0 although d(ny) # 0. From this we see
that the variational Lie derivative enables us to transform non trivial cohomology
classes to trivial cohomology classes associated with the variational Lie derivative
of local presentations. On the other hand, since n,.x, = E.(Ev Jnn) we see
that Fuler-Lagrange equations of the local problem defined by L=\; are equal to
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Euler-Lagrange equations of the global problem defined by =y Jnx. Thus we have
the following.

Proposition 1. The local problem defined by the local presentation L=)\; is varia-
tionally equivalent to a global one.

It is noteworthy for the sequel that this result holds true at any degree k in
the variational sequence; specifically for local potentials of variationally trivial
Lagrangians. Let 1 be a variationally trivial Lagrangian, i.e. such that &,(u) = 0,
this means that we have a 0-cocycle of currents v; such that y = dgyv; and o, =0
but we suppose ¢'(u,) # 0. We can consider the Lie derivative L=zv; and the
corresponding fiz.,,. By using the expression for the Lie derivative of an (n — 1)
form according to [10] and, again, resorting to the naturality of the variational Lie
derivative, we have

Urev; =da(Eg Jdu(vi) + Zv Jdvvy) = Lap =da(Em Jpw + Ev I Dy, )

so that §'(Lzpu,) = 0'(pe=w,) = 0, although ¢ (i) # 0.
In particular, from the above equation we deduce the following.

Corollary 1. The local problem defined by L=zv; is variationally equivalent to the
global problem defined by Eg |ty + Ev 1 Ddy p, -

We recall that u, = dgyv; is assumed to satisfy ou,, = 0, i.e. it is a global object.
We also notice that =y | dyv; = Ev | pay u, + dudi, with ¢; an (n — 2) cocycle
and it is noteworthy that =y | dyv; — dg¢; is a global object.

Example 1. Let us assume = be a symmetry of dynamical forms: we have L=zn, =0
then, in particular, §(Lzn,) = 0; furthermore, under the same assumption, we
have &,(ZEy 1 ny) = 0 then there exists a 0-cocycle v; as above, defined by p, =
Ev Inx:=dg(v;). In this case, divergence expressions of the local problem defined
by L=v; coincide with divergence expressions for the global current Zg | Zy |7y +
Ev 1 Pay (2, Jny)-

As a consequence of the above, we can associate a system of global currents with
a system local currents by taking the Lie derivatives of the local system, for which
§(Lepy) =0"(L2(By Iny)) = 0" (L=(dy(v;)) = 6'(du(L=(v;)) = 0 holds true.

A natural question is now if there exists a way to find under which conditions
such a variational Lie derivative of local currents is a system of conserved currents.
The answer to such a question involves Jacobi equations for the local system ;. In
fact, let us consider the second variational derivative of a presentation of a local
problem 62 := L=L=);; since we are supposing = being a symmetry of dynamical
forms, we have
L=Leli = L=(By I+ Lz(du(€)) = L2 (du(vi))+Lz(du(e)) = dule(vite) .
As a consequence we can state the following important result.

Proposition 2. Let E be a symmetry of the Euler-Lagrange form ny and dgo(v; +
€;) = 0. If the second variational derivative is vanishing, then we have the conser-

vation law dy L= (v; +€;) = 0, where L=(v; + €;) is a local representative of a global
conserved current.
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The global current is given by

Ex Jpwte + Ev IPdvpy. = En Jda (Vi + €) + Ev I Ddy (dy (vite)) -

Notice that the condition L=zL=A; = 0 means that the symmetry = is required
to be a symmetry of dynamical forms and also a symmetry of the local variational
problem Lz\;. We also stress that since = is only a symmetry of dynamical forms
and not a symmetry of the Lagrangian, the current v; + €; is not a conserved
current and it is such that dg(v; + €;) is locally equal to dyf3;.

Example 2. We deduce the existence of a global conserved current associated with
the Chern-Simons Lagrangian A\¢g. Let v; 4+ €; be a 0-cocycle of ’strong’ Noether
currents for the Chern-Simons Lagrangian. Since given a symmetry = of the
Chern-Simons equations, for the variational Lie derivative of a local Lagrangian, we
have L=Acs, = dgf; and it is easy to verify that for the Chern-Simons Lagrangian
we have 0LzAcs, = L=0Acs, = L=dmy, we have that 0dgB; = L=dgy;. Thus
0y (v; + €;) = L=duy;. We see that the conditions of the above propositions are
verified when L=dgy; = 0. The explicit expression of a global conserved current
associated with the Chern-Simons Lagrangian is then given by the direct application
of the above Proposition:

By EE)\CSi +Zy Pay c=xcs,; -

and we can see that it is a global conserved current variationally equivalent to the
variational derivative of the ’strong’ Noether currents v; + €;. Generators of such a
current are in the kernel of the second variational derivative and are symmetries of
the variationally trivial Lagrangian dgy;. This expression can be compared with
results given in [IJ.

Remark 1. As it is well known, one of the results of the variational sequence
theory, related to the inverse problem of the calculus of variations, states that a
dynamical form 7 is locally variational if and only if its Helmholtz form vanishes.
Invariance properties of classes in the variational sequence suggested to Krupka et
al. the idea that there should exist a close correspondence between the notions of
variationality of a differential form and invariance of its exterior derivative.

Let us take into account symmetries of the Helmholtz form. Since the variational
Lie derivative trivializes cohomology classes, we show that not only the invariance
of a closed Helmholtz form (,,, i.e. £L=(,, is equivalent with local variationality
of the Lie derivative Lzn;, i.e. (£, = 0 meaning that the dynamical form Lzn;
is locally the Euler-Lagrange form of a Lagrangian, as shown in [I4], but also
that the system of local Euler-Lagrange forms L=n); is variationally equivalent to a
global Euler-Lagrange form (i.e. they have the same Helmholtz form).

In fact, it appears noteworty the application of our results above to the (n + 2)
degree closed variational classes in the Krupka’s sequence. Locally variational (n+1)
dynamical forms are dragged by the variational Lie derivative to dynamical forms
always globally variational. Analogously to what seen before, suppose &,42(() =0
(higher degree Helmholtz conditions) which implies that there exists a local system
of Euler—Lagrange forms 7.



402 M. PALESE, E WINTERROTH AND E. GARRONE

Let = be a symmetry of (,,, i.e. £L=(,;, = 0; then we have &,41(L=(n;)) = 0.
Analogously to what stated above for Euler—Lagrange equations and divergence
equations, one can realize that Helmholtz conditions of the local problem Lzm; are

Helmholtz conditions for the global problem defined by Zy ¢, . Ll
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