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Abstract

We study the graded Euler—Lagrange equations from the viewpoint of graded
Poincaré—Cartan forms. An application to a certain class of solutions of the
Batalin—Vilkoviski master equation is also given.
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1. Introduction

It is well known that given a classical manifold M, which represents the configuration space
of a physical system, the canonical symplectic structure of the cotangent bundle allows one to
develop the Hamiltonian dynamics of that system in a very concise way. A similar approach
can be followed in the case of the Lagrangian theory, which can be formulated on the tangent
bundle of the configuration manifold constructing on it a symplectic form which, however, is
not canonical and depends directly on the Lagrangian chosen to describe the system.

This classical theory of dynamical systems can be generalized in many ways. One of
them includes anticommuting variables, which are suitable to describe quantum effects such as
spin; in this direction, there has been previous work studying graded (or ‘super’) Hamiltonian
mechanics, calculus of variations, etc (see, for example, [Mon 92, Ibo-Mar 93, Car-Fig 97,
Mon-Muii 02 or the recent book [Del 99]). The ‘golden rule’ of generalizations to the graded
case establishes that commuting and anticommuting variables must be treated in exactly the
same way, but in the majority of the literature we find an asymmetry when dealing with the
evolution parameter, which is always taken to be the ‘bosonic’ time ¢, with no ‘fermionic’
counterpart. This is stressed in [Mon 92], where a graded Hamiltonian theory is developed
taking into account the supermanifold R'!' as the space for the evolution parameters (s, t)
with s being an anticommuting variable. The reasons for this choice are not only aesthetic, but
have strong mathematical support: as proved in [Mon-San 93], this is necessary if we want to

0305-4470/03/184993+17$30.00  © 2003 IOP Publishing Ltd Printed in the UK 4993


http://stacks.iop.org/ja/36/4993

4994 J Monterde and J A Vallejo

integrate arbitrary graded vector fields, that is, to describe arbitrary graded systems (see also
[Sha 80]).

Thus, our translation of the aforementioned ‘golden rule’, is the replacement of the
classical parameter space R = R!” by R, This procedure is not new in physics, where the
use of R!I' goes under the name “(1, 1)-superspace’. Even the most simple models based on it
have found interesting applications: as early as in 1982, Witten (see [ Wit 82]) suggested that the
index formula could be understood in terms of a suitable quantum mechanical supersymmetric
system, in which the parameter space is given by a pair (¢, ) with ¢ being bosonic and 6
fermionic (our (¢, s)). His insight has been developed ever since in a lot of papers, among
them we could cite [Alv 83, Fri-Win 84]. In the book by Freed [Fre 99] it is used to construct
a quantization model for the superparticle (a detailed account can be consulted in [Del 99],
pp 478 and ff), and also a justification for the need for the introduction of R'!! is given (see
pp 40—41 in [Fre 99]).

In accordance with these ideas, we develop a graded Lagrangian theory (which can be
viewed as complementary to the Hamiltonian one of [Mon-Muii 02]) in the following steps:
starting from the graded bundle R!' x (M, A) — R!"', and the corresponding bundle of
graded 1-sections, denoted by Jé (), we take a graded Lagrangian L defined on it (thus
depending on coordinates {z, s, x“, x;*, x}), construct a certain graded 1-form associated with
L (the Poincaré—Cartan 1-form) and then pass to Jé (r) with the use of Eci, the graded Lie

ds

derivative with respect to the horizontal lift of ;—3 The Poincaré—Cartan 1-form will allow us
to construct a graded symplectic 2-form which projects onto a suitable sub-bundle, the space
of solutions (with coordinates {z, s, x*, x{, x{, x{.}). The resulting form, €2, is such that the
integral curves of its graded Hamiltonian vector fields give the solutions to the Euler—Lagrange
superequations.

As an application, we give a method for constructing a class of solutions of the master
equation of the Batalin—Vilkoviski formalism in the context of particle supermechanics. There
has been previous work in this direction, mainly by Diyi (see [Day 88, Day 93]), who uses an
‘odd time’ formulation. His results are based (in our notation) upon R%!, but we insist on the
naturality of the R!I" formalism.

Throughout this paper, we will freely interchange the prefixes ‘super-" and ‘graded’.

2. Preliminaries

For generalities on graded manifolds, see [Kos 77].

2.1. Graded manifolds and curves on them

On a graded manifold (M, A), of graded dimension (m, n) and structural sheaf of graded
commutative algebras A, positive indices are used for even coordinates: x;,i = 1, ..., m, and
negative indices for odd coordinates: x;,i = —n, ..., —1. The index is just a label, and for
ease of writing we will place it as a subscript or a superscript. The natural homomorphism is
denoted by A — C, f — f. Nevertheless, the coordinates of the graded manifold R!I'—
with base manifold R and graded ring R!/'—are denoted by =(¢, s), with |t] = 0, |s| = 1;i.e,
R = {f(t) +g(t)s : f,g € C®(R)}. In the category of graded manifolds, R!" plays the
same role as R in the category of differentiable manifolds.

Recall that a homogeneous endomorphism D € End(A) is a graded derivation if it
verifies the graded Leibniz rule:

D(fg) = D(f)g+ (=1)'P £ D(g)
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where |D| is its degree, that is, D(Ay) C Aq+p|- A fundamental result is that the space
of such derivations, Der(A), has the structure of graded Lie algebra when endowed with
the restriction of the usual bracket of endomorphisms [., .]: End(A) x End(A) — End(A),
given by

[F,Gl=FoG — (—=DIFI°lG o F. 2.1

The elements of Der(A) are the graded vector fields of (M, A) (just as X(N) =
Der(C*°(N)) in a usual manifold N). As in the non-graded case, the dual gives the graded
differential forms:

Qe(M) = Z QM) where QP (M) = AP(Der*(A)).
peN

Each QZ(M ) itself is a graded .A-module, and several morphisms on Q2 (M) can be defined
as usual (see [Kos 77]): the graded exterior differential d©, the insertion of a D € Der(A) p,
etc. On the bigraded A-module End4(26(M)), we can introduce a commutator analogous
to (2.1), now taking into account the bigrading: if F has bidegree (f1, f>) and G has bidegree
(g1, &2), we define

[F, G] =FoG-— (_1)flgl+f282G oF

and this is a new element of End 4(Q2¢(M)) with bidegree (f; + g1, fo + g2). If D € Der(A),
then the graded Lie derivative Eg is defined by

LG =1ltp,d°=1pod®+d°oup.

We recall that a classical curve y : R — M can be seen as a section of p; : Rx M — R.
In the graded case we must substitute R!!" for R. Hence a graded curve must be a section
of the graded submersion p; : R!' x (M, A) — R!! given by the projection onto the first
factor, or equivalently, a morphism of graded manifolds y : R!I' — (M, A).

Example 1. In order to work out an example, let us choose a particular graded manifold.
Let M be a differentiable manifold and let us consider the graded manifold (M, Qy),
where 2, denotes the sheaf of differential forms on M. Hence dim(M, Q2y,) = (m,m) if
m = dim M. Given a coordinate system {y;}/_, on M, we can build up a system of adapted
graded coordinates: {y;,dy;}i,. According to our way of denoting graded coordinates,
{x;},i=—m,...,—1,1,...,m,wehave x; = y;, x_; =dy;,i =1,...,m. A graded curve
y : RUIT — (M, Q) is determined by a pairof maps y : R — M, y* : Q(M) — R''. Note
that the homomorphism y* is not necessarily the pull-back map of y : R — M. We have

{V*(yi) =yioy= [
y*(dy) = g'(0)s
If y* is the pull-back of ¥ : R — M, then g' = (f')'.

g e C*(R) i=1,...,m. (22

2.2. Graded jet bundles

The usual coordinate description of jet bundles does not work with graded manifolds. A
more intrinsic construction of graded jet bundles, entailing further algebraic formalizations,
is needed. This is done in [Her-Mun 84] and we do not repeat it here. According to this
we will briefly recall the construction for the particular case of the graded 1-jet bundle
JYR"M, (M, A)) of local sections of p; : R x (M, A) — R''; its graded dimension is
(1+2m+n,1+m+2n), where (m, n) = dim(M, A). We remark that the base manifold of
JY@R', (M, A)) is not equal to J'(R, M). The graded ring of J' (R, (M, A)) is denoted
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by A!. Also, we denote the graded ring of R'! x (M, A) by A as JOR!', (M, A)) =
R x (M, A).

The graded fibred coordinates on first-order jet bundles are defined in [Her-Mun 84,
Her-Mun 85, Mon 92] and denoted by {¢, s, x;, x/, x!},i = —n,..., —1,1,...,m: the even

. -1 _ -1
coordinates are #; {x;}/; {x/}" ; {x’}i:_n, and the odd ones are s; {x;};_'_,; {x/}

i=1’ s i=—n’ t)i=—n’
{ i}m
sti=1

2.3. Curves and the first-order jet bundle

Let us recall that a variation of a classical curve y : R — M is a one-parameter family of
curves 77(t) (f € R being the variational parameter) such that y = y. According to our
philosophy of substituting R!! for R, a variation of a graded curve on a graded manifold,
y R — (M, A), must also be an R!I'-parameter family of graded curves.

We exclusively consider variations of a curve induced by a graded vector field. In the
classical case, the variations of a curve induced by a vector field are just the composition of
the curve with the integral flow of the vector field. It can be shown that any even graded vector
field can be integrated by simply using an even parameter, but the situation is different in the
odd case.

Let us briefly recall the problem of existence and uniqueness of solutions of first-order
superdifferential equations that have been studied in [Mon-San 93]. The first fact to note
is that the parameter space in the graded setting is R!I" and that the problem of finding the
integral flow of a graded vector field must be stated in terms of this parameter space. Second,
once we have chosen the parameter space, we must choose a model of graded vector field on
it. It is easy to check that there are three possible graded Lie algebra structures on R!!!' each
giving rise to a different model of right-invariant graded vector field. For example, for the
additive structure (the one we use in what follows) the model of graded vector field is given
by d/9t +9/0s.

Let X be a graded vector field on the graded manifold (M, A). We say that T" : R'I! x
(M, A) — (M, A) is the flow of X if together with an initial condition the following equation
holds:

a 9 . .
evigo| —+— ol =evpolM o X
at  ds
where ev;—g is the map defined by =ev;—o(f () + g(t)s) = f(0). In [Mon-Séan 93] it is shown
that any graded vector field can be integrated, in the previous sense, by means of integral
curves parametrized on R'!'. Tt is also shown there that if the homogeneous parts X, X of X
satisfy the equations [ Xy, X] = [X1, X1] = 0, then the previous equation also holds without
the evaluation map, i.e.,

a 0
N

Moreover the flow induces an action of the additive Lie group structure of R'I' on the
supermanifold (M, A) and then a kind of relation like I';,, s1 0 'y, 5, = 'y, 44,,5,45, 18 valid.

Example 2 (cf [Mon-San 93]). On the graded manifold (M, ©2,,) the exterior derivative d
is an example of an odd vector field. Its integral flow is given by the map I' = (I, ') :
R x (M, Q) > (M, Qy),withT =7y :Rx M — Mand'* : Q(M) — AR,
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is given by I'(a) = « + 5 da, where =7, § are the graded coordinates in R!/'. Therefore the
variation of a graded curve (2.2), produced by the graded vector field d, is given by

y*oI*(y) = y*(yi +5dy) = fi(1) + g (1)5s

y*oI*(dy;) = y*(dy) = g (0)s. i=L..m 24

Example 3. Let us describe the 1-jet prolongation of a graded curve y on (M, Q). If y*is
given by (2.2), then j'y is determined by the following equations:

J' () = i(f"(r)) = (1))
BT D) =20 =0
J' () = 2 )s) = (8 (D)s
JT () = £ @0)s) = g ().

Moreover, for the curves (2.4), given by the variations produced by the graded vector field d,
we have

(2.5)

() = Z(f1(0) + g (15s) = (fF) (1) + (g (1)

Y (xl) = (i) = L(F1(0) + ' (1)5s) = =g (13
) (x7) = 28 (0s) = (g') (1)s

) (x7) = L5 (1)s) = g'(1).

(2.6)

3. Graded Poincaré-Cartan forms

Let us begin by considering the Poincaré—Cartan 1-form associated with L, which can be
written locally in a way analogous to that of the classical case, where we would put something
like (dx — x dt) =+ Ldr

oL
Of = (d%* —d% - x* —d% - x¥)— +d% - L. (3.1)
ax;f
It is from this 1-form that we want to define our definitive form. But before doing this, in
order to get a better understanding of the structure of @3, let us rewrite it in terms of L and a
canonical graded endomorphism of J'(R'!, (M, A)), J:

Ji=J—-d% @A, —d% ® A,

where
- G a d . 0L . OL
J=d"x"® — Ay =x— Ay = x; .
ax;f ax;f ax;
We have then
LGL =1iy,d°N(L) =i,d°L
= (de“ ®is —d% x' @i —dOsx ®i%)ch
oL
(de” —d% cx = d%s xf)
ax;
=0 —d-L
that is,

O =£5L+d% L.
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Note that this expression transfers the question about whether ®é is canonical to the same
question but this time about J. (An intrinsic construction of J, which is rather technical, will
be considered elsewhere [MMYV 02]. For the moment, let us mention that J is the graded
analogue of the (1, m)-tensor field S, that appears in [Sau 89], pp 156-8, for the particular
casem = 1.)

Consider the vector field on J' (R, (M, A)) %, which is the horizontal (or total) lifting
of % as a vector field on (M, A). (See [Mon 92] for definitions. Here, it suffices to know its

local expression % = % +x{ % + X7, % See also remark 2 below.) Next, we take E% and
go over the graded bundle J2(R'!', (M, A)). Define

el = L% oF
so that

oL d oL dL
Ol = (4%x* —d%t - x%)— + (=D N(@%x* —d%; - x* — d%s - x*)— +d% . —.
( s xts) axlg ( ) ( X t S)ds axlg dS

Now, applying d¢ to this expression, we will arrive at the Poincaré—Cartan 2-form on
J2R' (M, A)) (with the appropriate condition of regularity in L, namely det ( 0L )N #0),

dx9xb
Q, =d°ek.
It is easy to see that the local expression of 2 is
oL oL
Qp =d%%d%¢ - — — (d%x¢ —d%r - x{)d° ( )
ax{ ax{
a d oL
+ (=DA% dx¢ — ds dx?) —
ds oxf
a d oL dL
— (=DM —d% - x* —dYs - x9)dO [ —— ) —d“td (— ).
ds ox; ds

(3.2)

It is easy to check that this form is preserved by coordinate changes, so it is a well-defined
global graded 2-form.

Remark 1. The coordinates on J2(R!!', (M, A)) are {t, s, x4 xt, xd, xp, xt",} but we can see
from (3.2) that 2 really depends only on {t, s, x4 xt, xd, xg } Thus, it is very interesting
to be able to construct a space with these coordinates to project this 2-form. Such a space
is an intermediate graded bundle between J!(R'!, (M, A)) and J2(R!', (M, A)), and has
been constructed in [Mon-Muii 02]. We shall not repeat its construction here, but refer the
reader to that paper for details (see also the last section). We will denote this space by

JULRIT (M, A)).

Remark 2. Let us make some comments about the use of £§ which may seem unnatural
ds

at first sight. In a graded manifold (M, A) with coordinates {x’, x ~/ }E{é’;, we have two

different notions of integral: the Berezin and the graded one. If we are given a superfunction

f=fo+ fix/+--+ fix ! (where I = {1,...,n}), their respective actions are

f=n and f=/fo.

Ber Grad

Accordingly, when dealing with the graded calculus of variations one introduces two different
notions of Lagrangian densities: the Berezinian densities and the graded densities. For a
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graded submersion p : (M, A) x R — R the first order Berezinian Lagrangian densities
have the form

|:th ® i} L (3.3)
ds

where L € A} (R'', (M, A)), and the k-order graded Lagrangian densities are
dt- K
with K € A’}G (R, (M, A)). The crucial pointis that to any first order Berezinian Lagrangian
density as (3.3), we can associate a second order graded Lagrangian density
dL

d%r. — 3.4
% (3.4)

in such a way that the solutions of the variational equations they induce are the same
(Comparison Theorem, see [Mon-Mun 92]. Now, we observe that (3.4) can be written as
Ei (d%t - L), so the operator Eci passes from Berezinian densities to graded densities, though

ds ds
increasing the order. The advantage is that we can apply the well known graded techniques to
problems with a Berezinian origin.

4. The graded Liouville vector field

In the classical setting for autonomous Lagrangians L, one constructs a symplectic form
associated with L on TM, w;, and a function called the energy E;, in such a way that the
integral curves of the vector field &;, given by iz, w;, = dE|, are the solutions to Euler—
Lagrange equations. This is achieved with the introduction of a certain canonical vector field,
the Liouville vector field A; the definition of the energy is then

E,=L—AL.

These notions are used as the base of the following development.
A graded vector field on the space of solutions will be called projectable if it has the form

where X is its vertical part. If X is such a field, then
LxﬁL =L§QL+L§QL+LXQL
and

LngZO ifandonlyif [XQLZ—(L%QL+[%QL).

To compute Lo Qp +1 2 Q; we only need to know the factors of d°¢, d%s in the local
expression for 2 (3.2); these are, for d%s

dL dL y d oL . d dL dL
de,‘g-a — +x0dY (— )+ (=DM —— + (DO —— | —d° (=
Xy 9x{ ds 0x; ds 0x; ds

and for d%s
a d oL a d oL
(=D %% [ — +(=D"xede ( —— ).
ds dx; ds dx/




5000 J Monterde and J A Vallejo

Let us rewrite these factors in a more appropriate way. The factor of d®7 is

dL ; d dL dL
d(xt— )+ (=DM (xf—— ) —d° ([ —=
ax{ ds 0x; ds

G oL e o 4 0L dL
=d" ( x;, + (=D x— - —
ax;f ds dx; ds
66 a L G 4G
=d” L7 | x; —L|)=L7d"(AIL—-1L).
@ axy N

On the other hand, the factor of d°s can be written as

o ,d oL oL

d [ (=) Ixd —— ) =d%cG [ —x* =—£5 d%AsL).
ds ox/ as ox/ &

So, our condition for tx2; = 0 now reads

139 = —£Ei d%(A\L — L) +,c§ d%(AsL) = d%é_" (L — AL).

Definition 1. We will call the graded Liouville vector field the field on JYRM (M, A)):
0
axg’

A=A — Ay = (x —x¥) (4.1)

Remark 3. The graded Liouville vector field can be constructed intrinsically (see
[Car-Fig 97] for details). Note also that, being defined on J'(R'!, (M, A)), A can be lifted
to JIN(R!, (M, A)).

Definition 2. The energy associated with the Lagrangian L is

oL
Ey = £9 (L — AL) = £C (L (5 — x) ) . 42
o @ ox/
Then, we have

xS, =0 if and only if (3Q; =d°E;. (4.3)

5. Graded semisprays and Euler-Lagrange equations for non-autonomous
super-Lagrangians

Under the assumptions of regularity for L, a graded vector field X solution of (4.3) determines
a unique X* = % + % + X© (graded vector field on the space J'I'(R!", (M, A))) which is a
solution of

lXLQL =0
1y d% =1 (5.1
txrd%s = 1.

Definition 3. This graded vector field X* is called the (graded) Euler-Lagrange vector field.

Remark 4. This setting resembles that of the classical cosymplectic manifolds (see [Lib 59,
Alb 89, CLL 92]). A cosymplectic manifold is a triple (M, 0, w) consisting of a smooth
(2n + 1)-dimensional manifold M with a closed 1-form 6 and a closed 2-form w, such that
0 A " # 0. The standard example of a cosymplectic manifold is provided by an ‘extended
cotangent bundle’ (R x T*N, dt, 7*dA), witht : R x T*N — Randz7 : Rx T*N — T*N
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the canonical projections and A the canonical Liouville 1-form on 7*N. On a cosymplectic
manifold M there exists a distinguished vector field R, the Reeb vector field, defined by

1R9=1 lR(,()IO

From (5.1) we see that we are considering the graded analogue of the cosymplectic structure
of classical mechanics, so X% could also be called the graded Reeb vector field. However,
we will follow more closely the equivalent approach of Saunders and Crampin (see [Sau 89]),
based on the notion of semisprays. The reason is that this formalism extends inmediately to
the case of fields in a covariant way, which is difficult in the cosymplectic framework.

Now, the idea is to develop conditions (5.1) to obtain the Euler—Lagrange superequations,
but we will need to introduce some technical concepts first. For brevity, we will write
JUI@RM, (M, A)) as I ().

Consider the 1-forms on Jé‘ ! () (called the contact 1-forms)

@ :=d%* —d% - x* —d% - x“ W= d% —d% - xf.

Let ¢ : R!I" — (M, A) a graded curve; its 1|1-jet prolongation is a section, denoted by
jle,of JG”l(n). A local section of Jcl“(n), seen as a graded curve ¢ on JGl|l (), is the 1]|1-jet
prolongation of a graded curve on (M, A) if and only if

ot =0 Y =0
this amounts to saying that, if {t, s, x4, xf, x4, x,"x} are the local coordinates of J(l;“(n) then,

along this section (to be closer to common practice in physics, in the following we omit the
evaluation on the section):

d d a a a d d a a
a-’-a X0 =X+ X a‘i_a Xy = Xis.

Definition 4. A graded semispray is a projectable vector field X € Xg (JG” : (71)) such that its
integral curves are 1|1-jet prolongations, i.e,

1xdSt =1 =d% ix P! =0 =1x¥“.
Thus, a graded semispray is given locally by
a 0 a 0 0 0
X=—+—+(x'+x{)— +A" +xt—+B'—.
at  Os dx¢ axf axd axg

In the classical case, a semispray can be characterized through the vertical endomorphism
J = % ® dx' and the Liouville vector field A = x?-%; thus, X € X(J'(R, M)) is a

t 8",;1 b
semispray if and only if JX = 0and JX = A, where / = J — A ® dt. The graded situation
is somewhat different.

Proposition 1. If X € XG(Jéll(n)) is a graded semispray, then
JX =0 and JX = A.

Proof. It suffices to take into account the local expressions for X, J, J and A. O

However, the converse is not true in general. Let us show a counterexample: an arbitrary
X e XG(JGIH(TL’)) has the local expression

9 ad ad 0 ad 0
X=f—+g—+A" +B'— +C" “
at as ax¢ ax/ ox? ox/
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with f, ¢ depending on the supercoordinates {t s, x4 xt, xd, x;, } IfJX =0and JX = A,
all we can say is that A = x/ +x¢, and fx/ + gxy — x/ — x¢ = 0; but if we take
f=x{+1,g=1-—x/,wehave
xp+xl+x) —x!x! —xf —x! =0
so JX =0and JX = A, but X is not a semispray. Note that even when X is a projectable
graded vector field, the reciprocal is not true, as C # x;, in general.
In order to make explicit computations, we will need the following result.

Proposition 2. The local expression of the Poincaré—Cartan 2-form Qp, is

d 9°L
Qp =d%d% - x0———
ds dsax;

+thdGs< (— k! i( CL )+i<x“ L >+33_L>
d 0s9x” ds \'’ 9rax? ds 9s
d
ds

aL ’ 3’L d 9’L
+(—D)1 a0 dCx . — + (=D Il ga +——
axb dxPoxf  ds drdx!

“ d 9°L oL 9’L
+ (=T G, g6y . — <xf - ) +d% d%x? (—— +—
ds dx/0x) x> 9rox!

2 2
CL e (LOL e e L
i oxbax a ds \ oxt o b x

3’L
dxlaxg

—d%d%x "(d L F L
ds dsdx?

+(— 1)|x [|x® Ix

ajflyb
+ (=D goxh . xa

ajflyb
— (=TG5 q%x) .

. 92L
—d%s %t [ (=) | e
sdia (=D s \ dxbox]

2 2
+( 1)|x ||x?] aL _ » 0°L
o box; dsdxl
2 2

— (_1)|xf|\xb| d%s dele . x;l_abL _ (_1)\xal+|xb\ d%xedSxt . i 9°L _

doxy dxy’ ds 9xPdx;
p 4 L
" ds axbox

dG adG b(( 1)\X|+|Xb\d L +(— 1)\X| 0L )

_ (_1)|X“|+|Xb\ dea de

ds 9xPox;] dxPox]
3L 3L
—dOx®dox" . — (=DM % d%)  ———
dxlox; axlox
9L 9L
—dx?dOxt . ——— —dOx*dx" . :
dxPoxt dxboxy
Proof. A very long but standard computation. 0

Now, consider the Euler-Lagrange graded vector field Xt = 2 + L + X which is a
solution of (5.1).
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Proposition 3. The Euler—Lagrange field is a graded semispray.
Proof. Consider the factors containing detbs and delb in 27. From proposition 2, these are
for d9x?,
a 0°L af|xb 0%L
— I QG G xh L xt ——— — (=) qOg qOxh . x ———
=D " axlox =D " axlox

9%L
S I R A
=D Boaxbaxe

: : L _ 0 , 0 a_d a_d a_d a_0 :
thus, contracting with X* = &~ + =~ + A= + B o T C Frs D T and equating to zero,

we obtain
A" =X +x{.
To prove that C* = x?, we isolate the factors containing de,b ; the statement follows then

ts>
from the local characterization of semisprays. O

Definition 5. If X € X (JGIH(T[)) is a graded semispray, a graded curve ¢ : R — (M, A)
is called a trajectory of X if its 1|1-jet prolongation is an integral curve of X.

Let us recall that, in the jet bundle J2° (i)
d d

ax?s = Xy axza = X
then locally c is a trajectory of X if and only if the following system of second-order differential
equations is satisfied along the section induced by c:

a__ (d , d\.,a _ ,a a
A _(dt+ds)xl‘ = Xyt Xy

B = (g + ) (& + &) x¢ = xi

(it is really a mixture of first- and second-order equations).

Theorem 1. Let L be a regular Lagrangian on JGl|l (), and let X* be the Euler-Lagrange
semispray. Then the trajectories of X* are the solutions of the Euler—Lagrange superequations

oL d dL e d 9L
T T T DY ——=0
dxa  dr 9x] ds 9x?

Proof. The technique is the same as in proposition 3: consider the factors containing d°x” in

H _ : L _ 0 4, 0 a a)_d a o a 0 a_ 0
the equation tx 2, = 0 (w1thX =4+ +(xl +xs)ax,, + B FT +xtsaxg +D 3%). O

6. The graded Noether theorem and supersymmetries

Our purpose in this section is to give a version of Noether’s theorem on the existence of
conserved quantities along the trajectories of the system valid in the graded case. There are a
lot of classical formulations of this result, but not all of them can be used as a guide for the
graded case. What we will present here is a graded version of the theorem directly related
to the symplectic structure of the Lagrangian formalism, as it provides an interpretation of
the energy as a conserved quantity related to invariance under ‘supertime’ translations and a
connection with the ¢- and s-Hamiltonians of [Mon-Mui 02].
The main ingredient is a set of transformations of the base manifold

@RI x (M, A) - (M, A
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forming a (1, 1)-supergroup (see [Mon-San 93] for details). This implies the existence of a
graded derivation of A, a supervector field T which can be lifted to a supervector field 7 on
I3 (). Now, we state a f these lifti

G . , property of these liftings.

Lemma 1. The condition

J2@)*(txQr) =0

for all X projectable supervector fields on the space JG”l(n), is equivalent to the section ¢
being a solution to the Euler—Lagrange superequations

oL d oL (— 1) d oL
oxe  dr ox; ds dxa
Proof. See theorem 8.1 in [Mon-Muii 02]. O

This result reveals that, along sections that represent trajectories of the system, t7€2;, = 0.
That is what we need to obtain conserved currents.

Definition 6. A supervector field X € X G(JG”](JT)) is a supersymmetry of the Lagrangian
problem associated with L if

LS50 =o0. (6.1)

Theorem 2. If T € X (Jéll(n)) is a supersymmetry of the Lagrangian problem associated
with L, then 13 ®F is constant along the trajectories of the system. This quantity is called the
Noether supercurrent associated with T .

Proof. Let us develop the condition of (6.1). We have
LSO =17 d°0 +d% ;0" =0
and applying the preceding lemma, along the trajectories

d%;el =o. a

Now, let us recall that, in the classical setting, the energy is conserved whenever the
system presents invariance under time translations. As an application of Noether’s theorem,
we will now deduce the expression of the superenergy under the assumption of non-explicit
dependence on s, ¢ in the super-Lagrangian; following our guiding principle (mentioned in the
introduction), we consider the ‘supertime’ translations, induced by the supervector field

a 0
=—+—.
ds ot
It is a straightforward computation to see that, when L does not depend explicitly on
S, t, E?@L = 0. Then, we have the conserved current (see (4.2))

L v o d AL dL oo d AL
— (=D — = (e —
9x¢ ds 9x4 " ds ds 9x¢

T

L
k) e = —X?S

—i(—(”— ”)8L+L)—E
T ds TN g o

Let us make the important remark that

E; = H, + H;
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where H; and H; are, respectively, the r~-Hamiltonian and s-Hamiltonian introduced in
[Mon-Mun 02]:

d /0L d [/ ,0L
H=——1\x —L Hy = — | x; .
ds ax; ds axy

We see here that these superfunctions, which appear as separate entities in the paper
cited, have a natural interpretation taken together. Thus, we can recover the Hamiltonian
formulation of supermechanics from within the Lagrangian one in the autonomous case, by
defining the Hamiltonian as the Noether supercurrent associated with ‘ supertime’ translations
(the superenergy), just as in the classical setting.

7. Super-Lagrangian formalism and Batalin—Vilkoviski master equation

Let us recall the basics of the Batalin—Vilkoviski formalism (see [Bat-Vil 81, Kos 95, Wit 90]).
The theory deals with a set of fields ®# (A is a certain set of indices) and the corresponding
antifields @7, with parity reversed, that is, |®%| = |®4| + 1. Then, it searches for an action
W (P, &*) satisfying some technical conditions that make it suitable to construct a quantum
field theory; one of these is the invariance of a functional integral, which could be written as

Z = / eV l_[ doA
A
under the so-called BRST transformations. This condition is equivalent to the famous master
equation
LW, W) =ihAw (7.1)

where the odd bracket (., .) is defined by
0, F oH 0, F oH

F,H) = — 7.2
( ) P4 9Dy 9P% dPA (7.2)
and A is the Batalin—Vilkoviski operator
d; 0
= L& (1.3)
P4 9D
Note the important property of nilpotency:

A* =0.

Witten showed ([Wit 90], and see also [Sch 93]) that these formulae have an algebraic
background: they make sense each time one has a Gerstenhaber algebra with a generating
operator of square zero. Let us be more explicit.

Definition 7. Let G be an associative, graded commutative algebra over a commutative field
of characteristic 0. Let [[.,.]] be an odd Poisson bracket on G with degree —1. The pair
(G; ., -1 is called a Gerstenhaber algebra structure on G.

Remark 5. For generalities about graded Poisson brackets, see [Bel-Mon 95] or [Kos 95].

Definition 8. A linear operator of degree —1, A : G — G, generates the graded bracket
[., NonGif
IS, 7T = (=DP(AST) = AT — (= D*ISA(T))

forall S, T € G. The Gerstenhaber algebra (G; [[., .]) is called a Batalin—Vilkoviski algebra
(or an exact Gerstenhaber algebra) if A*> = 0.
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Remark 6. It is important to make the following observations about how to construct
generating operators (see [Khu-Ner 93, Kos-Mon 01]). On a supermanifold (M, A) with
a Berezinian volume &, there is a divergence operator div®, that maps derivations of A to A.
Given an odd Poisson bracket on A, the divergence of a Hamiltonian derivation up to a sign
and a factor of %, is a generating operator of the odd Poisson bracket. More precisely, the

operator f - (—D/11div¥[£,.] (f € A) generates the odd Poisson bracket [, .J.

Of course, the bracket (7.2) and the Batalin—Vilkoviski operator (7.3), give an example of
Batalin—Vilkoviski algebra.

If (G;[.,.]) is a Batalin—Vilkoviski algebra, we say that S € G is a solution of the
associated master equation if it verifies the analogue of (7.1):

IS, ST = AS. (7.4)

Our aim in the rest of this section is to prove the following result.

Theorem 3. The space of solutions of the variational problem determined by a classical
Lagrangian L € C®(J'(mr : M x R — R)), has the structure of a Batalin-Vilkoviski
algebra, and the superenergy S = E is a solution of the associated master equation.

To achieve that, we will work with a specific supermanifold: that with its structural sheaf
determined by its ring of differentiable functions, (M, C*°(M)); moreover, we will restrict
ourselves to the autonomous case, that is, when there is no explicit dependence on s, ¢ in
the Lagrangian, so we will drop the factor R!!!. The steps to follow are: first, to construct
out of the space Jéll (7r) another one that can be identified with a symplectic supermanifold
having a very simple structure (one of Koszul-Schouten type); this is precisely the space
of solutions that appears in the statement of the theorem. Second, to construct a Batalin—
Vilkoviski system, that is, a system whose evolution is determined by an odd graded Poisson
bracket and a Hamiltonian function that verifies the master equation. The first step has already
been considered in [Mon-Mui 02], and here we will just review it briefly.

Proof. Consider (M, C*(M)). In this supermanifold, there are no negative index
supercoordinates so we will denote them by {xi};’j{iimM . A classical regular Lagrangian
LeC®J'(m:Rx M — M)) can be lifted to J'(R'!", (M, A)) and then we can apply all
the results of the previous sections. In particular, it can be seen that the space J(l;‘ Ym) projects
onto another space, denoted by (S, Ag) and which will be called the space of solutions, in
which 2, is a symplectic form such that this space is graded isomorphic to (TM, Q(TM))

endowed with the Koszul-Schouten form Egg (theorem 14.5 in [Mon-Mui 02]). If

in TM we take the classical canonical coordinates given by L, {xi ,ph = %}Ll, then
{x', p',x~", p7'}I_, is a supercoordinate system on (TM, Q(TM)) and the Koszul-Schouten

form has the aspect
Exs =d9xd%p! +d9x d9p.
Moreover, the super-Hamiltonian vector field corresponding to the superfunction
E[(=H, + H;) is
Xg, =—Lx, —d (7.5)
where H is the classical Hamiltonian associated with L, i.e, H = xti pi — L.
Let us note that the supersymplectic form €2 has parity |L| + 1, so if we want to obtain
an associated odd Poisson bracket, we must take L as a homogeneous even Lagrangian.

Itis well known (see [Bel-Mon 95]) that the Koszul-Schouten form Ekg, has an associated
graded Poisson bracket [[., .]] which is a Koszul-Schouten bracket generated by an operator of
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the type £ p, where P is a Poisson bivector. In this case, P = Py, is the Poisson bivector induced
on TM by the Lagrangian L, and it is non-degenerate if L is regular (as we are supposing).

To summarize, what we have obtained from the homogeneous even super-Lagrangian L
on JGl|l (), is an identification of the symplectic superspace (S, Ag) endowed with €, with
the symplectic supermanifold (TM, Q2 (TM)) equipped with the Koszul-Schouten form E or,
equivalently, with the odd Poisson bracket [[., .]] generated by Lp, , where P, is the Poisson
bivector on TM induced by L. Note that, as a consequence of P;, being Poisson,

Ei}l‘ = %[‘CPL"CPL] = %E[PLaPL]SN =0

so that the generating operator of the bracket is nilpotent.

Thus (TM, 2(TM)); [, .1) endowed with A = Lp, is a Batalin—Vilkoviski algebra.
Now we turn our attention to the master equation.

As we are dealing with a super-Lagrangian L which is not explicitly dependent on ¢, s,
we have a Hamiltonian to be identified with the superenergy (see section 5), let us call it S.
In the coordinates we are working with (see [Mon-Muii 02]), this is

S=E,=H+H,=dH —o

where w = dx’ dp' is the symplectic form on TM induced by L as a classical Lagrangian.
The ‘supertime evolution’ of an observable (superfunction) ¢ € Q(TM), is defined

through
d . d —[S. o]
or s ) TR

Of course, the Hamiltonian is a constant of motion. We know it from the graded Noether
theorem of section 6, but now we can see it explicitly: as the degree of [[., .]] is —1 and those
of the s- and 7- Hamiltonians are 0 and 1, respectively, we have

IIS’ S]] = IIHt + HSa Ht + HS]] = HHSa HS]]

but to H, corresponds to the Hamiltonian supervector field X5 = d (the exterior differential
on TM), see [Bel-Mon 95], so we get the classical Batalin—Vilkoviski master equation:

[S, 81 =1[d,dl=0 (7.6)

(here, [., .] is the graded bracket on endomorphisms of 2 (TM)).

Now, applying the graded Jacobi identity for the odd Poisson bracket [., .]|, we get for
any o € Q(TM)

LS, IS, «Ill = 0.

This result states that the so-called classical BRST operator, [S,.] = X5 = —Lx,, — d (recall
(7.5)) is also nilpotent.

By virtue of (7.6), S will be a solution of the master equation (7.4) if AS = 0. But this
is very easy to see (recall remark 3): A = Lp, as a generating operator is the divergence of

the Hamiltonian derivation with respect to the canonical Berezinian £ on the supermanifold
(TM, (TM)) (see [Kos-Mon 01] for the construction of &), so

AS = (=D divi[S, 1= L divi Xy, — S divi Xy, = —1 divi d+ S divi Ly,
but in [Kos-Mon 01] it is shown that divid =0 =divi L x,» SO we have
AS=0

and, consequently, S is a solution of the master equation. O
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Remark 7. Let us note that the generating operator A = Lp,, when written in coordinates,
takes the form of the original Batalin—Vilkoviski operator (7.3).

Corollary 1. The superfunction exp(S) is also a solution of the Batalin—Vilkoviski master
equation.

Proof. Recall that, from the definition of the generating operator,
Lp,@B) = (=D (I, Bl = Lp, (@0)B — (=DlaLp, (B)) Vo, p e QM).
Then,
Lp, %) =Lp e =T, ] — Lp (7)™ —eLp, (&)

but we have e = 1 +dH, so Lp, e/ = 0. On the other hand, £p, = 0, and this implies
Lp, e™ = 0 as well. Thus, only the term [[e™”, dH ]| remains to be calculated; but from
the definition of the Koszul-Schouten bracket, [e™, dH]| = —Lx, e~ = 0. What we have
obtained is

Lp,(e5) =0.

Moreover, [[e5, 5] gives us three terms, and all of them vanish: applying Leibniz’s rule,
[e~®, e ] reduces to terms of the form [[w, e “]] = de™® = 0; on the other hand, the other
two terms contain ed” = 1 + dH, so

e, e =[e®, dH] =0 e, e = [dH, dH] =0
that is, [e%, 5] = 0 and

S () [[aS .S
Ae’ =0=1]e’, e’]. 0

Remark 8. Note that in the theorem and the corollary, we have obtained solutions to (7.4) in
a very strong sense, as both members of the equation vanish separately.

We must insist that we have obtained these results within the super-Lagrangian formalism,
but working with the ‘supertime’ manifold R!'! instead of the usual R (see [Ibo-Mar 93] or
[Car-Fig 97] for treatments based on R, and note the differences in the Poincaré—Cartan form
€, with respect to ours). There have also been formulations with an ‘odd time’ t, which
would correspond to R!': one such can be consulted in [Day 88]; in that work, some questions
about the relation between L and S are raised. We hope we have answered them, offering a
framework exhibiting all the features of the classical one. In particular, the solution obtained
to the Batalin—Vilkoviski master equation, S, can be viewed as the superenergy associated with
L through the super-Lagrangian formalism.
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