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The direct and inverse second Noether theorems are formulated in a general case of reducible degenerate Grassmann-graded
Lagrangian theory of even and odd variables on graded bundles. Such Lagrangian theory is characterized by a hierarchy of nontrivial
higher-stage Noether identities which is described in the homology terms. If a certain homology regularity condition holds, one can
associate with a reducible degenerate Lagrangian the exact Koszul-Tate chain complex possessing the boundary operator whose
nilpotentness is equivalent to all complete nontrivial Noether and higher-stage Noether identities. The second Noether theorems
associate with the above-mentioned Koszul-Tate complex a certain cochain sequence whose ascent operator consists of the gauge
and higher-order gauge symmetries of a Lagrangian system. If gauge symmetries are algebraically closed, this operator is extended
to the nilpotent BRST operator which brings the above-mentioned cochain sequence into the BRST complex and provides a BRST

extension of an original Lagrangian.

1. Introduction

The second Noether theorems are well known to provide the
correspondence between Noether identities (henceforth NT)
and gauge symmetries of a Lagrangian system [1]. We aim
to formulate these theorems in a general case of reducible
degenerate Lagrangian systems characterized by a hierarchy
of nontrivial higher-stage NI [2, 3]. To describe this hierarchy;,
one needs to involve Grassmann-graded objects. In a general
setting, we therefore consider Grassmann-graded Lagrangian
systems of even and odd variables on a smooth manifold X
(Section 5).

Lagrangian theory of even (commutative) variables on
an n-dimensional smooth manifold X conventionally is
formulated in terms of smooth fibre bundles over X and
jet manifolds of their sections [3-5] in the framework of
general technique of nonlinear differential operators and
equations [3, 6, 7]. At the same time, different geometric
models of odd variables either on graded manifolds or
supermanifolds are discussed [8-12]. Both graded manifolds
and supermanifolds are phrased in terms of sheaves of graded
commutative algebras [12, 13]. However, graded manifolds
are characterized by sheaves on smooth manifolds, while
supermanifolds are constructed by gluing of sheaves on
supervector spaces. Since nontrivial higher-stage NI of a

Lagrangian system on a smooth manifold X form graded
C®(X)-modules, we follow the well known Serre-Swan
theorem extended to graded manifolds (Theorem 5) [12]. It
states that if a graded commutative C*(X)-ring is generated
by a projective C*°(X)-module of finite rank, it is isomorphic
to a ring of graded functions on a graded manifold whose
body is X. Accordingly, we describe odd variables in terms
of graded manifolds [3, 12].

Let us recall that a graded manifold is a locally ringed
space, characterized by a smooth body manifold Z and some
structure sheaf 2 of Grassmann algebras on Z [12, 13]. Its
sections form a graded commutative C*°(Z)-ring of graded
functions on a graded manifold (Z, ). The differential
calculus on a graded manifold is defined as the Chevalley-
Eilenberg differential calculus over this ring (Section 2). By
virtue of Batchelor’s theorem (Theorem 4), there exists a
vector bundle E — Z with a typical fibre V' such that the
structure sheaf A of (Z,A) is isomorphic to a sheaf A, of
germs of sections of the exterior bundle AE” of the dual E* of
E whose typical fibre is the Grassmann algebra AV ™ [13]. This
Batchelor’s isomorphism is not canonical. In applications, it
however is fixed from the beginning. Therefore, we restrict
our consideration to graded manifolds (Z, ), called the
simple graded manifolds (Section 3).



Lagrangian theory on fibre bundles Y — X can be
adequately formulated in algebraic terms of a variational
bicomplex of exterior forms on the infinite order jet manifold
JY of sections of Y — X, without appealing to the
calculus of variations [3-5, 14]. This technique is extended
to Lagrangian theory on graded manifolds and bundles
(2, 12, 15, 16]. It is phrased in terms of the Grassmann-
graded variational bicomplex of graded exterior forms on a
graded infinite order jet manifold (J*°Y, &;wp) (Section 5).
Lagrangians and the Euler-Lagrange operator are defined
as elements (63) and the coboundary operator (64) of this
bicomplex, respectively.

A problem is that any Euler-Lagrange operator satisfies
NI, which therefore must be separated into the trivial and
nontrivial ones. These NI can obey first-stage NI, which in
turn are subject to the second-stage ones, and so on. Thus,
there is a hierarchy of NI and higher-stage NI which must
be separated into the trivial and nontrivial ones (Section 7).
If certain homology regularity conditions hold (Condition 1),
one can associate with a Lagrangian system the exact Koszul-
Tate (henceforth KT) complex (123) possessing the boundary
KT operator whose nilpotentness is equivalent to all complete
nontrivial NI (99) and higher-stage NI (124) [2, 12].

The inverse second Noether theorem formulated in
homology terms (Theorem 33) associates with this KT com-
plex (123) the cochain sequence (138) with the ascent oper-
ator (139), called the gauge operator, whose components
are nontrivial gauge and higher-stage gauge symmetries of
Lagrangian theory [2, 12]. Conversely, given these symme-
tries, the direct second Noether theorem (Theorem 34) states
that the corresponding NI and higher-stage NI hold.

The gauge operator unlike the KT one is not nilpotent,
and gauge symmetries need not form an algebra [17-19].
Gauge symmetries are said to be algebraically closed if the
gauge operator admits the nilpotent BRST extension (155). If
this extension exists, the above-mentioned cochain sequence
(138) is brought into the BRST complex (156). The KT and
BRST complexes provide the BRST extension (177) of an
original Lagrangian theory by antifields and ghosts [12, 18].

The most physically relevant Yang-Mills gauge theory on
principal bundles and gauge gravitation theory on natural
bundles are irreducible degenerate Lagrangian systems which
possess nontrivial Noether identities, but trivial first-stage
ones [2, 20]. In Section 10, we analyze topological BF theory
which exemplifies a finitely reducible degenerate Lagrangian
model.

Remark 1. Smooth manifolds throughout are assumed to be
Hausdorft, second-countable, and, consequently, paracom-
pact. Given a smooth manifold X, its tangent and cotangent
bundles TX and T* X are endowed with bundle coordinates
(x*, %) and (x*, x,) with respect to holonomic frames {0, }
and {dx"}, respectively. Given a coordinate chart (U; x) of
X, a multi-index A of length |[A| = k denotes a collection of
indices (A, - - - A;) modulo permutations. By A + A is meant a
multi-index (A --- A;). We use the compact notation 0, =
dy, 000y,

Advances in Mathematical Physics

2. Grassmann-Graded Differential Calculus

Throughout this work, by the Grassmann gradation is meant
the Z,-one, and a Grassmann-graded structure is called
graded if there is no danger of confusion. The symbol [:]
stands for the Grassmann parity. Let us recall the relevant
basics of the graded algebraic calculus [12, 13].

Let % be a commutative ring. A % -module Q is called
graded if it is endowed with a grading automorphism y, y* =
Id. A graded module falls into a direct sum of modules Q =
Q, @ Q, such that y(gq) = (—1)[q]q, q € Qjg- One calls Q, and
Q, the even and odd parts of Q, respectively. In particular,
by a real graded vector space B = B, ® B, is meant a graded
R-module.

A H -algebra o is called graded if it is a graded % -module
such that [aa'] = [a] + [d'], where a and a' are graded-
homogeneous elements of &/. Its even part &/, is a subalgebra
of &/, and the odd one &/, is an &/ ,-module. If &/ is a graded
ring with the unit 1, then [1] = 0. A graded algebra &/ is called

!
graded commutative if aa’ = (-Dlelgl g,
Hereafter, all algebras and vector spaces are assumed to
be real.

Remark 2. Let V be a vector space and A = AV its
exterior algebra. It is a graded commutative ring, called the
Grassmann algebra, with respect to the Grassmann gradation

A=Aj@A,,
2k
2 -REP A
1<k (1)
2k-1
A= AW
1<k

Hereafter, Grassmann algebras of finite rank when V = RY
only are considered.

Given a graded algebra &, a left graded &/-module Q
is defined as a left &/-module where [aq] = [a] + [g].
Similarly, right graded o/-modules are treated. If of is graded
commutative, a graded ¢/-module Q is provided with a

graded o/-bimodule structure by letting ga = (-1)!%aq.

Remark 3. A graded algebra g is called a Lie superalgebra if its
product [+, -], called the Lie superbracket, obeys the relations

[e,s'] =— (—1)[‘5][6’] [s’,s] ,
(—1)[5”5”1 [s, [s', s"” + (—1)[5,][5] [s', [s”,s]] (2)
+ (—1)[8”1[811 e, [e,s’” =0.

A graded vector space P is a g-module if it is provided with
an R-bilinear map

gxP>(ep) —epeP,
[ep] = [e] +[p]. (3)
] p = (eoe' - (1)1 oe) p
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Given a graded commutative ring </, the following are
standard constructions of new graded modules from the old
ones.

(i) The direct sum of graded modules and a graded
factor module are defined just as those of modules over a
commutative ring.

(ii) The tensor product P®Q of graded &/-modules P and
Q is their tensor product as &/-modules such that

[peql] = [p]+]4]
(4)
ap®q = (_1)[}’][“] pa®q = (_1)[17][“] peaq.

In particular, the tensor algebra ®P of a graded &/-module P
is defined just as that of a module over a commutative ring. Its
quotient AP with respect to the ideal generated by elements

p®p'+(—1)“’”p,] pep, pp eP (5)

is a bigraded exterior algebra of a graded module P provided
with a graded exterior product

pAp =—(—1)[p”p,]p'/\p. (6)

(iii) A morphism @ : P — Q of graded o/-modules seen
as additive groups is said to be an even (resp., odd) graded
morphism if ® preserves (resp., changes) the Grassmann
parity of all graded-homogeneous elements of P and if the
relations

®(ap) = (- a0 (p), peP aed, ()

hold. A morphism ® : P — Q of graded &/-modules as
additive groups is called a graded &/-module morphism if it
is represented by a sum of even and odd graded morphisms. A
set Hom (P, Q) of graded morphisms of a graded &/-module
P to a graded &/-module Q is naturally a graded &/-module.
A graded o/-module P* = Hom (P, &) is called the dual of
P.

Linear differential operators and the differential calculus
over a graded commutative ring are defined similarly to those
in commutative geometry [3].

Let &/ be a graded commutative ring and P, Q graded
g/-modules. A vector space Hom(P, Q) of graded real space
homomorphisms @ : P — Q admits two graded &/-module
structures

(@®) (p) = a® (p),
(@ *a)(p) =@ (ap), (®)
acd, peP.
Let us put
8,0=a®- (- ®xg, aca. 9)

An element A € Hom(P, Q) is said to be a Q-valued graded
differential operator of order s on P if§, o--- 8, A = 0 for
any tuple of s + 1 elements a,, . .., a, of <.

In particular, zero order graded differential operators are
&f-module morphisms P — Q. For instance, let P = .

Any zero order Q-valued graded differential operator A on
o is given by its value A(1). A first order Q-valued graded
differential operator A on &/ obeys a condition

A(ab) = A (a) b+ (-1 gA (b)
(10)
— (1)l ppA (1), ab e o.
It is called the Q-valued graded derivation of & if A(1) = 0;
that is, the graded Leibniz rule

A@b)=A@b+ (DA aA®), abeg, Q)

holds. If 0 is a graded derivation of &, then a0 is so for any
a € g. Hence, graded derivations of &/ constitute a graded
o/-module d(&/,Q), called the graded derivation module. If
Q = 4/, a graded derivation module d</ also is a real Lie
superalgebra with respect to a superbracket

[u, u'] =uou — (=DM on, wi ew. (12)

Since b/ is a Lie superalgebra, let us consider the
Chevalley-Eilenberg complex C*[b<f; /], where a graded
commutative ring & is regarded as a b&/-module [3, 21]. It
is a complex

0— R — o -5 C [pats o] -5 .. CF [0t oA
(13)

d

>

where CF[bof; o/] = Hom(A*dof, of) are Do/-modules of real
linear graded morphisms of graded exterior products A*b.o/
to &/. One can show that complex (13) contains a subcomplex
O [dof] of o/-linear graded morphisms [3]. The N-graded
module O*[d&/] is provided with the structure of a bigraded
o -algebra with respect to the graded exterior product

dAY (uy,. ..

= Z Sgn' gy (”il’ e ”i,) (14)

iy <<y fy <<
!
¢ ujl,...,u]'s >

where ¢ € O'[d], ¢' € O°[be/],and uy, ..., u,, are graded-
homogeneous elements of d&/. The Chevalley-Eilenberg
coboundary operator d (13) and the exterior product A (14)
obey relations

> ur+s)

SN = (-1 g1 n

d(pne') =dpne’ +(-1)* ¢rdg),

and thus they bring 0" [d</] into a differential bigraded
algebra (henceforth DBGA). It is called the graded differential
calculus over a graded commutative ring /. In particular, we
have

(15)

6' [bof] = Hom,, (bef, of) = bt (16)



One can extend this duality relation to any element ¢ ¢
O [d</] by the rules

u] (bda) = (1) pu (a),
ul (png') = (ul ) ng' + (—1)Pr I
A (uJ (/5’) ,

17)

a,bed.

As a consequence, every graded derivation u € b/ of o
yields a derivation

L¢=uldp+d(ulg),
L,(¢n¢') =L, (9)n¢'+ (D" pAL, (¢'),

called the graded Lie derivative, of the DBGA 0" [b&/].

The minimal graded differential calculus 6" &/ c 0" [b/]
over a graded commutative ring &/ consists of the monomials
agda, \--- Nday, a; € d. The corresponding complex

(18)

0—R—od- Loyl  6fg ... (19

is called the de Rham complex of a graded commutative ring
.

3. Graded Manifolds and Bundles

A graded manifold of dimension (#, ) is defined as a local-
ringed space (Z, ), where Z is an n-dimensional smooth
manifold Z and 2 = 2@, is a sheaf of Grassmann algebras
A of rank m (Remark 2) such that [3, 13] (i) there is the exact
sequence of sheaves

0—R—A-S5CY—0, R=A+ (A, (20)

where o is a body epimorphism onto a sheaf C3 of smooth
real functions on Z; (i) #/%* is a locally free sheaf of C;’-
modules of finite rank (with respect to pointwise operations),
and the sheaf 2 is locally isomorphic to the exterior product
Aoy (RIR).

A sheaf 2 is called the structure sheaf of a graded
manifold (Z, ), and a manifold Z is said to be its body.
Sections of a sheaf 2 are called graded functions on a graded
manifold (Z,%). They constitute a graded commutative
C*®(Z)-ring A(Z) called the structure ring of (Z, ).

By virtue of Batchelor’s theorem [13, 22], graded mani-
folds possess the following structure.

Theorem 4. Let (Z,A) be a graded manifold. There exists a
vector bundle E — Z with an m-dimensional typical fibre V
so that the structure sheaf of (Z, ) is isomorphic to a sheaf Ay
of sections of the exterior bundle NE* whose typical fibre is a
Grassmann algebra A\V™.

Combining Theorem 4 and the above-mentioned classi-
cal Serre-Swan theorem leads to the following Serre-Swan
theorem for graded manifolds [12].
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Theorem 5. Let Z be a smooth manifold. A graded commuta-
tive C*(Z)-algebra o is isomorphic to the structure ring of a
graded manifold with a body Z iff it is the exterior algebra of
some projective C*°(Z)-module of finite rank.

As was mentioned above Batchelor’s isomorphism in
Theorem 4 is not canonical, and we agree to call (Z, )
in Theorem 4 the simple graded manifold modelled over
a characteristic vector bundle E — Z. Accordingly, the
structure ring A (Z) of (Z, Ay) is a structure module

Ay =g (Z)=NE"(2) (21)
of sections of the exterior bundle AE™.

Remark 6. One can treat a local-ringed space (Z, 2, = C?’)
as a trivial graded manifold. It is a simple graded manifold
whose characteristic bundle is E = Z x {0}. Its structure
module is a ring C*(Z) of smooth real functions on Z.

Given a simple graded manifold (Z, ), every trivi-
alization chart (U;z%, q") of a vector bundle E — Z
yields a splitting domain (U; 2%, %) of (Z,A) where {c?} is
the corresponding local fibre basis for E* — X. Graded
functions on such a chart are A-valued functions

f = Z %fal‘.ﬁk (2) M. Cﬂk’ (22)
k=0 <

where f, .., () are smooth functions on U. One calls {24, ¢}
the local generating basis for a graded manifold (Z, ).
Transition functions g'* = pjf (z*)¢" of bundle coordinates
on E — Z induce the corresponding transformation law
= pf (z*)c? of the associated local generating basis for a
graded manifold (Z, Ap).

Let us consider the graded derivation module D (Z) of
a graded commutative ring 2(Z). It is a Lie superalgebra
relative to superbracket (12). Its elements are called the graded
vector fields on a graded manifold (Z, ). A key point is the
following [3, 23].

Lemma 7. Graded vector fields u € dol on a simple graded
manifold (Z, ) are represented by sections of some vector
bundle 7"y, which is locally isomorphic to AE*®,(E®,TZ).

Graded vector fields on a splitting domain (U; 2, ¢*) of
(Z,Ay) read

u=u"0, +u’0,,
agoab = —ab°aa, (23)
0400, = 0,00y,

A . .
where u”,u” are local graded functions on U possessing a
coordinate transformation law

(24)
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Graded vector fields act on graded functions f € AL(U) (22)
by the rule

u (fawbca o

) =0, ()

+u 0 (C“ e cb) .

Given a structure ring & j; of graded functions on a simple
graded manifold (Z, ) and the Lie superalgebra d</ of
its graded derivations, let us consider the graded differential
calculus

(25)

ST [E;Z] = O [bddlg) (26)

over o/, where §°[E; Z] = of. Since the graded derivation
module b/ is isomorphic to the structure module of
sections of a vector bundle 7y, — Z in Lemma 7, elements
of §*[E; Z] are represented by sections of the exterior bundle
A7 of the of z-dual 7', — Z of 7. With respect to the

dual fibre bases {dz*} for T* Z and {dc’} for E*, sections of
7 i take a coordinate form

¢ = padz" +¢,dc”,
¢, = p by @7)

¢ = batp 204 (p7) .

The duality isomorphism & "EZ] = b9/ (16) is given by the
graded interior product

ul ¢ = ulg,+ (1) ule, . (28)

Elements of §*[E; Z] are called graded exterior forms on a
graded manifold (Z, A). In particular, elements of & °IE; Z]
are graded functions on (Z, ).

Seen as an ofg-algebra, the DBGA §*[E; Z] (26) on a
splitting domain (U; z%,¢?) is locally generated by graded
one-forms dz?, dc’ such that

dz* ndc' = —dc' ndz”,
o (29)
dc' ndd =dd ndc'.

Accordingly, the graded Chevalley-Eilenberg coboundary
operator d (13), called the graded exterior differential, reads

de = dz* AO b +dc A D, (30)

where derivations 0,, 0, act on coeflicients of graded exterior
forms by formula (25), and they are graded commutative with
graded forms dz* and dc®. Formulas (15)-(18) hold.

Lemma 8. The DBGA §*[E; Z] (26) is a minimal differential
calculus over of ; that is, it is generated by elements df, f € of
[3, 23].

The de Rham complex (19) of the minimal graded
differential calculus &*[E; Z] reads

0 >R — oy 5 S'[EZ] -5 §F(E 2]
(31)

d

Given the differential graded algebra 0™ (Z) of exterior forms
on Z, there exists a canonical cochain monomorphism
0"(Z) — &"[E;Z] of the de Rham complex 0" (Z) to
complex (31).

A morphism of graded manifolds (Z,A) — Z',A') is
defined as that of local-ringed spaces

¢: 72— 7,
oA — 6.9, (32)

where ¢ is a manifold morphism and ® is a sheaf morphism
of 2’ to the direct image ¢, A of A onto Z'. Morphism (32)
of graded manifolds is called (i) a monomorphism if ¢ is an
injection and ® is an epimorphism and (ii) an epimorphism
if ¢ is a surjection and @ is a monomorphism.

An epimorphism of graded manifolds (Z,A) —
(Z',A"), where Z — Z' is a fibre bundle, is called the
graded bundle [24, 25]. In this case, a sheaf monomorphism

® induces a monomorphism of canonical presheaves A -
A, which associates with each open subset U ¢ Z the ring
of sections of A’ over ¢(U). Accordingly, there is a pull-back
monomorphism of the structure rings A'Z) - AZ) of
graded functions on graded manifolds (Z 9"y and (Z, ).

In particular, let (Y, ) be a graded manifold whose body
Z =Y isafibrebundle : Y — X. Let us consider a trivial
graded manifold (X, CY) (Remark 6). Then we have a graded
bundle

v, A) — (X,CY). (33)

We agree to call the graded bundle (33) over a trivial graded
manifold (X, C{) the graded bundle over a smooth manifold.
Let us denote it by (X, Y, ). Given a graded bundle (X, Y, ),
the local generating basis for a graded manifold (Y, 2) can
be brought into a form (x*, yi, ¢*) where (x*, yi) are bundle
coordinates of Y — X.

Remark 9. Let Y — X be a fibre bundle. Then a trivial
graded manifold (Y,Cy’) together with a ring monomor-
phism C*(X) — C*®(Y) is the graded bundle (X,Y,Cy’)
(33).

Remark 10. A graded manifold (X, ) itself can be treated as
the graded bundle (X, X, ) (33) associated with the identity
smooth bundle X — X.

LetE — ZandE' — Z'bevectorbundlesand® : E —
E' their bundle morphism over a morphism ¢ : Z — Z'.
Then every section s* of the dual bundle E'* — Z' defines
the pull-back section ®*s* of the dual bundle E* — Z by
the law

v, | ®"s" (2) = ®(v,)]|s" (¢ (2)), v, €E,. (34)

It follows that a bundle morphism (®, ¢) yields a morphism
of simple graded manifolds

(z,%g) — (2, %p). (35)



This is a pair (¢,® = ¢, o ®*) of a morphism ¢ of body
manifolds and the composition ¢, c®™* of the pull-back of 1 >
f — @"f e o} of graded functions and the direct image
¢, of a sheaf 2 onto Z'. Relative to local bases (z%, ¢?) and
(z'4, ') for (Z, A) and ', A ), morphism (35) of simple
graded manifolds reads z' = ¢(z), o) = (DZ(z)cb.

The graded manifold morphism (35) is a monomorphism
(resp., epimorphism) if @ is a bundle injection (resp., sur-
jection). In particular, the graded manifold morphism (35)
is a graded bundle if ® is a fibre bundle. Let &/ — of be
the corresponding pull-back monomorphism of the structure

rings. By virtue of Lemma 8 it yields a monomorphism of the
DBGAs

s*EsZ'| — $" B Z). (36)

Let (Y, ) be a simple graded manifold modelled over
a vector bundle F — Y. This is a graded bundle (X, Y, %)
modelled over a composite bundle

F—Y— X (37)

If Y — X is a vector bundle, this is a particular case
of graded vector bundles in [11, 24] whose base is a trivial
graded manifold. The structure ring of graded functions on
a simple graded manifold (Y, 2() is the graded commutative
C®(X)-ring &/ = AF*(Y) (21). Let the composite bundle
(37) be provided with adapted bundle coordinates (x*, yi, q*)
possessing transition functions x™ (x*), y" (x#, y/), and g'* =
P,y )q". Then the corresponding local generating basis
for a simple graded manifold (Y, ;) is (x*, y',¢%) together
with transition functions ¢'* = pf(x¥, j7)c’. We call it the
local generating basis for a graded bundle (X, Y, ).

4. Graded Jet Manifolds

As was mentioned above, Lagrangian theory on a smooth
fibre bundleY — X is formulated in terms of the variational
bicomplex on jet manifolds J*Y of Y. These are fibre bundles
over X and, therefore, they can be regarded as trivial graded
bundles (X, J*Y, C;’,?Y). Then let us describe their partners in

the case of graded bundles (Y, ;) — (X, C%) as follows.

Note that, given a graded manifold (X, ) and its struc-
ture ring </, one can define the jet module J' &/ of a C®(X)-
ring o [3]. If (X, Ay) is a simple graded manifold modelled
over a vector bundle E — X, the jet module '/} is a
module of global sections of a jet bundle J' (AE*). A problem
is that J'of fails to be a structure ring of some graded
manifold. For this reason, we have suggested a different
construction of jets of graded manifolds, though it is applied
only to simple graded manifolds [12, 23].

Let (X, /) be a simple graded manifold modelled over
a vector bundle E — X. Let us consider a k-order jet
manifold JE of E. It is a vector bundle over X. Then
let (X, p) be a simple graded manifold modelled over
J'E — X. We agree to call (X, dpg) the graded k-order
jet manifold of a simple graded manifold (X, &/5). Given a
splitting domain (U; xt %) of a graded manifold (Z, /),
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we have a splitting domain (U; x*, ¢?, ¢, Gy
a graded jet manifold (X, &/ ).

As was mentioned above, a graded manifold is a par-
ticular graded bundle over its body (Remark 10). Then the
definition of graded jet manifolds is generalized to graded
bundles over smooth manifolds as follows. Let (X, Y, 2) be
a graded bundle modelled over the composite bundle (37).
It is readily observed that a jet manifold J'F of F — X
is a vector bundle J'"F — J'Y coordinated by (™, yj\, q)
0 <|A]l <r.Let(J'Y, 2, = App) be asimple graded manifold
modelled over this vector bundle. Its local generating basis is
(xA,yj\,cf{), 0 < |A] < 7. Wecall (J'Y, ,) the graded r-order
jet manifold of a graded bundle (X, Y, ).

In particular, let Y — X be a smooth bundle seen as a
trivial graded bundle (X,Y,C}’) modelled over a composite
bundle Y x {0} — Y — X. Then its graded jet manifold is
a trivial graded bundle (X, J'Y, C;’f’y), that is, a jet manifold
J'Y of Y. Thus, the above definition of jets of graded bundles
is compatible with the conventional definition of jets of fibre
bundles.

Jet manifolds J*Y of a fibre bundle Y — X form the
inverse sequence

a
, CAI,,,M) of

YETY e— gy iy o, (38)

of affine bundles 7, ;. One can think of elements of its
projective limit J*°Y as being infinite order jets of sections
of Y — X identified by their Taylor series at points of
X. A set J*Y is endowed with the projective limit topology
which makes Y a paracompact Fréchet manifold [3, 5]. It
is called the infinite order jet manifold. A bundle coordinate
atlas (x*, y') of Y provides J°Y with the adapted manifold
coordinate atlas

(x/l)y;\):
o 0x d 1i
Yr+a = ax,,\ yyA’ (39)

dy =0, +yiai + Z J’imaiA-

0<|A]

The inverse sequence (38) of jet manifolds yields the
direct sequence of graded differential algebras O} of exterior
forms on finite order jet manifolds

* * * n(l)* * *
0" (X) 5 0" (V) = 0] — -0 P 4o)

—_> e

where 7/_|" are the pull-back monomorphisms. Its direct

limit

0!, =lim o’ (41)
consists of all exterior forms on finite order jet manifolds
modulo the pull-back identification. The O (41) is a differ-

ential graded algebra which inherits operations of the exterior
differential d and exterior product A of exterior algebras O, .
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Fibre bundles /”*'Y — JY (38) and the corresponding
bundles J"*"'F — J'F yield graded bundles (J"*'Y, %, ,) —
(J'Y,2,) including pull-back monomorphisms of structure
rings

<§)(,) [F; Y] — SEH [F;Y] (42)

of graded functions on graded manifolds (J'Y,2,) and
(J"*'Y, A,,,). As a consequence, we have the inverse sequence
of graded manifolds

Y, o) — (J'Y, Upp) e— - (J71Y, A
0ity) = () o (V)
<_(]rYs?[]’F)<_

One can think of its inverse limit (J*°Y, & ;o) as the graded
Fréchet manifold whose body is an infinite order jet manifold
J°Y and whose structure sheaf o/ joo. is a sheaf of germs of
graded functions on graded manifolds (J*Y, 2. ) [12, 23].
By virtue of Lemma 8, the differential calculus § [F; Y] is
minimal. Therefore, the monomorphisms of structure rings
(42) yield the pull-back monomorphisms (36) of DBGAs

L SEIBY] — S IRY]. (44)

r

As a consequence, we have a direct system of DBGAs

ST EY] D STRY] — - 87, [FY]
(45)

T

Ty *
S STBY] — -

The DBGA S [F;Y] that we associate with a graded bundle
(Y, Ap) is defined as the direct limit

S*[FY] =limd? [FY] (46)

of the direct system (45). It consists of all graded exterior
forms ¢ € $*[F,;J"Y] on graded manifolds (J'Y, 2,) modulo
monomorphisms (44). Its elements obey relations (15).

The cochain monomorphisms 0 — & [F;Y] provide a
monomorphism of the direct system (40) to the direct system
(45) and, consequently, a cochain monomorphism 0., —
S IFY].

One can think of elements of & [F;Y] as being graded
differential forms on an infinite order jet manifold J*°Y in the
sense that & [F; Y] is a submodule of the structure module
of sections of some sheaf on J*°Y [12, 23]. In particular, one
can restrict §_[F; Y] to the coordinate chart (39) of J*Y so
that §* [F;Y] as an 0°_-algebra is locally generated by the
elements

a A pa a a A pi i i A
(CA’dx y0y =dcy =6 \dx7, 0, =dy) — y),pdx )’ (47)
0 <A,

where cf, 07 are odd and dx", 0 are even. We agree to
call (y',¢”) the local generating basis for &' [F;Y]. Let the
collective symbol s* stand for its elements. We further denote
[A] = [s%].

Remark 11. Let (X,Y, ) and (X, Y, A ) be graded bundles
modelled over composite bundles F — Y — X and F' —
Y' — X, respectively. Let F — F' be a fibre bundle over
a fibre bundle Y — Y’ over X. Then we have a graded
bundle (X,Y, ) — (X, Y, Ap) together with the pull-
back monomorphism (36) of DBGAs

$*[FiY'] — $* [RY]. (48)
Let (X,]J'Y,App) and (X, JY', A ) be graded bundles
modelled over composite bundles J'F — J'Y — X and
J'F' — J'Y' — X, respectively. Since J'F — J'Fis a fibre
bundle over a fibre bundle 'Y — J'Y' over X, we also geta
graded bundle
(XY, Upp) — (XY, %)) (49)
together with the pull-back monomorphism of DBGAs
st [FiY'] — 87 [FY]. (50)

Monomorphisms (48)-(50), r = 1,2,..
monomorphism of the direct limits

., provide a

St [FsY'] — 85, [FY] (51)
of DBGAs 87 [F';Y'] and S¥[F;Y],r =0,1,2,....
Remark 12. Let (X,Y, ) and (X, Y, A ) be graded bundles

modelled over composite bundles F — Y — X and F' —
Y' — X, respectively. We define their product

(XY, %5) x (XY, %) = <X, Y x Y, mF§F> (52)
as a graded bundle modelled over a composite bundle

FxF =F x FF—YxY — X
X yxy' X (53)

Let us consider the corresponding DBGA
S [FxF';YxY']. 54
o |FX % (54)

Then, in accordance with Remark 11, there are monomor-
phisms (51) of BGDAs

S [BY] — S5

FxFEYxY'|,
X X (55)
5,* [F!Y!] —)c‘?*
() > [

FxF;YxY'].
X X

5. Graded Lagrangian Formalism

Let (X,Y, Ay) be a graded bundle modelled over a composite
bundle (37) over an n-dimensional smooth manifold X,
and let & [F;Y] be the associated DBGA (46) of graded
exterior forms on graded jet manifolds of (X,Y, ). As was
mentioned above, Grassmann-graded Lagrangian theory of
even and odd variables on a graded bundle is formulated



in terms of the variational bicomplex in which the DBGA
S5 [F;Y]is split in [2, 16, 23].
A DBGA &) [F;Y] is decomposed into cS’O [F;Y]-

modules oS’ "[F;Y] of k-contact and r-horizontal graded
forms together with the corresponding projections

b : SEBY] — SO [FY],
(56)

W' S [FY] — SO FY].

Accordingly, the graded exterior differential d on & [F;Y]
falls into a sum d = dy, + dy; of the vertical and total graded
differentials

dyoh™

dy (¢) = 03 N0, ¢,

dHohk th°d°hk,

dyohy =hyod,

diy (¢) = dx" ndy (¢),
dy=0)+ Z sfmaﬁ,

where d), are graded total derivatives. These differentials obey
the nilpotent relations

=h"odoh",

pe S [FY],

(57)

dygody =0,
dyody =0, (58)
dyody+dyody = 0.

A DBGA S [F;Y] also is provided with the graded projec-
tion endomorphism

0= Z Q hk oH" *>0,n [F,Y]

k>0

— &R Y],

(@)=Y ™Mot nld, (94 9)].

¢ e STMRY],

(59)

such that podp; = 0, and with the nilpotent graded variational
operator

8=g0d: SEY] — SIVIEY]. (60)
With these operators a DBGA & [F; Y] is decomposed into

the Grassmann-graded variational bicomplex [12, 23]. We
restrict our consideration to the short variational subcomplex

0—R— & [FY] = SYEY] -
(61)

dy

SYEY] 5 o (M [FY))
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of this bicomplex and its subcomplex of one-contact graded
forms

0— SR Y] % SHRY]-- du - SYRY]
(62)

X o(sE R Y]) — 0.
They possess the following cohomology [12, 16].

Theorem 13. Cohomology of complex (61) equals the de Rham
cohomology of Y. Complex (62) is exact.

Decomposed into a variational bicomplex, the DBGA
S5 [F;Y] describes graded Lagrangian theory on a graded
bundle (X,Y,2). Its graded Lagrangian is defined as an
element

L=ZweSYEY], w=dx' A---Adx",  (63)

of the graded variational complex (61). Accordingly, a graded
exterior form

SL=0NE 0= (-1)N0* nd, (9}L) w
(64)
€ o(S[F;Y])
is said to be its graded Euler-Lagrange operator. Its kernel
yields an Euler-Lagrange equation

L =0,
Ea=Y )Mo Ad, (L) =

We call a pair (SY[F;Y], L) the graded Lagrangian system
and &_[F;Y] its structure algebra.
The following are corollaries of Theorem 13 [12, 16, 23].

(65)

Corollary 14. Any variationally trivial odd Lagrangian is d ;-
exact.

Corollary 15. Given a graded Lagrangian L, there is the global
variational formula

dL=0L-dyE,, EedST[FY], (66)
g, = L+Ze A,
F:;kmvl — 81""'1'152— d)LFj;vkmvl + o_l,‘k...vl) (67)
k=1,2,...,
where local graded functions o obey relations o), = 0,
O-(Vkvk—l)'“vl =0
A .

The form E; (67) provides a global Lepage equivalent of
a graded Lagrangian L.

Given a graded Lagrangian system (S [F;Y], L), by its
infinitesimal transformations are meant graded derivations
of a graded commutative ring $°_[F;Y]. These derivations
constitute a Sgo [F;Y]-module bé’go [F; Y] which is a real Lie
superalgebra with respect to the Lie superbracket (12). The
following holds [16].
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Theorem 16. A derivation module boS’go [F;Y] is isomorphic
to the oS’go [F;Y]-dual cS’éo[F; Y]" of the module of graded one-
forms oS’é0 [F;Y].

In particular, it follows that the DBGA S [F;Y] is
minimal differential calculus over a graded commutative ring
é’go [F;Y]. Restricted to the coordinate chart (39) of J*Y,
an algebra &7 [F; Y] is a free S [F; Y]-module generated by
one-forms dx*, 62.

Due to the isomorphism in Theorem 16, any graded
derivation 9 € bé’go [F; Y] takes a form

9=9'9,+9%,+ ) 910} (68)
0<|A]
Given 9 € boS’go[F; Y] and ¢ € Sio[F; Y], let 9]¢ denote
the corresponding interior product. Extended to the DBGA
8o [F; Y], it obeys a rule

9] (pA0) = (9] ¢) Ao+ (D) A (9]0), (69)
69
$,0€ S, [FY].

Every graded derivation 9 (68) of a ring é’go [F;Y] yields
a Lie derivative

Ly = 9]dp+d(9]9),

Ly (¢A0) = Ly (¢) Aa+ (-1 ALy (o),

of a DBGA &' [F;Y]. The graded derivation 9 (68) is called
contact if a Lie derivative Ly preserves the ideal of contact
graded forms of §[F; Y] generated by contact one-forms.

(70)

Lemma 17. With respect to the local generating basis (s*) for
the DBGA S [F;Y|, any of its contact graded derivations
takes a form

9=9,+9,

(71)
= v, + | v*0, + z d, (vA—s;‘v”)aﬁ ,
|A|>0

where Oy and Oy, denote the horizontal and vertical parts of 9

[16].

A glance at expression (71) shows that a contact graded
derivation 9 is the infinite order jet prolongation 9 = J*v of
its restriction

v=0"9, +v%0, = vy +vy = v'd, + (uAaA - Sfai;) (72)

to a graded commutative ring S°[F;Y]. We call v (72) the
generalized graded vector field on a graded manifold (Y, ).
This fails to be a graded vector field on (Y, ) in general
because its component may depend on jets of elements of the
local generating basis for (Y, ).

In particular, the vertical contact graded derivation (71)
reads

9=v'0,+ ) d'oy. 73)

|A|>0

9
It is said to be nilpotent if
Ly (Lyg)
= Y (v80; (v) 3+ -0 uRuigian ) g (0)
=0

for any horizontal graded form ¢ € S%*. It is nilpotent only if
it is odd and iff the equality

Ly (UA) = Z vE0> (UA) =0 (75)
holds for all v* [16].

Remark 18. If there is no danger of confusion, the common
symbol v further stands for a generalized graded vector field
v (72), the contact graded derivation 9 determined by v, and
the Lie derivative Ly. We agree to call all these operators,
simply, a graded derivation of the structure algebra of a
graded Lagrangian system.

Remark 19. For the sake of convenience, right graded deriva-

tions # = 0,v” also are considered. They act on graded
functions and differential forms ¢ on the right by the rules

5(¢) =dlo+d($lo),
5(png) = D 5 (@) A +PAT ().

Given a Lagrangian system (& [F;Y], L), the contact
graded derivation 9 (71) is called the variational symmetry
of a Lagrangian L if a Lie derivative LgL of L along O is dy;-
exact; that is, LyL = dyo. Then the following is a corollary of
the variational formula (66) [16].

(76)

Theorem 20. The Lie derivative of a graded Lagrangian along
any contact graded derivation (71) admits the decomposition

LoL = vy | 0L +dy (hy (9] Bp)) +dy (v w) &, (77)
where | is the Lepage equivalent (67) of a Lagrangian L.
A glance at expression (77) shows the following.

Lemma 21. (i) A contact graded derivation O is a variational
symmetry only if it is projected onto X. (ii) It is a variational
symmetry iff its vertical part 9y, (71) is well.

6. Gauge Symmetries

Treating gauge symmetries of Lagrangian theory, one usu-
ally follows Yang-Mills gauge theory on principal bundles.
This notion of gauge symmetries has been generalized to
Lagrangian theory on an arbitrary fibre bundle [18]. Here, we
extend it to Lagrangian theory on graded bundles.

Let (S° [F;Y],L) be a graded Lagrangian system on a
graded bundle (X, Y, %) with the local generating basis (s).
Let E = E° @ E' be a graded vector bundle over X possessing
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an even part E° — X and the odd one E' — X. We regard
it as a composite bundle

E—E —X (78)
and consider a graded bundle (X, E°, A ;) modelled over it.
Then we define product (52) of graded bundles (X, Y, 2 ) and

(X, E°, A ) over product (53) of the composite bundles E (78)
and F (37). Tt reads (X, E° ;(( Y, g, ). Let us consider the
X

corresponding DBGA
o |ExFE° Y]
together with monomorphisms (55) of DBGAs

SEFY] — 85 [EXF;EO XY],
X X
(80)
* 0 * 0
St [BE] — s, [E)x(F;E )x(Y].

Given a Lagrangian L € S¥"[F;Y], let us define its pull-
back

LeSYEY]cSk [E;<(F;EO;<(Y] (81)
and consider an extended Lagrangian system

*|ExFE xY
(2 [Exms

L) (82)

provided with the local generating basis (s*, c").

Definition 22. A gauge transformation of the Lagrangian L
(81) is defined to be a contact graded derivation O of the
ring oS’gO[E ;<( F;E° ;<( Y] (79) such that a derivation 9 equals

zero on a subring c?go[E;Eo] C (Sgo[E ; F;E° ;(( Y]. A

gauge transformation 9 is called the gauge symmetry if it is
a variational symmetry of the Lagrangian L (81).

In view of the first condition in Definition 22, the vari-
ables ¢” of the extended Lagrangian system (82) can be treated
as gauge parameters of a gauge symmetry 9. Furthermore,
we additionally assume that a gauge symmetry 9 is linear in
gauge parameters ¢’ and their jets ¢, (see Remark 35). Then
the generalized graded vector field v (72) reads

( » vr“(x”)cz)aA
0<|Al<m
+< > v%(x“,s?)ck)@,{.

0<|Alsm

In accordance with Remark 18, we also call it the gauge
symmetry.

By virtue of item (ii) of Lemma 21, the generalized vector
field v (83) is a gauge symmetry iff its vertical part is so.
Therefore, we can restrict our consideration to vertical gauge
symmetries.

Advances in Mathematical Physics
7. Noether and Higher-Stage
Noether Identities

Without loss of generality, let a Lagrangian L be even and its
Euler-Lagrange operator 6L (64) at least of first order. This
operator takes its values into a graded vector bundle

ﬁzv*F@/n\T*X—»F, (84)
F

where V*F is the vertical cotangent bundle of F — X. It
however is not a vector bundle over Y. Therefore, we restrict
our consideration to a case of the pull-back composite bundle
F (37):

F=YxF —Y —>X,
;(( — — (85)
where F' — X is a vector bundle.
Remark 23. Let us introduce the following notation. Given

the vertical tangent bundle VE of a fibre bundle E — X, by
its density-dual bundle is meant a fibre bundle

VE=V'EP \ T'x. (86)
E
If E — X isa vector bundle, we have
VE=ExE, E=E" T'X,

o Br@hin o

where E is called the density-dual of E. Let
E=EDF (88)

X

be a graded vector bundle over X. Its graded density-dual is

definedtobe E=E &F with an even part E — Xandthe

odd one E - X . Given the graded vector bundle E (88), we

consider a product (X, E° % Y, A, ) of graded bundles over
X

product (53) of the composite bundles E — E° — X and F
(37) and the corresponding DBGA which we denote:

P [F;<(E;Y] =8

FxE;YxEO]. (89)
X X

In particular, we treat the composite bundle F (37) as a
graded vector bundle over Y possessing only an odd part. The

density-dual (86) of the vertical tangent bundle VF of F — X
is VF (84). If F is the pull-back bundle (85), then

ﬁ:ﬁl@((v*y@/n\w){) @Fl) (90)

is a graded vector bundle over Y. It can be seen as product
(53) of composite bundles

W:FI@F1—>?I—>X, VY —-Y — X, (91)
X
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and we consider the corresponding graded bundle (52) and
the DBGA (54) which we denote

72, [VEY] = 85, [VEY £ F |
(92)
y

=S [ﬁ‘

Lemma 24. One can associate with any graded Lagrangian
system (8o [F;Y],L) the chain complex (93) whose one-
boundaries vanish on-shell.

Proof. Let us consider the density-dual VF (90) of the vertical
tangent bundle VF — F, and let us enlarge an original
DBGA S [F;Y] to the DBGA P [VE;Y] (92) with the
local generating basis (sA,EA), [s4] = [A] + 1. Following
the terminology of Lagrangian BRST theory [15, 19], we
agree to call its elements s, the antifields of antifield number
Ant[s,] = 1. A DBGA %! [VF;Y] is endowed with the
nilpotent right graded derivation § = 04E 4> Where &,
are the variational derivatives (64). Then we have a chain
complex

0 — Imd <& P [VE Y], 2 g [VEY], (93)

of graded densities of antifield number < 2. Its one-
boundaries 6@, ® € PY[VF;Y],, by the very definition,
vanish on-shell. O

Any one-cycle

D =) o™, 0 e P2 [VF; Y]1 (94)

of complex (93) is a differential operator on a bundle VF such
that it is linear on fibres of VF — F and its kernel contains
the graded Euler-Lagrange operator 6L (64); that is,

Y o4, & = >
2B w = 0.

Then one can say that one-cycles (94) define the NI (95) of an
Euler-Lagrange operator 6L, which we agree to call the NI of
a graded Lagrangian system (&, [F; Y], L) [2].

In particular, one-chains ® (94) are necessarily NI if they
are boundaries. Therefore, these NI are called trivial. They are
of the form

@ =Y TN %5, 0,

96)
TANBD) _ _ (_q)[AB] RN

Accordingly, nontrivial NI modulo trivial ones are associated

with elements of the first homology H, (§) of complex (93). A

Lagrangian L is called degenerate if there are nontrivial NI.
Nontrivial NI can obey first-stage NI. In order to describe

them, let us assume that a module H, (6) is finitely generated.

1

Namely, there exists a graded projective C*(X)-module
€0y C H,(8) of finite rank possessing a local basis {A ,w}:

Aw=Y AMS 0, AN e SUBY],  (97)
such that any element ® € H, (8) factorizes as
D =) O"%dA 0, O €Sy [FY], (98)

through elements (97) of € ;). Thus, all nontrivial NI (95)
result from the NI

SA, =Y AN, &, =0, (99)

called the complete NI. Note that factorization (98) is inde-
pendent of specification of a local basis {A,w} and, being

representatives of H, ), graded densities A ,w (97) are not

0-exact.

A Lagrangian system whose nontrivial NI are finitely
generated is called finitely degenerate. Hereafter, degenerate
Lagrangian systems only of this type are considered.

Lemma 25. If the homology H,(8) of complex (93) is finitely
generated in the above-mentioned sense, this complex can be
extended to the one-exact chain complex (102) with a boundary
operator whose nilpotency conditions are equivalent to the
complete NI (99).

Proof. By virtue of Theorem 5, a graded module € is
isomorphic to that of sections of the density-dual E, of some

graded vector bundle E, — X. Let us enlarge 2 [VF; Y] to
aDBGA

P {0y = P [ﬁ }x{EO; Y]
(100)
= S;O [ﬁ;((EO;Eé

with a local generating basis (s*, 5, ¢,) where C, are antifields
of Grassmann parity [c,] = [A,] + 1 and antifield number
Ant[c,] = 2. DBGA (100) admits an odd right graded
derivation

8y =0+0'A,

which is nilpotent iff the complete NI (99) hold. Then §, (101)
is a boundary operator of a chain complex

(101)

— 3 0n [—= 8y —0,n
0 Iméd «— P [VF;Y]1 — 20},
(102)
50 —0,n
— ‘@oo {0}3
of graded densities of antifield number < 3. Let H, (§,) denote
its homology. We have H,(§,) = H,(6) = 0. Furthermore,

any one-cycle @ up to a boundary takes the form (98) and,
therefore, it is a §,-boundary
=) 0"deA,0=38,() O"%Cczw).  (103)

Hence, H,(8,) = 0; that is, complex (102) is one-exact. O
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Let us consider the second homology H,(8,) of complex
(102). Its two-chains read

O®=G+H-= Z G w+ Z HANEDS 5w, (104)
Its two-cycles define the first-stage NI

8y® =0,
N _ (105)
> Gd\A,w = -SH.

Conversely, let equality (105) hold. Then it is a cycle condition
of the two-chain (104).

Note that this definition of first-stage NI is independent
of specification of a generating module €, up to chain
isomorphisms between complexes (102).

The first-stage NI (105) are trivial either if the two-cycle ®
(104) is a §,-boundary or its summand G vanishes on-shell.
Therefore, nontrivial first-stage NI fails to exhaust the second
homology H,(J,) of complex (102) in general.

Lemma 26. Nontrivial first-stage NI modulo trivial ones are
identified with elements of the homology H,(8,) iff any &-cycle

¢ e @00’:{0}2 is a 8,-boundary.

Proof. It suffices to show that if a summand G of a two-cycle

@ (104) is S-exact, then @ is a boundary. If G = SV, let us
write

D=3, +(5-8,)¥+H. (106)
Hence, cycle condition (105) reads
8 ®=3((6-8,)¥+H)=0. (107)

Since any &-cycle ¢ € 52:{0}2, by assumption, is §,-exact,
then (6 — 0p)¥ + H is a §,-boundary. Consequently, ® (106)

is §,-exact. Conversely, let © € @Z’:{O}z be a 8-cycle; that is,
8D = 20VEY5 65w
(108)
20V 4 & = 0.
It follows that GD(A’A)(B’Z)SEZB = 0 for all indices (A, A).
Omitting a §-boundary term, we obtain

QUNEDG = GANERg A (109)
Hence, © takes a form
O =GMNEGA S, . (110)

1(AN)(rE) =

Then there exists a three-chain ¥ = G CepSpaw such

that

¥ =0+0=0+G" Vg & ¢ w. (111)

Owing to the equality 8 = 0, we have 8,0 = 0. Thus, o in
expression (111) is a §-exact &,-cycle. By assumption, it is &,-
exact; thatis, o = §,y. Thus,ad-cycle ®isa§,-boundary. [
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A degenerate Lagrangian system is called reducible if it
admits nontrivial first-stage NI.

If the condition of Lemma 26 is satisfied, let us assume
that nontrivial first-stage NI are finitely generated as follows.
There exists a graded projective C*°(X)-module €, <
H,(8,) of finite rank possessing a local basis {A , w}:

A, w= Z Arr’lAEArw +h, w, (112)
such that any element ® € H,(,) factorizes as

=Y 0" dA, 0, OFesS [FY], (113)
E&n 00

through elements (112) of € ;). Thus, all nontrivial first-stage
NI (105) result from the equalities

Y ANd\A, + 6k, =0, (114)

called the complete first-stage NI. Note that, by virtue of the
condition of Lemma 26, the first summands of the graded
densities A, w (112) are not §-exact. A degenerate Lagrangian
system is called finitely reducible if it admits finitely generated
nontrivial first-stage NI

Lemma 27. The one-exact complex (102) of a finitely reducible
Lagrangian system is extended to the two-exact one (117) with a
boundary operator whose nilpotency conditions are equivalent
to the complete NI (99) and the complete first-stage NI (114).

Proof. By virtue of Theorem 5, a graded module € ;) is
isomorphic to that of sections of the density-dual E, of some
graded vector bundle E;, — X. Let us enlarge the DBGA
%..{0} (100) to a DBGA

P {1} =P W§EO§E1;Y (115)

with a local basis {s*,5 45 Cps Gy } where C, are first-stage
antifields of Grassmann parity [c 1=104,] + 1 and antifield
number 3. This DBGA is prov1ded with the odd right graded
derivation

8 =8,+0"A, (116)

which is nilpotent iff the complete NI (99) and the complete
first-stage NI (114) hold. Then &, (116) is a boundary operator
of a chain complex

— 3 on [—= 8y —0,n
0 Ims «— P [VF;Y]1 — P {0},
(117)

& gs {1, & 9’ " {1,
of graded densities of antifield number < 4. Let H, (§,) denote
its homology. We have

H, (51) = H, (§)>
(118)
H, (8,) = H, (6,) = 0.
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By virtue of expression (113), any two-cycle of the complex
(117) is a boundary
D= "N, w=0 () 0", ). 119)

It follows that H,(d,) = 0; that is, complex (117) is two-exact.
O

If the third homology H;(3;) of complex (117) is not
trivial, its elements correspond to second-stage NI which
the complete first-stage ones satisty, and so on. Iterating
the arguments, we say that a degenerate graded Lagrangian
system (8. [F; Y], L) is N-stage reducible if it admits finitely
generated nontrivial N-stage NI, but no nontrivial (N + 1)-
stage ones. It is characterized as follows [2]:

(i) There are graded vector bundles E,, ..., Ey over X,
and a DBGA %! [VF;Y] is enlarged to a DBGA

PN} =P |VF xEy XEx;Y (120)

X
X

with a local generating basis (sA,§A,Er,E,1,...,E,N)
where ¢, are k-stage antifields of antifield number
Ant[c, ] =k +2.

(ii) DBGA (120) is provided with a nilpotent right graded
derivation

Sgr =0y =0+ Z O ANSya+ Z érkA’k’ (121)

1<ksN
_ T A=
A w= ZArkl Chr, @
+ Z (hi:k—z:z)(A H)EZr ZS”A T )

—0,n
€ 9’00 {k- 1}k+1 >

(122)

of antifield number —1. The index k = —1 here stands
for 5 ,. The nilpotent derivation S (121) is called the
KT operator.

(iii) With this graded derivation, a module @2: {N} N3
of densities of antifield number < (N + 3) is decom-
posed into the exact KT chain complex

0 —Imd < g [VE Y], & o),

1 —0,n Sn_1 —0,n
<_gjgo {1}3""N_gjgo {N =1}y (123)
6]( _ K
S P NYyer L P (N

which satisfies the following homology regularity
condition.

Condition 1. Any 0y .n-cycle ¢ € ﬁo(j{k},ﬁ3 C ﬁg:{k + 1} 143
is a 0y, -boundary.

13

(iv) The nilpotentness 812<T = 0 of the KT operator (121) is
equivalent to the complete nontrivial NI (99) and the
complete nontrivial (k < N)-stage NI

DA (Y AN )
:_g(zh(r“ NAD= < )

This item means the following.

(124)

Lemma 28. The §-cocycles ® € P¥'{k},,, are k-stage NI,
and vice versa.

Proof. Any (k +2)-chain ® € #*"{k},,, takes a form

O=G+H
= ). Gy (125)
+Y (HYD0 Y5 8+ .
If it is a 8y -cycle, then
DGy (LAY e )
(126)

+8 (Y HAD Y5 5 ) =0

are the k-stage NI. Conversely, let condition (126) hold. It can
be extended to a cycle condition as follows. It is brought into
the form

g (Z G™ AEAr + Z H (A’E)(rk*l’E)EEAEM,1 )

- Y Gy, + Y DD, 4

(127)
Tk-1"

A glance at expression (122) shows that the term in its right-
hand side belongs to %" {k — 2},,. It is a §;_,-cycle and,
consequently, a §;_,-boundary §,_;¥ in accordance with
Condition 1. Then equality (126) is a Cy,, -dependent part of
a cycle condition

& (Y g he,, +y HA®

but §,¥ does not make a contribution to this condition. [J

)o) P
Uierts, 8ACSn

~¥) =0, (128)

Lemma 29. Trivial k-stage NI are &, -boundaries ® €
75 ke

Proof. The k-stage NI (126) are trivial either if a §;-cycle ®
(125) is a §;-boundary or its summand G vanishes on-shell.
Let us show that if the summand G of @ (125) is §-exact, then
® is a §;-boundary. If G = 8, one can write

D=5 ¥+(6-8,)¥+H. (129)

Hence, the §;.-cycle condition reads
§® =08, ((6-8)¥+H)=0 (130)
By virtue of Condition 1, any &;_;-cycle ¢ € ﬁg’:{k — 1}, is

8 -exact. Then (6 —8,)¥ + His a d, -boundary. Consequently,
@ (125) is 5y -exact. O
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Lemma 30. All nontrivial k-stage NI (126), by assumption,
factorize as

o = Z (Drk’EdEArkw,
(131)
Rl 0
" e 8O [FY],

through the complete ones (124).

It may happen that a graded Lagrangian system possesses
nontrivial NI of any stage. However, we restrict our consid-
eration to N-reducible Lagrangians for a finite integer N. In
this case, the KT operator (121) and the gauge operator (139)
contain finite terms.

8. Second Noether Theorems

Different variants of the second Noether theorem have
been suggested in order to relate reducible NI and gauge
symmetries [2, 15, 26]. The inverse second Noether theorem
(Theorem 33), which we formulate in homology terms, asso-
ciates with the KT complex (123) of nontrivial N1 the cochain
sequence (138) with the ascent operator u (139) whose
components are gauge and higher-stage gauge symmetries of
a Lagrangian system. Let us start with the following notation.

Remark 31. Given the DBGA @;{N } (120), we consider a
DBGA

PN} = P}, | Fx By x - x ExsY |, (132)
possessing the local generating basis (s,¢’,c",...,c™),
[c*] = [c, ] +1,and a DBGA

2., (N}
o _ _ (133)
=P VF§EO§-‘~§EN§EO§~--§EN;Y
with a local generating basis (s4, spcLd, AN e, Crpems

C,,)- Their elements c'* are called k-stage ghosts of ghost
number gh[c*] = k + 1 and antifield number Ant[c™*] =
—(k + 1). A C*°(X)-module €% of k-stage ghosts is the
density-dual of a module €y, of (k + 1)-stage antifields.
In accordance with Remark 11, the DBGAs ﬁ;{N } (120) and
the BGDA P*(N) (132) are subalgebras of the DBGA 2 {N}
(133). The KT operator 8y (121) naturally is extended to a
graded derivation of a DBGA & _{N}.

Remark 32. Any graded differential form ¢ € & [F;Y] and
any finite tuple (f M, 0 < |A] < k, of local graded functions
" € 8% [F;Y] obey the following relations:

Y fldaprw

0<|Al<k

=Y 0, (M) prw+dyo,

(134)
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Y 0Ma ()= Y n() dag, (135)
0<|Al<k 0<|A|<k
A _ el (ZHAD S sia
1) oglzlgl:c—lAl( Y IZ[HAL S we
n(n(f)" = £~ (137)

Theorem 33. Given the KT complex (123), a module of graded
densities PY"'{N} is decomposed into a cochain sequence

0 — S [FY] — P2 (N} 5 pY (NP

o0

(138)
u
L
u= u+u(1)+~--+u(N)
139
I RV (139)
Os4 oc” ocN-1’

graded in ghost number. Its ascent operator u (139) is an
odd graded derivation of ghost number 1 where u (144) is a
variational symmetry of a graded Lagrangian L and the graded
derivations u, (149), k = 1,..., N, obey relations (148).

Proof. Given the KT operator (121), let us extend an original
Lagrangian L to a Lagrangian

L,=L+L, =L+ ) c*A, w

0<k<N

= L+6KT< Z crkErkw>

0<k<N

(140)

of zero antifield number. It is readily observed that the
KT operator dgr is an exact symmetry of the extended
Lagrangian L, € 2%'{N} (140). Since the graded derivation
Ok is vertical, it follows from decomposition (77) that

[ 52, %

55, oAt L 5 B
A 0<k<N 1

4
= [UA%A+ Z V' e]w=dHa,

0<k<N

vh = 5 =u" +w
SA 141)
=Y dn(at) + Y Y (34 (h))"
1<i<N
Ty (:);ie =+
=Y en(ar ) e Y Y eam(an (n))"

k+1<i<N
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Equality (141) is split into a set of equalities

S(cA
(C_ 2 & 0 = u'€ 0 = dyo,, (142)
05y
) (cr"A,k) ) (crkA )
Ept A =dyo, (143
55, 4 ng.d( 5, n|@= e (9
where k = 1,..., N. A glance at equality (142) shows that, by

virtue of decomposition (77), the odd graded derivation

= Y en(a?)",

of P? {0} is a variational symmetry of a graded Lagrangian L.
Every equality (143) falls into a set of equalities graded by the
polynomial degree in antifields. Let us consider the equalities
which are linear in antifields ¢, . We have

u=u"d 1 (144)

-

0 R Y

6$A ) & w

<_

(TkZArkl

”k 1
=d HOk-
This equality is brought into the form
Z (_1)|5| dE (C"k Z hf'zkiz’Z)(A,E)EZrk,z) &

u’ Thep B=
- ZA;;CZI E‘7'k—2w = dHUk'

Using relation (134), we obtain the equality

(146)

Z c'* hZ"’Z’Z)(A’E)EZrkiz d=& 40
(147)
+urk“ZA“ w=dy0o,
Ty “rk—z HY k-

The variational derivative of both of its sides with respect to

¢,,_, leads to the relation

Z dsu'*! 5 ?k_l u' = § (a2,
e (148)
rkzz_Z’?( h{=2t ) ds (c*Sz4) >
which the odd graded derivation
= = T ) (149)
k=1,...,N,

satisfies. Graded derivations u (144) and u® (149) constitute
the ascent operator (139). O

A glance at the variational symmetry u (144) shows that it
is a derivation of a ring Pgo [0] which satisfies Definition 22.
Consequently, u (144) is a gauge symmetry of a graded

15

Lagrangian L associated with the complete nontrivial NI (99).
Therefore, it is a nontrivial gauge symmetry.
Turn now to relation (148). For k = 1, it takes a form

Z dyr’ut = § (ocA)

of a first-stage gauge symmetry condition on-shell which the
nontrivial gauge symmetry u (144) satisfies. Therefore, one
can treat the odd graded derivation

uV =u'd, W =) diny (Arrl)A, (151)

as a first-stage gauge symmetry associated with the complete
first-stage NI

YA, (D AYs,) = -8 () PP A5 s,). (152)

Iterating the arguments, one comes to relation (148)
which provides a k-stage gauge symmetry condition which is
associated with the complete nontrivial k-stage NI (124). The
odd graded derivation u, (149) is called the k-stage gauge
symmetry.

Thus, components of the ascent operator u (I139) in
Theorem 33 are nontrivial gauge and higher-stage gauge
symmetries. Therefore, we agree to call this operator the
gauge one.

With the gauge operator (139), the extended Lagrangian
L, (140) takes a form

L, = L+u< Y e,

0<k<N

(150)

> w+L] +dyo, (153)

where L] is a term of polynomial degree in antifields
exceeding 1.

The correspondence of gauge and higher-stage gauge
symmetries to NI and higher-stage NI in Theorem 33 is
unique due to the following direct second Noether theorem.

Theorem 34. (i) Ifu (144) is a gauge symmetry, the variational

derivative of the dy;-exact density u*& yw (142) with respect to
ghosts ¢ leads to the equality

8, (u'& ) =Y ()" d, [ulE,]
-3 0, (n(a2)' 5,
=Y )M n(n(a7)) dygy = 0

which reproduces the complete NI (99) by means of relation
(137).

(ii) Given the k-stage gauge symmetry condition (148), the
variational derivative of equality (147) with respect to ghosts ¢'*
leads to the equality, reproducing the k-stage NI (124) by means
of relations (135)-(137).

(154)

Remark 35. One can consider gauge symmetries which need
not be linear in ghosts. However, direct second Noether
Theorem 34 is not relevant to these gauge symmetries
because, in this case, an Euler-Lagrange operator satisfies the
identities depending on ghosts.
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9. Lagrangian BRST Theory

In contrast with the KT operator (121), the gauge operator u
(138) need not be nilpotent. Let us study its extension to a
nilpotent graded derivation

0

acrk 1

b=u+y=u+ Z y . Z y

1<k<N+1 1<k<N+1
< >
aS aC

0 d
i Tie1
' osk;\I—l <u ac "V B )

(155)

of ghost number 1 by means of antifield-free terms y* of
higher polynomial degree in ghosts " and their jets ¢/, 0 <
i < k. We call b (155) the BRST operator, where k-stage gauge
symmetries are extended to k-stage BRST transformations
acting both on (k — 1)-stage and k-stage ghosts [18]. If a
BRST operator exists, sequence (138) is brought into a BRST
complex
b b
0 — S [FY] — PN} — PU{NY 156

b

There is the following necessary condition of the existence
of such a BRST extension.

Theorem 36. The gauge operator (138) admits the nilpotent
extension (155) only if the gauge symmetry conditions (148) and
the higher-stage NI (124) are satisfied off-shell.

Proof. Itis easily justified that if the graded derivation b (155)
is nilpotent, then the right-hand sides of equalities (148) equal
zero; that is,

T (u(k)) =0, 0<k<N-1, u® =y, (157)
Using relations (134)-(137), one can show that, in this case,
the right-hand sides of the higher-stage NI (124) also equal
zero [2]. It follows that the summand G, of each cocycle
A, (122) is §;_,-closed. Then its summand h,, also is &;_;-
closed and, consequently, §,_,-closed. Hence it is §;_, -exact
by virtue of Condition 1. Therefore, A, contains only the term
G,, linear in antifields. O

It follows at once from equalities (157) that the higher-
stage gauge operator

Ups =u-u=uV+. 4™ (158)

is nilpotent, and u(u) = wu(u). Therefore, the nilpotency
condition for the BRST operator b (155) takes a form
b(b) =

(u+y) )+ (u+ugs +y)(y) =0. (159)
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Let us denote
(0)

Yo =0
) (k) k) —
YU =Ygt Yy k=L N+
V(rk 1
i)
(160)
~ Z Z P15l ke e g Crkl . Crkf
= Yoy om0, A |
kytertki =kt =i\ 0<|A |
}’(N+2) =0,
where Y((i are terms of polynomial degree 2 < i < k + 1in

ghosts. Then the nilpotent property (159) of b falls into a set
of equalities

u V() =0, 0<k<N-1, (161)
(w47 ") () +uns (v3)) = 0, (162)
0<k<N+1,
vor () +u (yh)) + s (v))
(163)

0 Yo (Vo)) =05 i-2<k<N+1,

2<m<i-1

of ghost polynomial degrees 1, 2, and 3 < i < N + 3,
respectively.

Equalities (161) are exactly the gauge symmetry condi-
tions (157) in Theorem 36.

Equality (162) for k = 0 reads

(u + y(l)) (u)=0

(164)
Z (dA (uA) aﬁuB +d, (") uf’A) =0.
It takes a form of the Lie antibracket
[l =2V ) = -2 dy () uds  (165)

of an odd gauge symmetry wu. Its right-hand side factorizes
through u, but it is nonlinear in ghosts.
Equalities (162)-(163) for k = 1 take a form

(7)) () +u () =0

) (1) 6 MY _
v () + (uey™) () =0
In particular, if a Lagrangian system is irreducible, that is,
u® = 0, the BRST operator reads

(166)

b=u+y" =u,+y79,

= ZuAA faA+ZyI; =cPcda,.

In this case, the nilpotency conditions (166) are reduced to

the equality
(u + y(l)) (y(l)) =0.

(167)

(168)
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Furthermore, let a gauge symmetry u be affine in fields s and
their jets. It follows from the nilpotency condition (164) that
the BRST term ") is independent of original fields and their
jets. Then relation (168) takes a form of the Jacobi identity

YO (V) =0

for coefficient functions y7™>%(x) in the Lie antibracket (165).

Relations (165) and (169) motivate us to think of equalities
(162)-(163) in a general case of reducible gauge symme-
tries as being sui generis generalized commutation relations
and Jacobi identities of gauge symmetries, respectively [18].
Therefore, one can say that gauge symmetries are algebraically
closed (in the terminology of [19]) if the gauge operator u
(139) admits the nilpotent BRST extension b (155).

The DBGA 2. {N} (133) is a particular field-antifield
theory of the following type [2, 15, 19].

Let us consider a pull-back composite bundle

(169)

=zx7 —7Z—X,
w ;(( — — (170)
where Z' — X is a vector bundle. Let us regard it as an odd
graded vector bundle over Z. The density-dual VW of the

vertical tangent bundle VW of W — X is a graded vector
bundle

v - ((Z@vz> @A T*X) @7 w

over Z (cf. (90)). Let us consider the DBGA 2| [VW; Z] (92)
with the local generating basis (z%,z,), [z,] = [2"] + 1. Its
elements z* and z,, are called fields and antifields, respectively.

Graded densities of this DBGA are endowed with the
antibracket

526_53’“_1)[2’1([9’1“)@5_2 @

!
{80 o} = 5z, 62° 5z, 02°

172)

Then one associates with any (even) Lagrangian 2w the odd
vertical graded derivations

can 02 0

Uﬁ_%a“_éiuaz“’

i (173)
a0 08
Ve =0 g‘”—aEu(Sz‘”’

52 9 o2 0

9. = o [u]+1<__ _)
o= et = () G Y sz, ) 7

such that 9¢(2'w) = {8, &' w}.
Theorem 37. The following conditions are equivalent [2, 12].

(i) The antibracket of a Lagrangian Rw is dy-exact; that
is,

o8 6_£w =dyo.

175
0z, 0z° (47)

{Raw, Qw} =2
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(ii) The graded derivation Og (174) is nilpotent.

Equality (175) is called the classical master equation. A
solution of the master equation (175) is called nontrivial if
both derivations (173) do not vanish.

Being an element of the DBGA 9’20 {N} (133), an original
Lagrangian L obeys the master equation (175) and yields the
graded derivations v; = 0, v; = § (173); that is, it is a trivial
solution of the master equation. However, its extension L,
(153) need not satisfy the master equation. Therefore, let us
consider its extension

Ly=L,+L =L+L, +L,+-- (176)

by means of even densities L;, i > 2, of zero antifield number
and polynomial degree i in ghosts. Then the following is a
corollary of Theorem 37.

Corollary 38. A Lagrangian L is extended to a proper solution
Ly, (176) of the master equation iff the gauge operator u (138)
admits a nilpotent extension 9y (174).

However, one can say something more [2, 12].

Theorem 39. If the gauge operator u (138) can be extended
to the BRST operator b (155), then the master equation has a
nontrivial proper solution

— Tk-17
Lg=L,+ Z yic, w
1<k<N

=L+b< Z cr’“E,k_l>w+dHa,

0<k<N

(177)

such that b = vy is the graded derivation defined by the
Lagrangian Ly (177).

The Lagrangian L (177) is said to be the BRST extension
of an original Lagrangian L.

10. Example: Topological BF Theory

We address the topological BF theory of two exterior forms A
and B of form degree |A| +|B| = dim X — 1 on a smooth man-
ifold X [20, 27]. It is reducible degenerate Lagrangian theory
which satisfies homology regularity condition (Condition 1).
Its dynamic variables A and B are sections of a fibre bundle

Y=/P\T*X€B/‘1\T*X,

ptg=n-1>1,

(178)

coordinated by (x*, A ety Bvlqu)' Without loss of general-
ity, let g be even and g > p. The corresponding differential
graded algebra is O (41).

There are canonical p- and g-forms

A=A,. dx* A+ Ndxte,
17" Up

(179)
B=B, . dx"A---Adx"

V1Y
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on Y. A Lagrangian of topological BF theory reads

LBF = A/\dHB = e‘ulm‘unAﬂl“'lf‘pdlf‘pﬂB/"p+2"'”na)) (180)
where € is the Levi-Civita symbol. It is a reduced first order
Lagrangian. Its first order Euler-Lagrange operator

OL=&\""dA, ., Ao+&"dB,

Hp p+2"Vn
N\ w,
(181)
Bty i,
%A =€’ dl"p+lB."‘p+2"'.“n’
Hpr2 "t Uty
gB =-e dl"pﬂA.“l"'l"p
satisfies the Noether identities
et
d,& W =0,
- (182)
d, &g "=0.
Given a family of vector bundles
p—k-1 q-k-1
E, = T*X x T°X, 0<k<p-1,
k /\ o /\ p
q9-p
E, =RX T°X, k=p-1,
e=Rx /\ P (183)

q-k-1
E;=/\ T°X, p-l<k<q-1,

E X xR,

q-1 7~

let us enlarge an original differential graded algebra O to the
BGDA 2. _{gq — 1} (133) which is

Poola-1} = 25, | VYEDE,
Y

(184)
o+ DE, D Py 7 |
Y Y Y Y
It possesses a local generating basis
T ST SN 8 2
(185)
Z‘Ml ."#P’ EVI."Vq) EMZN.HP Yy e E“P > E’ Evz“.vq’ LR qu > g}
of Grassmann parity
[8Hk'“.”p] = [Eq,k,“yq] = (k+1) mod 2,
[e] = pmod 2, [£] =0,
(186)

[g# ] = [F’k"%’] =k mod 2,

[l =(p+1) mod 2, [E] =1,
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of ghost number

SR T

(187)
ghle] =p+1, gh[E] =g+1,
and of antifield number
Ant [KMMI‘P] = Ant [EV"”'"V"] =1,
Ant [87#) = Ant[E°7 = k+ 1,
nt e ] n [5 ] (188)
Ant [g] = p,
Ant[e] = q.

One can show that homology regularity condition (Con-
dition1) holds ([20, Lemma 4.5.5]), and the DBGA 2. {g—1}
(184) is endowed with the Koszul-Tate operator

< <

0 Tt 0 1y

Oyt = S Ca SOl
5 M Hp 5 U
+ Z aEHk"'."{pAA + %dyps ?

2<k<p

+ z LA?” + a%dvqqu,

— Vg
2<k<q
——
A =d, AT, (189)
HrerHp SHicHr i
Ay =d, &,
2<k<p,
S =1
Ap = dle ,
Vi1 Vg Tk Vk+1 Vg
Ay =d,§ ,
2<k<qg.

Its nilpotentness provides the complete Noether identities
(182) and the (k — 1)-stage ones

d, A" =0, k=2,...,p,
(190)
d,Ap "=0, k=2,...,q9.

It follows that the topological BF theory is (g — 1)-reducible.
Applying inverse second Noether Theorem 33, one
obtains the gauge operator (139) which reads

o} 0
w=d,¢e, ., —+d, &, ., ———
Tty aAl‘»l}‘»z"',Mp 1772 anm---vq
) ) ]
+|d,e, . ————+-+d, e— (191)
2 S #
[ P Oy " Og,,

0 0
+ |:dvzfv3,,_vqa£— EER dvqu] .
q q

Vo V3o,
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In particular, a gauge symmetry of the Lagrangian Ly (180)
is

0
= Ay, 5
bty

u +d, § (192)

V¥ anlvzqu

It also is readily observed that the gauge operator u (191)
is nilpotent. Thus, it is the BRST operator b = u. As a result,
the Lagrangian Ly is extended to the proper solution of the

master equation L = L, (177) which reads

_ A M
Lo=Lgpte,.d, A 7+ > ST PR
1<k<p
d, & d, B
+ed, & +Ev2‘,,vq " (193)

Y d &b, B

q
1<k<q
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