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Abstract

Let C be the bundle of connections of a principal G-bundle 7: P — M,
and let V be the vector bundle associated with P by a linear representation
G — GL(V) on a finite-dimensional vector space V. The Lagrangians on
J'(C xu V) whose current form is gauge invariant, are described and the
gauge-invariant Lagrangians on J'(V) are classified.

PACS numbers: 02.20.Hj, 02.20.Qs, 02.20.Sv, 02.20.Tw, 02.30.Xx, 02.40.Ma,
02.40.Vh, 11.10.Ef, 11.10.Kk, 11.40.Dw

Mathematics Subject Classification:  Primary 70S15, Secondary 58A20,
S8E15, 58E30, 70505, 70510, 81T13

1. Introduction

Let w: P — M be a principal bundle with structure group a Lie group G, let G — GL(V)
be a linear representation on a finite-dimensional real vector space and let 7y: V = (P x V)/
G — M be the associated vector bundle. Also, let p: C = C(P) — M be the bundle of
connections of the given principal bundle.

Lagrangian functions on the interaction bundle 7: C x3; V — M which are invariant
under the gauge group of P, can be geometrically characterized by means of the generalized
curvature map

QINC xy V) > K=VaT*MeV)® (N’ T*M @ad P)
Q(jlo. jlg) = (E). (V78),. Q7)

where V? stands for the covariant derivative induced by the connection I'” on V, and 27 is
the curvature of I'?, considered as a 2-form on M with values in the adjoint bundle. Then,
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a Lagrangian L: J!(C xj V) — R is gauge invariant if and only if L factors through Q by
means of a gauge-invariant function,

Z:V@(T*M@V)@(/\ZT*M@)adP)—>R

such that L = L o Q (see [1]).

If a Lagrangian is gauge invariant, then its associated current form also is; but the converse
does not hold: there exist non-invariant Lagrangians having a gauge-invariant current form.

The current form that we have just mentioned does not refer to the Noether current
attached to an infinitesimal symmetry in the classical field theory; rather, it is a ‘universal’
form defined on the 1-jet bundle of the interacting bundle, which is associated with a given
Lagrangian density. Such a form originates from the following difficulty appearing in the
minimal coupling setting.

Let ©y, be the Poincaré—Cartan n-form (n = dim M) attached to a Lagrangian density
Aog: J'V — /\" T*M, Ay = Lv. For a gauge vector field X on P, we can consider the Noether
current (n — 1)-form i x;‘)@ L,» Where X {,1) is the 1-jet prolongation of the natural lift of X to
V (see its definition in section 2.5). Then, the assignment X > i X<Vn® L, 18 C*°(M)-linear.
When Ay is not gauge invariant (which is the usual case in field theories, where Ay is just
G-invariant) the current form does not provide a conservation law. One can fix this issue
by considering gauge ‘potentials’. More precisely, by means of the so-called Utiyama trick
(cf [1, 16]), one defines a Lagrangian A: J'(C xy V) — A" T*M associated with Ay by
coupling the matter field with gauge potentials. In this case, the Noether current is obtained
asignm®;, where X = (X, X)) is the natural lift of X to the interaction bundle, X being the
natural lift of X to C (see the definitions in section 2.3). The problem is that the assignment
X — ixn®p is no longer C*°(M)-linear with respect to X (C] ). The way to overcome this
difficulty is to make the interior product with the second component of the vector field only;
that is, to consider the assignment X + i X ®;. Then, the new assignment becomes linear, as
proved in section 3, and this property enables us to see the previous map as an (ad P)*-valued
(n — 1)-form J; on J'(C x V) (see the formula (8)), which is called the universal current
form attached to A.

The form J; is used in writing the Noether conservation law attached to a gauge symmetry
and also in formulating the inhomogeneous field equations for minimally coupled Lagrangian
densities (see [2] and section 3). Moreover, the universal current forms of some special
Lagrangians also play a basic role in computing gauge invariants of topological nature; e.g.,
see [4].

The goal of this paper is to obtain the characterization—in terms of the geometry of
the interaction bundle—of the Lagrangians having a gauge-invariant universal current form.
In fact, while gauge invariance of the Lagrangian function is a reasonable requirement from
the point of view of physics, it is also interesting to look for the characterization of those
Lagrangians whose current form is gauge invariant, as the latter object has the advantage of
being directly observable. The main result is theorem 5.2 which states that a Lagrangian
L: J'(C x3; V) — R defines a gauge-invariant current form J;, if and only if L can be written
as L = L'+ L", where L’ is a gauge-invariant Lagrangian and L” is a Lagrangian factoring
through the first partial derivatives of a Hilbert—Nagata basis for the algebra of G-invariant
polynomials (see the formula (22) below) on a dense open subset. In theorem 4.4 we previously
obtained the classification of those gauge-invariant Lagrangians depending only on the matter
field.

The present paper may be considered as a strong generalization to arbitrary structure
groups of the results given in [6] for Abelian groups, in the setting of classical
electromagnetism.
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2. Notation and preliminaries

2.1. Jet bundles

Throughout this paper, Greek indices run from 1 to m, Latin indices other than a, b, ¢, d run
from 1 to n, and the indices a, b, ¢, d run from 1 to r.

Given a fibre bundle 7: E — M, we denote by mjo: J'E — E the 1-jet bundle of local
sections of 7r, which is an affine bundle modelled over the vector bundle 7*T*M ® VE,
where VE C TE is the vector sub-bundle of 7-vertical tangent vectors. If (x, y¥) is a fibred
coordinate system for 7 defined on an open subset V C E, we denote by (xi, v yf‘) the
coordinate system induced on 73, (V), that is, y¥(jils) = (3(y* 0 5)/dx") (x).

If ®: E — E is a bundle morphism whose projection ¢: M — M is a diffeomorphism,
then we define its 1-jet prolongation ®V: J1E — J'E as

oW (jls) = j;(x)(cb osop M.

Accordingly, we denote by X € X(J'E) the infinitesimal generator of the flow ®'", @,
being the flow of a w-projectable vector field X € X(E).

2.2. Principal bundles

A gauge transformation of a principal G-bundle 7: P — M is a diffeomorphism &: P — P
such that w o ® = 7 and R, 0o @ = ® o R,, Vg € G, where R, stands for the right action of
g on P. The set Gau P of all gauge transformations of P is a group under composition. An
infinitesimal gauge transformation is a 7 -vertical vector field X € X(P) suchthat R, - X = X,
Vg € G;i.e., Xis G-invariant. It is readily seen that X is an infinitesimal gauge transformation
if and only if its flow is a one-parameter subgroup of Gau P. Because of this, we denote by
gau P the algebra of all infinitesimal gauge transformations. Let ad P = (P x g)/G denote
the adjoint bundle; i.e., the bundle associated with P by the adjoint representation of G on its
Lie algebra g. Then, there is a one-to-one correspondence between the algebra of sections
of this bundle and the gauge algebra; that is, I'(M, ad P) >~ gau P. Indeed, a section ¢ of
ad P can be seen as the G-invariant, 7 -vertical vector field X on P defined as follows. If ¢ (x)
equals the coset (#, B)g € ad P of the pair (u, B) € P X g,u € 7' (x), then X along the
fibre through u is defined by X,., = (Adg-1B);;. o 8 € G, where the star superscript denotes
the infinitesimal generator of the G-action; i.e., A} is the tangent vector at t = 0 to the curve
t— u-exp(tA), forevery A € g.

2.3. Principal connections

The group G acts naturally on 7P and the quotient (7' P)/G is a fibre bundle over M.
A connection on w: P — M can be seen as a splitting of the exact sequence 0 — ad P —
(TP)/G — TM — 0. We thus define the bundle of connections 7¢:C — M to be the
bundle whose fibre over x € M is C, = {M: Ty:M — (T P)/G), | w, o A = id}. In this way,
we obtain an affine bundle modelled over the vector bundle 7*M ® ad P — M, whose global
sections 0: M — C correspond to principal connections I’y on P — M (e.g., see [2,5,7,9,
10, 12]). We have dim C = n + nm, where n = dim M, m = dim G.

If ®: P — P is a gauge transformation, then ®,: TP — T P satisfies the condition
(Rg)« 0 @, = P, 0 (Ry)«, and we can thus project it onto the quotient (®,)g: (T P)/G —
(T P)/G. We define a bundle morphism ®¢: C — C as O (L) = (P,)g oA, A € C, which s,
in fact, a diffeomorphism. Given a section o: M — C with corresponding connection Iy, it
is readily checked that the connection defined by the section ®¢ o ¢ is no other than the image



5214 M Castrillén Lopez and J Mufioz Masqué

® (') of I'” by @ according to the standard theory of connections (cf [13, II. proposition
6.1]). The map Gau P — Diff C, ® +— P, is a group morphism. If &, is the flow of an
element X € gau P and X is the infinitesimal generator of the flow (®,)c, then we have a
Lie algebra morphism gau P — X(C), X — Xc.

2.4. Coordinates on C

Let (U, x') be an open coordinate domain in M such that 7 ~'(U) £ U x G, and let (B,) be
a basis of the Lie algebra g. We obtain a coordinate system (xi, A‘;’) on - Y(U) by setting
A(8/0x)) = 9/9x) + AG (M By, Y € mz"(U), where B is the infinitesimal generator of the
gauge flow ®Z(x, g) = (x,exp(tB) - g), B € g. Note that B is a G-invariant vector field
and hence it can be seen as a section of ad P <— (T P)/G. In fact, (B,mod G) is a basis of
the C*°(U)-module I'(U, ad P). Every infinitesimal gauge transformation X € gau P can be
expressed on 7~} (U) as

X =g"B, g% € C™(U). )
Hence, we have
08" 4 s\ D
Xe=- (axf ~ 8 A 9A° ®

where ¢, are the structure constants of the Lie algebra g with respect to the basis (Bq).

2.5. Coordinates on'V

Let G - GL(V)=GL(r,R),r = dim V, be a linear representation on a real vector space
andletmy,: V = (P x V)/G — M be the associated vector bundle. Let (1, v)g € (P xV)/G
denote the coset of the pair (#,v) € P x V modulo G. Every ® € Gau P induces a
vector bundle morphism ®y:V — V), by setting &, ((u, v)g) = (P(u),v)g. The map
Gau P — DiffV, ® — &y, is a group morphism that induces a Lie algebra morphism
gauP — X(V), X — Xy. We also have an identification ngl(U)EU x V given by
((x,8), V)6 (x,g-v),x € U, g € G,v € V. Therefore, given a basis (v,) of V, we obtain
a natural coordinate system (x, y%) on 71;1 (U), by setting v = y*(v)v,, v € ngl (U), and we
have

. d
Xy = —g"(B.)sy" 4)
b aya

where (B )}, stands for the matrix of B € g under the Lie algebra representation g — gl(r, R)
defined by the action G — GI(r, R), with respect to the basis (v,).

2.6. Invariance on the interaction bundle

Every ® € Gau P induces a bundle diffeomorphism ®: C x; V — C x V on the interaction
bundle 7:C Xy V — M, defined as & = (&, $y). Furthermore, every X € gauP
defines the vector field X = (X¢, Xy) = X¢ + Xy, which is tangent to the submanifold
CxyVCCxVie,X eX(CxyV).

A Lagrangian L: J'(C x V) — R is said to be gauge invariant if

XDy =0 VX €gauP. 5)

Similarly, a Lagrangian L: J'C — R (respectively L: J'V — R) is gauge invariant if
X(Cl)(L) = 0 (respectively X\(,l)(L) = 0), for every X € gau P.
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Remark 2.1. We can define the gauge invariance of a Lagrangian L on C X, V (respectively
C and V) by setting L o ® = L (respectively L o GDS) =Land Lo <I>§,l) = L) for every
® € Gau P, but the definition of invariance under infinitesimal gauge transformations is more
useful for practical purposes. Anyway, if the group G is connected (which is the case for most
field theories) both notions coincide.

According to the standard formulae for jet prolongation, the formulae (3) and (4) yield

ag” ad 9%g" agh ad
M _ Y5 e B AV . _ Y o BV
Xe = <8xj Cpy8 Aj) aAj‘ <8xi3xj Cpy axi Aj Cpy8 A.ivi aA(J){J (6)

. 0
1 _ o a.b
XV =—& (Bot)by 8ya

ag* b ; b
- —(Bo)4y” + g%(By)}y; . 7
<3x’( )pY” + 8% (Ba)yyi By (7

We thus obtain the local expression for the invariance condition (5).

3. Gauge invariance of the current form

Let A: J'(C xy V) — A" T*M be a Lagrangian density. Let us assume that M is connected
and oriented by a fixed volume form v € Q"(M). Hence we can write A = Lv, with
L € C®(JY(C xy V)). Let ®; be the Poincaré—Cartan form associated with A, which is an
n-formon J'(C x 3 V), (n—1)-horizontal with respect to the projection 7,: J' (C x V) — M,
induced from 7:C x V — M.

The map

gau P — frl*SZ"’l(M)
X i X(vl)®L
is C*®°(M)-linear. Indeed, from the local expression of the Poincaré—Cartan form (e.g., see
[8]) in this case we obtain
oL

1 OL
« o d)Ck i+1 c ¢ k
9AY, (dAF — AT dx") Avi+ (=1) P (dy® — ygdx*) Avi+ Lv

1

®L — (_ 1)[+1

where the coordinates (x’) on M are assumed to be adapted to v; i.e.,
v=dx' A A dx"
Vi —dx' Ao AdE A A dx"

Hence, by using the formulae (2) and (7), we obtain

gyL g% (B)5y"vi

where we have used the same notation as in section 2.4. This equation exhibits the C*(M)-

linearity of the assignment.
Moreover, from the same equation it follows that the form i X ®p atapoint ( ilo, jl& ) in

ix» O = (=1)

JU(C x V) depends only on the value X (x) with respect to its argument X € gau P. Taking
account of the fact that the space of sections of ad P can be identified to the gauge algebra,
we can thus define an (ad P)*-valued (n — 1)-form J on J'(C x V) by setting

(JL)(jX'o*,jX'E)(Xx) = (iX$)®L)(jxla,j}E) X.€@P),, xeM ®)
where X € gau P is any section which takes the value X, at x € M. Locally,
taL 5 \C L d Do
Jo=(=1) (Ba)gy“Vvi® B 9)

yf
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where (B%) stands for the basis of sections of (ad P)* dual to (B,). The form J; is called the
universal current form associated with A (cf [2, 11]).

Such a form plays an important role in field theories. The Noether theorem can be
formulated in terms of the universal current as follows: if L: J'(C x V) — R is a gauge-
invariant Lagrangian and (o, §): M — C X,V is an extremal of Lv, then the Noether invariant
corresponding to X € gau P is given by

iX(1)®L+JL(X) (10)
c

and the Noether conservation law simply states that the form obtained by pulling (10) back
along (j'o, j'€) is closed.

The current form also appears in the Euler—Lagrange equations of the so-called minimally
coupled Lagrangians. Actually, the complete description of these systems is given by a
Lagrangian L¢: J'C — R on the space of connections, such as, for example, the Yang—Mills
Lagrangian, and an interaction Lagrangian L;: C x; J'V — R. Hence we are led to consider
the variational problem defined by the sum L: J'(C xy V) — R, L = L¢ + L;. The Euler—
Lagrange equations of Lagrangians of this type are written as follows. First of all, we introduce
a definition. Since J!C — C is an affine bundle modelled over the bundle it T*"M @ VC,
given a section o of C — M, the vertical differential of the Lagrangian L along j'o gives
rise to a section of the bundle 72 TM ® V*C. We can identify VC to T*M ® ad P along o
and we thus obtain a section of the bundle TM ® TM ® (ad P)*, which is denoted by &y...
Then, a section (0,&): M — C xy; V is critical for L if and only if the following equation
holds,

d°(Br.ov) = ('¢)* Iy,

where d? is the covariant exterior differential defined by the connection o on (ad P)*-valued
forms on M, and _ denotes the contraction of the two contravariant components of the tensor
8. with the volume form v. For a proof of this result we refer the reader to [11].

Usually (see [12, section 37]), a current form is defined to be a differential (n — 1)-form
on M taking values in the coadjoint bundle. The current form, as defined above, induces a
current form in the usual sense for every extremal of A = Lv by simply pulling J; back along
the 1-jet prolongation of the extremal.

Now, we would like to define the Lie derivative of the current form. The standard Lie
derivative does not make sense for this, as the current form takes values in a vector bundle.
We remark on the fact that we only need to define the Lie derivative with respect to gauge
vector fields. For such fields, the definition can be stated as follows.

Let J be a (ad P)*-valued form on J'(C x,; V). Forevery X € gau P, we define the Lie
derivative L) J to be the only (ad P)*-valued form satisfying

(LgwJ,Y) =Lz (J,Y) — (J,[X, Y] (1)

for every Y € gau P = I'(ad P), where (,) denotes the pairing between ad P and (ad P)*
induced by duality, and the Lie derivative on the right-hand side is the standard one. For the
local expression of this operator, if X = g% B, is written as in (2), we decompose J = J, ® B*,
J,, being scalar forms on J'(C x,; V), and we obtain

LzonJ = (L;‘(m Jo + Jggycya) ® B“. (12)

Proposition 3.1 (infinitesimal functoriality of the universal current form). Let L:J'
(C xp V) — R be aLagrangian and Jy its current form. Then

L)‘((I)JL = J)'((l)(L). (13)
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Proof. From the definition of J; and L given in the formulae (8) and (11) respectively, we
obtain

(LzgnJ,Y) =Lgo(J,Y)+({J,[X,Y])
= Lxo (’.Y\‘,”®L) - i[x,y]{}’GL
= iY{,” Lzn®r) + i[}—(“)’Y;n]@L — i[X’Y];_n
= iy (Lg0 ©1)
where, in the last step, we have used the identities
1x. v =[x, vy
=[x+ X K]
- (%0,
The proof is complete by recalling the infinitesimal functoriality of the Poincaré—Cartan form;

thatis, Ly ®7 = Oga g, (cf [8], proposition 2.2]). (|

For a given Lagrangian L, the form J; is said to be gauge invariant if Lya J;, = 0, for
every X € gau P. From proposition 3.1 and the formula (9), the local expression of the gauge
invariance of the current form reads

IXD(L)) - 0
T(B)by =0 VB eg VX cgaulP. (14)

Vi
Corollary 3.2. If L: J'(C xy V) — R is a gauge-invariant Lagrangian, the current form is
gauge invariant as well.

4. Gauge invariance in V

4.1. Invariant polynomials

Here we use the same notation as in section 2.5. A polynomial p on V is said to be
G-invariant if p(g - v) = p(v),YVv € V,g € G. Let If be the space of G-invariant
homogeneous polynomials of degree d and let I = @,415 be the Z-graded algebra of all
G-invariant polynomials. Each p € I induces a differentiable function py:V — R sending
py((u, v)g) = p(v). The definition makes sense as p is G-invariant.

If pi,...,pr € I, then we denote by Py:}V — R¥ the map whose components are
(P1)y, -+ (pr)y. We rather think of Py as being a map of fibred manifolds over M, thus
writing Py:V — M X R* instead of (7, Py).

We now define the map

Py JWV — mi(@fT* M)
Pr(i€) = (€M), d(p' 0 &)y, ..., d(p" 0 &),))
for any local section & of ry,: V — M. Inlocal coordinates, for a single p € I¢ the expression

of Py is given by

D i a .a i a 3,0 a j
Pv(xvy 7yi)=<xﬂyvayuyjd-xj>' (16)

5)

Proposition 4.1. For any polynomials p', ..., p* € 19, the map (15) is gauge equivariant;
that is, Py o @'} = ®y 0 Py, for all ® € Gau P.
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(Note that, as ®: P — P projects onto the identity map on M, the action of &), along the
fibres of n{j(EBkT*M ) is trivial.)

Proof. We can assume P is trivial: P = M x G; hence V = M x V. Accordingly, every gauge
transformation ®: P — P can be written as ®(x, g) = (x, ¢(x)g) where ¢ € C*(M, G),
and similarly, every section £&: M — V can be written as §(x) = ((x,e); v(x))g where
v e C®(M,V). Then, we have

(Py o @) (L&) = (@yEM)), d(p' 0 ¢ - v)s,....d(p" 0 ¢ - ),))
= (Pp(E)), (" 0 V), ..., (0" 0 ),))
= (®y 0 Py)(j,£)
thus concluding. ]

Corollary 4.2. For every invariant polynomial p, the following equations hold:

,o

(Ba)5y d =0 l<a<m

5 9p cd 0 (9 , ;
(Bot)dy (8“ ) (B ot)dy]dac<8yayi>=() I<a<m 1<i<n.
Proof. From the formulae (7) and (16) the result follows. O

4.2. The distributions D' and D"

For the study of the gauge invariance of a current form, first we need to characterize the
solutions to the following system of mn equations,

af
a

a.b
(B)jy oy

=0 VBeg Vi (17)

for f € C®(J'V)or f € C®(C x V). By using the formula (7), it is readily checked that
the solutions to (17) are the first integrals of the distribution D’ on J!V defined by

D), = {(X;”)L,E: X € gau P, X, = 0} jle e g (18)

Proposition 4.3. Assume that G is compact and that 1 is generated by the polynomials
P1, ..., Px. Then, there exists a dense open subset O C JYV such that f € C®JYW)isa
first integral of D' if and only if it factors through

Py: 0 — w5 (@ T*M).
Thatis, f = f o Py, where f: n;(EBkT*M) — R is an arbitrary differentiable function.
Proof. Given the action of a Lie group G on a finite-dimensional vector space V, the dimension
of the G-orbits is constant on a dense open subset O; C V, and on the complement of Oy, the

G-orbits are of smaller dimension (e.g., see [3, theorem 3.1]). Moreover, it is clear that for
every p € 19 and every vy € V, v§ = y“(vo), we have T, (G - vp) € ker(dp),,. Hence,

k
{( AL By }B =T,,(G - vp) C ﬂker(dps)vo.
eg

s=1
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The dimension of ('}leker(d,os)v0 is minimal on a dense open subset O, in V. If
dim 7,,,(G - vp) < dim ﬂf:] ker(dp?®),, for every vp € O; N O,, we can construct (for
example, by means of an auxiliary scalar product) a vector field X on V such that

k

X, ¢ T,(G - v) X, € ﬂker(dps)v Yve 0N O0,.

s=1
If a(?) is an integral curve of X, it is clear that d(p* o @)/dt = 0; hence (p* o @)(¢) is
constant for every s. As X is transversal to G-orbits on O; N O,, we have that the system

of polynomials {,os}i‘=1 does not distinguish orbits, which is not true for compact groups
(cf [3, 14]). Therefore, on O = O N O,, we have

5\C +,d 9 - s
By | 5o = T,,(G - vo) = [ )ker(dp*),. (19)
y Uo ¢ —
Beg s=1
Hence the implicit equations defining the vector space ((B); yg (a/0 y”)vo) are
3 s
ap.(vo)yczo 1<s<kV¥ueO (20)
y(,

where we have used the natural identification T, (V)= V.
Assume V = M x V; hence we have a natural identification
IV =T M, VST MQV)® (M x V).
Once apoint § = (xo, vo) € V, vp € O isfixed, the distribution D’ restricts to a distribution Dy
along the fibre (nv)fol (&) = TaM®YV,as D' is tangent to the fibres of (7))10. For each index
i, let V; be the subspace of (”V)l_ol (&0) spanned by the vectors (dx'),, ® vy, ..., (dx'),, ® v,
and let y{ be the corresponding coordinates in V;.

If f is a first integral of D’ then, according to (17), for every B € g, every index i, and
every vy € O, we have (B)}y8(3f/dy¢)(j. &) = 0, for all j! & in (m)}y (o). Hence f]y,
is a first integral of the distribution with constant coefficients spanned by the vector fields
(B);yga/ay;, whose implicit equations are (3p°/9y“)(vo)y; = 0, 1 < s < k, as follows
from the formula (20).

Moreover, if E| = ¢y, ..., E; = ¢, are the equations defining the leaves of a distribution
with constant coefficients, then the first integrals of such a distribution are F(Ey, ..., E;),
where F is an arbitrary differentiable function in R’. Hence, for every (xg, vo)) € M x O C V
and every index 7, the dependence of f with respect to the variables y; is through the functions

(9p°/0y°)(vo)y;. The proof is complete by taking into account the expression of Py in the
formula (16). 0

Theorem 4.4. With the same hypotheses and assumptions as in proposition 4.3, a Lagrangian
L:J'V — R is gauge invariant if and only if it factors through Py: O — m(@*T*M).
Proof. From the expression of the vector field X 1(,1) given in the formula (7), we deduce that L
is gauge invariant if and only if the following equations hold true:

By L s st E —0 v
dy? " ay!

(Bo)iy® oL _ 0 Va,i.
ay;

The second set of equations shows that L is a first integral of the distribution D’. From
proposition 4.3, we thus have L = L o Py; that is, L(x', y*, y¢') = L(x", y*, (3p°/dy*)y¥)
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on the dense open subset O C J!'V for certain function L. By using the chain rule and taking
corollary 4.2 into account, the first set of equations above yields

. aL
b
(Bo)iy 7y =0 Va
which represents the invariance of L with respect to the action of G on V. Then (see [14]) L is

a smooth function of the polynomials p* with respect to the variables y“, that is, we can write

- . ap* _ . 0pt
L <xl,ya, Wyf) =L (x’,,Oé, 8—yay,“>

thus finishing the proof. ]

Remark 4.5. The same result of proposition 4.3 applies to differentiable functions
£:J(C x4y V) — R. In this case, the distribution is defined by

’ _ &) —

Dijiojiey = {010 (X)) |X € gau P, X, = 0} 2D
and the function f must factor through

P:INC xyu V) = J'C xy m5(@T*M) P(jlo, jl) = (jio. Pv(jl€))- (22)
Remark 4.6. Let L be a Lagrangian such that L = Lo’ on a dense open subset of J!(C x V),
as prescribed in proposition 4.3 and remark 4.5. Then L can be locally expressed as

7 i a 3,03 b a o
L:L(x,y vaybyivAivAi,j>

P1, ..., px being a system of generators of the algebra /¢.

Proposition 4.7. If L: J'(C x m V) — Ris a first integral of the distribution (21), then, for
every X € gau P, the function XV (L) is also a first integral of such a distribution.

Proof. Let
s_do® _9p° ,
iOi - d.xi - ayu Vi
be the total derivative in J'(C x V) of p* with respect to the variable x’. From remarks 4.5
and 4.6 and by using the chain rule, we have

_ oL .\ - AL -\ - aL -\ -
My — D) ya (D (pa (D[ pa
XV = <8y“ oP)X (y )+<8A°‘ oP) X (A")J’(aA% OP) XV(AY)

i i,J

as XD (pf) = 0, as follows from proposition 4.1. Hence, as the formulae (6) and (7) show,
XML factors through P. O

Corollary 4.8. If a Lagrangian L: J'(C xy V) — R factors through P on the dense open
set as in remark 4.6, then its current form is gauge invariant.

Proof. The current form of L is gauge invariant if and only if the formula (14) holds. From
proposition 4.7 we know that XV (L) is a first integral of the distribution (21). This allows us
to conclude the proof. O

Proposition 4.9. A Lagrangian L: J'(C xy V) — R is a first integral of the distribution on
JY(C x V) defined by
// I 4C)) _ -1 -1 1
Dijioite = {X(j;o,j;s>|xx = 0} (0, &) € TH(C xu V)
if and only if L factors through the generalized curvature mapping (1).
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Proof. The map Q: J'(C xy V) = VO (T*MRV)® (/\2 T*M ®ad P) is a bundle projection
with %mn(n + 3)-dimensional fibres (see [1, 2]). From the local expression of the vector field
XM in equations (6) and (7) above, for X € gau P with X, = 0, we obtain the following
system of generators for the distribution D”:

0

9 . 9
+cP A.V7 — (By)iy?

ay i
o4 ol %
YT YCR
IAY, " DAY,

It is easily seen that these %mn(n + 3) vector fields are independent and 2-vertical. Hence the
integral leaves of the distribution D" are the fibres of €2, thus finishing the proof. |

5. Lagrangians with gauge-invariant current form

Lemma 5.1. Let Z,, = 1, ..., s, be vector fields on a manifold N linearly independent at
every point in N, such that [Z,, Zg] = cgﬂZ),,for some constants (czﬂ), o B,y =1,...,s,
and let @y, ..., g be smooth functions on N. Then, the system of equations

Zy(L) = D, I1<a<s (23)

admits locally a solution L € C*(N) if and only if the following expressions hold:
Zou(Pp) = Zp(Po) = Ly ®,,. (24)

Proof. Let y be the natural coordinate in the real line R. On N x R we consider the
s-dimensional distribution 7" spanned by the vector fields

) 3
Z, =27, +c1>a5.

By virtue of (24), we obtain
(2., Zpl = clpZ,,.

Hence 7 is integrable. If F' € C*°(N x R) is a first integral of 7 transversal to d/dy, which
exists by Frobenius theorem (as n + 1 — s > 1), then we can define a function L € C*°(N) by
the equation

F(x,L(x))=0 VxeN
and it is readily checked that L satisfies (23). ]
Theorem 5.2. Let P — M be a principal G-bundle and let V — M be the vector bundle
associated with P by a linear representation of G on a finite-dimensional vector space V.

Then a Lagrangian L: J'(C xy V) — R defines a gauge-invariant current form Jy if and
only if L can be written as

L=L+L" (25)
where L' is a gauge-invariant Lagrangian and L is a Lagrangian factoring through P (see

(22)) on the dense open subset defined in remark 4.6.

Proof. We already know (see corollaries 3.2 and 4.8) that if L is as in formula (25) then its
current form is gauge invariant.
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Conversely, let L be a Lagrangian whose current form is gauge invariant. Then, the
formula (14) can be rewritten as

Yi(XW(Ly) =0 VX € gauP (26)

where XV = X(Cl) + XS), X(Cl), XS) are defined by the formulae (6), (7), and

i 5 \adL,b 0
Ya = (Ba)by

. 27
ayf' &7

As the values of 3%g%/dx'dx/, g% /0x' and g* are pointwise arbitrary, we can study separately
the parts in (26) with two, one or no derivatives of the functions g, thus obtaining the following
groups of equations:

(B)”yba 8L+8L -0 Ya, B,1, j, k
o/ph ayla aAf’k aAf’j s Pa by )

oL
ay

— (Bp)jy”

. 9 IL oL
By = (= 4 ch, AL c)=0 vepi
oy aaf TR aAY f

(28)

. d oL oL
a.,b P Y 14 V4
(Ba)py 9y" <Cﬂij A7 +CﬁyA_/,km

—(B)“bff-—(B)“bﬁf- =0 Ya,B,i
B)pY aya B byj ay;; - s s

We now consider the first two groups of equations in (28). They define the following two
integrable distributions: D', spanned by the vector fields {YO’(} in the formula (27) and D",
spanned by

9 9 .
o o Vo,V j<k
0AY, DAL,
9 9 . ]
———+ Al ——— — (Bp)Yyh VYa,Vj
AR PR YAL P ye

The generators of D’ commute with those of D”. We can write the first two groups of equations
in (28) as

) A ,
5t =% VB, k
2A% 9l
s sJ (29)
oy L g oy
_2= e Bl — P ’
E)Af By Ak aAlf,j B)pY E)yj’ B J

where @é’k and <I>é are first integrals of D’. Then, according to remarks 4.5 and 4.6, we have
) = oL (x v pf AT AZ)  and @) = ®Y(xT )y pf, AT, AY))

where p*, s = 1, ..., r, are generators of the algebra of G-invariant polynomials. The change
of variables

A > AY ¥ e Ve 50 =yt — (Bp)iy Al (30)
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which yields
a i
> — (By)4y?
par 7 gar ~ By g
ad d . ad
ay? a 0y
ad d
H
dyf 9y
transforms equations (29) into
oL oL ik .
_ﬂ+_ﬁ:q>f37 Vﬂ,],k
AL, 0AL;
’ ’ 31
L enar L _ i VB, j o
———+c — = . J-
oAl PR RAL, T

The solution of this system is L = L + L, L being a particular solution and L, a solution
of the associated homogeneous system; that is, a function factoring through the curvature
mapping 2 (see proposition 4.9). We now look for a particular solution of the type
L, = Ll(x 4, pi, AT, A“ ) Indeed, the system (31) satisfies the conditions of the
lemma 5.1 on the domain of the coordinates (x A7 AT YN ), and hence, L being a
solution, the compatibility conditions (24) hold true. Moreover the vector fields defining the
system (31) can be understood in the submanifold coordinated by (xi, A?, A;’f i y“), where
the same compatibility conditions (24) still hold. Hence, we can consider the variables p; in
dDI{J;k, dJé as parameters instead of variables, and the existence of a solution L; depending on
the variables ( AL AT Y ) and the parameters p; is thus guaranteed. Therefore, we have

L=Li(x',y" pf. Af, AY;) + Lo (x', y°. 57, Q)

with Q) = A, — Af, — cﬁyAﬂ AV Since the Lagrangian L, already satisfies equations
(25) (see corollary 4. 8) we only need to impose the third group of equations in (28) onto the
Lagrangian L,. After the change of variables (30), these equations become

LD oL Ly L,
(Bot)byh a)_)a ( ( ﬁ)(S k] BQZ ( ,3) y ( 5)1} ;)8 a) = O
i J

where B +— (IVB)Z; is the matrix expression with respect to the basis {B;} of the adjoint
representation g — gl(g) ~ gl(m, R). If we put

. d
=—(Bp)Q (B,s)Zy”— — (Bp)i ¥} 0y

g Iy, 9y
then the equations we have to solve become YO’; (Zg(Ly)) =0, or equivalently,

Zg(Ly) = Py (32)
where the functions

Dy = Dpg(x', ¥, o}, Q) (33)

are first integrals of the distribution D’. The general solution of (32) is of the form
Ly = Lo + Lga, Where L is a particular solution and Lg,, is a solution of the homogeneous
equation Zg(Lga,) = 0, thatis, a gauge-invariant Lagrangian. We look for a particular solution
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of the type
Lo = Lo(x",y", o}, Q). (34)
First we note that the functions p; are first integrals of the vector fields Zg. Indeed, we
have

) . ap? ap;
K a.b i a<b i
Z,s(,Ol-) = —(Bg)py 3y —( ﬁ)b)’j 3"
J

. aZIOS . ap

= —(Bp)iyty! —— — (Bp)iy" =

(Bg)py" i Byadyd (Bp)yYi By

9 . 3p*
_ _5d_— a.b
=g (@055
which identically vanishes, as p* is G-invariant.
Hence, if we now define

\ By 2 0 (B)iy? 0
s j a
! 89,’;, dy

then we obtain Zg(Lo) = Tg(Lo), where the p; of Lo in Tg (L) are considered as parameters.
Similarly

Zg(®,) = Tp(D,). (35)
As[Zg, T)] = —cgyzp and [T, T, ] = —cgyTp, the systems of vector fields Z,, ..., Z,, and
Ty, ..., T, both satisfy the conditions of lemma 5.1. According to this lemma, as the system

(32) admits the solution L,, we have

Zy(®p) = Zp(D,) = ¢} ®,.
But from (35) we can set T, (®pg) — Tp(P,) = cl‘,’ﬂ@p, where the p;] in @, are considered
as parameters. Hence, lemma 5.1 applied to the domain of the coordinates (xi , VY, Qf;),

guarantees the existence of a solution L, depending on these variables and on the parameters
o7, thus finishing the proof of the theorem. ]

6. Some examples

6.1. The Abelian case

We consider G = U(1) and its natural action on V = C, ie., (¢?,72) — ez, with
7=, yz) e V,e? e UQ1). For any principal U (1)-bundle P — M, we also consider the
associated bundle V — M. Actually, the usual setting for electromagnetic fields interacting
with matter fields is P = M x U(1) and M = R*, or even a not necessarily trivial
principal bundle P when one is dealing with monopoles. The action above (and all irreducible
representations of U (1)) has the only generator p(z) = ||z[|> = (y')?+ (y?)? for the algebra of
invariant polynomials. Hence the mappings Py and P have the following local expressions:

Py(xs v y2 i vi) = (¢ v y2 200y +yy7))

P Ay Ai oy y% i 37) = (8 As Ai g v E 022000 +37))
Therefore, theorem 4.4 claims that a Lagrangian L: J'V — R is gauge invariant if and only if

L=L{\ vy vy +9%)
on an open dense subset O in J'V. Moreover, theorem 5.2 shows that a Lagrangian
L: J'(C x4y V) — R defines a gauge-invariant current form if and only if
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L=L(x" A — A v 05 3 97 + L7 (5 A Ay vh v vyl +9%07)

for L’ and L” are arbitrary functions.

6.2. The SU(2) case

For the group G = SU (2) acting on V = R* = C? in the natural way, i.e.,

<ot ﬁ)(m)_(azﬁﬁ@)
—B a)\zn) \-Bu+axn

for a, B € C such that ||a||> + || 81> = 1, and (z1, z2) € C%, withz; = y' +iy?, 25 = y? +iy*,
again we have a single generator of the algebra of invariant polynomials, which is p(z;, z2) =
llzill*> + ||z2]1%. Let P — M be a principal SU(2)-bundle and let V — M be the associated
bundle to P. This is the case considered for the models of weak interaction with fields. Hence,
the mappings Py, and P have the following local expressions:

Po(x's v yf) = (v 200 + 9207 + 07y +vh)

Px', AL Ay y) = (x AL Ay 20y + 377 + 90 +04)
Therefore, a Lagrangian L: J!'V — R is gauge invariant if and only if

L=L(x"y"y'y + 5+ vy + ')
on an open dense subset O in J'V. Moreover, theorem 5.2 shows that a Lagrangian

L:J'(C xy V) — R defines a gauge-invariant current form if and only if, on an open

dense subset, the following expression holds,
L = L/(xi, Q% vy, )'zl") + L//(xi, AYL AT Y, vyl +yiyE 4Pyt + y4yf)

ij? i,

for Qf‘j =A]; — A;[,i — cgyAfA?, where L’ is invariant under the action of SU(2) on K (see
the formula (1) in the introduction) and L” is arbitrary.

6.3. The spin case

Let FM be the principal bundle of oriented orthonormal frames on a Lorentzian manifold
(M, h). Let us consider a spin structure; i.e., a principal-bundle morphism P — FM
associated with the two-sheet covering SL(2, C) — S0°(1, 3) of the proper Lorentz group,
where P — M is a principal SL(2, C)-bundle. We also consider the representation

p:SL2,C) - GL#4,0C)

A (0]
p(A) = (0 IAI)

and the associated vector bundle V = (P x C*)/SL(2, C), which is used as a framework for
the description of spinor fields; e.g., see [2, VI]. We now describe the basis of the algebra of
invariant polynomials of the SL(2, C)-representation p given above. We have

pPAEH=A2/AT 0 (@) =(Gnnh o) eCh
We claim that the Hermitian product f: C* = C? x C* — C given by

[0 =(z0) =2+
is invariant; precisely f (p(A)(z,¢)) = f(z, ¢). We put

leyl+iy2 Z2=y3+iy4 41:y5+iy6 ;2:y7+iy8~
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Hence, the functions

R=Re )z 0)=y'y +y*y°+y°y" +y*y®

I'=(Imf)(z.0) =y'y = yy +y°y" ="y’
are SL(2, C)-invariants (cf [2, theorem 6.3.9]). It is easy to check that the SL(2, C) acts
freely on C* — X, where X = {(z, {) € C*: (z, ¢) = 0}; hence the dimension of the orbit of
any (z,¢) ¢ X equals dim(SL(2,C)) = 6. As dim C* = 8 and the two invariants above are

functionally independent, any other invariant must depend on R and /. Hence, the mappings
Py and P have the following local expressions,

Pox’, y* ¥ = (' y* Ri. 1)
Plxl, AL ALy y) = (¢ AL AY Ly R I)
where
Ri =Yy + 5007+ 3Ty + %y 4y + y207 + 9] + %)
I =y0y =Yy + 3%y =Ty =93+ v =y 0
Finally, a Lagrangian L: J 'Y — R is gauge invariant if and only if on an open dense subset O
in J'V we have L = L(x?, y*, R;, I;). Similarly, a Lagrangian L: J'(C x V) — R defines
a gauge-invariant current form if and only if, on an open dense subset L can be written as
L=L'(x' Q% y.5)+L"(x', A}, AY ", Ri, I;)
for a function L’ invariant under the action of SL(2, C) on K.

Remark 6.1. The group SL(2, C) fails to be compact, and hence one could think that
proposition 4.3 cannot be applied. Fortunately, it is known that every SL(2, C)-representation
is isomorphic to a SU (2)-representation, that is, a representation of a compact group (see for
example [15, corollary p 22]) and hence the results given above follow.
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