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It is proved that the Euler—Lagrange equations of a Yang-Mills type Lagragian is inde-
pendent with respect to the chosen pairing in the Lie algebra. Moreover, the Hamilton-
Cartan equations of these Lagrangians are obtained and proved to be also independent
with respect to the pairing.
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1. INTRODUCTION AND PRELIMINARIES

Let (M, g) be a pseudo-Riemannian manifold of signature (n*, n™),dim M =
n=n"+n".Let vy = /| det(g;))ldx" A ... Adx", g;; = g(3/dx',3/dx), be
the pseudo-Riemannian volume form attached to g, and let °M — T)M, X —
X" be the canonical isomorphism induced by g, with inverse map 7'M — T M,
w > w*. The metric g induces a new metric g’ on A" T*M defined as follows:

gV AL Aw B AL AT = det(g((w), (@) ).

The Hodge star associated to g can be extended to vector valued forms as follows:
Let V. — M be a vector bundle. We define x: A*T*M @ V — A*T*M ® V as
follows: x (0, ® V) = (*w,) @ v, Yo, € A°T'M, Yv € V,.
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Let 7: P — M be a principal G-bundle and let g p:adP — M be the
adjoint bundle; i.e., the bundle associated with P under the adjoint representation
of G on its Lie algebra g. For every B € g and every u € P, let (u, B)g be the
cosetof (u, B) € P x gmodulo G. A symmetric bilinear form (-, -) € Szg* is said
to be invariant under the adjoint representation if the following equation holds:

(AdgB,Ad,C) =(B,C), VgeG, VB,C egy. (1)
By taking derivatives, the equation (1) implies the following:
([A,B],C)+ (B,[A,C]) =0, VA, B,Ceg. @

If the group G is connected, then the conditions (1) and (2) are equivalent.
Every symmetric bilinear form (-, -) € $?g* invariant under the adjoint rep-
resentation induces a fibred metric (-, -)) :adP & adP — R by setting

{(u, B)g, (u,C)g) =(B,C), YueP, VB,C eg. 3)

Every pseudo-Riemannian metric g on M and every fibred (-,-)) on
adP induce a fibred metric on the vector bundle of adP-valued differen-
tial r-forms on M by setting (o, ® a, B, ® b) = g (a,, B.) {a, b)), for all
a,BpeNTM and all a,b € (adP),. Moreover, the pairing 3 defines an
exterior product A: (A*T*M @ adP) & (A*T*M ® adP) — A°T*M by setting
(g ® @) A(Br ® b) = (g A Br) (@, b)); see Bleecker (1981).

Let p: C — M be the bundle of connections of P. According to the previous
definitions, a pseudo-Riemannian metric g on M and an adjoint-invariant sym-
metric bilinear form (-, -) allow one to define a quadratic Lagrangian density Lv,
on J!C by setting,

(Lvy)(jlor) = (2" (x), Q" (x))v,(x)
= QN ()Ax Q" (%), 4)

where ot is a local section of p defining the (local) principal connection I', whose
curvature form at x € M is denoted by Q' (x). We racall that the assignment
jlor > QF(x) is in fact a fibred mapping Q: J'C — A2T*M ® adP called the
curvature mapping, cf. Bleecker (1981).

If (-, -) = (-, -)ck is the Cartan-Killing pairing, then the previous Lagrangian
is the standard Yang-Mills Lagrangian and if, in addition, G is semisimple, then the
Euler-Lagrange equations are the well-known Yang-Mills equations. Theorem 1
below states that these equations can also be obtained when (-, -)ck is replaced by
an arbitrary adjoint-invariant non-degenerate symmetric bilinear form on g. The
interest of this result is motivated from the fact that there are different invariant
symmetric bilinear forms on g. Indeed, we can obtain the following classification
scheme for invariant pairings in semisimple algebras:
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e [f gisasemisimple Lie algebraandg =g, @ ... @ g, is its decomposition
into simple Lie algebras, then the adjoint-invariant symmetric bilinear
forms on g are as follows:

k
F((Ar. ... A, (Al ... AD) =Y (Ai ADi. AL A eg,,
i=1
(-, -); being any adjoint-invariant symmetric bilinear form on g;.

Concerning simple real Lie algebras, there are two cases only:

e g is a real form of a simple complex Lie algebra g®. Then any adjoint-
invariant bilinear form f on g is a scalar multiple of the Cartan-Killing
metric on g.

® g is the underlying simple real Lie algebra of a given simple complex
Lie algebra g. By using the theory of real semisimple Lie algebra (e.g.,
see Onishchik (2004)), the following can be proved: If f is an adjoint-
invariant R-bilinear form on g, then there exist A, u € R such that f =
ARe((-, )80 + pwIm((-, )80, Since (-, )&, = 2Re((-, )&,), we conclude
the existence of a new adjoint-invariant R-bilinear form on g essentially
different from the Cartan-Killing metric on g. Indeed, Im((-, ~)gK) is not

generally a multiple of Re((-, -)gK); for example, this is readily checked
for g = sl(2, C).

2. INDEPENDENCE OF E-L EQUATIONS

Theorem 2.1. Let w: P — M be a principal bundle on a pseudo-Riemannian
compact oriented connected manifold (M, g) and let p: C — M be its bundle of
connections. Let Lv, be the Lagrangian density defined in the formula (4), where
@, ) is the fibred metric induced on N\*T*M ® adP by g and a non-degenerate
symmetric bilinear form (-, -) € §?g*, which is invariant under the adjoint repre-
sentation. Then, the Euler-Lagrange equations for Lv, are independent of (-, -).

Proof: Let I" be an arbitrary principal connection on 7: P — M. As the adjoint
bundle is an associated bundle to P, I induces a covariant derivative VI on
adP; e.g., see Kobayashi and Nomizu (1963). First of all, we prove that for
every pair of sections &, n of adP — M the following formula holds: d(&, n) =
(VIE, n) 4+ (£, V'n). Locally, let { B, } be a basis of sections of adP — M defined
by abasis {B,} of g. If we put§ = &§“ Ea, n=n* Ea, one has (see Castrillon Lopez
and Mufioz Masqué (2001, formula (5.2))),

g o~
vie = (aii +cgysﬂA{) dx' ® B,,
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and similarly for Vrn, where A;’ are the local coordinates of I'. Hence,
&Y
oxi

(VTE, m) + (5, V) = <( + c%ﬁ“f) dx' ® B, nf§r>

D ana @ i o
+<g B, <W+cﬂynﬂAg’) dx ®Ba>
= (€% By, ) + (£, dn”By)

+ AVdx'{([B,, €1, n) + (n, [B,, n])},

which yields d (&, n), because of the invariance under the adjoint representation.
For arbitrary ad P-valued forms «, 8, we readily obtain

d(@AB) = (VEQ)AB + (= D*EDG AV B). o)

The Lagrangian density A = Lv, can be written as A(j)g or) = (QUA » QF),. For
a variation I' = I" + tw, where w is an ad P-valued 1-form on M, the action
principle reads

0=i fL(jlor )=i
dt | _oJy TN ar

/ sz”fwmsz”’w=2/ VoA« QL.
t=0JM M

Making use of (5), we have

0:/ d(a)/’\*QF)—/ oAV * Q' = —f oAV * Q)

M M M

which gives the Euler-Lagrange equation VI » QT = 0, for w is arbitrary and (-, -)
is non-degenerate. O

3. INDEPENDENCE OF H-C EQUATIONS

Let p: E — M be a fibred manifold, dim M = n, dim E = m + n, where M
is assumed to be connected and oriented by a volume form v. The solutions to the
Hamilton-Cartan equations for a density A = Lv, L € C*®°(J 'E) on p, are the
sections §: M — J!'E of the canonical projection p;: J'E — M such that,

§(ixd®,) =0, VX eX'(J'E), (6)

where ®, = (—1)'"1(dL/dy*)0% A v; + Lv is the Poincaré-Cartan form attached
to A (cf. Goldschmidt and Sternberg (1973); Mufioz Masqué and Coronado
(2000)), X"(J'E) denotes the Lie algebra of p;-vertical vector fields, 6% = dy* —
being the induced coordinate system on J'E by a fibred system (x’, y%) for the
submersion p adapted to the given volume form, i.e., v = dx' A ... Adx", and
v =dx' A . AdXE AL A dX.
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If § = j's is a holonomic section, then § is a solution to the Hamilton-
Cartan equations if and only if s is a solution to the Euler-Lagrange equations.
If A is regular, then the converse holds true: Every solution to the Hamilton-
Cartan equations is of the form 5§ = j's, s being a solution to the Euler-Lagrange
equations. Hence, for regular variational problems H-C equations are equivalent
to E-L equations; but this is no longer true for non-regular densities, as is the case
of the Yang-Mills Lagrangian.

As a simple computation shows, a section 5§ is a solution to (6) if and only if
the following equations hold:

0 oL L 92L
—— = o5 )+ = o5+ (sf —5) 505|=0,
dxJ\ 9y; dy* Iydy; )

1 <o <m,
9%L
(sf—ff)( ﬁo§>= , l<i<nl<a<m, (8)
Byf‘ayj

where 5% = y* o5, s = 3s%/dx’, 5% = y¥ o 5. The Yang-Mills Lagrangian (4)
defined on the bundle of connections £ = C of the principal bundle P, is written as

L = (By. Bg) 2 AH det(gup)?, i < jok <1, ©
where (By, ..., By) is a basis for g, [B,g, By] = czyBo,, and

Q;); — Az} _ Aj'[!,‘ _ CZYA;-BA;, Aij,kl — gikgjl _ gilgjk’

€ =)' g=guwdx"®dx",

(xf, A5 AY ) being the coordinate system on J I'C induced by a natural coordinate
system (x’, Af) on C; for the details we refer the reader to Castrilléon Lépez and
Muioz Masqué (2001).

We now study (7) and (8) for the Lagrangian (9). We assume the basis (B,,)
to be orthogonal with respect to the non-degenerate pairing on g. The Eq. (8)
becomes,

(Al — A7 )(Ba. Bg) AM det(gup)2 =0, Yok, i. (10)

As det(gyy) # 0, by taking o = B and noting that the factor A¥V is skew-
symmetric with respect to the indices [j, we conclude that Af i Af ; is symmetric.
Since pyo: J'C — C is an affine bundle modelled over ®>7T*M ® ad P, this con-
dition of symmetry can geometrically be expressed by saying that the difference
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jls — § belongs to [(S2T*M @ adP). Moreover, the Eq. (7) reads

ad oL oL - 9°L
R ) TR IOV Y L)
axi \ 9AZ, IAZ T sazraal
for all «, i. The term

_ 9%L
B B

(Ak,j B Ak,j) BAO‘BA/S

i 0%,

=4(B,., Bﬁ)(Af,j - Af,j)cgrAlT Q?}A”’kj det(gap)?,

identically vanishes, due to the condition (10) and then, the equations above

become
0 oL _ oL _
- of |+ 05 =0,
0x/ 8A;’fj 0AY

which are the Euler-Lagrange equations of L, but considering the curvature form
QF = Q o § instead of the curvature Q" = Q o j's of the connection I' defined by
s, where Q: J'C — A?T*M ® adP is the curvature mapping. These equations are
VI % Q5 = 0. We easily check that Q° = QU as jls — § is a symmetric 2-tensor.
In summary,

Theorem 3.2. The Hamilton-Cartan equations of the Yang-Mills Lagrangian
9 for a section 5: M — J'C of p1: J'C — M are: 1) the standard Yang-Mills
equation V' x QU = 0, and 2) the condition on j's — § of being symmetric, where
s:M — Ciss = pjpos and I" denotes the principal connection tautologically
defined by s. Consequently, both equations are independent of the pairing chosen.
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