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Abstract

We study an action integral for Finsler gravity obtained by pulling back an Einstein-
Cartan-like Lagrangian from the tangent bundle to the base manifold. The vacuum
equations are obtained imposing stationarity with respect to any section (observer)
and are well posed as they are independent of the section. They imply that in vacuum
the metric is actually independent of the velocity variable so the dynamics becomes
coincident with that of general relativity.
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1 Introduction

In this work we explore some features of a possible dynamics for Finsler gravity.
The main mathematical objects of Finsler geometry, from the metric to the linear
Finsler connections, live on the slit tangent bundle £ = T M\0 of the base manifold
M. Typically, in order to construct a Finsler action, one would integrate over the
indicatrix, namely over the locus {(x, y) : 2L(x, y) = —1}, where L is the Finsler
Lagrangian. This approach is followed in [1, 3, 16, 17] particularly with reference to
an action which is the integral of the Ricci scalar, see also [6, 8, 15] for further analysis
of this type of action. To the best of our knowledge no investigation has been devoted
to a different approach, namely to actions obtained via an integral over M. In general,
one would need to pull back all relevant quantities to M via a sections : M — E
of the vector bundle = : E — M. The problem with this approach is that the action
would depend on the section. We believe that a natural solution to this problem is to
impose that the dynamical equations should be equations on E such that the action
is stationary for every possible choice of section s. The idea is that a section could
represent an observer and hence the action could be observer dependent while the
dynamical equations would not. It turns out that more is true. We shall find that, at
least in vacuum and on-shell, the action is actually independent of the section.

Let {x%} be local coordinates, let ¢, = el (x)d/dx*, be a basis field on M, let
{e?} be the cobasis, and let {x*, y*} be local coordinates induced on E. A Finsler
connection V is a Koszul connection on the pullba(:k1 (linear) bundle 7*TM — E.Tt
is well known that it is possible to construct many canonical Finsler connections (e.g.
Cartan, Chern, Berwald) but that all these connections induce the same non-linear
connection, namely the same splitting TE = V E @ H E referred to as the canonical
non-linear connection. In all these cases HE = ker Vy where y = y%¢, : E > TM
is the Liouville vector field. One says that all notable Finsler connections are regular.
The regularity condition is equivalent to the fact that the forms w® = w*e“ joined
with? @ = (Vy)4, form a basis on T*M, cf. [13].

We stress that, although we make use of a linear Finsler connection, our theory
should be more properly referred to as an anisotropic theory, rather than as a Finslerian
theory, as we do not assume that the metric is a vertical Hessian of some Finsler
Lagrangian £ as in (pseudo-)Finsler geometry. Also the non-linear connection will not
be treated as an independent variable, rather it will be deduced from the linear Finsler
connection by the imposition of the regularity condition. In this way the variations of
the connections will be totally unconstrained as in our purely metric-affine theory [5].3

One should not expect to determine the Finsler connection univocally. Indeed,
already in the Palatini formulation of the Einstein-Hilbert Lagrangian one finds that
the connection is determined up to projective transformations. In order to find a unique

I We use the pullback approach which is by now standard [2]. However, there are other approaches that
give insights on the geometry of the indicatrix, see [10].

2 Later we shall introduce the covariant exterior differential D of V so that this equation can also be written
@% = Dy“4.

3 A Finsler connection is strongly regular if Vy|y g = Idy g. All notable connection share this property,
but we do not impose it as this condition would constrain the variations.
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connection, say the Levi-Civita connection, it is necessary to impose some a priori
constraint such as metricity as in the Einstein-Cartan formulation.

In a fully metric-affine approach, in which metric and connection are a priori inde-
pendent, one is left with the conundrum of justifying why the material part of the
action does not exhibit shear hypermomentum. In a previous work [5] we showed
that one could solve this problem by enlarging the action symmetry to what we called
the amplified symmetry. In short our approach showed that one can really work with
equivalence classes of connections as long as the material part of the action shares the
same symmetry that determines the classes.

In a Finslerian framework one is lead to reconsider these findings in light of specific
features of Finsler geometry. One might expect the non-linear (Ehresmann) connection
rather than the Finsler connection to be the physical ingredient of a Finslerian gravity
theory. The theory developed in [16] does indeed share this feature as it is based on
the Ricci scalar that indeed only depends on the non-linear curvature. Still there is also
the chance that the true variable of a Finslerian action could be the Finsler connection,
possibly constrained in some way. If that is the case one possibly natural constraint
would be the metric constraint as in the Einstein-Cartan theory (with no assumption
on the torsion, which in Finsler geometry leaves up much freedom).

Our work presents at once two equivalent theories. One theory, which is obtained
by removing all the ‘tildes’ in the following expressions, imposes a priori metricity
on the Finsler connection, much as in the Einstein-Cartan theory. This is not a fully
metric-affine theory. The other theory is obtained by implementing in the action the
following amplified symmetry from our previous work [5]

o = o+ A%, Aup = Apa

where w?, are the coefficients for the Finsler connection and the indices are lowered
with the metric g,.. In this theory one really works with equivalence classes of con-
nections and the theory is fully metric-affine. A posteriori one can then select some
specific connection from the solution class, such as the metric representative.

In this second approach we expect that the dependence on the linear connection
would be mitigated and that the true variable of the theory could end up being the
non-linear connection. Whether this is the case depends on the matter Lagrangian,
which might have a restricted invariance. For instance, it might impose the additional
condition Aabyb =0.

Then, due to the equation HE = ker Vy, each element in a restricted amplified
symmetry class would share the same non-linear connection, which shows that the
action would really depend on the non-linear connection, see also [13] for some math-
ematical discussion on this restricted amplified symmetry.

We can use the restricted amplified symmetry to define an equivalence relation
V ~, V' in the set of regular Finsler connections. The notable connections of Finsler
geometry previously mentioned all belong to same class of connections under such
equivalence relation.*

4 It can be observed that the notable connections are strongly regular and that they read a)“b = WCartan “b +

aLZCw” - B CZCLZ)", for suitable choices of the constants («, 8). Here LZC is the Landsberg tensor [11].
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The implementation of such an amplified symmetry means modifying the Einstein-
Cartan action on E to allow for non-metricity. The way we implement the amplified
symmetry is by using the following metric representative Finsler connection V

. 1

'y 1= 0 + Egangrb )]
where D is the covariant exterior differential induced by V. Similarly, we shall denote
with D the covariant exterior differential induced by V, and in general any object
dependent on V will carry atilde. The connection V is indeed metric, hence Dg,j, = 0,
and its curvature 2-form R is related to that of V, R, by

Rab = Riab) — 3 D8ac A 8% Dgs. ©)
When V is one of the notable Finsler connections, V is the Cartan connection.’
The gravitational action studied in this work is
SG(8abs s €%, 5) = / S(La) Lo = bnaeaR ot Aot (3)
M

where w® = m*e* and where nupeq = /] det g(x, y)[[abcd] is the Finslerian vol-
ume tensor. We shall restrict ourselves to the 4-dimensional spacetime case, but the
generalization to different dimensions will be obvious.

As mentioned, although we shall work with the amplified symmetry, much in
analogy with [5], the paper also includes the case in which this symmetry is not
implemented which is recovered by removing all the ‘tildes’ and by assuming that V
is metric (but a priori not necessarily Cartan’s).

Except for the pullback s*, and the use of the connection V to define the curvature,
the Lagrangian is Einstein-Cartan’s. In the Einstein-Cartan theory one obtains that
torsion can be present only inside matter, and in fact, perhaps not surprisingly, we
shall obtain a similar result in the Finslerian case. However, all Finsler connections
have some form of torsion unless the space is really pseudo-Riemannian, so ultimately
we shall obtain that in vacuum the spacetime is pseudo-Riemannian, i.e. g does not
depend on the fiber variables y.

1.1 Energy-momentum conservation

Independently of the previous discussion, there is another line of thought that brought
us to consider a Lagrangian of the above form. A well-known problem in Finsler
geometry is that of establishing some form of conservation principle. The conserva-
tion of the stress-energy tensor was indeed one of the demands that led Einstein to

Indeed, we have Cartan = (0, 0), Chern = (0, 1), Berwald = (1, 1), Hashiguchi = (1, 0). This formula
and the symmetries of the Cartan and Landsberg tensors clarify that all notable connections belong to the
same restricted amplified symmetry class.

5 With reference to the previous footnote, a simple calculation gives (Dg) 5 = —20Lgpe @€ +2BCape @
from which the claim easily follows from Eq. (1).
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the development of the general theory of relativity [4, 14]. Due to the abundance of
potential field equations in Finsler gravity, a similar criteria could guide the selection
of the correct ones.

We do not think, however, that in the Finslerian case one should search for a
conserved stress-energy tensor but rather, as suggested in [11, Remark 19], for a
conserved observer-dependent energy-momentum vector, or equivalently, 3-form (for
other recent approaches and formalisms see [7, 9]).

In this regard we observe that the following modified Einstein’s vector-valued 3-
form

186Lg -
Wi=5e T = %UabcdRab A of 4)
satisfies Ty A w? = L and
D%y = 3napca R N W€ )

where, denoting with 7°¢ the horizontal torsion for D,
W= Do’ =T° + %g"Dg,b Ao (6)

is the horizontal torsion of the connection D. Recalling that ¢ = Dy¢ (which jointly
with ¢ form a basis for 7* E) and similarly @¢ = Dy®, we have, contracting (5) with
the Liouville vector field

d@ayh) = 3nabeay! R AWE =g .

Every form can be expressed as a linear combination of wedge products of basis
forms {w®, @°}, so leading to various decompositions in horizontal-vertical parts. A
similar statement applies if we take the basis {@°, @°}. We denote with Hor the operator
that sends all the vertical forms to zero, in other words Hor keeps only the terms that
have a totally horizontal expansion. Similarly Hor does the same, but for the non-linear
connection induced by V.

The nice fact is that for a notable connection WU = C9.0° A wP where Cype =
%% gbc 1s the Cartan torsion, and hence Hor(W“) = 0. Whenever this equation holds
the previous expression in display satisfies

Hor(d(Zzy%)) = 0.

When we pullback with a section s : M — E, we can make use of the identity
s*(@°) =: Ds® where, with some abuse of notation, we denote with Ds¢ the non-linear
covariant derivative of the section. This non-linear covariant derivative is a 1-form that
vanishes at a point precisely when the section represents a free falling non-rotating
non-expanding reference frame (observer) at the point. Such observers exist at every
point due to the fact that for every chosen point of E, linear coordinates can be chosen
so that the connection coefficients vanish at the point [12].
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We conclude that at that point and for such a frame the 3-form s*(Z4 y?) is closed
d(s™(7ay") = 0. @)

Now assume dynamical equations of the form
Ty =14, (8)

or more weakly y?7; = y?t,, where 1 is the energy-momentum 3-form and y“z, is
tliie energy-momentum of matter as viewed by an observer with velocity of direction
ye.

Observe that equation (7), now written as d(s* (¢4 y?)) = 0, can be attained at any
chosen point through a suitable choice of observer. However, in general, this cannot be
obtained in a neighborhood of the point since a section s : M — E such that Ds = 0
does not exist locally. Still the conservation can be approximately expressed in integral
form in a small neighborhood of the point where the previous equation holds true. So
for a cylindrical neighborhood C, with basis By, B> and lateral side S, we shall have

/ s*(tay?) —|—/ s* (tay?) + / s*(tay?) = o(size of cylinder).
By B N

Using the orientation coming from the time orientation of the spacetime, one of the two
first terms of the previous expression changes sign, and we get an expression which
states that the energy-momentum s*(#;)s¢ entering C from the basis By is equal to that
escaping B plus that entering the lateral side S. The contraction with s? expresses
the fact that the quantity s*(z7)s? is an energy-momentum 3-form (dually a vector)
dependent on the chosen observer s rather than a tensor. This analysis is compatible
and in the same spirit of that performed in [11, Remark 19], but here we do not require
that the Landsberg tensor or mean Cartan torsion vanish.

In the next section we shall see that our action varied with respect to the vierbein
indeed gives an equation of the form 7; = ;. Here, we mention that in the pseudo-
Riemannian case, with V the Levi-Civita connection, we indeed recover from the
previous formulas the expected results for general relativity. In this case 7; becomes

T4 = £Gd Nrupz0" A 0" A o 9)

where G, = Rap — %Rgab is the Einstein tensor and the energy-momentum 3-form
t, is obtained from a suitable matter Lagrangian Lj; by

15L 1
M _ —Ta Nrup 0" A 0" A &°. (10)

ty =—=
“ 2 S0t 6

The dynamical equation (8) becomes in this case
Gap = Tup, (11)
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which implies the standard relation V, 7%, = 0. Observe that in general relativity,
if u® is a 4-velocity field, and T, is the matter energy-momentum tensor defined by
(10), then @a (T%y,) = T @bua # 0. Thus, also according to the anisotropic theory,
conservation of energy-momentum is expected only in free-falling non-rotating non-
expanding reference frames and only locally as both features are shared by classical
general relativity.

1.2 Action variation and equations of motion

In this section we shall investigate whether it is possible to obtain the dynamical
equation (8) through the variation of an action. We shall be concerned in recovering
just the left-hand side of (8) which has gravitational origin.

Let 7% = Dew® and T = D@“ be the horizontal and vertical torsions respectively,
and let G, = Dggp be the non-metricity, all with reference to the same Finsler
connection V. It is useful to recall the next Bianchi identities which hold for any
Finsler connection (including D which is metric, hence the last one establishes the
antisymmetry of Rgy)

DR, =0,
DT* = R, Ao,
DT® = R%, A",
DGap = —Rup — Rpa.

Let us consider the gravitational Einstein-Cartan-like action (3). We shall often use
the following observation. By using normal coordinates at a point of E it is easy to
check that given a non- vanishing k-vector on 7 M, and a k-vector on T E that projects
on it, it is always possible to find a section s : M — E such that the former is sent
to the latter (in normal coordinates it is sufficient to take s¢ = Abe where A is a
suitable matrix). Since any k-vector on T E can be approximated by a k-vector that
projects to a non-vanishing k-vector we have, by continuity, that given any k-form w
on E, the equality s*w = 0 holds for every s iff @ = 0 holds (see 2 in the Appendix
for a detailed derivation). This property shall explain why the pullback can be omitted
from our equations, as they are supposed to hold for every section.

Another useful fact, that we shall systematically use in our calculations, is the
commutativity of the exterior derivative with the pullback ds*«o = s*do, where « is a
form on E. Ultimately, it will allow us to get rid of some exact terms.

The configuration variables of the action S are w®, w?p and g,p. This means that
we can define the action variation with respect to all of them in the usual way

d
88 = ESG((CUZ)“» (@)%, gup)li=0, 12)

where the subscript ¢ is a real parameter that defines the variation fields. The previous
definition is generalized in the obvious way to define the variation of any quantity with
respect to a selected set of configuration variables. The general variation § S¢ for fixed
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section s can be written, using s*7*e? = ¢ and the standard integration by parts, as

SL SL SL
5SG=fs* CEOY A e 5% [ 2G| 4+ st [ =G sg4b +/s*(dE).
M S 80)“1, 8gab M

The last term can be removed using the Stokes theorem and suitable boundary condi-
tions. Finally, we arrive at (see Appendix B)

SLg N ~

Sq = 2= Nabed R A o, (13)

SLg

s = 8 apea ¥ A o, (14)
)

SLg _ SLg

(Sgab - ngn 8ma8nb

= _%necd(ang)e AWEA a)d + %nrcd(bﬁra) Ao A a)d - %gabLG' (15)

In the second equation we used, for g“b fixed, 845 = Swqp). Actually these variational
derivatives are not independent as the invariance under change of frame implies the
identity (it is the Finslerian analog of the Einstein-Cartan formula [18, Eq. (3)], see
Appendix C).

SLg SLg SLg
AN —_—
S 38rb

. (16)
Sy
As aconsequence, itis sufficient to consider the dynamical equations for the connection
and vierbeins.

Further, it can be observed that under a variation of section

556 :/ 55* (L),
M

but Lg = 77 A o? thus, as in vacuum 7; = 0, the action does not really depend
on the section when the gravitational fields are on-shell. It remains to establish the
consequences of the vacuum equations which are obtained, by the arbitrariness of the
section and by the result of Appendix A, with the variational derivatives (13)—(15) set
to zero. Let

(I)ab = I:Iabcwc + Vabc(bC, (17)

where @ = Dy, be the expansion for the connection coefficients.®
Let [eq, ep] = ¢, (x)e. be the commutation relations for the chosen basis, so that
de€ = —%czbe“ A e?. Then

U = Do = (H%c + 5c )0 Ao + V9" A . (18)

6 This object should have been denoted aF, we hope that the simplification of notation does not cause
confusion.
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Let us first consider the consequences of the vacuum equation for the connection

gjf_ =0, that is 7apca U A w? = 0. It can be rewritten

VA — WP At =0 (19)

which implies” Hor(¥®) = 0 and hence H% ] + cfy, = 0.

But metricity of D implies, in particular, ﬁgr(ﬁgab) = 0, thatis (by o, := el 3)(3#
N (x, y)aiyc we denote the horizontal lift of e., by @, := eﬁf% — NC’ (x, y)W
tilde-horizontal lift of e, so that w? (&) = ”(w,) = 8L, @ (@c) = Dg,y” = 0)

= &c(8ab) — abc I:Ibac'
Combining the previous equation with H “be) + %c“ be] = 0 we arrive at

1 - - -
Habc = Egar{wb(gra) + @q(&rb) — @r(8ab) — (Cach + Chac — Ceba)}- (20)

Let us now consider the vertical information in Eq. (19). The contraction iy of Eq.
(19) where Y is vertical gives, setting Vb“ = Vb”‘c Ye,

b b
bV —sLvh =o.

Taking the trace we get V;' = 0 so, by the arbitrariness of Y, Vlfc =0, thatis, ¥ = 0.

The equation Ve =0 1mphes in turn that D is strongly regular and that {@®, @®°} is
the dual basis to {a)c, 5ye }, see [13] . But Dis metric, so a calculation of the vertical

part of Dgap = 0 gives aag"f’ = 0, namely the metric does not depend on the vertical

variables. Finally, the expression (20) proves that in vacuum the horizontal coefficients
of V do not depend on the vertical variables and are actually those of the Levi-Civita
connection of ggp.

In conclusion, the vacuum dynamical equation for the connection is equivalent to®
W? = (0 which is equivalent to the imposition of the following three conditions: (a)
the independence of g on the vertical variable, (b) the horizontal coefficients of V are
those of the Levi-Civita connection of g, (c) the vertical coefficients of V vanish (we
proved one direction, the other being clear).

As for the other vacuum dynamical equations, by Eq. (16) we need only to consider
the vacuum dynamical equation for »?, and this is T; = 0, which by the found form
of the connection and Eq. (9) is the statement that the Einstein tensor (and hence the
Ricci tensor) of the Levi-Civita connection vanishes.

7 Because, the algebraic equation 8]’[, BY g1 =8 Bhpq] = 0, where B}, = — B, , traced on the indices
b and r, and then traced again, easily leads to B¢ ,; = 0 (in spacetime dimension 4 and higher). Here
Bji. = H el + 3¢y

8 This is the Finslerian analog of the connection equation [5, (38), see also (33)] for our vacuum purely
metric-affine theory. In that pseudo-Riemannian theory if metricity is imposed a priori, we are back to
Einstein-Cartan theory and the connection vacuum equation states that the torsion vanishes. In the Finslerian
theory the equation has consequences also on the metric, not just on the connection.
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The original connection V can only be determined up to a gauge because we imple-
mented the amplified symmetry. The same Lagrangian with all the ‘tilde’ dropped
would have established that the connection in vacuum is indeed Levi-Civita. It is
indeed possible to impose that the connection is metric since the beginning. That
gives a viable and physically equivalent approach, the only drawback being that the
variation has to be constrained a priori since only metric connections should be con-
sidered (as in the Einstein-Cartan theory). Therefore, it is not an approach in which
metric and connection are completely unconstrained (purely metric-affine).

In any case, the conclusion is that in vacuum the theory is equivalent to general rel-
ativity, so according to the present theory in vacuum there is no torsion nor anisotropy.
This seems a peculiar feature of this theory as most other proposals for a Finslerian
dynamics leave room for possible vacuum non-pseudo-Riemannian solutions [6, 8,
16]. Still it is a natural one as our theory mimicks Einstein-Cartan, in which, analo-
gously, there is no torsion in vacuum. Also it fully agrees with our current experimental
evidence that vacuum is described by a pseudo-Riemannian (Lorentzian) theory at the
classical level.

2 Conclusions

We explored an anisotropic theory in which an Einstein-Cartan-like Lagrangian on the
slit tangent bundle E is pulled back to M through a sections : M — E. The dynamics
was obtained by imposing stationarity for every possible section s, which results in
equations on E independent of the section. This fact is interpreted as independence of
the equations from the observer. The dynamical equations imply that in vacuum the
theory is in fact coincident with general relativity and hence that there is no torsion nor
anisotropy. The theory might also implement the amplified symmetry of our previous
work. This modification, motivated by the purpose of interpreting the physical field
as the non-linear connection, can also be omitted in which case the theory is framed
in terms of a metric connection, this time living on E rather than M, much as in the
original Einstein-Cartan theory.
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Appendix A: Proof of Vs, s*@ =0 = @ =0

In this appendix we provide a detailed argument on why s*w = 0 for every section
s : M — E implies w = 0. Here w is a k-form on E, k < n, n dimension of M.

Let E = TM\Oandletw : E — M be the projection on the base. The coordinates
on E are (x%, y*), those on T E are (x¢, y%, x%, y*). Elements in T E are denoted with
capital letters, e.g. V, those in T M with lowercase letters, e.g. v.

Suppose s*w = 0 for every s. In order to prove that w = 0 we just need to prove
that w vanishes over every k-vector Vi A Vo A--- A Vi with V; € TE.

We can assume that v; = 7, (V;) are linearly independent and hence that

T (ViAVOA-- - AVE)=vi AV A--- AV #0

indeed, if not, replace V; with Vl/ () = V; + eW; for sufficiently small € where
w; = m(W;) are linearly independent (if # < k is the dimension of the space spanned
by {v;} pick t vectors of {w;} as a basis of this space and k — ¢ vectors as a basis for
a trasverse subspace). Then {V/} would have linearly independent projections, and if
we can prove for these type of k-vectors that

o(ViANVIA-- AV =0,
then taking the limit ¢ — 0 we also get
oWViAVLA--- AV =0.

Let P € E, we want to prove that w(P) = 0. Let p = 7 (P). We need only to try
the form on Vi A Vo A - -+ A Vi with projection vy A vy A - -+ A v # 0, that is, we can
assume that v; are linearly independent.

Introduce coordinates at the point p € M of interest such that x%(p) = 0. Consider
the section s : M — E having local components

s%(x) = P? 4+ Bx"

where P = y*(P) and B is a constant n X n matrix. Note that

L
Vl—vi

axa +ai W

for some constants qf’. Choose B so that it maps vf e R"to qf’ e R, ie. ql.b = B, v
(here linear independence of {v;} is used), then

d as? 0

s5(vi) = v T + Py vf 5y = Vi eTE,

and hence

OoVIAVOA- AV =50 AvaA---Av) =0.
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Appendix B: Proof of the expressions (13)-(15)

The dynamical equations (13) and (14), that are the most important, can be proved
directly.
Let us consider the variation just with respect to w“. We have

§Lg = nubcdkah A o€ A Sw?

from which Eq. (13) follows.

Let us consider the variation just with respect to w®;. From Eq. (1) &%), = %(S wp—

%gbﬁa)srg’“, thatis §agp = dwiep). We denote gy, % with =2

5,5 - Now, the symmetric
G

part % vanishes due to the amplified symmetry (in the version in which the tildes
are dropped it does not make sense to consider this variation as g, dw", would be
antisymmetric by the a priori compatibility of D with the metric). Thus we have the

. . SLg _ S8Lg __ éLg
identity St = 3ot = 3ob-

But we have, using Do’ = W,

SLg = %nabcdDBJ)ab Aot Aot = d[%nabchJ)ab Ao A o]

—Nabea®? AV A 0? A8,

which proves Eq. (14).

The last equation (15) is not really necessary for the dynamics as it follows from
the other two, see Eq. (16). Anyway, we calculated its expression as follows, which
also provides another proof of (13) and (14).

We start from the expression Lg = Ty A . Then the variational derivatives follow
from the identity

1 1
S ANT)=d (n“bcdwf A (5604 A’y — ZSgaea)b A gde»
—2%, A8 + 1%ea ¥ A 0 A S0,
1 , , i .
- (8% A @ +n%cae (\1/‘ Rt A G ot Aot A RP)) Sgan, 1)
To prove (21) we will work out its left and right hand sides and show that the
obtained expressions agree. Let us start by computing the left hand side: we expand

out the expression w“ A T, using the definition of 7, given by (4) and the definition of
R,p given by (2). The result is, setting G, := Dgap,

1 1
O A e = SMacha o A o’ A R — g ledab® A @ A GAnG?P. (22

Next, we compute §(w° A T.) (the left hand side of (21)) obtaining
(0 A Tp)
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= %(nacbd@w” AP AR 4+ 0 NS AR + 0 A A SRda)
+o Ao’ A Rda‘snacbd) + %(_wc A NG A gebancdab
_ncdab(gwc Ao A ged A geb + o A S A ged A geb
+0° A0 A Gl ASGP + 0 A ASG A geb)> (23)

The procedure is now a straightforward but tedius computation that involves replac-
ing the variations of g*?, nupca, Gap and Ry, using the following relations

. 1
887" = —g*g"5g.4 anabcdzinabcdg%geh, SR%, = Dy, (24)

8Gap = Dégap — gbcawca - gacawcbo (25)

Now, one can replace the exterior derivative that appears on the right hand side of
(21) by the exterior covariant derivative D getting

. 1 1
D (n”bcdw‘ A (Ea)‘l A’y — ZSgaewb A gd“>>
1 . .
= _Enabcd(gwae Ao At A gdL
+4ln”;,cd <2D8wba A Ao +4Da? A, Aot — o Ao A G A D(Sgae)
+418ga;, (nacde (2Da)c Aw? NG + o At A nge) — Nedef @ A o? A G A gbf)
d

—%g”b(%a)ca A A @ A Dipedge + 88ac? A w® A G A Dﬂbdef),

and compute the latter using the following structure equations

Do® =T*¢, (26)
1

Dnapea = Egeenabcdv 27

DG = —2R", (28)

After a long computation one obtains an expression for the right hand side of (21) that
agrees with the value of §(w° A 7.) obtained from (23) after using (24)—(25).

Appendix C: Proof of identity (16)

Let A%, be the transition fkmctions obtained from §uitable_ local trivializations of the
bundle 7*(E) and define A%, by the relation A, Ab, = A9, AP, = §9.. The cocycle
relation of w* is then given by

@' = A%l (29)
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This induces the following cocycle relations for vy, and g,
a)/rb = ArawasASb - Acbd(Arc) > g;b = gchCaAdb- (30)

Let us assume that we take a family of transition functions depending on a parameter
1, {(A)%p, (A")%}, and define A%, 1= L (A")|,—0, A% 1= L (A")%];=. Then if
we take the derivative with respect to ¢ of (29)—(30) particularized for the family of
transition functions just defined, we get

S = At | Swy = 0 A%, — d(A%) + A%eet | 88ab = 8cbAa + 8aa A%,
(3D
where, as usual, we define the variations of the configuration variables w®, w%p, gap
adapting (12) to the present situation. Next we assume that we have an action § =

f v $TL, where L is a function of @, ©“p, g4» and it does not change under (29). The
general variation S is given by

SL SL 5L
58 :/ s* A S —|—/ s | —— A Sy +/ s* 88ab
M S M S M 38ab

—{-f s*(dE). (32)
M

If we particularize the above for the variation induced by the transformation (30), then,
on one hand S = 0, and on the other, we may replace dw®, §w“p, 8g4p by the values
given by (31). Using integration by parts in the resulting expression, the identity

SL - ) 8L = 8L
d (Sa)abAab> = D(A%) A S + A% D (awab) , (33)

and the the Stokes theorem on the boundary terms we deduce

- 5L 5L 5L
0:/ A'gs* | — A0’ —2g,p—— — D ) (34)
M Sw” 88vh 8wrs

Given that the section s is arbitrary, the term in brackets must vanish, leading straight
to (16).
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