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Abstract A Yang-Mills formulation of Einstein gravity with spin-affine connection as the
dynamical variable of gravitational field is suggested based on the Stephenson-Kilmister-
Yang (SKY) equation. A physically interesting property of the present formalism is that
the Einstein field equation appears as a first-integral solution to the Yang-Mills type gravita-
tional gauge field equation. The gravitational current density, the law of conservation and the
gravitational gauge field strength in vierbein formulation are discussed. The present scheme
could provide us with new insight into a possible way to include both Yang-Mills field and
gravitational gauge field into one framework of generalized vierbein fields.

Keywords Vierbeins - Spin connection - Stephenson-Kilmister- Yang equation -
First-integral solution

1 Introduction

With the development of quantum field theories and the increasing evidences from observa-
tional cosmology [1-3], much work has been performed in order to suggest extended the-
ories of gravitation and to interpret new gravitational phenomena and effects [4—6]. These
included, e.g., the running Newtonian gravitational constant on the cosmological-horizon
scale as a modification to Einstein gravity [5], the chameleon-field model (compatible with
present fifth-force experiments and cosmological observations) [6], the gravity of antisym-
metric skewon field (which, together with symmetric metric, forms Hermitian fiber met-
ric) [7], various versions of gravity with torsion [8, 9], 1/R-correction gravity [10], and a
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variety of gauge approaches to gravitation [11]. In this paper, we suggest a gravitational
gauge theory using the spin-affine connection as a gauge field connection. By means of the
gauge approach, the Einstein gravity theory as a field theory of Yang-Mills type will be re-
formulated. In the literature, though many references have pointed out that the gravitational
field is a non-Abelian gauge field [12—15], yet the field equation in general relativity (GR)
is not a Yang-Mills type equation. We find that the reason why the local Lorentz symme-
try in the formulation of both metric and Levi-Civita connection does not allow to describe
gravity as a Yang-Mills type gauge interaction is because these two gauge interactions are
formulated in different languages: specifically, GR is constructed using Levi-Civita connec-
tion (in terms of the metric), while the Yang-Mills gauge field theory is described using
non-Abelian gauge field connection, which can actually be expressed in terms of the so-
called “Yang-Mills vielbein’ (this would be addressed in this paper). In other words, in the
Yang-Mills gauge theory, the connection and the fundamental dynamical variable are the
same physical quantities, while in GR the connection (Levi-Civita connection) and the fun-
damental dynamical variable (metric) are not the same quantities. It is possible, in fact, to
demonstrate that this asymmetry between GR and Yang-Mills gauge field theory can be
avoided if we introduce the formulation of vielbein (in four dimensions we would call it a
vierbein) for gravity. Here, we will verify that in the formulation of vierbein, where the spin-
affine connection is written in terms of the vierbein fields, one can identify the spin-affine
connection with the dynamical variable of a non-Abelian gauge field, and GR can then be
reformulated as a gauge field theory of Yang-Mills type, where the field equation is sug-
gested based on the local Lorentz-group gauge invariance with the spin-affine connection
involved in the Yang-Mills covariant derivatives (in the vierbein formulation).

The present gravitational gauge formalism is developed based on the Stephenson-
Kilmister-Yang theory, which contains a vacuum gravitational field equation of Yang-Mills
type with Levi-Civita connection being the dynamical variable. One of the most important
properties of this equation is such that it is a third-order differential equation of metric but
second-order equation of Levi-Civita connection. In 1974 Yang considered an integral for-
malism of gauge fields and suggested such a new gravitational field equation [16], where
the Christoffel symbol (Levi-Civita connection) serves as a non-Abelian gauge field [16].
Pavelle immediately pointed out that this gravitational field equation is identical with that
proposed by Kilmister in 1959 [17], and then in the references published later, some authors
referred to it as the Kilmister-Yang equation [18]. But actually, it might be Stephenson who
was the first one to propose such a kind of theory (even one year earlier than Kilmister did)
[19]. Thus the Kilmister-Yang equation can also be referred to as the Stephenson-Kilmister-
Yang (SKY) equation. In general, the source-free SKY field equation can be written as

VuRuvaﬂ :0, (1)

or equivalently in the form V,Rg, — V4R, = 0. It can be readily verified that the Ein-
stein vacuum field equation has already been involved in (1). However, the SKY equation
has some other new solutions, which were viewed as unphysical solutions [20]. It was sug-
gested that the SKY equation should be supplemented by further restrictions on the class
of allowable spacetime in order to rule out the so-called unphysical solutions [20]. Later,
the SKY vacuum field equation received increasingly more attentions from researchers. For
example, the SKY equation for the geometrically degenerate cases of conformally flatness
and decomposability of spacetime was studied [18, 21], and the possible unphysical met-
rics [20] that belong to these degenerate classes [18, 21] were considered. Some specific
physical properties such as the monopole gravitational radiation and the Birkhoff theorem
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relevant to the SKY equation were discovered [22]. The static, spherically symmetric solu-
tion to the SKY equation was obtained, which showed that the Solar experiments cannot yet
distinguish between the SKY equation and the Einstein vacuum gravitational equation [17].

Though it has some “unphysical” solutions, the SKY equation has already contained all
the solutions of the Einstein vacuum field equation. Therefore, the SKY equation deserves
further investigations, since it can be said to be more general than the Einstein field equation.
We shall generalize the SKY gravitational field equation of vacuum to the case with sources
(matter fields), and then rewrite it as a Yang-Mills type gravitational gauge field equation in
the vierbein formulation, where the spin-affine connection (or spin connection, for brevity)
serves as the Yang-Mills dynamical variable. The present prescription complies with the lo-
cal Lorentz-group gauge symmetry. In the conventional gravity theory, it is the metric that
serves as the dynamical variable. In the present formalism, however, we have a new dynam-
ical equation (i.e., a Yang-Mills type gravitational gauge field equation) with a new dynami-
cal variable (i.e., spin-affine connection). It should be noted that in the literature Camenzind
has suggested such a kind of theory, where the Lorentz frame bundle on the spacetime acts
as gauge bundle and the Lorentz connection (spin connection) as gauge connection, and
presented a Yang-Mills type gravitational field equation with source of matter [23-25]. In
this paper, however, the cosmological constant term (besides the matter term) is also taken
into account. By using the Yang-Mills type gauge field equation of gravity, we can suggest a
different viewpoint about the physical meanings of the cosmological constant, and provide
new insight to look at the cosmological constant problem (since the Yang-Mills gravitational
field equation is a third-order differential equation of metric, the covariant derivative of the
cosmological constant term expressed by the vierbeins such as —(iA/4) (9,0, — 0#,9%)
unavoidably vanishes). In addition, a new concept (Yang-Mills vielbein) will also be defined
and the vielbein version for the Yang-Mills gauge field theory will be suggested, and then
the spin-connection gravitational gauge theory can be generalized to the case that includes
both gravitation and Yang-Mills gauge interactions.

2 The SKY Equation with Source and the Spin-Connection Gauge Field in the
Vierbein Formulation

In order to suggest a Yang-Mills type field equation of gravitation, we should first refor-
mulate the Riemannian geometry and torsionless gravity using the formulation of vierbein,
where the vierbein fields satisfy the relations g,, = ¢,"e,, and §,” = ¢,"e,"”. If the metric
g (viewed as the element of a matrix g) is a complex Hermitian metric (i.e., g,,, has a sym-
metric real part and an antisymmetric imaginary part), then one can show that e,, = (9,,)*
and ¥, = (e",)*, where the asterisk denotes the complex conjugate. Here, the Greek and
Latin indices denote the Einstein local coordinate indices and the spacetime indices of local
inertial frame (Lorentz coordinate indices), respectively. A gravity theory can be established
based on the complex Hermitian-metric Riemannian geometry. In this theory, the nonzero
torsion tensor must appear, since the contorsion is no longer a tensor and cannot be taken
to be zero. In the gravity theory with real symmetric metric, however, the contorsion is a
tensor, and then both the contorsion and the torsion can be assumed to be zero. In gen-
eral, we can suggest a Yang-Mills type gravity theory in the vierbein formulation, where
the complex Hermitian-metric Riemannian spacetime exhibits its nonzero torsion. But as a
tentative study, here we concentrate our attention only on the curvature-only theory, where
&uv is a real Hermitian metric (with vanishing imaginary part) and the contorsion is taken
to be zero (besides, the metric is assumed to be analytic. Gravitomagnetic monopole would
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lead to the non-analytic metric [26, 27], which we will not consider, for simplicity). Under
this condition, one can arrive at e,, = ¢, ©,” = ¢", (and hence we have ©', = ¢," and
e =1¥"") as well as the relations between the metric and the vierbeins: g, = ¢",e,, and
8," =e",e.". In this paper, we choose the metric sign convention (+ — — —). In the Rie-
mannian geometry, the Levi-Civita covariant derivatives of the vierbeins are defined through
V.0, = 010, — 04,17, and V, 3", = 0,9, + 'V, 07,. Then it follows that the Levi-
Civita affine connection can be expressed in terms of the vierbein fields:

FM}»\) = 19“’.8)»191” + S'U'Av’ (2)

where $#;, = 9, V, 0*" (V, denotes the Levi-Civita covariant derivative).

Now we rewrite the Riemannian curvature tensor (using the vierbein formulation) in
terms of the spin-connection gauge field, and then rewrite the Einstein gravitational field
equation as a version of Yang-Mills type. We start the derivation from the Bianchi identity.
We contract the coordinate index p with y in the Bianchi identity V, Rog", + Vg R, ", +
VuRg, ", =0, and obtain V, Rus", + VgR,o"\, + Vo Rg, ", = 0. By using the definition
of Ricci tensor Ry, = R.o"y, Rgy = —Rg,*,, the Bianchi identity becomes V, R.g", =
Vo Rgy, — Vg R,,. By introducing the vierbein fields, one can rewrite the Bianchi identity as
the form

V R™", = (VyRag",) 0 0% + Regh, V, (97 075). A3)
We shall now obtain the relations that relate V, 9% and V,9#° to the spin connections:
(i) by using the relation S,,% = (V,0,,)0* = —1,,V, 0%, we can obtain z?“SA,L"‘ =
—OM 9V, 0% = §7,% = —V,9%; (i) by using the definition S,” = (V,9?")8",, we
can arrive at S"H”ﬁv‘ = (Vﬂﬂ"")ﬁ”,ﬁf = Sﬁ,f' = V,ﬂ?ﬁs. Then, based on the following
two important relations
V9 =85, V0 =57, “)
the second term on the right-handed side of the identity (3) becomes
Raﬂﬂvvp, (ﬁarﬁﬁs) — Raﬂﬂu (Vl,_ﬁm) ﬁﬁs + Ruﬂﬂvﬁmvuﬁﬁs
— _Raﬂﬂvsrﬂaﬁﬂx + Raﬂ“vﬂarsﬁ,u.x
— _SVM_[RtSMU + R}’tu.vsrﬂs

= _[S;u qu]rs’ (5)
where we have substituted the relations §”,* = §",, 9% and § B = b St,.° . The definitions
RIH, = Rygh, 0495, RM, = R"g*, 9P and R™M, = (Q*,)"*, R"", = (Q",)"" have been
used in (5). In the following analysis, the definitions of the spin connection as well as the
Riemannian curvature tensor of the vierbein formulation, such as (S,)"; = 8", (S,):° =
Sy’ and (%) = R™H, = ﬁ“’Raﬁ“vﬁﬁS, will always be adopted for derivations. Based
on the above relations, it follows from (3) and (5) that the Bianchi identity becomes

V;/.(QMU)” = (VQR/SU - VﬁRav) ﬂarﬁﬁs - [S;J.a Q,u.v]rs' (6)
By using the Einstein gravitational field equation Rg, = Kf"ﬂu, one can arrive at

V(@) 4 18, 1 =k (VT = Vo ) 07707, @
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Here, the source tensor f",gv has a form fﬂv =Tg, — 8pvT/2 — (A/K)gpy (in four-dimensional
spacetime) or has a general form

“ 1 1 A 1
Tg, =18, — oA gpvT — \T7 8pv 3
2 2

(in d-dimensional spacetime), where 74, denotes the energy-momentum tensor of matter
fields (the scalar T = gﬂ”tﬂv) and A stands for the cosmological constant. We are now in
a position to study the property of the spin connection (S,)" (i.e. S",%). As §",* is anti-
symmetric in indices r and s, i.e., §",°* = —S§°,", we have (ST)” =—(S)", ST —Su,
where the Lorentz indices r, s are regarded as the matrix 1ndlces If we define a new quan-
tity Sﬂ =1, then we have (S )= (S ), S’r = S This means that Sﬂ is a Hermitian
spin-connection non-Abelian gauge field potentlal (dynamical variable). Hence, (7) can be
rewritten as a Yang-Mills type gauge field equation

V(28 —i[S,, Q41 =« (vafﬂv A Ta> 9 9hs 9)

Now let us see whether (2#,)" could be expressed in terms of the spin-connection non-
Abelian gauge field potential (i.e., whether it can be reformulated as a standard Yang-Mills
gauge field strength). This is not a new problem, since the authors of many references have
considered it from various aspects [12—15]. By using the definition of Levi-Civita covariant
derivative, the second-order covariant derivative of the vierbein ,” yields a relation

0w — O v = 08 RP oy,
= (0 — O ) 97 =05 RP 07, (10)
which can be rewritten as
()" = (D v — O i) D7 (11)
With the help of the relations in (4), we can obtain
U w07 =V 80+ (5,807, U 07 =V, 80+ (S8 (12)
Thus the Riemannian curvature tensor in the formulation of vierbein is of the form (£2,,,)"* =

[VuS% "+ (5.8) 1= [VuS*," + (5,S,)"* ], which can be rewritten as V,, 8" ,* — V,,8",* +
(S8 = (8u8)" = (V. Sy — VS, + Sy, SuD™. Therefore, we have

1 . o v . rs
(@) = (VS = Va8 —il5.. 81 (13)

or Q,, = (VMS‘,, -V, S‘H — i[S‘M, S‘v]) /1. It follows that a Hermitian spin-connection gauge
field strength (curvature) can be defined as SVZW =182, Thus, one can have SVZW =V, S'V —
A S‘H — i[S‘H, 5‘,,] whose component (matrix element) is given by (Q,w)” =(V, S'v -V, S‘M -
irS,. S,

Now the field equation (9) that contains the Einstein equation can be rewritten as

V, (04, —i[S,, S0, 17 = ki (va T — Vg ﬁw) 99 (14)
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Here, the current density of the source is
)" =i (va T — Vg fav) gerghs. (15)
Equation (14) can be rewritten as
V2, —i[S,, ) =« J,, (16)

or
D, =k J,, (17)

where the spin-connection covariant derivative D,, =V,, — i[S‘M, - ]. This is the Yang-Mills
type field equation of gravitation obtained in the vierbein formulation.

In the regular prescription of gravity in GR, where the formulation of both the metric and
the Levi-Civita connection is used, there are almost no similarities between GR and Yang-
Mills theory seen from the mathematical structures of the field equations. We have shown
(in the representation of tensor for the local Lorentz group) that the Einstein field equation of
gravitation in the vierbein formulation can be reformulated as a Yang-Mills version, where
the dynamical variable of the gauge field is the spin connection, and the Lorentz group is
the local gauge group.

3 Gravitational Current Density and Law of Conservation
‘We have defined a gravitational current density by using the gravitational gauge field theory.
Here we discuss the current density, (J,)"*, on the right-handed side of the new gravitational

field equation (16). As the Lorentz indices r, s can be regarded as the matrix indices in the
vierbein formulation, we can now consider its complex conjugate:

(") =i (VaTp = Voo ) 02077, (1)
which equals (J,)*". Besides, it can be readily verified that, for a matrix, we have an identity
()= (Jj)”. Thus, the result of (18) means that Jj = J,, namely, J, can be viewed as
a Hermitian current density. Therefore, we obtain a non-Abelian current density that is in-
volved in the gravitational interaction. It can be shown that the gravitational current density,
(J,)*", of matter field can be rewritten as (J, )" =i[D, (Tﬁvﬁ"”l?ﬂ’) —Dg (T 9% 9P, ie.,

()" =iD, (" T", — 0" T*,) = 2D, (C*,)", (19)
where the Hermitian source tensor ((f“v)” is defined as

1) = % (z?’”f"’v - M’fsv) : (20)

It follows from (14) to (17) that the gravitational field equation can now be rewritten as a
form of spin-connection covariant divergence:

D, [y = 2, | =0, @D
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In what follows, we deal with the problem of conservation law of the current density. In
the torsion-free curvature-only differential geometry, it can be readily verified that V, V, Q*”
vanishes, i.e.,

. 1 0 .
VWV = e (v=ev.e)

e .
- _ 1234
T /=g ax"axn (V 842 )
=0. 22)

According to the Yang-Mills type gravitational field equations Duf]'” =«J', ie., VMSV?"” —
i[S‘,u 52“”] =« J", we can define an effective current density

iy
ar=J"+ ;[Su, Q1] (23)
Thus the equation of conserved current is given by
Vo T =0. (24)

Equations (23) and (24) are the conserved current density and its continuity equation, re-
spectively. Equation (24) is, however, not a Yang-Mills gauged covariant equation. As we
will show in the following section, the present Yang-Mills formulation of gravity is a local
Lorentz-group gauge theory, where the Yang-Mills covariant derivative contains the spin
connection. For this reason, we need to construct a Yang-Mills gauged covariant equation
for the conservation law of current density. The expected conservation equation would be of
the form

D,J'=0. (25)

Now let us show that (25) indeed holds true in the Yang-Mills formulation of gravity. Ac-
cording to the Yang-Mills type gravitational field equation D, 2" =« J”, in order to prove
(25), we should first establish that D, D,, 2"’ = 0 is correct. The calculation is presented as
follows:

DD, Q" =V, (vufw —i[S,.. fz#”]) —i [S V0" —i[S,, éﬂ”]]
= VoV =V S, 00— i1, VT =[S, v | - [S 15, 1]
= =iV, 8, 21 = [ 31, 15, 1] (26)
where the relations VVVMSVZ“” =0 (i.e,, (22)) and —i[S‘M,VVUSVZv““]V— i[S‘v, VgSVZ””]V= Q have
been substituted. Then, according to the Jacobi identity [S,, [S,., Q*"1] + [Q*", [S,, S, 11+

[S,., [2, 8,11 = 0, we can have [S,, [S,, 211 + [S,, (2", 8,11 = [[S,, S,,], 2], and
then obtain a relation [S,,, [, $2"1] = [[S,, S,.], §*"]/2. Thus, the formula (26) becomes

DD, Q" = —i [VVSH - %[s $,1, fz““] . 7
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Hence, one can arrive at DUDMSV?‘” = —(i/2)[SV2W, 52“”] = 0. This establishes that the co-
variant continuity equation (25) is really valid in the formulation of gravity as a Yang-Mills
type gauge interaction.

On the other hand, the covariant continuity equation (25) can also be derived from the
conservation equation (24) of the effective current. The derivation procedure is given as
follows:

Vi =Vl + 5 [V = V8 =il 8,060 | - [ 180, 50 2

iy v
+ =[S, Vo 2]
K

- (VUJ” —i[&v, J]) ! [[s $,1. s“w] 1 [VM, 5., QW]]

S %

=D,J", (28)

where the identity [[S‘u, S‘M], Q‘”]/Z + [S‘M, [S‘u, SVZ“”]] = ( has been inserted. From the result
obtained in (28), one can show that the gauged covariant law of the conserved current density
isD,J" =0.

It is very interesting that the role of the cosmological constant in the gravitational gauge
theory is quite different from that in the Einstein gravity theory. The gravitational effect
of the cosmological constant term that can be expressed as —(iA/4) (9", 0", — V¥ ,0")
is automatically eliminated in (21) because its spin-connection covariant derivative van-
ishes (i.e. D, (9",0", — v ,0",) =0). This, therefore, means that the quantum vacuum
energy (governed in the gravitational field equation by a cosmological term) would actu-
ally make no contributions to gravitation in the present Yang-Mills formulation of grav-
itation. This can also be interpreted in an alternative but equivalent way: there is a term
—(@r/ 2)(§2W)p‘715‘“q19" p in the interaction Lagrangian density Liy. This term can be rewrit-
ten as —AR /2. It should be noted that the variation of —A R /2 with respect to the spin-affine
connection vanishes because —AR/2 is a linear function of the spin-affine connection. This
will, unavoidably, change our understandings of the physical meanings and the roles of the
cosmological constant in gravitational interactions.

4 Spin-Connection Covariant Derivatives of Tensor and Spinor

The local Lorentz-group Yang-Mills type gauge symmetry for the spin-connection gravity
can be easily revealed in the formulation of vierbein. We define the Lorentz rotation (in
the representation of tensor) as U = dx” /dx* and (U~")*, = dx*/dx", which satisfy the
orthogonality relation

Uy =utly, =4, (29)

because of (dx”/3x*)(dx*/dx") = §",. In general, the Lorentz rotation (in the represen-
tation of tensor) can be written explicitly in terms of the Lorentz group generators as the
following exponential forms

U™ =exp [—%Oqu («7””)”] . U's =exp [—%Oqu («7}"’)’:} , (30)
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where the Lorentz group generators (in the representation of tensor) are given by (J77)™ =
i(nP e —nP ") and (JP9)"s =i(n" n?y —nPn?"). Here, n?" denotes the flat Minkowski
metric, and n?; = §7;. We point out that the Lorentz group elements, U”, and U'’, have the
following properties:

(1) The Lorentz indices (i.e., the matrix indices r, s, ¢...) can be raised and lowered by
the flat Minkowski metric 1™, 7, e.g., U™ = U",;n" and U"y = U""n,,, which can
be proved by using the form of Taylor series expansion of the local Lorentz group
elements defined in (30).

(ii) The inverse elements of the Lorentz group can be obtained by using the relations

(Ufl)sr — Urs’ (Ufl)sr — Urs. (31)

These two relations can also be verified by using the procedure of Taylor series expan-
sion.
(iii) The Lorentz transformation of a vector, say P”", can be written as

ox"
P/r — LP_S — UVSPS, (32)
0x*

and then from (32), one can show that the infinitesimal transformation is §P" =
—(i/2)apg (JP9)" s P*. This can become (1/2)ap, (n?" P4 — PP5?"), which is consistent
with the infinitesimal Lorentz transformation § P" = ", P4, where o', is an infinitesi-
mal transformation coefficient satisfying o”, = o"*ny, with o’ being antisymmetric in
indices r, s.

At this stage, we present the covariant derivatives (containing the spin connection) of
tensors. It is apparent, for example, that the covariant derivatives of the two typical tensors
P'" and (P")"" are as follows:

D,P" =V, P" — i(S’M)’XP‘”, D, (P"Y' =V, (P")" — i[S‘,L, P'1". (33)

By using the definition of the spin connection (S,,)"" = 9"V, 9,", one can show from (33)
that the spin-connection covariant derivatives of the vierbeins vanish, e.g. D, 9" =0 and
D, v." = 0. According to the local Lorentz-group gauge transformations P’ = U”; P** and
D, P =U"sD,P" (with D), =V, — iS’I/L), one can have
VMP/W‘ _ i(SL)rsts — Ursvﬂpvs _ iUrs(va)s[PUt’
=V, (U P") —i(S) U P" =U"V, P* —iU" (S, P",
= (3.U") P"+U" V., P" —i(S,) U P" =U",V,P" —iU"(5,)", P", (34)
which leads to
9 U" —i(8) U =—iU"(5,)"),
= (L\S/‘;L)rsU” — UVS(S/VH)S[ _ iaMU”,
= GYLUTWTH =0T U —i(3,U7) WY,

= S)7T=U,S)" U —i(8,U") U (35)
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This is exactly the local gauge transformation of the spin-affine connection. One can thus
show that the Hermitian spin-affine connection SL automatically obeys the local Lorentz-
group gauge transformation rule. The transformation rule can also be written as (omitting
the matrix indices for simplicity)

§,=US, U™ —i@,U)U". (36)

This means that the spin-affine connection S ., transforms exactly the same as the dynamical
variable of a Yang-Mills gauge field. In other words, this requires establishing a dynamics
of spin-affine connection for the gravitational interactions.

The Lorentz transformation of spinor is discussed in what follows in order to construct
a gravitational gauge field tensor (curvature) in the spinor representation. We shall consider
the representation of spinor for the Lorentz group and Lorentz rotation. We first discuss the
Lorentz transformation of spinor, and see the spin-affine connection in the representation
of spinor (the relations of spin-affine connections between the two representations: spinor
representation and tensor representation). We have considered the Lorentz transformation
operator U’ that operates on the vector and tensor, and studied the covariant derivative D,,
of the vector and tensor. Let us now consider the Lorentz transformation operator that acts
on the spinors and the corresponding covariant derivative D(SP namely, we shall apply the
Lorentz group in the representation of spinor to the local gauge field theory.

In the absence of gravity, the global Lorentz transformations of spinor (say, ¥, ¥) and
vector (say, d;) are of the form [28, 29]

v'=Uy,  V'=yU;, 8 =Ud. 37

1
2

Here, we discuss the global Lorentz transformation of a scalar vy * 9,y
Vyroy = (&U;‘) y" (Ua) (Uyw) =dv'av. (38)

This requires y' = U Il y*U 1 U,'. Of course, the Dirac matrix y”* = y* (this is valid under
the Lorentz transformation. This would, however, no longer hold in the Edwards transforma-
tion that is a coordinate transformation for anisotropic flat spacetimes [30]. Here, however,
the discussion is limited only to the case of isotropic flat spacetimes for convenience). As
is known, according to y' = UflySU% U,' (and hence y' (U™, = Uf'ySU% ), one can
2 2
immediately obtain an important relation U 'y*U 1= U*,y'. Besides, it is well known that
2
the Lorentz group generator in the representation of spinor is given by X" = (i/4)[y™, y"],
which satisfies the commutation rule of the Lorentz algebra [X™", XP9] = i(n"? X" —
NPyt — M n’”‘f 2"7). By using the commutation relation [y?, ™" = (J™")?;y
[28] and the relation U ! Yysu 1= = U*,y’, one can obtain the Lorentz transformation operator

in the representation of spmor as follows

i
U, = exp(——a,n,lzm"). (39)

2 2
Note that here the parameter «,,,, is independent of the spacetime coordinates, i.e., U 1 in (39)
is a global Lorentz transformation operator. If we consider the local Lorentz transformation,

then o, = o, (x#), and the ordinary partial derivative of spinor should be generalized to
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the covariant derivative that contains the compensating spin-affine connection gauge field
B, ie, DY =9, —iB,.

In general, as a dynamical variable of gauge field in the Yang-Mills field theory, B, (the
spin connection in the representation of spinor) is a fundamental physical quantity. In the
vierbein formulation for the Yang-Mills field theory, however, the fundamental quantities,
such as the gauge potential B,,, could be constructed explicitly in terms of the vierbein fields.
One can, for example, choose the form B, = G(S’ﬂ)l’q X,p, Where o is to be determined by
the spin-connection gauge transformation B, = U 1 B, U ;1 —i(9,U 1 U ;1 . It can be verified
that the parameter o =1i/2. In a word, after a considerable amount of computation, one can
immediately arrive at

Dy = [a,t - i%(ﬁM)P" qu} v, (40)

ie. D,‘f")xp =[0,+ (1/2)(§M)I’q Xyp]¥r. Now let us calculate the gauge field tensor (strength,
curvature) B,,, (which is defined by B,,, = i[DLY, DIP']) associated with the local Lorentz-
group gauge transformation in the spinor representation: B, = d, B, — 9, B, —i[B,,, B,].
It can be verified that the relation between the gauge field strengths B, (in the spinor rep-
resentation) and (Q ) (in the tensor representation) due to the local Lorentz rotation is
given by

i
B/w = E(Q/w)m Esr- (41)
In what follows, we present a proof for the relation (41):

i

9,8, — 0,8, —ilB,. B,] =3 [a,xﬁu)” - av(Sﬂ)”] T

iy -
+ Z(Su)pq (Sv)m [Eqpv Z:sr]- (42)

We shall now calculate the second term on the right-handed side of (42): i(S'H)P‘f (S'U)” X
[Eqpv 2:sr] = - % [(Su)sq (Sv)rs z:qr - (Su)pq (Sv)rq 2:pr - (Su)rq (Sv)m Eqs + (Su)‘pr (Sv)rs 2:ps]-
It can be rewritten as %[(SM)’,(SU)” — (8))"(S,)"* 1%, which equals %[SM, S, 1% 2, Thus,
the gauge field strengths B, (in the spinor representation) in (42) takes the form

0. By, — 0,B, —i[By, B,] = % (augv - avgu - i[S‘M, 5'u]>” pIFEN (43)

This is what we have presented in (41). It is the relation of curvature tensors between the
representations of tensor and spinor. This means that the gauge field tensor B, that results
from the commutation of covariant derivatives D,(fp ) and DSV (acting on the spinor fields)
is actually equivalent to another gauge field tensor Svl,w that results from the commutation
of covariant derivatives D,, and D, (acting on the vectors and tensors). For this reason, the
gravitational Lagrangian (quadratic in curvatures) that is constructed in terms of Sv2,w for
this Yang-Mills formulation of gravity can also be expressed in terms of B, in the spinor

representation.
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5 Generalization of the Gravitational Gauge Theory

Now we generalize the present gravitational gauge theory in order to include the traditional
Yang-Mills fields (i.e., the internal gauge interactions [31]). It is of interest that the Einstein
equation of general relativity is one of the first-integral solutions to the field equation of
spin-connection Yang-Mills type gauge field (since the Yang-Mills type gravitational field
equation is a third-order equation of metric). But it should be noted that in the conventional
Yang-Mills gauge field theory, there were no ‘vielbeins’ addressed. As the spin connection in
the gravitational gauge theory can be expressed in terms of the vierbeins (the vielbein fields
in four dimensions are referred to as the vierbein fields), one can, by analogy, conclude that
the so-called ‘Yang-Mills vielbeins’ could also be defined, and the traditional Yang-Mills
connection can be expressed in terms of such ‘Yang-Mills vielbeins’. In other words, the
Yang-Mills gauge interaction can be described in the formulation of vielbeins.

The question of unifying the gravitational field with other gauge fields has long been
suggested [11-14] and, in the meantime, such a unification problem was always disturb-
ing physicists. In the literature, the research results have not yet answered unambiguously
whether the gravitational and the Yang-Mills fields have the same physical origin. In the
present paper, we have shown that the gravity can be reconstructed as a Yang-Mills type
gauge interaction when the Lorentz group is regarded as a local gauge symmetry group in
the vierbein formulation. On the other hand, we suggest that the gravitational field would not
be the only one which can be described in the formulation language of vielbeins. There may
be other fields that can also be formulated in terms of vielbeins. Take the Yang-Mills field
for example, the gauge potential, étha,gN “, has, as the following relation (48) indicates,
satisfied spontaneously the Yang-Mills local gauge transformation. Here, the Yang-Mills
gauge potential is expressed in terms of the vielbein fields (¢V* and its complex conjugate
AN, which, we shall, for brevity, call them the Yang-Mills vielbeins, to distinguish them
from both the vierbeins defined on the four-dimensional spacetime introduced before and
the generalized vielbeins to be introduced later in this section.

Now we consider the Yang-Mills gauge field structure by using the vielbein language
and attempt to reformulate the traditional Yang-Mills gauge field theory as a vielbein field
theory. Define the Yang-Mills vielbein fields £*“ and A,y as follows

My =My, AanNt =8,", M AN = EMN» Aan SN b = TNap, 44)

where gy n and n,, can be considered to be “curved” metric and “flat” metrics, respec-
tively, on the Yang-Mills gauge group manifold. The Latin indices a, b,c...and M, N, L...
denote the matrix indices of the Yang-Mills vielbeins in the matrix representation. In an
su(n) group, for example, both @ and M runs over from 1 to n. If the metrics are Her-
mitian, then one can arrive at {7 = A, i.e., (Cyp)* = Apy, (EV0)* = 28N, (cn®)* = A%y, and
(ZN)* =1, We assume that the Yang-Mills vielbein field satisfies the equation of motion
(3, —igA,)¢N =0, i.e. the component equation is given by

8/4§Na - ig(A//.)ab{Nb =0, (45)

where A, and g denote the Yang-Mills gauge field potential (dynamical variable) and the
coupling coefficient, respectively. The indices a, b of (A,)%, are the matrix indices of the
generators of the gauge algebras in certain representations, to which ¢V belongs. It follows
from (45) that the Yang-Mills connection is given by

1
gAYy = T)\bNa,ugNa- (46)
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Now we show that the gauge potential (46) really agrees with the local gauge transfor-
mation. Here, the gauge transformations of the Yang-Mills vielbein fields are

¢Ne=U%eN, My =dan (U (47)

Then, the local gauge transformation of the dynamical variable of Yang-Mills field is given
by

1
(A})"e = ~ Aoy g™

%AdN(U—l)"ca,L (Use™)

= Uah%)‘dN (@M)W + %deCN"(U’I)dca,LU“b

= U%(A) (U™ =1 (3,U%) (U™H

=(UA U  —i(@.0U).. (48)
Thus, we have the well-known Yang-Mills local gauge transformation
A, =UAU" —i(®,0)U". (49)

This, therefore, means that the Yang-Mills dynamical variable, A, expressed in terms of
the so-called Yang-Mills vielbeins can automatically obey the local Yang-Mills gauge trans-
formation.

We have shown that both the gravitational field theory (e.g. GR) and the Yang-Mills
gauge field theory can be reconstructed in the formulation of vielbeins. This provides us
with new insight into a possible way to unify these two gauge fields based on generalized
vielbein fields. In order to distinguish the indices between the gravitational vielbeins and
the Yang-Mills vielbeins, we choose e.g. N and a (instead of N and a used in the above)
to represent the indices of the Yang-Mills vielbeins. In this paper, we impose constraints on
the generalized vielbein fields ®*,.Y¢ and & #4¥:

@Atrméﬂviﬂ — guvM’ gfﬂh_N@MMa_ — n"h_{ (50)

where g""MX and 522 denote the generalized curved and flat metrics, respectively. Then
we suppose that the generalized vielbeins agree with the following equations of motion

(V. —iQ,) 0¥ =0,
arNa __ s roa asNb __ (51)
V,u.® I(Qu.) K Il® - O!

where the second equation represents each component of the first equation. Here, Q,, can be
referred to as the generalized spin-affine connection in contrast to the ordinary spin-affine
connection addressed in the preceding sections. Multiplying (51) by generalized vielbeins
Eiaen, ONE Can arrive at

EraeN Vi @rNa _ i(Qu)rsa’ngaﬂ@)aSM
= i(QH)rSZQntXQIl
=i(Qu)" % (52)
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Then the dynamical variable (connection) of the generalized gauge field theory is given by
1 arNa
(Qu) e = ;‘S}aﬂvue) =, (53)

which is a generalization of both the Yang-Mills connection (46) and the spin-affine con-
nection (S,,)";.

Now we consider the generalized gauge transformation for the generalized gauge field.
First we present the generalized gauge transformation of the generalized vielbein fields as
follows

O Ne =y G0N, g v =Epaan (U, (54)
Based on (54), the generalized gauge transformation for the dynamical variable Q) in the
present prescription of the generalized gauge field can be obtained:
1 larNa
(Q;L)r’a_ﬁ = i gtacNVI/»@ Na

1
Igpadﬂ(Uil)ptigvu (Ursa_ll(aw}v_b)

1 ) 1 .
= U= Epaan (Vu®* M) (U™ + = Epaan @M (U 48,U"
b7 “padN e JCpadN
= Ursgll(Q;L)spEi(U )pt c 1( rplg) (Uﬁl)ptd_g
=UQ U™ 4 —i(@B,UU™") “. (55)
This means that the generalized gauge transformation is given by
Q,=UQU ™" —i@u)U". (56)

Thus, we have shown that the transformation (56) for the dynamical variable of the gener-
alized gauge field is analogous to the Yang-Mills gauge transformation. It should be noted
that here the matrix indices (components) of the gauge transformation (56) include both the
Lorentz indices r, s, ¢ ... (for the gravitational vielbeins) and the Yang-Mills gauge-group
generator indices a, b, c.. .. (for the Yang-Mills vielbeins).

As far as the dynamical variable of the generalized gauge field (53) is concerned, the
gravitational field and the Yang-Mills gauge field can comply with the same gauge transfor-
mation (56), and surely obey the same kind of field equations. In order to compare this
scenario with the traditional gravitational and Yang-Mills gauge field theories, we shall
demonstrate that both the conventional gravitational field and the Yang-Mills gauge field
can originate from the present generalized gauge field theory. If, for example, the general-
ized vielbeins can be factorized, i.e., they can be expressed as the products of gravitational
vielbeins and Yang-Mills vielbeins:

@orla — garglNa g N =ehen, (57)

then the dynamical variable of the generalized gauge field becomes
1
(Qu L = Teta)\ﬂvu (0(”;&)
1 ar Na 1 ar Na
= Te,axﬂ (V. 07) ¢Me + Yemxﬂﬁ v,

= (5,0 %+ g(A) (58)
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where n%, = §%. and ", = 8”,. From the relation (58), we can see that the generalized gauge
field (Q,)" /4. can be decomposed into two parts: (SM)’,n“—s and g(A,)%n";, which we can
interpret as the gravitational gauge field and the Yang-Mills gauge field, respectively. It
would be easy to construct the Lagrangian densities and then to obtain the field equations
for the generalized vielbein fields, where both the gravitational gauge field equation and the
Yang-Mills equation are involved within the same framework.

6 Discussions and Concluding Remarks

As is well known, in the formulation of metric and Levi-Civita connection, the dynamical
variable of gravitational field is the metric. In the formulation of vierbein and spin-affine
connection, however, the dynamical variable of the gravitational field is the spin-affine con-
nection, and then GR becomes a Yang-Mills type gauge field theory. We have considered
the gauge approach to gravitation and suggested a gravitational field equation within the
framework of spin-connection gauge theory for torsion-free gravity. One of our aims in this
paper is to develop a theory of local Lorentz-group spin-connection gauge field as elemen-
tary a point of view as possible and to derive it as a natural consequence of the Yang-Mills
gauge field theory. The Yang-Mills type gravity theory has been extended to include the
other Yang-Mills type interactions. By following the procedure of the gravitational gauge
theory, the Yang-Mills vielbeins were defined and then used to construct the Yang-Mills
connections. This enables us to suggest a possible route to unify gravity and Yang-Mills
fields in the framework of the generalized vielbeins (this might be referred to as the two-
fold vielbeins of composite spacetime manifold, the affine connection of which has both the
gravitational indices r, s, ¢ . .. and the Yang-Mills gauge group indices a, b, c, .. .).

We have shown that the cosmological constant, X, in the Yang-Mills type gravity theory,
where the spin-affine connection becomes the dynamical variable of the local Lorentz-group
gauge field, has already been eliminated (simply because the dynamical equation is a third-
order differential equation of metric), and actually makes no gravitational contributions.
However, as the Einstein field equation is a first-integral solution to the Yang-Mills gravita-
tional gauge field equation, an integration constant term (say, Ag,,) that can appear in the
Einstein field equation would naturally play an equivalent role of the cosmological constant,
but its value depends on the realistic physical conditions (such as the initial or boundary con-
dition) of the gravitating system itself. In other words, the present gauge field equation of
Yang-Mills type can automatically exhibit an effective cosmological constant A, though the
infinite (or very large) quantum vacuum energy density (expressed by A) no longer makes
any contributions to gravitation. Obviously, the physical meaning of the present equivalent
cosmological constant A is no longer the density of vacuum energy or dark energy, either.
Additionally, the idea that we view the practical (observed) cosmological constant term as
an integration constant term could naturally interpret the observed cosmological constant
value that is close to the critical density: specifically, the integration constant of the solu-
tions (to the Yang-Mills type field equation or, equivalently, to the SKY equation) depends
on the cosmological characteristic scale, if we apply the solutions to the dynamical equations
of the cosmic evolution and structure. Thus, the equivalent cosmological constant value A
would be related closely to the cosmic large-scale structure or the boundary condition (e.g.
A = 1/a® with a being the typical scale of the Universe). This makes the observed cosmo-
logical constant A close to the critical density, as demonstrated in observational cosmology
[1-3].
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Although in the literature many researchers have investigated the gravity with torsion
[8, 9], yet less attention was paid to the Riemann-Cartan geometry [32-34] with the spin
connection being the dynamical variable. One of such cases is the Yang-Mills type equation
for the complex-metric gravity, where both torsion and curvature emerge (since the con-
torsion that is a tensor in the theory of real and symmetric metric is no longer a tensor in
the complex-metric theory of gravitation, the contorsion cannot vanish, and as a result, the
torsion is necessary in the complex-metric theory). We believe that it is worth extending the
present torsion-free gravitational gauge field theory to the torsional gravity. We hope that it
could open a possible research field for considering the gravitational contributions of spin
(including the graviton spin contribution to gravitation [35]) by means of other ways than
the Cartan gravity theory [32-34].
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