Int J Theor Phys (2010) 49: 1481-1488
DOI 10.1007/s10773-010-0329-y
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Abstract We show that it is possible to formulate the classical Einstein-Maxwell-Dirac the-
ory of spinors interacting with the gravitational and electromagnetic fields as the Einstein-
Cartan-Kibble-Sciama theory with the Ricci scalar of the traceless torsion, describing grav-
ity, and the torsion trace acting as the electromagnetic potential.

Keywords Unified field theory - Einstein-Cartan gravity - Geometric electromagnetism -
Torsion
1 Sourceless Maxwell Equations

Consider the Einstein-Cartan Lagrangian density with additional terms containing torsion
[1-3]:

1 i o i :3 i
L=——v=gRug" — 7vV/=80u Q" + —v=gS$', )
2K 4 2K
where R;; is the Ricci tensor of the affine connection Fikj,
Si =S )
is the torsion vector (trace),
Qir = Ski — Sik 3)

has the form of the electromagnetic field tensor with S; representing the electromagnetic
potential [4] (comma denotes a partial derivative), and « > 0. Substituting
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where () are the Christoffel symbols and

k __ ¢k k k_ k
ch =S5 +5, +5, =k o)

is the contortion tensor, into the definition of the Ricci scalar R gives [5]
i ik ik i ik i
R:R{}+Ckk:i _Cl\i:k"‘cj kCi - iClis (6)

where RY is the Riemannian Ricci scalar and : denotes a covariant derivative with respect
to {}.

The second and third term on the right-hand side of (6) multiplied by /—g are total
covariant divergences, so they do not contribute to the field equations. The variation of
/—gR with respect to the contortion (which is equivalent to varying with respect to the
torsion), that contributes to the field equations, is then

S(J=gR) = /=g(C", " +C', g"8 —C~, 8" —C'8")8C",. (7
The variation of \/—g Qix Q' with respect to C is
8(v/=8 Qi Q") =4/~ 0" 881 = ~4(/=80").i5
= —2(/=g 0’ ;8f5C", = —2y/=g 0" sfsC!,, 8)
where we omit a total divergence. The variation of \/—g$; S’ with respect to C is
8(v/—g$iS")y =/—gS'sf8C,. )

Therefore the variation of £ with respect to C’;, is

1 . . . )
SL = /_g (_Z(lemglk 4 Ctmngmnalk _ Ck[mglm _ sz/gmk)

Qi ok B
—0" 5 =
+2Q S0 o

Si(S,">8C’ik, (10)
and the resulting field equation 8£/8C’;, =0 gives

85C™ 4 84 Cip™ = Clyiy + Chapy — a8, Q75 — B8 S =0, (11)

ilm

where [ ] denotes antisymmetrization. Contracting the indices k, [ gives
j 8
ouch:j—i— ﬂ+§ S; =0, 12)

so the vector field S; in the Lagrangian density (1) is massless and satisfies Maxwell-like
equations if [6]

8
=—-. 13
B=-3 (13)
Accordingly, the Lagrangian density (1) is
1 8 i o ik
L=—g V=8| R+ 355 | = V—8QuQ". (14)
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2 Maxwell Equations with Spinor Sources

The curvature tensor with two Lorentz and two coordinate indices depends on the spin con-
nection oy, = —w,“; and its first derivatives [1]:

a __ _a _a a c _ _a c
Rbij_wbj,i Wy T W@ — @70, (15)

The double contraction of the tensor (15) with the tetrad efl gives the Ricci scalar
R =R, ee". (16)

The torsion vector is related to the spin connection by

K k
Si = @' + € i€ (17)

and the contortion is
Cijk = Wjjk + eiae?j'k] - ejae[a,‘,k] - ekaeﬁ"jy (18)

Consider the Lagrangian density

1 8 ) o .
L=——e|R+=SS)—=¢0;;07 + L,, 19
2Ke< +3 ) 4erQ + (19)

where e = det(ef) = \/—g and L,, is a Lagrangian density for matter. The variation of £,
with respect to the spin connection defines the spin density X’

1_ 1 i
8L,y = Ezahlawa”[ =53 i8¢ (20)

The gravitational part of £ (the Einstein-Cartan-Kibble-Sciama Lagrangian density [7, 8])
can be written as

eR =2E% (0, , + 0" ;,07), 1)

ik _ ,oli okl
where E; =eee, .

The field equation 6L/ (Sa)li « = 0 gives a relation between the spin connection and spin
density [1]. The variation of ¢ R with respect to the spin connection is
8(eR) =2El8(0™; + 0 ;0") =2EL,  + EX w5 — Efyof, )80 (22)

A total (with respect to both the affine and spin connection) covariant derivative | of the
tensor density E é’,‘, vanishes due to vanishing of the total covariant derivative of the tetrad:

Elblk =Ej,, — 0w Ely — o Efi + Sijk ab T Fk E), — FjjkEgZ =0, (23)
so (22) gives, omitting total divergences,

8(eR) = —2(S, E% + 28, EX Vo™, = —2e(S — S'g/* + 57 gV swij.  (24)
The variation of e Q;; Q% with respect to  is

8(Q;j QY) =4eQ"80" 1), —> —2(eQV) ;80 , = —2e(Q"V).1 8™ Swiji. (25)
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The variation of eS; S with respect to w is
8(eS;Sh) = eS8/ 80" = eSV g M sy (26)

Consequently, §£/8w';, = 0 gives the relation between the torsion tensor and the spin den-
sity:

.. 1 . . Lo aK L S K ..
S — 3(8'eM = §Tg™) = (0" gt — 078" + B =0, 27)

Contracting the field equation (27) with respect to the indices j, k brings it into the
Maxwell-like form:

300, 1 _;
IQII;] _ Zzlkk' (28)
Substituting (28) into (27) gives
kij 1 i gk ik K ijk 2 Kli 5 il
SKT (51 glk — 8T gty 4 S (miik 4 Zghlig il ) — 0, 29)
3 2e 3

from which it follows that the totally antisymmetrized torsion tensor is proportional to the
totally antisymmetrized spin density:

sliikl — _ * silijk), (30)
2e
Taking the trace of both sides of (29) gives the identity. However, the trace of the torsion
is already related to the trace of the spin density via (3) and (28), leading to a second-
order differential equation for the torsion trace. The Einstein equations relating the Ricci
tensor to the energy-momentum tensor result from varying the Lagrangian density (19) with
respect to the tetrad e’ . The contracted Bianchi identities applied to the Einstein equations
are consistent with (27).
The Dirac Lagrangian density for a spinor field ¢ with mass m in the presence of the
gravitational field is

Z,= %(&Vi%i — Yy ) —emyry, 3D

where 1 is the adjoint spinor corresponding to ¥ and /i = ¢ = 1. Substituting the definition
of a covariant derivative of a spinor,

Vi =V — iy, v =V, +yT, (32)
into (31) gives

i

L, = Sy = Dy v) = S Ty —emipy, (33)

where {,} denotes anticommutation. The spinor connection I'; is given by the condition
y“‘,. = a)“biyb — [T, y*] = 0 (where [, ] denotes commutation) [1]:

1
I = _Zwahiyayh + Vi (34)
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The first term on the right-hand side of (34) is referred to as the Fock-Ivanenko coefficients
Fi(”) [7, 8] and V; is an arbitrary vector multiple of the unit matrix. The relation ¥ = ¥y
implies that V; is imaginary.

If V, is to be a purely geometric quantity, it must be proportional to a vector constructed
from the torsion and/or curvature. The simplest possibility for such a vector is the torsion
trace:

Vi = —ig/aSy, (35)

where ¢ is a real scalar. Therefore (33) becomes

i

1,= ge(lﬁyillf,i — V') + %wahﬂ/_f{yi7 vy W —edasij' —emyy,  (36)

where
J'=aqvy'y. (37)
The spin density corresponding to the Lagrangian density (36) is
= Oy Y+ evajle (38)
S0 its trace is
.3 y
k= E\/&e‘j ) (39)

Substituting (39) into (28) gives
Va0t =" (40)

If we, following Borchsenius [4], associate /& S; with the electromagnetic potential A;
then /a Q; ; represents the electromagnetic field tensor Fj; and the term —%eQ,— j 0% in
(19) corresponds to the Maxwell Lagrangian density — ieFi ;FY. Accordingly, Vi, = —iq Ay
coincides with the electromagnetic U (1)-covariant derivative in (32) and (34), g is the elec-
tric charge of a spinor ¥ (in units of the charge of the electron) and j' is the covariantly
conserved (j'; = 0) electromagnetic current related to this spinor. The field equations (40)
reproduce the Maxwell equations. Equation (29) becomes

o 1 o oo K . 2
Skil — Al gik _ pigiky — = [ gifk 4 Z k[zzj]l ] 41
—3«/5( 8 8" % +38 ! 41)
Substituting (38) into (41) gives
kij 1 i jk ik K = iy
N =m(Ag —Ag)—ZI/fVVV Y. (42)

The torsion tensor can be decomposed into three irreducible parts: the trace, axial trace
(which is dual to the totally antisymmetric component) and trace-free part [1]. It follows
from (42) that the torsion trace represents the electromagnetic potential, the torsion axial
trace corresponds to the Dirac spin pseudovector, and the trace-free part of the torsion van-
ishes. Similarly, the spin density can be decomposed into the same three irreducible parts
because it has the same symmetry properties (except the irrelevant order of the indices).
It follows from (38) that the trace of the spin density represents the Dirac electromagnetic
current, the axial trace of the spin density corresponds to the Dirac spin pseudovector, and
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the trace-free part of the spin density vanishes. The trace parts of the torsion tensor and spin
density are related to one another differentially via the Maxwell equations (28) (in the orig-
inal Einstein-Cartan theory with Dirac sources the two traces vanish). The axial trace parts
of the torsion tensor and spin density are related to one another algebraically via (30), as
in the Einstein-Cartan theory. This construction does not lead to contradictions because the
trace and axial trace are irreducible components of the respective tensor quantities. Thus the
relation between the trace parts of S;;x and X,;j; is independent of the relation between the
axial trace parts of S;;x and X .

3 Dirac Equation

The field equations 8£/8y = 0 and 8£/8% = 0 give the (equivalent) equations for spinor
fields. The variation of the Dirac Lagrangian density (31) with respect to ¢ gives, after
omitting total divergences,

) ;
S (@ Vact @ V)= el W) —eqvasSiy'y —emp =0, @3)
Substituting

(v v x=ey* v+ eyt —2eSiy v = ey v + e[Th, vy 1 — 2eSiy'y,  (44)

k

where ; denotes a covariant derivative with respect to T, i

into (43) gives

iV Y — iy Ty — Sy — g VaSiy oy — my

=iy" Wi +igVaSp) =Sy —my =0. (45)
Equations (4) and (18) give
Ciji = wijk — 0} (46)
where wfj) « 18 the spin connection corresponding to the Levi-Civita connection {ikj}. There-
fore

1 o
Y = lﬁ‘{k} + ZCi_jk)/')/jl//, 47

where wl(k) is a covariant derivative of a spinor with respect to the Levi-Civita connection.
Equations (5) and (42) give

1 L K - .
Zcijk)/kyl)’] — Syt = —anmyk]w’wﬂ (48)

0 (45) becomes the Heisenberg-Ivanenko equation with the electromagnetic coupling [7,
8]:

3 _
iy W +igVas) + gomyw)y"ysw =my. (49)

The first term on the left-hand side of (49) corresponds to the general-relativistic interaction
of i with the electromagnetic potential. The second term, nonlinear in spinors, describes
the Heisenberg-Ivanenko spinor self-interaction that introduces deviations from the Dirac
equation at energies on the order of the Planck energy [7, 8].
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4 Gauge Invariance

Consider a transformation
1
Skij = Skij + g(k,igjk — A j&ik) (50

where X is a scalar. Although this transformation looks like the antisymmetric part of Ein-

stein’s A-transformation of the affine connection, Fi"j — Fik/ - %A, 8%, we only transform
the torsion tensor. Consequently, the torsion vector transforms like the electromagnetic po-

tential under a U (1) gauge transformation [4]:
Si—> S+, (5D

and the contortion tensor changes as
2
Crij — Cuij + g()\,igjk —Ax8ji)- (52)

Therefore the transformation (50) is a geometric representation of the gauge transformation
in electromagnetism. The field equation (27) is invariant under (50) because the traceless
part of the torsion tensor,

1
S}EZ = Skij — g(Sigjk — S8;8ik), (53)

is invariant under (50). Accordingly, the Lagrangian density (19) is also invariant under (50),
which results from the invariance of Q;;, because R + %Si S* is equal to the Ricci scalar in
which the torsion tensor is replaced by its traceless part:

8 )
R(Sije) + 3518 = R(S{jp), (54)

and because the term eS; j' in (36) changes under (50) by a total divergence since the current
j' is conserved. The gravitational field is thus described in the Lagrangian density by the
Ricci scalar of the traceless torsion and the electromagnetic field is described by the square
of the curl of the torsion trace. If 8 # —% in the Lagrangian density (1) then the field equa-
tion (12) describes a massive vector field without gauge invariance because the gravitational
part of (1) depends on the full torsion tensor and not on its traceless part only.

5 Concluding Remarks

This paper shows that it is possible to formulate the classical Einstein-Maxwell-Dirac the-
ory of spinors interacting with the gravitational and electromagnetic fields as the Einstein-
Cartan-Kibble-Sciama theory [1] with the Ricci scalar of the traceless torsion, describing
gravity, and the torsion trace acting as the electromagnetic potential (so the curl of the tor-
sion trace represents the electromagnetic field tensor) [4]. One can construct a geometric
formulation of the Einstein-Maxwell theory, where the segmental (homothetic) curvature
tensor [5] represents the electromagnetic field tensor and the trace of the nonmetricity tensor
(the Weyl vector) acts like the electromagnetic potential, or even where the electromagnetic
potential corresponds to a linear combination of the torsion and nonmetricity traces [9-14].
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We favor the construction with the torsion vector representing the electromagnetic potential
because torsion, unlike nonmetricity, has a geometrical meaning [2, 3]. We extended the
Einstein-Maxwell theory with the torsion vector representing the electromagnetic potential
[4, 6] to spinors, as it has been done for the Einstein-Maxwell theory with the Weyl vector
acting like the electromagnetic potential [13, 14].

The geometrical theory of electromagnetism presented in this paper reproduces the
Einstein-Maxwell theory in an elegant fashion, but it does not introduce new physics that
is different from the Einstein-Cartan-Kibble-Sciama theory. For example, spinors still obey
the Heisenberg-Ivanenko equation, which differs significantly from the general-relativistic
Dirac equation only at energies on the order of the Planck energy. Relating electromagnetism
to torsion, which is the tensorial part of the affine connection, seems natural, however. In
the presence of the gravitational field we generalize a partial derivative into a coordinate-
covariant derivative by introducing the affine connection, while in the presence of the
electromagnetic field we generalize it into a U (1)-covariant derivative by introducing the
electromagnetic potential. This relation may suggest the correct way of quantizing the grav-
itational field, since we already have a highly successful quantum theory of the electromag-
netic field (QED). We also note that massive vectors, characteristic to weak interactions,
can be generated in the Einstein-Cartan gravity with additional terms containing torsion. A
successful theory unifying the gravitational and electromagnetic interactions on the classi-
cal level should be regarded as the classical limit of the quantum theory of all interactions,
giving insights on how to construct such a theory, possibly with geometrization of spinor
fields. Therefore classical unified field theory is still a topic worthy of investigation.
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