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Abstract

Born’s Reciprocal Relativity in flat spacetimes is based on the principle of a
mazimal speed limit (speed of light) and a maximal proper force (which is also
compatible with a mazimal and minimal length duality) and where coordinates
and momenta are unified on a single footing. We extend Born’s theory to the case of
curved spacetimes and construct a Reciprocal General Relativity theory (in curved
spacetimes) as a local Gauge Theory of the Quaplectic Group and given by the semi-
direct product 9(1,3) = U(1, 3) ®s H(1,3), where the Nonabelian Weyl-Heisenberg
group is H(1,3). The gauge theory has the same structure as that of Complex
Nonabelian Gravity. Actions are presented and it is argued why such actions based
on Born’s Reciprocal Relativity principle, involving a maximal speed limit and a
maximal proper force, is a very promising avenue to Quantize Gravity that does
not rely in breaking the Lorentz symmetry at the Planck scale, in contrast to other
approaches based on deformations of the Poincare algebra, Quantum Groups. It
is discussed how one could embed the Quaplectic gauge theory into one based on
the U(1,4),U(2,3) groups where the observed cosmological constant emerges in a
natural way. We conclude with a brief discussion of Complex coordinates and Finsler
spaces with symmetric and nonsymmetric metrics studied by Eisenhart as relevant
closed-string target space backgrounds where Born’s principle may be operating.

1 Introduction : On Born’s Reciprocal Theory of
Relativity

In this introductory section we will review in detail Born’s Reciprocal (”Dual”) Relativ-
ity [1] and the principle of Maximal-acceleration Relativity from the perspective of 8D
Phase Spaces and the role of the invariance U(1,3) Group. We will focus for simplicity
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on a flat 8D Phase Space. A curved case scenario has been analyzed by Brandt [§]
within the context of the Finsler geometry of the 8D tangent bundle of spacetime and
written the generalized 8D gravitational equations that reduce to the ordinary Einstein-
Riemannian gravitational equations in the infinite acceleration limit. Vacaru [35] has
constructed the Riemann-Finsler geometries endowed with non-holonomic structures in-
duced by nonlinear connections and developed the formalism to build a Noncommuta-
tive Riemann-Finsler Geometry by introducing suitable Clifford structures. A curved
momentum space geometry was studied by [27] . Toller [18] has explored the different
possible geometries associated with the maximal acceleration principle and the physical
implications of the meaning of an ”observer”, ”measuring device” in the cotangent space.

The U(1,3) = SU(1,3)®U (1) Group transformations, which leave invariant the phase-
space intervals under rotations, velocity and acceleration boosts, were found by Low
[20] and can be simplified drastically when the velocity/acceleration boosts are taken
to lie in the z-direction, leaving the transverse directions xz,y,p,,p, intact ; i.e., the
U(1,1) = SU(1,1) ® U(1) subgroup transformations that leave invariant the phase-space
interval are given by (in units of h = ¢ = 1)

(dw)2 _ (dT)2 o (dX)2 + (dE)2 _ (dP)2 _

b2
(aryepn 4 CELY WPy (s — ijg;m ] (1)

where we have factored out the proper time infinitesimal (d7)? = dT? — dX? in eq-(1-1)
and the maximal proper-force is set to be b = mpA,,4,. mp is the Planck mass 1/Lp so
that b = (1/Lp)?, may also be interpreted as the maximal string tension when Lp is the
Planck scale.

The quantity g(7) is the proper four-acceleration of a particle of mass m in the z-
direction which we take to be defined by the X coordinate. The interval (dw)? described by
Low [20] is U(1, 3)-invariant for the most general transformations in the 8D phase-space.
These transformations are rather elaborate, so we refer to the references [20] for details.
The appearance of the U(1, 3) group in 8D Phase Space is not too surprising since it could
be seen as the ” complex doubling ” version of the Lorentz group SO(1,3). Low discussed
the irreducible unitary representations of such U(1,3) group and the relevance for the
strong interactions of quarks and hadrons since U(1, 3), with 16 generators, contains the
SU(3) group.

The analog of the Lorentz relativistic factor in eq-(1-1) involves the ratios of two proper
forces. One variable force is given by mg(7) and the maximal proper force sustained by
an elementary particle of mass mp (a Planckton) is assumed to be F},0p = Mpanerc®/Lp.
When m = mp, the ratio-squared of the forces appearing in the relativistic factor of eq-
(1-1 ) becomes then g?/A? . and the phase space interval coincides with the geometric
interval discussed by [9], [5], [11] , [12] .

The transformations laws of the coordinates in that leave invariant the interval (1-1)
were given by [20]:

X &P sinh
6X | &P, sinhE.

T' = Tcoshé + ( 2 B ) ¢

(1.2a)
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E' = Ecoshf + (—£,X + &, P) : (1.20)
X' = Xcoshé + (§,T — €Z2E) sizhg‘ (1.2¢)
P" = Pcosh§ + (%fj + &) sirghf. (1.2d)

The &, is velocity-boost rapidity parameter and the &, is the force/acceleration-boost
rapidity parameter of the primed-reference frame. They are defined respectively :

tanh(g) _ tanh(%) - ma

_ 1.3
c c mPAmax ( )

The effective boost parameter £ of the U(1, 1) subgroup transformations appearing
in eqs-(1-2a, 1-2d) is defined in terms of the velocity and acceleration boosts parameters
&y, &, respectively as:

2 2
£ = ig + gg (1.4)
Our definition of the rapidity parameters are different than those in [20].

Straightforward algebra allows us to verify that these transformations leave the interval
of eq- (1-1) in classical phase space invariant. They are are fully consistent with Born’s
duality Relativity symmetry principle [1] (@, P) — (P, —Q). By inspection we can see
that under Born duality, the transformations in eqs-(1-2a, 1-2d) are rotated into each
other, up to numerical b factors in order to match units. When on sets £ = 0 in (1-
2a, 1-2d) one recovers automatically the standard Lorentz transformations for the X, T
and E, P variables separately, leaving invariant the intervals dT? — dX? = (d7)* and
(dE? — dP?)/b? separately.

When one sets £, = 0 we obtain the transformations rules of the events in Phase
space, from one reference-frame into another uniformly-accelerated frame of reference,
a = constant, whose acceleration-rapidity parameter is in this particular case:

& ma

= >, = —. 1.

£ ; tanh(§) P (1.5)
The transformations for pure acceleration-boosts in Phase Space are:
/ P
T" = Tcoshé + Zsmhf. (1.6a)
E' = Ecosh — bX sinh€. (1.6b)
E

X' = Xcosh§ — zsmhﬁ. (1.6¢)
P" = Pcosh& + bTsinh. (1.6d)



It is straightforwad to verify that the transformations (1-6a, 1-6¢) leave invariant

the fully phase space interval (1-1) but does not leave invariant the proper time interval
(d7)* = dT? — dX?. Only the combination:

(dw)? ::(dT)QCL——Tngiii) (1.7)

is truly left invariant under pure acceleration-boosts in Phase Space. Once again, can
verify as well that these transformations satisfy Born’s duality symmetry principle:

(T,X)— (E,P). (E,P)— (-T,-X). (1.8)

and b — % The latter Born duality transformation is nothing but a manifestation of
the large/small tension duality principle reminiscent of the T-duality symmetry in string
theory; i.e. namely, a small/large radius duality, a winding modes/ Kaluza-Klein modes
duality symmetry in string compactifications and the Ultraviolet/Infrared entanglement
in Noncommutative Field Theories. Hence, Born’s duality principle in exchanging coor-
dinates for momenta could be the underlying physical reason behind T-duality in string
theory.

The composition of two succesive pure acceleration-boosts is another pure acceleration-
boost with acceleration rapidity given by ¢” = £ 4+ ¢'. The addition of proper forces (
accelerations ) follows the usual relativistic composition rule:

/

tanhé + tanh §, ma’ maA maA
tanhe” = tanh N = = — mpd _mpd L9
anh§ anh(§ +¢') 1 + tanh&tanhg — mpA L+ Z;% o

and in this fashion the upper limiting proper acceleration is never surpassed like it happens
with the ordinary Special Relativistic addition of velocities.

The group properties of the full combination of velocity and acceleration boosts eqs-
(1-2a, 1-2d) in Phase Space requires much more algebra [4]. A careful study reveals that
the composition rule of two succesive full transformations is given by ¢’ = £ + ¢ and the

transformation laws are preserved if, and only if, the &;&";€"...... parameters obeyed the
suitable relations: ¢ g g ¢
Ezﬁzﬁ%’:f:f’. (1.10a)
! " "
S & _ & _ & (1.100)

£ ¢ ¢ e+
Finally we arrive at the compostion law for the effective, velocity and acceleration
boosts parameters £"; £; £ respectively:

& =6 +E&, (1.11a)
& =&+ & (1.11b)



§'=¢+¢. (1.11c)

The above relations among the parameters are required in order to prove the U(1, 1) group
composition law of the transformations in order to have a truly Maximal-Acceleration
Phase Space Relativity theory resulting from a Phase-Space change of coordinates in the
cotangent bundle of spacetime.

Planck-Scale Areas are Invariant under Acceleration Boosts

Having displayed explicity the Group transformations rules of the coordinates in Phase
space we will show why infinite acceleration-boosts (which is not the same as infinite
proper acceleration) preserve Planck-Scale Areas [4] as a result of the fact that b = (1/L%)
equals the maxrimal invariant force, or string tension, if the units of h = ¢ = 1 are used.

At Planck-scale Lp intervals/increments in one reference frame we have by definition
(in units of b = ¢ = 1): AX:AT:LpandAE:AP:iwherebE éisthe
maximal tension. From eqs-(1-6a, 1-6d) we get for the transformation rules of the finite
intervals AX, AT, AE, AP, from one reference frame into another frame, in the in finite

acceleration-boost limit & — oo,

AT’ = Lp(cosh§ + sinh€) — oo (1.12a)
1

AE' = —(cosh§ — sinh&) — 0 (1.12b)
Lp

by a simple use of L’Hopital’s rule or by noticing that both cosh&; sinhé functions ap-
proach infinity at the same rate.

AX' = Lp(cosh§ — sinh&) — 0. (1.12¢)
1

AP = L—(coshf + sinh§) — oo (1.12d)
P

where the discrete displacements of two events in Phase Space are defined: AX = X5 —
X1 = Lp, AE:EQ—Elzi,ATZTz—leLp andAP:PZ—Plzi_
Due to the identity:

(cosh€ + sinh€)(coshé — sinh€) = cosh*€ — sinh?¢ = 1 (1.13)

one can see from eqs-(1.12a, 1.12d) that the Planck-scale Areas are truly invariant under
infinite acceleration-boosts £ = oo:

L
AX'AP =0 x 0o = AXAP(cosh*¢ — sinh*¢) = AXAP = L—P = 1. (1.14a)
P
L
AT'AE' = 00 x 0 = ATAE(cosh*¢ — sinh*¢) = ATAE = ?P =1. (1.14b)
P



AX'AT =0 x 0o = AXAT(cosh*¢ — sinh*¢) = AXAT = (Lp)*. (1.14c)

AP'AE' = 0o x 0 = APAE(cosh*¢ — sinh*¢) = APAE = ng (1.14d)

It is important to emphasize that the invariance property of the minimal Planck-scale
Areas (maximal Tension) is not an exclusive property of infinite acceleration boosts
£ = 00, but, as a result of the identity cosh?¢ — sinh?¢ = 1, for all values of £, the minimal
Planck-scale Areas are always invariant under any acceleration-boosts transformations.
Meaning physically, in units of h = ¢ = 1, that the Maximal Tension (or maximal Force)
b= é is a true physical invariant universal quantity. Also we notice that the Phase-
space areas, or cells, in units of h, are also invariant ! The pure-acceleration boosts
transformations preserve the symplectic form dX AdP +dE A dT.

The infinite acceleration-boosts are closely related to the infinite red-shift effects when
light signals barely escape Black hole Horizons reaching an asymptotic observer with an
infinite redshift factor. The important fact is that the Planck-scale Areas are truly main-
tained invariant under acceleration-boosts. This could reveal very important information
about Black-holes Entropy and Holography.

A natural action associated with the invariant interval in Phase-Space given by eq-(1.1)

1S :
2
S:m/dT\/l—l— T;L 3
mpa

The proper-acceleration is orthogonal to the proper-velocity and this can be easily
verified by differentiating the timelike proper-velocity squared:

(d2am/dr?)(d2a,,/dr2). (1.15)

_ datdw, ave d?

2 _ — /e =1 -
Vv i dr VY, >0= Vi 72

= 0. 1.1
- V,=0 (1.16)

which implies that the proper-acceleration is spacelike:

d2ZE“ d2l‘ m292
2 /
_g(T):d72 dT2”<O:>S:m/dT 1—W—m/dw. (1.17)

where the analog of the Lorentz time-dilation factor in Phase-space is now given by

242
dw = dr |1 - "I ‘Z (;) (1.18a)
mpa
1
namely, 2 ) m2g2<7)

The invariant proper interval is no longer the standard proper-time 7 but is given by
the quantity w(7) . The deep connection between the physics of maximal acceleration
and Finsler geometry has been analyzed by [8]. The action is real-valued if, and only if,
m2g* < m%a? in the same fashion that the action in Minkowski spacetime is real-valued
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if, and only if, v? < ¢. This is the physical reason why there is an upper bound in the
proper-four force acting on a fundamental particle given by (mg)pound = mp(c?/Lp) = m%
in natural units of h = ¢ = 1.

In the next section we construct a local gauge theory of the Quaplectic group
Q(1,3) =U(1,3)®s H(1,3), where the Nonabelian Heisenberg group is H(1, 3) and which
has been studied extensively over the years by Low [20]. The U(1,3) arises as the group
that leaves invariant the interval in 8D Phase dx,dx* + dp,dp" space as well as invariant
the symplectic two-form w = w,,dz* A dp”, simultaneously. For further details on the
Quaplectic group 9(1,3) = U(1,3)®s H(1, 3), the Nonabelian Phase Space defined as the
coset QM3 = Q(1,3)/SU(1,3); Casimir invariant field equations; unitary irreducible rep-
resentations based on Mackey’s theory of induced representations; relativistic harmonic
oscillator, coherent states, the granularity of spacetime, the Schrodinger-Robertson in-
equality, multi-mode squeezed states, "non-commutative” relativistic phase space geome-
try, ..... in which position and momentum are interchangeable and frame-dependent, ....
see [20], [21].

2  Complex Nonabelian Gravity as a Gauge The-
ory of the Quaplectic Group and Born’s Reciprocal
General Relativity

Einstein’s General Theory of Relativity admits a reformulation as a gauge theory of the
Poincare group that is the semi-direct product of the Lorentz group and the (Abelian)
Translation group SO(1,3) ®, Ty. The spin connection w;[fb] gauges the (local) Lorentz
symmetry of the tangent space while the tetrad e}, gauges the (local) Abelian translations.
The latter fields can be incorporated into a connection A, = w;[fb]L[ab} —i—eZPa. The Lorentz
and translation generators are L.y, P, respectively with a,b = 1,2,3,4 and where [ab]
denotes the anti-symmetry property of the indices of the Lorentz generators. Supergravity
also admits a reformulation as a gauge theory of the super-Poincare group where the spin
% gravitino field ¥ gauges the (local) supersymmetry algebra and whose generators are
given by the spinorial @), "charges”. The Metric Affine Theories of Gravity are based
on the semi-direct product of GL(4, R) ®, T, [19]. The group GL(4, R) admits in finite-
dimensional spinorial representations and for this reason it has not been widely used,
compared to the Lorentz group that admits finite-dimensional spinorial representations.
The main purpose of this section is to show how one can construct an Extended Gen-
eral Relativity Theory based on Born’s Reciprocal Relativity principe with a maximal
speed limit ¢ and a mazimal proper force F,,.., = b by gauging the Quaplectic-group
[20] given by the semi-direct product of the U(1,3) group and the Nonabelian Heisen-
berg H(1,3) group : Q(1,3) = U(1,3) ®s H(1,3). We should stress that our results (as
far as we know) are new and dif fer from the prior constructions of a Complex Gravity
theory initiated by Einstein-Strauss [25] and continued later on by Moffat and Boal [27]
by recurring to a symmetric and non-symmetric metrics. A U(1,3) gauge formulation of
Complex Gravity has been studied before by [22], however these authors did not include
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the Nonabelian Heisenberg algebra H(1,3) into account, nor they and the prior authors
studying Complex Gravity realized the crucial existence of an underlying Born’s Recip-
rocal Relativity principle operating in the Complex Nonabelian Gravity Theory to be
constructed next. For these reasons we must emphasize that the results of this section are
new (to our knowledge) and are not a repetition of previous work on Complex Gravity.

Furthermore, we must also emphasize that Low [20] has already explained that it is
possible to avoid the no — go theorem of Schuller [9], stating that one cannot lift the
identification of the Quaplectic coset space Q'™ = Q(1,n)/SU(1,n) to the tangent space
of a more general Nonabelian manifold with curvature, due precisely to the presence
of the central charge generator I of the Nonabelian Weyl-Heisenberg algebra and which
furnishes a crucial n® I Z,, term in the quadratic Casimir invariant associated with the
Quaplectic group. Z,, are the U(1,n) generators. Interestingly enough is the fact that
Armand Wyler [30] long ago studied the geometry of the coset spaces Q" within the
context of Symplectic Groups, Spinors and the Complex Lightcone that permitted him
to derive the value of the fine structure constant 1/137 from purely geometric means.

Also worth mentioning is that the real dimensions of the Quaplectic coset space Q'3 =
Q(1,3)/SU(1,3) is 25 — 15 = 10 which coincides with the ten dimensions of the anomaly
free superstring theory. This may be just a numerical coincidence, nevertheless it deserves
further investigation. Quaternionic and Octonionic Gravity have been studied in [26], [29],
[32]. It is warranted to study the physical implications of these theories within the context
of Grand Unfication. A Chern-Simons Fg Gauge theory of Gravity and Grand Unification
was proposed recently by [34].

The Nonabelian Heisenberg algebra H (1, 3) involves the generators

1 X P, = 1 X P,
a i~ 7 a .La

—= {5 — 1 )i a = 7=+ + i );
\/§ ( )\l )\p ) \/§ ( )\l Ap )
Notice that we must not confuse the generators X,, P, (associated with the fiber coordi-
nates of the internal space of the fiber bundle) with the ordinary spacetime coordinates
and momenta x,, p,. If one writes

Z, = a=1,23,4. (2.1a)

r, = e Xy Py = ez P = [Ty ] = ih gu L. (2.1b)
where the curved spacetime metric in terms of the tetrads is g,, = €/, e’ Nap. The Gauge
theory is constructed in the fiber bundle over the base manifold which is a 4D curved
spacetime with commuting coordinates x#* = 2° !, 22, 23. The Quaplectic group acts
as the Automorphism group along the internal Fiber coordinates. The 8D curved Phase
space is defined as the cotangent bundle of the 4D curved spacetime. Since X, does
not commute with P, one has a Noncommutative Relativistic Phase space. However,
we must stress that the coordinates z# are commuting among themselves. Also the
momenta p* variables are commuting among themselves. Therefore we must not confuse
the Complex Nanbelian Gravity constructed here with the Noncommutative Gravity work
in the literature [15] where the spacetime coordinates x# are not commuting.

The four fundamental length, momentum, temporal and energy scales are respectively

| he hb h —
)\l - ?7 )‘p — \/ja )\t - \/;7 )\6 = Vhbc. (22)
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where b is the maximal proper force associated with the Born’s reciprocal Relativity
theory. In the natural units h = ¢ = b = 1 all four scales become unity. The gravitational

coupling is given by
4 4
& c

G:OéG ﬂ:@G 3 (23)

if, and only if, ag = 1 the four scales coincide then with the Planck length, momentum,
time and energy, respectively and we can verify that

c? c?

I ~ MUniverse .
anc ubble
Pl k RH bbl

-,'tmax = MPplanck (24)

it was proposed in [33] that a certain large (Hubble) /small (Planck) scale duality was
operating in this Born Reciprocal Relativity theory reminiscent of the T-duality in string
theory compactifications. The numerical value ag needs to be determined experimentally.

The generators Zuy, Za, Zq, I of the U(1,3) algebra and the non-abelian Heisenberg
algebra obey the relations

(Zab>Jr = ab> (Za)Jr = Za; IT = Iv a, b= 17 2a 37 4. (25)

The Quaplectic group [20] is given by the semi-direct product of the U(1,3) group and
the Heisenberg H(1,3) group : Q(1,3) = U(1,3) ®; H(1,3) and is defined in terms
of the generators Zuy, Z,, Z,,1 with a,b = 1,2,3,4. The commutation relations of the
Non-abelian Heisenberg algebra generators Z,

1 X,
Y

Zo = (20 _ifey oz, = 1 +z'fz>. (2.6)

are

[Zaa Zb] = —ap N 1; [Zm Zb] = ap Nay I; [Zcu Zb] = [Zav Zb] = 0. (2'7>

with the Planck constant given by i = as A; A, from which we can infer that o =1 as
a result of the relations (2.2).
The generators Z, of the U(1,3) algebra can be decomposed into the Lorentz-
subalgebra generators Ly, and the "shear”-like generators M, as
. i 1
Zap = Moy —iLay;  Lap = Liay) = §(Zab —Zba);  May = My = §<Zab+Zba)u (2.8)
one can see that the ”shear”-like generators M,, are Hermaitian and the Lorentz gen-

erators Ly, are anti — Hermitian with respect to the fiber internal space indices. The
explicit commutation relations of the Quaplectic algebra are then

[Laba Lcd] = (nbcLad - nacLbd - ndeac + nadLbc)- (290')
(Map, Mea] = i (MbeMad + NacMoa + MbaMac + NaaMoe)- (2.90)
[Lab7 Mcd] = (nbcMad - nachd - 77bd]\4ac + nadec)- (296>
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[Lab; Xc] = (ncha - nach); [Lab7 Pc] = (nbcPa - 77(1ch>- (21()@)

[Maln Xc] = —1 (nbcPa - nach); [Maba Pc] =1 (ncha - nach) (210b>
supplemented by the commutators of the Weyl-Heisenberg non-Abelian algebra
X, P .
(22 2 = ian e [, [Xa, Xy] = [P, P) =0, (2.11)
NN
where the metric 7, = (+1,—1,—1,—1) is used to raise and lower indices and h =

ap A Ap. From the definitions ( 2.2 ) one can infer that a = 1.
The complex tetrad Ej; transforming under the fundamental representation of U(1, 3)
is defined as

a 1 a - ra a
Eﬂzﬁ(e#—k@f#); Bl =

The complex metric is given by

(e — if"). (2.12)

Sl

G = EZ ES Nab = Yw) 19w = 9iuw) + 1B (2.13)

such that

(G#V)T = G!V/J, = G/.w; G,uu = Gz/u. (214)

where the bar denotes complex conjugation. Despite that the metric is complex the
infinitesimal line element is real

ds* = G, dat dz’ = Gy da” dz”, because i gy, dat dx” = 0. (2.15a)

We have identified the anti-symmetric components of the metric gj,,) = By, with the
anti-symmetric tensor Kalb-Ramond-like field present in the massless spectrum of closed-
strings and the symmetric components g(,,) with the ordinary spacetime Riemannian
metric. Under infinitesimal U(1, 3) gauge transformations the complex tetrad transforms
as

SEL = (&) + i£§(2))EZ. (2.15b)

where the real f[(;g] and imaginary f(fi) components of the complex parameter are anti-
symmetric and symmetric respectively with respect to the indices a, b for anti-Hermitian
infinitesimal U(1, 3) gauge transformations.

The Quaplectic-algebra-valued anti-Hermitian gauge field (Au)T = — A, is given by
" i “ =0 5 .
A#:QHbZaanL—P(EﬂZa—FE Zy) +iQ, I . (2.16)

where the Planck length scale Lp needs to be introduced in the second terms in the r.h.s
since the connection A, must have units of (length)™'. In natural units of i = ¢ = 1 the
gravitational coupling in 4D is G = L%. A length scale squared [? given as the product
of the Hubble and Planck scale 1> = Ryumbie Lpianct: and such that the observed value of
the vacuum energy is [ ~ 10712203, . was derived in [16]. Since Born’s Reciprocal
Relativity is consistent with a maximal (Hubble) and minimal (Planck) scale duality [33]
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it is not surprising to see why the observed vacuum energy might involve the product of
an upper and lower scale.
From eq-(2.1) one obtains the dimensionless quantity

a a7 aX(l aPa
EL Z, + B Z, = e N + fi )\—p (2.17)

In Born’s Reciprocal Relativity X and P are interchangeable so there is no discrepancy
in assigning f; to the P, generator and e}, to the X, generator.

Decomposing the anti-Hermitian components of the connection sz into anti-
symmetric [ab] and symmetric (ab) pieces with respect to the internal indices

Qb = Q4 Qb (2.18)
gives the anti-Hermitian U(1, 3)-valued connection
O Zy = (U i Q) (Map — i Lap) =

—i QN Ly + i QY My, = (QF Zy)t = — Q¥ Zy, (2.19)

since (Zab)T = ab

In the standard complex gravity theory introduced by Einstein-Strauss the complex
connection (affinity) AZ” which defines the covariant derivatives of the complex tetrads is
also anti-Hermitian with respect to the indices of the tangent space

ab __ ab . ab ab\t __ ba
A = AT Al (AT = - AR (2.20)
The Quaplectic-algebra-valued field strength is :

F, =0A, —0A, +[A, A =
ab a a7
Fe Za + Fi, Za + F, Zo + Flu 1 (2.21)
The components of the curvature two-form associated with the anti-Hermitian con-
: ab __ ab ‘) (ab
nection (77 = QL I+ ZQL ) are
FSS = auQ‘jb — 8,,(22” + . QP — Qo QZ”. (2.22)
where QZC = de Nde-
The components of the Torsion two-form are :

Fi, = 0.E; — O,E; + Q.. B — Q) EL. (2.23)

the F I, components are obtained by replacing Ej — E_'Z in (2.23). The remaining field
strength has roughly the same form as a U(1) field strength in Noncommutative spaces
due to the additional contribution of B, resulting from the Nonabelian nature of the
Weyl-Heisenberg algebra in the internal space (fibers) and which is reminiscent of the
Noncommutativity of the coordinates with the momentum :

Fu = 10, — 10, + [iE} Za, iE) Zy] +[iEl Z,, iE, Zy] =
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Z( auQV - aVQu) - aﬁ(GuV - Gw) =
i Q) — (Gu — G ) = i Q) — 2i By, (2.24)

upon setting a; = 1 and recurring to the commutation relations

Zaw Zo) = —annaw I; [Zay Zy) = o nap L. (2.25)

and the Hermitian property of the metric
Gw = EXE)nw = [ECEna |* = (G = (Gw)' = G (2.26)

where * stands for (bar) complex conjugation.

In the Complex Gravity formulation of Einstein-Strauss the components F),, are
absent. One may constrain the Torsion Fy, to zero (which is not required to do so in
the most general case and especially if we wish to incorporate fermions). The curvature
tensor is defined in terms of the anti-Hermitian connection QE‘}’)] +1 Q/(fb) as

RO\ = (FI + i FW ) EY By, (2.27)

LA
where the explicit components F lg‘ff’} and F lﬁ‘jb) can be read from the defining relations :
Flg?jb] L[ab] = (8MQ[Vab] — (9,,Ql[fb}) L[ab] + [Ql[fc} L[ac], Q,[fb]L[eb] ] (2.28&)
F& My = (0,9 — 9,Q0) My + [ Q) Maey, QY My ] +
[ Q) Liag, A Mey ] + [0 Moy, ULy . (2.280)
after recurring to the commutation relations (2.9). The above relations (2.28) are consis-

tent with the definitions in eqs-(2.22, 2.23).
Contracting indices yields a complex-valued Ricci tensor

,R'W\ = (5: R’ = R(W\) + Z'R[W\]. (2.29)

UV

A further contraction yields the generalized (real-valued) Ricci scalar
R o= (¢"Y +ig") (Ryn + i Ry ) =

R = g(ux) Ry — BHA Ryu; g[;m] — pgrr (2.30)

where the first term g¢(*V R, corresponds to the usual scalar curvature of the ordi-
nary Riemannian geometry. The presence of the extra terms B** Ry, due to the anti-
symmetric components of the metric and the Ricci tensors are one of the hallmarks of
Complex Gravity.

The real-valued action linear in the generalized Ricci scalar curvature is then given by
the Einstein-Srauss form

1 \ .
ﬁ /M4 d*x \/| det (g(w,) —{—ZB/W) ‘ R =
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1 .
2 /M d'z /| det (gu) +iBw) | (9% Ry — B*™ Ry ). (2.31)
4

where k? = 87 is the gravitational coupling and in natural units 7 = ¢ = 1 one has
G = L}, We should not forget the presence of the components F,, (and in general
not to constrain the Torsion to zero) . Therefore, one could add an extra contribution to
the action stemming from the terms iB*”F),,, which is very reminiscent of the BF' terms
in Topological Gravity and Plebanksi’s formulation of gravity. In the most general case,
one must include both the contributions from the Torsion and the ¢ B*F),, terms.

The contractions involving G* = ¢) + iB* with the components F,, (due to the
antisymmetry property of F,, = —F,,) lead to

+1B"F, = -B"(0,QQ, —0,Q,)+2B"B, = —-B""Q, +2B*"B,, . (2.32
J w Ju ju 0 2

Therefore, the above terms (2.32) are real-valued as they should be if one wishes to build
a real-valued action involving these terms.

When the Torsion is not constrained to vanish one must include those contributions
as well. Hence, to sum up, the net contribution of the R scalar curvature, including the
i B"F,,, and Torsion terms, to the candidate action is of the form

1
52 /M4 d*x \/\ det (g(uw) +iBw) | [mR +1i aaB"F,, + Torsion | =

1 .
52 /M4 d'x \/] det (Guu) +1Buw) | [ a1g" Ry — a1 B* Ryay + oo, ]. (2.33)

where the ellipsis ....... stand for
—ay B" Q,, + 2a; B" B, + Torsion. (2.34)

The Torsion terms are
as T'uyp THvP + ay TN T+, (235)

where the Torsion tensor and Torsion vector are defined in terms of the components of
the Torsion two-form

(Fp, Zo + F5, Zy ) da' N da?. (2.36a)

as o
T, = (F., Ef + Fi, Ef); T, = 0,10, (2.360)
ai,as,as,ay are suitable numerical coeflicients that will be constrained to have certain

values if one wishes to avoid the presence of propagating ghosts degrees of freedom.
In the very special case when 2, = B, one has

— B" Q,, + 2 B" B,, = B" By, (2.37)

such that the BF' terms reduce to a mass-like term for the B, field. Mass terms for the
B,,, and a massive graviton formulation of bi-gravity (in addition to a massles graviton)
based on a SL(2,C') gauge formulation have been studied by [22], [28], [27] .
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For closed-strings propagating in curved backgrounds the Kalb-Ramond field B, ap-
pears in the closed-string effective action only through the presence of its field strength
H=H,,,=0,B,,+.... which has the same role as a propagating Torsion and it exhibits
the gauge symmetry B, — B, +9J,A, —0,A, leaving H invariant. It is interesting that
if 2, = B, this means that the Kalb-Ramond field is pure gauge with trivial kinetic
degrees of freedom since H = dB = ddf) = 0. Therefore, one could gauge away the
field B,, from the action and which is consistent with the fact that there are no mass
terms B, B"” in the closed-string effective action action to lowest order, because the B,
field in closed string theory is massless. We need to explore further the connection of
Born’s Reciprocal Relativity with closed-string theory, in particular to find the place for
the massless dilaton which is not present here. However, one knows that the conformal
group is SU(2,2) which would be associated with a gauge theory based on the group
U(2,2) = U(1l) ® SU(2,2) rather than U(1,3) group studied here; i.e. the signature of
spacetime would be (4, +, —, —) instead of (4, —, —, —).

Notice that in general the extra contribution from the i B*F),, terms is not present in
the Einstein-Strauss formulation of Complex Gravity. These extra i BF' terms in the action
are the signature of the Nonabelian Weyl-Heisenberg algebraic sector of the Quaplectic-
group and should be essential in the construction of a Quantum Gravity based on Born’s
Reciprocal General Relativity theory in a curved spacetime. It is our belief that the action
(2.33) based on Born’s Reciprocal Relativity principle involving a mazximal speed limit
and a maximal proper force is a very promising avenue to Quantize Gravity that does not
rely in breaking the Lorentz symmetry at the Planck scale in contrast to other approaches
based on deformations of the Poincare algebra, Quantum Groups [10], [17], [14] .

A Quaplectic-group invariant Killing metric k45 is given in terms of the structure
constants of the algebra as kap = facp [ where the indices A, B... span over all the
indices of the generators Z, Z,, Z, and the central element I of the Quaplectic-algebra
with a,b =1,2,3,4. A Quaplectic-group-invariant Yang-Mills-like action is then

d'z \/| det (guw) +iBuw) | kap Ffu ng G'* G"? + complex conjugate. (2.38)

My

A Quaplectic-group-invariant topological action like the theta term in QCD is

d*x \/| det (9(uw) +i1Bw) | kKas FZ‘V ng e"P? + complex conjugate. (2.39)
My

A

where F,, are the components of the Quaplectic-algebra-valued two-form

F,, dx'Ndz” = Fﬁy Ty dat Ndz” = (F/‘jfj Zay + Fo, Zo + F’/‘j,/ Zo + Fu I) da* Ndz”.

(2.40)
These actions (2.38, 2.39) are very appealing because we know from the work of McDowell-
Mansouri and Chamseddine-West that a topological action like (2.39) based on the Anti
de Sitter group SO(3,2) in 4D, with signature (+,+,+,1) and after setting the Tor-
sion to zero, leads to the Einstein-Hilbert action with a cosmological constant and the
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Gauss-Bonnet curvature squared terms (a topological invariant in four dimensions). The
Einstein-Hilbert action stems form the terms R A e A e present in the F® A F¢ ex-
pansion of the action resulting from the decomposition of the SO(3,2) field strength
F% = Ri> 4 et A el The tetrad e =1 A% and the spin connection is w’ = A% since
the internal SO(3,2) group indices range from 1,2,3,4,5. The length scale [ required
to match units is related to the throat size of Anti de Sitter space (the cosmological
constant).

One may ask whether or not something similar might occur with the action (2.39).
The reason is that the Quaplectic group Q(1,3) has 25 real generators. 16 generators
from the U(1,3) group. 8 generators from the Nonabelian translation generators Z,, Z, (
or X, and P, ) and 1 central element generator I. Thus the 25 real generators of Q(1, 3)
match precisely the number of generators of the group U(1,4) = U(1)®SU(1,4). Thus a
Topological action based on the group U(1,4) would be the unitary group analogy of the
McDowell-Mansouri and Chamseddine-West procedure to generate an Einstein-Hilbert
action with a cosmological constant and the Gauss-Bonnet curvature-squared topological
invariant.

The indices A, B associated with a U(1,4) gauge theory range now from 1,2, 3,4,5 so
the gravitational term should emerge from products of the form .7-"53 A fﬁﬁ where now

Frw = (08" — 0,90 + Q. — Q. QF) + (s B — Q4 Q) +

ab 55 ab )55\ __

(QM Ql/ - Ql/ Qp,) -

1

2

where one makes the following identifications of the components QZ‘B when A, B =
1,2,3,4,5

ab a b a b - ab
Fo, + 5 (ELANE) + ESAE) + 0 Q7 AQ,. (2.41)

O = i Q ;(E;; + EY) = Q") ;(EZ — EY) = Qi (2.42a)
QP = Q¥ when A,B=a,b=1,2,3,4. (2.42b)
Therefore the products of the form f[j,’j A fﬁff will contain the gravitational term :
L ab N vpo
2 Rl N ES N ES €apea €777 (2.43a)

since R% = F¢ in last terms of (2.41), in addition to curvature squared terms and the
cosmological constant term

1
i BN Eb A ESA Eg €aped €77 4+ complex conjugate (2.43b)

There is one problem when [? ~ G because it yields a huge value of the cosmological
constant. The way to solve this problem in the case of the Anti de Sitter group SO(3,2)
in 4D and generate the correct value of the cosmological constant was found in [16] by
working with a BF-Chern-Simons-Higgs model
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S = OFANF +&dbAddAdDAdD — Vig(P). (2.44)

My

after adjoining a family of 5 Higgs scalars ¢ belonging to a SO(3,2)-valued scalar-
multiplet ®. It was shown that the solutions to the equations of motion when the Higgs
potential Vi (®) was minimized at tree level upon choosing the vacuum expectation values

<P > =0v, < "> =0 a=1,2734 (2.45)

yielded the zero Torsion condition, without having to impose it by hand, and the Einstein-
Hilbert action with a cosmological constant plus the curvature squared terms (topological
Gauss-Bonnet terms ) such that now one has the following numerical relations

1 1 1 1

- ~ = = = ; 1 ~  Pvacuum- 2.46

l2 ‘ G L%Dlanck7 l4 ! P ( )
by eliminating the value of the vacuum expectation value < ¢°> > = v from (2.46) we

can infer that the vacuum energy density pyecuum iS given then by the geometric mean
1 1

Pvacuum ™~ 5 T -

l2 L%’lanck

if one identifies the length scale [ with the throat size of Anti de Sitter space given by
the Hubble scale one arrives at the correct value for the observed vacuum energy density

(2.47)

pvacuum

1 1 _ L%lanck 1

2 2 - 2
RHubble LPlanck RHubble LPlanck

~ 107" Mp (2.48)

Pvacuum = lanck

Of course, the BF-Chern-Simons-Higgs theory based on the U(1,4),U(2,3) groups
needs to be investigated thoroughly, in particular, the topological nature of the curvature
squared terms. These ideas were the basis of our original motivation to construct the
novel Chern-Simons FEg gauge theory of Gravity in D = 15 within the context of a FEg
Grand Unification scheme [34].

To conclude, it is warranted to explore the relationship of Finsler Geometry and Max-
imal proper acceleration found by Brandt [8] and the Complex Nonabelian Gravity for-
mulation of Born’s Reciprocal Relativity with a maximal speed and maximal proper force
in spacetime. A covariant acceleration in curved space-times in units of ¢ = 1 is given by

Dot do*

i + I}, v"0”. (2.49)
A particle in free fall follows a geodesic with zero covariant acceleration. The norm of
the spacelike proper acceleration is :

Dv* Dv¥
2o g, —— 2.50
“ G dr drt ( )

2

The condition a® < a} = (£)* = 7z after the substitution v* = dz*/dr leads to
P
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do® = g datdz” + Ly gap (dv® + Fi‘uv)‘dx“) (dv® + T3 v¥da”) > 0. (2.51)

as was shown by Brandt. This is the 8D curved-phase space interval associated with the
cotangent space of the curved spacetime. The Lagrange-Finsler geometric approach to
the interval (2.43) requires that the metric components g,,, gap and I'j, (the nonlinear
connection) depend both on z* and v* |

We treated the spacetime coordinates of the Quaplectic valued gauge theory as real-
valued. One should be able to extend our construction to the case of Complex Coordinates
as well. For example, to build a Quaplectic Gauge theory as a Fiber bundle over the
curved 8D Phase Space rather than having a Quaplectic Gauge theory as a Fiber bundle
over the 4D curved spacetime. Curved Phase spaces, Conformal groups, wavelets and
the geometry of the complex domains studied by Wyler [30] in his derivation of the fine
structure constant have been reviewed by [31].

Chamseddine has studied Gravity in Complex Hermitian Spacetimes based on the
results by Witten [24] on the high-energy behaviour of string scattering amplitudes where
it was observed that the tmaginary parts of the string coordinates of the target manifold
appear. In this picture the metric tensor and the Kalb-Ramond anti-symmetric tensor B,,,
are unified in one field, the complex metric tensor of the Hermitian manifold first proposed
by Einstein [25]. Chamseddine arrived at an action in an 8D Real space ( four-complex
dimensional spacetime) which was compatible with the equations of motion associated
with the consistent propagation of closed-strings on Complex target backgrounds. The
action was expressed entirely in terms of the integrable complex structure J (a two-form)
of the complex Hermitian spacetime given by

d*z d*z JNOJ NOJT (2.52)
Mg

A Complex Hermitian but non-Kahlerian space has nontrivial Torsion. A Kahler space
has vanishing Torsion. Finsler metrics with symmetric and nonsymmetric components
have been studied by Eisenhart [35]. Tt is these spaces studied by Eisenhart which deserve
further investigation as those particular closed-string target space backgrounds where
Born’s Reciprocal Relativity principle of a maximal proper force and maximal speed may
be operating simultaneously. The propagation of D branes in curved backgrounds with
anti-symmetric tensor fields B, is another interesting project, after all the effective action
governing the behaviour of D branes in curved backgrounds is precisely given by a Born-
Infeld action. Thus the principle of maximal force which is compatible with a minimal
length [36] may be operating in string theory with the main advantage that one does
not need to break the Lorentz invariance. Finally, the connections to Noncommutative
Geometry [23], Noncommutative Gravity [22], [15] and the Extended Relativity theory in

Clifford-spaces [13], [33] warrants further investigation.
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