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Abstract

The main features of how to build a Born’s Reciprocal Gravitational
theory in curved phase-spaces are developed. The scalar curvature of the
8D cotangent bundle (phase space) is explicitly evaluated and a gener-
alized gravitational action in 8D is constructed that yields the observed
value of the cosmological constant and the Brans-Dicke-Jordan Gravity
action in 4D as two special cases. It is found that the geometry of the
momentum space can be linked to the observed value of the cosmological
constant when the curvature in momentum space is very large, namely
the small size of P is of the order of (1/Rmussie). More general 8D actions
can be developed that involve sums of 5 distinct types of torsion squared
terms and 3 distinct curvature scalars R, P, S. Finally we develop a Born’s
reciprocal complex gravitational theory as a local gauge theory in 8D of
the deformed Quaplectic group that is given by the semi-direct product
of U(1,3) with the deformed (noncommutative) Weyl-Heisenberg group
involving four noncommautative coordinates and momenta. The metric is
complex with symmetric real components and antisymmetric imaginary
ones. An action in 8D involving 2 curvature scalars and torsion squared
terms is presented.

1 Introduction : Born’s Reciprocal Relativity in
Phase Space

Born’s reciprocal (?dual”) relativity [1] was proposed long ago based on the
idea that coordinates and momenta should be unified on the same footing, and
consequently, if there is a limiting speed (temporal derivative of the position
coordinates) in Nature there should be a maximal force as well, since force is the



temporal derivative of the momentum. A maximal speed limit (speed of light)
must be accompanied with a maximal proper force (which is also compatible
with a maximal and minimal length duality). The generalized velocity and
acceleration boosts (rotations) transformations of the 8D Phase space, where
XU T,E,P'i=1,2,3 are all boosted (rotated) into each-other, were given by
[2] based on the group U(1,3) and which is the Born version of the Lorentz
group SO(1,3).

The U(1,3) = SU(1,3) ® U(1) group transformations leave invariant the
symplectic 2-form = — dtAdp°+8;;dz* Adp’ ;4,7 = 1,2, 3 and also the following
Born-Green line interval in the 8D phase-space (in natural units i = ¢ = 1)

(do)? = (dt)? — (dz)* — (dy)* — (dz)* + blg ([dE)* — (dps)* — (dpy)* — (dp:)?)
(1.1)

the rotations, velocity and force (acceleration) boosts leaving invariant the sym-

plectic 2-form and the line interval in the 8D phase-space are rather elaborate,

see [2] for details. These transformations can be simplified drastically when

the velocity and force (acceleration) boosts are both parallel to the z-direction

and leave the transverse directions y, z, py, p, intact. There is now a subgroup

U(1,1) = SU(1,1) ® U(1) C U(1,3) which leaves invariant the following line

interval

) ) ,  (dE)? — (dP)?
(@) = (@r)? — (ax)? 4 UEE PR

(dr)? (1 | (dB/dr)® — (dP/dr)” ) _ (dr)? <1 _ > (1.2)
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where one has factored out the proper time infinitesimal (d7)? = d7? — dX? in
(2.2). The proper force interval (dE/dr)? — (dP/dr)? = —F? < 0 is "spacelike”
when the proper velocity interval (dT'/dr)* — (dX/dr)? > 0 is timelike. The
analog of the Lorentz relativistic factor in eq-(2.2) involves the ratios of two
proper forces.

If (in natural units i = ¢ = 1) one sets the maximal proper-force to be given
by b = mpAmaz, where mp = (1/Lp) is the Planck mass and Ap,qz = (1/L,),
then b = (1/Lp)? may also be interpreted as the maximal string tension. The
units of b would be of (mass)?. In the most general case there are four scales
of time, energy, momentum and length that can be constructed from the three
constants b, ¢, i as follows

| L [k c [h b
)\t — %7 )\l — T, )\p - ?7 )\e - \/m (]‘3)

The gravitational constant can be written as G = ag c¢*/b where ag is a di-
mensionless parameter to be determined experimentally. If ag = 1, then the
four scales (2.3) coincide with the Planck time, length, momentum and energy,
respectively.

The U(1, 1) group transformation laws of the phase-space coordinates X, T, P, E
which leave the interval (2.2) invariant are [2]




T — TCOShf + (gvcj( + f(;ﬂp) Slzhf (1.4(1)
E' = Ecoshé + (€. X + &P) Sizhf (1.4b)
X' = X coshé + (&, T — 5(22E) sizhﬁ (1.4c)
P’ = P cosht + (f”CQE + & T) Sizhf (1.4d)

&, is the velocity-boost rapidity parameter and the &, is the force (acceleration)
boost rapidity parameter of the primed-reference frame. These parameters are
defined respectively in terms of the velocity v = dX/dT and force f = dP/dT
(related to acceleration) as

v v &a /

tanh(>=) = —; tanh(*-) =
anh(®) = %5 tanh(E) = 7=
It is straightforwad to verify that the transformations (1.4) leave invariant
the phase space interval ¢?(dT)? — (dX)? + ((dE)? — ¢*(dP)?)/b? but do not
leave separately invariant the proper time interval (d7)? = dT? — dX?, nor the
interval in energy-momentum space 7z [(dE)? — c?(dP)?]. Only the combination

(1.5)

(do)? = (dr)? (1 _ FZQ ) (1.6)

max

is truly left invariant under force (acceleration) boosts (1.4).

We explored in [5] some novel consequences of Born’s reciprocal Relativity
theory in flat phase-space and generalized the theory to the curved spacetime
scenario. We provided, in particular, siz specific results resulting from Born’s
reciprocal Relativity and which are not present in Special Relativity. These are
: momentum-dependent time delay in the emission and detection of photons;
energy-dependent notion of locality; superluminal behavior; relative rotation of
photon trajectories due to the aberration of light; invariance of areas-cells in
phase-space and modified dispersion relations.

The purpose of this work is to analyze the curved 8D phase space (cotan-
gent bundle) scenario within the context of the physics of a maximal proper
force and Born’s reciprocal relativity. The 8D tangent bundle of spacetime
within the context of Finsler geometry and the physics of a limiting value of the
proper acceleration in spacetime [4] has been studied by Brandt [3]. General-
ized 8D gravitational equations reduce to ordinary Einstein-Riemannian gravi-
tational equations in the in finite acceleration limit. A pedagogical monograph
on Finsler geometry can be found in [11] where, in particular, Clifford/spinor
structures were defined with respect to nonlinear connections associated with
certain nonholonomic modifications of Riemann—Cartan gravity.



The outline of this work is organized as follows. In section 2 the scalar
curvature of the 8D cotangent bundle is explicitly evaluated and a generalized
gravitational action in 8D is constructed that yields the observed value of the
cosmological constant and the Brans-Dicke-Jordan Gravity action in 4D as two
special cases. It is found that the geometry of the momentum space can be
linked to the observed value of the cosmological constant when the curvature
in momentum space is very large, namely the small size of P is of the order of
(1/Rprupbic)- More general 8D actions can be developed that involve sums of 5
distinct types of torsion squared terms and 3 distinct curvature scalars R, P, S.
Finally in section 3 we develop a Born’s reciprocal complex gravitational theory
as a local gauge theory in 8D of the de formed Quaplectic group that is given by
the semi-direct product of U(1, 3) with the deformed (noncommutative) Weyl-
Heisenberg group involving four noncommutative coordinates and momenta.
The metric is complex and has symmetric real components and antisymmetric
imaginary ones. An action in 8D involving 2 curvature scalars and torsion
squared terms is presented.

2  Born’s Reciprocal Gravity associated with
the 8D Cotangent Bundle of Spacetime

2.1 Gravity as Gauge Theory of Diffeomorphisms

This introductory section is necessary to be able to construct the scalar cur-
vature of the 8D Cotangent Bundle in the next section. The authors [6], 7],
[8], [9] have shown that m + n-dim Einstein gravity can be identified with an
m-dimensional generally invariant gauge theory of Diffs N, where N is an
n-dim manifold. This can be shown as follows.

Locally the m + n-dim space can be written as ¥ = M x N and the metric
G aop can be decomposed as

Con = ( g (T,y) + 62bgab(w,y) Al (a,y) A(z,y)  eAf(2,9) gab(z,y) )
eAy (2, y) gab(w,y) 9ab(T,Y) ’
(2.1)
The connection AZ(x, y) is an example of the nonlinear connection which ap-
pears in Lagrange-Finsler and Hamilton-Cartan spaces [10], [11]. The decom-
position (2.1) must not be confused with the Kaluza-Klein reduction where one
imposes an isometry restriction on the G4 that turns AZ into a gauge connec-
tion associated with the gauge group G generated by isometry. Dropping the
isometry restrictions allows all the fields to depend on all the coordinates x,y.
Nevertheless Af,(x,y) can still be identified as a connection associated with the
infinite-dim gauge group of Diffs N.



The gauge transformations are now given in terms of the Lie derivatives w.r.t
the internal space indices y®

Ay = AL 04y € = €00 = La, & = [Ay, §° = AL 9, " — ¢ 0, AL
(2.2a)
as follows

oAy = *éDuf“ = ,é (0, & —e[ A, &%) (2.2b)

5gab = £§ Gab = [fa g]ab = fc 60 Jab + YGac ab §C + Geb aa EC' (226)
59#1/ = 'CE Juv = [57 g;w] = £ 0, Guv- (2'2d)

In general, the Lie derivative £ x T along the vector X = X 0, of the mixed
tensor T in the internal space is defined by [12]

m
a1ag..... QAn _ (& a1a2..... Qn (& A1A2 . euenn an

Lx TG = (X0 Ty ")+ E (Db, X°) [ T

i=1

n

Z (e X ) Tz copon, (2.2f)

=1

there is a key minus sign in the last term of (2.2f) relative to the first two terms.
Using eq-(2.1) the authors [6], [7], [8], [9] have shown that the curvature scalar
R(™+1) in m + n-dim decomposes into the sum of several terms

2
m—+n v m € a vT a n
Rm+n) — g* wa) + o gav Fh, F,ff g"? g’ + g% R((zb) +

1

ZQMV gab gcd [ (D,u gac) (DV gbd) - (D[L gab)(Du gcd) ] +
1

Z gab guy ng [ Oa Gup 3bgz/-r — 0Oq Guv Op 9ot ] (23)

plus total derivative terms given by (/[det g, | v/|det gap|) ™! times

Ou( 1/ Idet gu| \/Idet gap| J* ) — Ou( y/|det guu| V/|det gap| €A} ") +
O0a( 1/|det guul| V/ldet gap| J*), (2.4)

with the currents:
JH = gul/ gab D, Jab Je = gab g;u/ ab G- (25)

Finally, the Einstein-Hilbert action in D = m 4 n dimensions can be rewritten
as

1 m mn m-+n
S = 5 [ d"ady \Jldettgu)] Videtoa)] B @) (20)



where the expression for R(m+")(:1c, y) is given by (2.3) plus the total derivative
terms (2.4). Therefore, Einstein gravity in D = m + n dimensions describes an
m-dim generally invariant field theory under the gauge transformations corre-
sponding to the Diffs M. Notice how Aj, couples to the graviton g,,,, meaning
that the graviton is charged /gauged in this theory and also to the g, fields.
The “metric” g, on N can be identified as a non-linear sigma field whose self
interaction potential term is given by: g“bR((lZ).

The currents J*, J* are functions of g,.,, A,, gap- The “Ricci” tensor of the
horizontal space is a gauged Ricci tensor meaning that it is constructed using the
gauge covariant derivatives 9, —eA},0,. In the next section we shall display the
explicit expression for the gauged Ricci tensor when the 8D space is the cotan-
gent bundle of the D spacetime. The contribution of the currents to the action
is essential when there are boundaries involved; i.e. the proyective/conformal
boundary of AdS spaces which is relevant in the AdS/CFT correspondence.

When the internal manifold A is a homogeneous compact space one can
perform a harmonic expansion of the fields w.r.t the internal y coordinates, and
after integrating the action (2.6) w.r.t these y coordinates, one will generate
an infinite-component field theory on the m-dimensional space represented by
the x coordinates. A reduction of the Diffs N, via the inner automorphims
of a subgroup G of the Diffs N, yields the usual Einstein-Yang-Mills theory
interacting with a nonlinear sigma field. But in general, the theory described in
(2.3) is by far richer than the latter theory. A crucial fact of the decomposition
in (2.3) is that each single term is by itself independently invariant under Diffs
N.

In the special case when g, (x) depends solely on = and g,s(y) depends on y
then the spacetime gauged “Ricci scalar” coincides with the ordinary Ricci scalar
g () Rﬁ,’}) (z) and the internal space “Ricci scalar” g“b(y)ng) (y) becomes the
true Ricci scalar of the internal space. However, the gauge field A, (z,y) still
retains its full dependence on both variables z, y.

We have shown [13] that in this particular case the D = m + n dimensional
gravitational action restricted to AdS,, x S™ backgrounds admits a holographic
reduction to a lower d = m-dimensional Yang-Mills-like gauge theory of diffs of
S™ interacting with a charged/gauged nonlinear sigma model plus boundary
terms, by a simple tuning of the radius of S™ and the size of the throat of the
AdS,, space. Namely, in the case of AdSs x S°, the holographic [13] reduction
occurs if, and only if, the size of the AdSs throat coincides precisely with the ra-
dius of S° ensuring a cancellation of the scalar curvatures g“"Rfff,l) and gabel"b)
in eq-(2.3) [13] such that the scalar curvature (Einstein-Hilbert Lagrangian) in
D = 10 becomes

2
(&
RO = = guly) Ff,(e.y) Fl(e,y) g"°(2) g7 (@) +

i 9" (x) () 9°*(y) [ (Dugac) (Dugea) — (Dyugas) (Duged) ]- (2.7)

plus total derivative terms (boundary terms). The gauge covariant derivative



Du Gab = augab + [A;u Gab ] (2'80’)

is defined in terms of the Lie-bracket above
[A;L y Gab ] = (aa A,Cl,(m'u7ya)) ng(x'u7ya) + (817 Az(wu’ya)) gac(xu7ya> +

AZ((E“, ya) ac gab(xuv ya)' (28b)
and the Yang-Mills like field strength is

Fp, = 0. Ay —0, A — [Au, A" =
Ou A — 8, A% — A% 0, AL + AS 9, A% (2.9)

Eq-(2.7) is nothing but the "holographic” like reduction of the D = 10-dim
pure gravitational Einstein-Hilbert action to a 5-dim Yang-Mills-like action (of
diffeomorphisms of the internal S° space) interacting with a charged nonlinear
sigma model (involving the g,; field) plus boundary terms. The previous ar-
gument can also be generalized to gravitational actions restricted to de Sitter
spaces, like dS,,, x H™ backgrounds as well, where H" is an internal hyperbolic
noncompact space of constant negative curvarture, and d.S,, is a de Sitter space
of positive constant scalar curvature.

2.2  Scalar curvature of the 8D Cotangent Bundle

The scalar curvature of the 8D tangent bundle manifold in the anholonomic
frame adapted to the spacetime affine connection was given by [3] . The physics
underlying such construction corresponded to a maximal proper acceleration
principle in spacetime. In this section we shall evaluate, using a dif ferent
method than the one provided by Brandt [3] and [10], the scalar curvature of
the 8D cotangent bundle manifold based on the results of 2.1. The physics in
this case is that of a maximal proper force in spacetime which is associated
with Born’s reciprocal relativity principle.

The symplectic geometry of the cotangent bundle, the Poisson brackets of
Hamiltonian systems, the nonlinear connection, the construction of torsion and
curvature, the Bianchi and Ricci identities, the geodesic equations, etc ......
associated with Hamilton-Cartan spaces has been thoroughly studied by [10].
The geometry of the tangent bundle and Lagrange-Finsler spaces can also be
found in [10], [11]. There is a duality (via the Legendre map) between Lagrange
and Hamilton spaces and also between Finsler and Cartan spaces [10]. A recent
analysis of a Lagrangian-Hamiltonian formalism for first and higher order field
theories (higher order tangent spaces) has been provided by [15]. In this work
we shall follow a di f ferent approach than the one presented in [10] to construct
the scalar curvature of the 8D Cotangent Bundle.

In an 8D flat phase-space the infinitesimal interval is



(do)? = (d1)? — (da)? — (dy)? — (d=)* + ((dB)* — (dpa)* — (dpy)* — (dp:)?)

B2
dE/dr)? — (dp'/dr)(dp;/dT 2
2.10)
where one has factored out the proper time infinitesimal
G dxt dz¥ = (dr)? = (dt)* — (dz)* — (dy)® — (d2)* (2.11)

in (2.10) . The proper force square interval (dE/dr)? — (dp'/dr)(dp;/dT) =
—F? < 0is "spacelike” when the proper velocity interval (dt/dr)?—(dz*/dT)(dz;/dT) >
0 is timelike.

In the following we shall denote the momenta variables as p®, o = 1,2, 3, 4.
Rigorously speaking, the momenta variables in the 8D cotangent bundle should
be denoted by p,, and the coordinates by z* so that with respect to a symmetric
nonlinear connection N, (z, p) the canonical symplectic structure can be written
as w = (dp, — Nyu(x,p)dz”) A dz* [10]. Given the decomposition of the 8D
cotangent space metric

gHV(x’p) + ﬂ-aﬁ(x’p) Az‘(x,p) Ag(l‘,p) Az‘(x,p) Wag(l‘,p) )
Ag(CE,p) ﬂ-aﬁ(xap) ﬂaﬁ<x7p)
(2.12)

Az‘(m, p) is the nonlinear connection in this case. The 8D cotangent space
(curved phase-space) infinitesimal interval is given by

Gun(z,p) = (

(o) = gu da’ da” + 557 (dp™ + BAS dat) (dp” + A da”) =

b2
Tag ,dp® dzt dpP 5 dx” 9
v dxt dx¥ — (— bAY —) (— bA d =
gH X X + b2 (dT + m dr ) ( dr + v dr ) ( T)
2 F? 2 2
(dr) ( 1 — 7 ) i Fiar = b (2.13)
after setting g, dz"dz” = (dr)? and
dp® dzt  dpP dx¥
F? = F°F, = — Tap (—— + bAY =) (=— A8 2.14
Wﬁ(dr—'_ 'udT)(dT ”dT) ( )

When all quantities do not have an explicit dependence on the momenta p®,
but they solely depend on the coordinates x#, the correspondence (the field Ag
is taken to be dimensionless)

o dx* pu oo dpa

. v . . -1 ¢ v
Tos = gagt DAL < i g o a e



gives

o apa oy 00 v
F? o = gap (= +m ' TR, p'pY) (- +m LT8, Pt pY) —
dpa -1 ja v dpﬁ -1 B v
= ap (= Fm Gy P p7) (- +m ) ) (2.16)

Therefore, eq-(2.16) furnishes a correspondence from F? to the (spacelike)
proper force squared experienced by a particle of mass m in ordinary curved Rie-
mannian spacetime, with metric go5(x) and Levi-Civita connection {f, }, when
%, — {0, } (Christoffel symbols). Based on these findings, one may interpret
the second/fourth terms in the right hand side of eq-(2.13) as the contributions
to the curved phase-space interval due the effects of the proper force acting on
the particle as indicated by the expression in the last term of eq-(2.13).

To simplify the calculations, it is expedient to choose an anholonomic (non-
coordinate basis) adapted to the spacetime conection such that the bundle line
element splits naturally into the sum of the spacetime line element and a fiber
line element without cross terms. In the anholonomic basis the bundle met-
ric has a simple block-diagonal form with entries g, (x,P), gas(X, P); 11, v =
1,2,3,4;a,b=1,2,3,4. g, (x,p) is now the metric of the base space of the 8D
cotangent bundle (phase space) and its fiber space metric gq5(X, p) becomes now
the metric m,3(x, p) after a relabeling of the indices a,b — «, B;a, 5 = 1,2,3,4.
Note that in general mo3 # gag since the fiber space metric is not necessarily
the same as the base space metric.

By recurring to the results of the prior section 2.1 one learns that the scalar
curvature of the 8D cotangent bundle manifold can be decomposed as the sum

1
®OR = ®ORyy GMN = W 4 g _ 1 TaB Fg, Ff; gt gvT +

1 LV (e} ag
191 mf [ (D may) (D 7s0) — (D map) (Dy Tyo) |+

1
1 w0 g g'T b? [ (Ope Gup) (Ops gur) — (Ope guv) (Ops gpr) | (2.17)
plus (y/|det g,.| \/|det map]) ™" times the total derivative terms.

After relabeling indices, making no differentiation among u, v, p... and «, 3,7,
the ("horizontal”) scalar curvature of the base space of the 8D cotangent bun-
dle manifold ™R in eq-(2.17) is defined in terms of the horizontal symmetric
connection coefficients T, 5 (x,p) given by

1 0 0 0 0
s 11 7 _Z ALY - A Y _
1 0 0
I _ A
2 g [ (8xl’ b AV ap,\) Jap ] = (2'18)



" 1 vi ax 99va A agl/ﬁ x 09ap

Lo 9 9 9
gﬁ} = 59’ [@gua + axiaguﬁ - @gag} (2.20)

The (”horizontal”) scalar curvature of the base space of the 8D cotangent bundle
becomes

0 0 0 7]
(h) . HV T a T el
R o= 0" | (s = DAL ) T~ (o — DAL ) T | 4+

g [Ffjl, r’, -1, =R+ A (2.21)
where A are the corrections from the ordinary scalar Riemannian curvature.
The (”vertical”) scalar curvature of the cotangent space (fiber space) of the
8D cotangent bundle is

(U)R = v |:b( 0 @ ) + TO‘[ Ti,@]:| (2.22)

8p[oz wv]
where the anti-symmetrization of indices is indicated. The vertical symmet-
ric connection coefficients Y* 5 defined on the four-momentum cotangent space
(fibers) are given by

1 0 0 0
iz A2 . _
Taﬁ = 2 b * [ apa T + apﬁ TAa ap/\ Tap ] (223)
The gauge field strength is
0 0] 0 0
* = (=— — b A} A% — b A7 A5 2.24
Fi = (o = DAL G AT~ (G~ B AL ) (2:24)

The gauge covariant derivative D, m,g is defined

0
DH ﬂ-aﬁ = wﬂ'aﬁ — [A/'“ Faﬁ ] (225)
in terms of the Lie-bracket

0
A) g +b (

[Ap, map] = b(aa

) )
5 S AY) Tax + b A (gx7as)- (2:26)

By analogy to ordinary gravity, a candidate geometrical (gravitational) ac-
tion defined in the 8D cotangent bundle is of the form

1
= 92 /Q d*z d*p \/\det G \/|det Tas| ®R(x,p) (2.27)

10



where ®)R(x, p) is given by eqs-(2.17-2.26) and the domain of integration in
phase-space is denoted by (2. Using the natural units i = ¢ = 1 and after
taking the curvature to have the canonical units of (length) =2 leads to the units
of (length)™! (mass) for the coupling k. One could add explicit torsion squared
terms to the action (2.27) as well, but for the moment we shall just focus on
the scalar curvature term and set the torsion (and nonmetricity) terms to zero.

The action is invariant under gauge transformations (diffeomorphisms of the
momentum space) given by

JAY = — (0, &" — [A,, &%) (2.28q)

€, A" = b &7 Dpe AZ —b A7 90 £° (2.28b)

0ap = & Tlap = B E7 Ope Tap +b Tao Ops £7 +b Top Ope £7. (2.29)

59;“/ = [fa guu] = b¢” ap"‘ Guv (230)

where g,,(x,p) and 7,3(x,p). The gauge field strength transforms homoge-
neously

0F,, = [§, Ful® = b&7 Ope F,, —b F, Ope & (2.31)

The Lie bracket of a scalar Lagrangian density £ = /|detg| v/|detr| L of weight
one and a vector field £ = £%0pe is defined as

(& L] = € 0pa L + L Opo £ = Oy (£ L) (2.32)

there is a second extra term in the r.h.s of (2.32), so that under the above
infinitesimal gauge transformations the variation of the action S given by 65 =
J1I&, L] = [ 0pa(§2L) is a total derivative and it vanishes if £ vanishes at p® =
+o0 and/or there are no boundaries in the integration domain of the p® variables
(the integration domain has compact support). Hence, the 8D action (2.27)
is invariant under gauge transformations (diffeomorphisms of the momentum
space).

In the most general case, one could have directly recurred to the local expres-
sions for the distinguished tensors of torsion and curvature given in [10]. There
are two different torsion 2-forms [10] in phase space involving 5 distinguished
tensors T, Ry, C8Y, Pl SIY and one curvature 2-form in phase space involv-

vp? vp?
ing 3 distiflguished tensorg Ry, PyY, SkP. For further details we refer to [10].
The latter 3 curvature tensors correspond to the horizontal, mixed and vertical
components of the curvature.

A natural action in the 8D phase space will involve sums of the 5 torsion
squared terms and contractions of the above 3 curvature distinguished tensors
with the metric leading to the curvature scalars R,P,S. All torsion and curva-
ture tensors are explicit functions of the nonlinear connection N,,, (x, p), which

is no longer purely symmetric since there is torsion, and the horizontal and

11



vertical connection coefficients '}, (x, p), Y}/”(x, p) and their derivatives [10].
Matter terms could also be introduced leading, if possible, to a generalized
stress energy tensor on the 8D cotangent bundle and the extension of Einstein
field equations with matter.

It is worth pointing out that the horizontal (geodesics) paths corresponding
to a covariant derivative D associated with the nonlinear connection N, (x, p)
are characterized by the system of differential equations [10]

d?zt dx¥ dxP dp dx”
Ny & g P,
ds? + T (x,p) ds ds " ds n(xP) ds

=0 (2.33)

And the vertical (geodesic) paths at a point xf are characterized by the system
of differential equations

2
p, APy

dp, d
xt = xp; T’ (x9,P) Py 4Pp

1
ds? b # ds ds
s is a parameter associated with the parametrized curves and one has inserted
the factor 1/b to match units in (2.34). T'j (x,p), T},?(x,p) are, respectively,
the horizontal and vertical connection coefficients of the covariant derivative D
associated with the nonlinear connection N, (x, p) in the 8D cotangent bundle
(phase-space).

=0 (2.34)

2.3 Cosmological Constant, Brans-Dicke-Jordan Gravity
and Field Equations

When the scalar curvature of the momentum space is constant and inversely
proportional to the square of the characteristic momentum scale P2, after
rescaling the momentum curvature by b2 in order to recover the same units as a
scalar curvature in spacetime, one gets a contribution to the momentum-integral
in eq-(2.27) defined on a compact momentum domain D, region given by

Q, b2 P4
4 v _ P 2 _ 2 2
/DP d*p /|det mas] PR = — ~ b =b’P (2.33)

one has taken into account that the volume €2, of a compact momentum domain
region D, is proportional to P*. Inserting this contribution ()R inside the
remaining spacetime integral of eq-(2.27) and equating it to the cosmological
constant term in the action gives

1 4/ 2 p2 1 a_
22 d*x \/|det g, | b° P° = 167TGN/dx |det g 2 A =

L?% b2 P? 1
r P A~ i Gy =L = (mp) (2.34)
Hubble

4
K
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inserting into eq-(2.34) the following values (given in terms of the Planck mass
mp)
9 1
b~mp, kK ~mp = P ~ ——— (2.35)
Ruubble

lead to the observed value of the extremely small cosmological constant when
the size of the momentum space domain is extremely small and given by P ~
RH'LlLbble. If one assigns the Planck length scale Lp as the "minimal” scale, by
Born’s reciprocity one should have a corresponding ”minimal” momentum scale
that one may set to be P ~ Brams One may envision the compact momen-
tum space region of integration as a bounded Cartan homogeneous domain like
the ones studied by [14] in describing curved phase spaces. Noncompact domain
regions, like a de Sitter hyperboloid in momentum space, with constant momen-
tum curvature proportional to P~2 and a conformally flat metric in momentum
space,

UL
map(P) ~ 7 (pup7 /P9 (2.36)
will yield an in finite volume. For this reason it is desirable to choose compact
regions in momentum space or choosing field configurations that vanish at infin-
ity (compact support) such that the 8D action S in eq-(2.27) is finite. Despite
that the size of P ~ (1/Rpupbic) is small does not mean that the rate of change
of the momenta (the forces) have to be small. For example, electrons inside the
atom are confined to a small region but have large velocities. Other range of
values for k and P are possible. If mp = k = P, the size of the momentum
space region is now very large, all the way to the Planck momentum scale, but
one gets a huge value for the cosmological constant in this case A ~ (Lp)~2
instead of (Rpuppie) 2. This large value of the cosmological constant is compat-
ible with a Planck size universe. A dynamical value of the cosmological constant
over time is also an appealing possibility when (VR plays the role of a variable
and effective cosmological ”constant”. As the universe expands, the value of the
cosmological constant decreases from a very large initial value (Lp)~2 to the
present day one (Rgupbie) 2
To sum up, we have seen how the geometry of the momentum space can be
linked to the observed value of the cosmological constant when the curvature
in momentum space is very large, namely the small size of P is of the order of
(1/Rpupbic)- Brans-Dicke-Jordan Gravity type of actions can also be recovered
from the 8D action in the special case that

Ay =05 map(x,p) = G(X) nap; 77 = ¢7H(X) Nap; det(map) = %5 G = G (%)
(2.37)

inserting these values (2.37) into the terms of the action (2.27) gives (R =

0; Fg, = 0;... and ("R = R (ordinary Ricci scalar curvature). After performing

the momentum integral leads to a Brans-Dicke-Jordan Gravity-like action, up

13



to numerical constants

V(D
% / a' \fldet gl (6 R =3 9" 8,6 0,0 (2.38)

where V(D,) = fD d*p is a measure of the momentum space region. The
P

scalar ¢ does not have the correct canonical dimensions in 4D. One may scale

¢ — k¢ = @ giving the following action in terms of the canonical scalar field ®

V(Dy) v
%f / d'z \/|det g,| (®* R —3 g 0,2 0,) (2.39)

hence, when the measure of the momentum space region obeys (V(D,)/2x*) =
(1/167) one recovers the Brans-Dicke-Jordan action with the coupling parame-
ter w = 2 and after the change of variables ¢ = ®2 is performed

1
d'z y/|det gu| (¢ R — w ™" g™ Oup Oup ) (2.40)

The Einstein-Hilbert action for gravity is obtained when ¢ = =—

In the most general case, the equations of motion assoaated with the 8D
action (2.27) associated with the geometry of the cotangent bundle are obtained
by performing a variation

59 59 59
= 0; = 0; — 2.41
Sape " bmp 0 GAz Y (241)

with g, (X, p), Tap(x,P), Af(x,p) . These equations are quite cumbersome.
In certain special cases, for example, one could calculate the corrections to the
Schwarzschild solutions and the gravitational redshift found in the 8D tangent
bundle case associated with a Finsler spacetime base manifold [3]. The universal
upper limit on the attainable proper acceleration relative to the vacuum imposes
certain constraints on the possible differential geometric structures in the 8D
tangent bundle of the 4D spacetime. One is lead to a Finslerian structure for
spacetime, in which the spacetime metric depends not only on the spacetime
coordinates, but also on the four-velocity coordinates of the tangent-space. The
redshift receives corrections proportional to the factor (1 — a2/a2,,,)? [3].

3 Born’s Reciprocal Complex Gravity as a Gauge
Theory of the Quaplectic Group

In this section we shall take a different approach than studying the geometry
of the 8D cotangent bundle (phase-space) and instead construct an 8D local
gauge theory of the Quaplectic group (group proposed by [2]) in phase space.
For the sake of completeness, in this last section we extend our results [16] and
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construct a de formed Born reciprocal general relativity theory in curved phase
space (without the need to introduce star products) as a local gauge theory of the
de formed Quaplectic group that is given by the semi-direct product of U(1,3)
with the de formed (noncommutative) Weyl-Heisenberg group corresponding to
noncommutative coordinates and momenta. The (deformed) Quaplectic group
acts as the automorphism group along the internal fiber coordinates. There-
fore we must not confuse the deformed complex gravity constructed here with
the noncommutative gravity work in the literature [22] where the spacetime
coordinates z* are not commuting.

The procedure that led to the construction of a Born reciprocal general
relativity theory in a curved 4D spacetime [16] can be extended to an action
in the 8D real-dimensional Phase Space associated with the cotangent bundle
of 4D spacetime. The geometry of curved Phase spaces and bounded complex
homogeneous domains has been studied by [14]. The presence of matter sources
can be incorporated, for example, by recurring to the invariant action for a
point-particle in Born’s Reciprocal Relativity involving Casimir group invariant
quantities associated with the world-line of the particle.

The deformed Weyl-Heisenberg algebra involves the generators

1, X P, - 1 X P,

( /\—7 - zA—Z )i Za = G ( /\—7 + z)\—Z ) a=1,2,3,4. (3.1)
Notice that we must not confuse the generators X,, P, (associated with the
fiber coordinates of the internal space of the fiber bundle) with the ordinary
base spacetime coordinates and momenta x,,p,. The gauge theory is con-
structed in the fiber bundle over the 8D base phase-space manifold which is an
8D curved space with commuting coordinates and momenta z# = 2%, 2!, 22, 23;
Dy = Po,P1,P2,p3. To properly match the dimensions we shall scale the momen-
tum variables by the maximal proper-force b so that all coordinates have the
dimensions of length. We denote the coordinates of the 8D phase-space collec-
tively by Yy, M = 1,2,3,....,8 where the first four coordinates correspond to
z# and the last four coordinates correspond to p,/b.

The Hermitian generators Zay, Za, Za, I of the U(1, 3) algebra and the de formed
Weyl-Heisenberg algebra obey the relations

Zap)' = Za: (Z)V = Z,; I'=1; a,b=1,23,4. (3.2)

Z, =

The standard Quaplectic group [2] is given by the semi-direct product of the
U(1,3) group and the unmodified Weyl-Heisenberg H(1,3) group : Q(1,3) =
U(1,3) ®s H(1,3) and is defined in terms of the generators Zuy, Zq, Zq4, I with
a,b=1,2,3,4. A careful analysis reveals that the complex generators Z,, Z,
(with Hermitian and anti-Hermitian pieces) of the deformed Weyl-Heisenberg
algebra can be defined in terms of the Hermitian U(1,4) algebra generators

ZAB ) where AvB = 1a2537475; avb = 172a3a4; NAB = dla’g (+777777a 7)a as
follows

\1/2 . > S\1/2 . 7
Za = (—Z) (ZaS — ZZ5a )7 Za = (Z) (Za5 —|— ’LZ5a ); Z55 = 5 (33)
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the Hermitian generators are Zap = Ef and Zpy = E‘g; notice that the position
of the indices is very relevant because Zap # Zpa. The commutators are

(€0, €1 = —iog &l +idg (€L £ = —iof &l (€L, £5] = i ol £
(3.4)
and [£2, €8] = —i 62 EF .... such that now Z(= 2Z55) no longer commutes with

Za,Zq. The generators Zg, of the U(1,3) algebra can be decomposed into the
Lorentz-subalgebra generators L., and the ”shear”-like generators Mg, as

Zab = % (Map—iLap); Lab = Liay) = @ (Zab—Zba); Mab = Mapy = (Zab+Zba)s
(3.5)
one can see that the ”shear”-like generators M, are Hermitian and the Lorentz
generators L., are anti — Hermitian with respect to the fiber internal space
indices. The explicit commutation relations of the Hermitian generators Z,

can be rewritten as

[Lab, Leal = Melad — NacLlod — MbaLac + MadLloe)- (3.6a)
[MCLZN Mcd] = - (nbcﬁad + nacﬁbd + nbdﬁac + 77ad£bc>- (36b)
[['aba Mcd] - (nbcMad - nachd + nbdMac - nadec)~ (366)

Defining Z,, = %(Mab —iLap), Zed = %(Mcd — iL¢q) after straightforward

algebra it leads to the U(3,1) commutators

[ Zaba ch } = —1 ( Tibe Zad — TNad Zcb ) (36d)

as expected, and which requires that the commutators [M, M] ~ L otherwise
one would not obtain the U(3,1) commutation relations (3.9d) nor the Jacobi
identities will be satisfied. The commutators of the (anti-Hermitian) Lorentz
boosts generators L., with the X., P. generators are

[ﬁaba Xc] = (nbc Xa — Nac Xb ); [Eaba Pc] = (nbc Pa — Tac Pb ) (37(1)

Since the Hermitian M, generators are the reciprocal boosts transformations
which exzchange X for P, in addition to boosting (rotating) those variables, one
has in

v

7
] = _7(7]ch(1+77@ch)

A Al
(3.70)
such that upon recurring to the above equations after lowering indices it leads
to !

[Maln (nbc Pa+77ac Pb), [Mab;

ey _ L
NN

IThese commutators dif fer from those in [2] because he chose all generators X, P, M, L
to be anti-Hermitian so there are no ¢ terms in the commutators in the r.h.s of eq-(3.7b) and
there are also sign changes
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) ) 1 _ 1 _
Zauzc = — 3 cZa 5 aCZ . cZa - 3 acZ
[ Zavs Ze | 5 + 5 M Do =5 5 Mlac Zo

_ 1 = 1 - 1 1
[Zab7 Zc] = _inbc Za + 577(10 Zb + §nbc Za + inac Zb . (376)

In the noncommutative Yang’s phase-space algebra case [17], associated with
a noncommutative phase space involving noncommuting spacetime coordinates
and momentum z*, p#, the generator A" which appears in the modified [z#, p¥]| =
ihm** N commutator is the exzchange operator = < p, [pH, N = iha*/R% and
[z#,N] = iL%p"/h. Lp, Ry are taken to be the minimal Planck and maximal
Hubble length scales, respectively. The Hubble upper scale Ry corresponds to
a minimal momentum % /Ry, because by ”duality” if there is a minimal length
there should be a minimal momentum also.

Yang’s [17] noncommutative phase space algebra is isomorphic to the confor-
mal algebra so(4,2) ~ su(2,2) after the correspondence x# «» LH5 pt s LHO
and N« £56. In the deformed Quaplectic algebra case, it is in addition to the
T generator, the My, generator which plays the role of the exchange operator
of X with P and which also appears in the de formed Weyl-Heisenberg algebra
leading to a matrix-valued generalized Planck-constant, and noncommutative
fiber coordinates, as follows

Xa P )
[717 )\*b] = i an (Nab T+Map); [Xas Xo] = — (N)? Liar)s [Py Po] = (M) Liaa)s
P
(3.8)
One could interpret the term 1, Z + My, as a matrix-valued Planck constant
gy (in units of ). The deformed (noncommutative) Weyl-Heisenberg algebra

can also be rewritten as

(Za, Zy) = —an (nay T + May )i [Zar Zo] = [Zay, Zy) = —i Zjy) = —Lab
(Za, I) = 2 Z4; [Za, I) = —2Z4; [Zay, ) =0. T = 2 Zs5. (3.9)
where [%,I] = 22’%; [%,I] = 22‘% and the metric 74, = (+1,—-1,-1,—1) is

used to raise and lower indices . The deformed Quaplectic algebra obeys the
Jacobi identities. No longer Z commutes with Z,, Z,, it exchanges them, as
one can see from eq-(3.9) since Zs5 = 7/2.

The complex frame E$, which is no longer a square matrix and transforms
under the fundamental representation of U(1, 3) is defined as

1 . = .
Ej.(/[ = E (67\4 + Zf]L\l/[ )7 E?\/I = ﬁ (67\/[ - Zf](\L/[ ) M:1’2a37 """" , 8.
The complex Hermitian metric is given by

Gun = Eff EX nay = gun) +igminy = goun) +iBun. (3.11)
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such that

(Gun)' = Gvu = Gun; Gun = G- (3.12)

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

ds? = Gun dYMdyN = 9(MN) dYM dYN | because i g[MN] dyM qy N

3.
The (deformed) Quaplectic-algebra-valued anti-Hermitian gauge field (Ay)f = —
A,/ is given by

0.
3)

HH

AM:Q‘}V‘}Zab+LL(Ej‘{4Za+Ej‘{4Za)+iQMI. (3.14)

P
where a length scale that we chose to coincide with the the Planck length scale
L p has been introduced in the second terms in the r.h.s since the connection A s
must have units of (length)~!. In natural units of A = ¢ = 1 the gravitational
coupling in 4D is G = L%. Decomposing the anti-Hermitian components of the
connection Q4% into anti-symmetric [ab] and symmetric (ab) pieces with respect

to the internal indices
b = ol 1 gl (3.15)

gives the anti-Hermitian U (1, 3)-valued connection

a . o(ab)y 1 .
O Zay = Q) +i Q) s Map =i Lap) =
—%Q[;j’] Loy + %Qg‘f) Moy = (Q% Z)T = — Q% Z,.  (3.16)
since (Zu)' = Za

The deformed Quaplectic algebra-valued (anti-Hermitian) field strength is
given by

Fuynv = OvAny — ONAn + [Ay, An] =
Fiby Zab +i (FYn Za + Fyn Za) + Fuyn I =

{ a a 3 a — _
3 FU% Mg, — 5 FA[/;]V Lo +i (Fn Za + Fn Zo) + Fun I (3.17)
after decomposing Z,, = %(Mab — iLgp). The components of the curvature
two-form associated with the anti-Hermitian connection Qab = Q ]‘C[b + Q(ab)
are
ab ab ac cb
—i Pl = a0l — ol 4 Q{M] ol -
(ac) )(ch) L b b
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i Fi = on QY — on? + o) o) + aff? ol +
1 a b 1 b na
77 Ejy Eny + Iz Ejy By (3.19)
P P
where a summation over the repeated c¢ indices is implied and [M N]| denotes
the anti-symmetrization of indices with weight one. Notice the presence of the
extra terms F'E in the above expressions for the deformed field strengths due
to the noncommutative [Z,, Zy] # 0, and which in turn, modifies the Weyl-
Heisenberg algebra due to the Jacobi identities. In the undeformed ordinary
Quaplectic-algebra case these terms are absent because [Z,, 7] = 0,... and,
furthermore, there is no Mg, term in the ordinary Weyl-Heisenberg algebra.
These extra terms E* A E?, ... in eqs-(3.18,3.19) are one of the hallmarks of the
deformed Quaplectic gauge field theory formulation of the deformed Born’s
Reciprocal Complex Gravity.
The components of the torsion two-form are

Fiy = 0uEYy — onEfy —i Q3] BSy +i Q7 E%) —2i Efy Q). (3.200)

Fiy = 0mE% — OnES; +i Q) Sy —i Q3 By +2i Efy Q. (3.200)

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 :

‘ , 1 . = 1,
FJV[N = 1 8MQN — 1 8NQM + LT EM E?V Nab — sz EM E?\/’ Nab =
P P

; ) 1 . .2

10 QN —i ONQy + 7z (Gun —GNnpm ) = i Q[MN] +1 Iz G[MN] (3.21)
P P

after recurring to the commutation relations (for ap, = 1) in eqs-(3.8,3.9) and

the Hermitian property of the metric

Gun = E§; EX v = [na EY EY 1" = (Gym)® = (Gun)* = Gy
(3.22)
where x stands for (bar) complex conjugation.
The curvature tensor is defined in terms of the anti-Hermitian connection
0l 4y 0lab) a6
M N

(FJ[\Z% + ZF](\/%)\; ) (EE Eyp + ES Evp + ES Eyp + ES Eyp).

(3.23)

Q
Riinp =

RNy
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where the explicit components F’ 1[&% and F JE/%’\? can be read from the defining re-
lations (3.18, 3.19). Note that both values of values of F1%% and F\9%) are purely

imaginary such that one may rewrite the complex-valued Ffy field strength

as (f](\;?\)[ +iF J[&I;l,) for real valued F J(\Z?\),, F J[\Z% expressions. The contraction of
indices yields two different complex-valued (Hermitian) Ricci tensors.

Rur = "N gox R%Np = 5g R]%[Np = Roup) +iRp); (Rup)* (= 71;3M
3.2
and

Sur = " gk Rnp = Saury + i Spup;r (Sup)” = Spu (3.25)

due to the fact that

giEN gox = 5g and g% gKQ # 6g. (3.26)
because gxg # gox. The position of the indices is crucial. There is a third
Ricci tensor Q) = Rgf N P(SS related to the curl of the nonmetricity Weyl
vector Qs [19] which one may set to zero. However, in the most general case
one should include nonmetricity.

A further contraction yields the generalized (real-valued) Ricci scalars

R = (g™ +i g™y (Rapy + i Repy ) =

R = g™ Roypy — BMP Ruypy; ™7 = BMP. (3.27a)

S = (g™ +i g™Ply (Soupy + i Spup) ) =
S = g™MP) Sopy — BMP Sppy. (3.27b)

The first term g™ ) R(ppy corresponds to the usual scalar curvature of the
ordinary Riemannian geometry. The presence of the extra terms BMP Rnrp
and BMP Siup) due to the anti-symmetric components of the metric and the
two different types of Ricci tensors are one of the hallmarks of the deformed
Born complex gravity. We should notice that the inverse complex metric is

gME) 4 igMPL = [ gopy + dgper |70 # (9oury) ™t + Ggpae) ~t (3.28)

s0 g(MP)

is now a complicated expression of both g(yspy and gjarp) = Byp. The
same occurs with g!M*1 = BMP  Rigorously we should have used a different
notation for the inverse metric §M¥) 4+ iBMP] byt for notational simplicity
we chose to drop the tilde symbol.

One could add an extra contribution to the complex-gravity real-valued
action stemming from the terms iBM* Fy;p which is very reminiscent of the
BF terms in Schwarz Topological field theory and in Plebanksi’s formulation
of gravity. In the most general case, one must include both the contributions
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from the torsion and the s BM* Fy;p terms. The contractions involving GM¥ =
gMP) 1 iBMP with the components Fy/p (due to the antisymmetry property
of Fapyp = —Fpyr) lead to

i BMP Fryp = — BMP (0yQp — 0pQu ) — 2 BMP Byp =

— BMP Qup —2BMP Byp . (3.29)

where we have set the length scale Lp = 1 for convenience. These BF terms
contain a mass-like term for the Bjsp field. When the torsion is not constrained
to vanish one must include those contributions as well. The real-valued torsion
two-form is (F$nZa + FynZa)dY™ AdYN and the torsion tensor and torsion
vector are

Tyn = Fyn EY; Tiy = EY Fyn s Tune = grq TAQM;

Tune = Tyn (9r@)" = Thiw 9ors Tar = 68 Tiins Tu = Tiiy 07

(3.30)

The (real-valued) action, linear in the two (real-valued) Ricci curvature
scalars and quadratic in the torsion is of the form

1
@ / d®Y \/| det (g(MN) + iBMN) | (a1 R+asS +as TMNQ TMNGQ +aq Ty TM—I—C.C).
2 Q
’ (3.31)
| det (9(un) +iBun) | = \/ det (guny +iBun) det (gouny —iBun)
(3.32)

where one must add the complex conjugate (cc) terms in order to have a real-
valued action. x3 is a suitable coupling introduced to render the action dimen-
sionless. The action (3.31) is invariant under infinitesimal U(1, 3) gauge trans-

formations of the complex tetrad JEf; = (51()1(1) + i§g(2))EZ where the real 5[(;2]

and imaginary 582) 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 a1, as, a3, ays are suitable numerical coefficients that will be constrained
to have certain values if one wishes to avoid the presence of ghosts, tachyons and
higher order poles in the propagator, not unlike it occurs in Moffat’s nonsym-
metric gravity theory [19]. The instabilities of Moffat’s nonsymmetric gravity
found by [20] are bypassed when one extends the theory to spacetimes with
complex coordinates [21]. The 8D real-dim phase space can be realized as a 4D
complex-dimensional space endowed with a symplectic and complex structure.

To conclude, the complex deformed Born Reciprocal Gravitational theory
advanced here dif fers from the modified gravitational theories in the literature
[19], [21], [18], and it is mainly due to the fact that we have constructed a
deformed complex Born’s reciprocal gravitational theory in 4D as a gauge theory
of the deformed Quaplectic group given by the semidirect product of U(1,3)
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with the de formed (noncommutative) Weyl-Heisenberg algebra of eqs-(3.8, 3.9).
Finally, gravitational theories 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, Hopf algebras, quantum groups, etc...
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