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Abstract
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1 Introduction : Novel Consequences of Clifford
Space Relativity

In the past years, the Extended Relativity Theory in C-spaces (Clifford spaces) and
Clifford-Phase spaces were developed [1], [2]. The Extended Relativity theory in Clifford-
spaces (C-spaces) is a natural extension of the ordinary Relativity theory whose general-
ized coordinates are Clifford polyvector-valued quantities which incorporate the lines, ar-
eas, volumes, and hyper-volumes degrees of freedom associated with the collective dynam-
ics of particles, strings, membranes, p-branes (closed p-branes) moving in a D-dimensional
target spacetime background. C-space Relativity permits to study the dynamics of all
(closed) p-branes, for different values of p, on a unified footing. Our theory has 2 fun-
damental parameters : the speed of a light ¢ and a length scale which can be set equal
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to the Planck length. The role of “photons” in C-space is played by tensionless branes.
An extensive review of the Extended Relativity Theory in Clifford spaces can be found
in [1]. The polyvector valued coordinates z#, z#1#2 gHik2k3 - are now linked to the basis
vectors generators *, bi-vectors generators v, A7, tri-vectors generators, v,, A ¥, A Vs,
.. of the Clifford algebra, { 74, v } = 2 gap 1, including the Clifford algebra unit element
(associated to a scalar coordinate). These polyvector valued coordinates can be inter-
preted as the quenched-degrees of freedom of an ensemble of p-loops associated with the
dynamics of closed p-branes, for p = 0,1,2,..., D—1, embedded in a target D-dimensional
spacetime background.

The C-space polyvector-valued momentum is defined as P = dX/d¥ where X is the
Clifford-valued coordinate corresponding to the CI(1,3) algebra in four-dimensions, for
example,

X =s1+a"y+2"An + 2 %uAnAy + 27 3 A A Ay (1)

where we have omitted combinatorial numerical factors for convenience in the expansion
(1). It can be generalized to any dimensions, including D = 0. The component s is the
Clifford scalar component of the polyvector-valued coordinate and d¥ is the infinitesimal
C-space proper “time” interval which is invariant under C1(1,3) transformations which
are the Clifford-algebra extensions of the SO(1, 3) Lorentz transformations [1]. One should
emphasize that dX, which is given by the square root of the quadratic interval in C-space

(d%)? = (ds)* + dx, do" + dx,, dz"™ + ... (1.2)

is not equal to the proper time Lorentz-invariant interval d7 in ordinary spacetime (dr)? =
gudrtdz” = dz,dxt. In order to match units in all terms of eqs-(1.1,1.2) suitable powers
of a length scale (say Planck scale) must be introduced. For convenience purposes it
is can be set to unity. For extensive details of the generalized Lorentz transformations
(poly-rotations) in flat C-spaces and references we refer to [1].

Let us now consider a basis in C-space given by

Ea=9 Y Yu NV, YVu NV ANy, - (1.3)

where 7 is the unit element of the Clifford algebra that we label as 1 from now on. In (3)
when one writes an r-vector basis 7, Ay, A... A7y, we take the indices in ”lexicographical”
order so that p; < pe < .... < . An element of C-space is a Clifford number, called also
Polyvector or Clifford aggregate which we now write in the form

X = X'E, = s1 + [ T S s VAN I S (1.4)

A C-space is parametrized not only by 1-vector coordinates z* but also by the 2-
vector coordinates x*”, 3-vector coordinates x#“, ..., called also holographic coordinates,
since they describe the holographic projections of 1-loops, 2-loops, 3-loops,..., onto the
coordinate planes . By p-loop we mean a closed p-brane; in particular, a 1-loop is closed
string. In order to avoid using the powers of the Planck scale length parameter L, in the
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expansion of the polyvector X (in order to match units) we can set it to unity to simplify
matters. In a flat C-space the basis vectors E4, E, are constants. In a curved C-space
this is no longer true. Each E4, E4 is a function of the C-space coordinates

X4 = {s, at, xr2 . , pHhzeiD Y (1.5)

which include scalar, vector, bivector,..., p-vector,... coordinates in the underlying D-dim
base spacetime and whose corresponding C-space is 2P-dimensional since the Clifford
algebra in D-dim is 2P-dimensional.

The C-space metric is chosen to be GAP = 0 when the grade A # grade B. For the
same-grade metric components gle192-al bzl of GAB the metric can decomposed into
its irreducible factors as antisymmetrized sums of products of 7% given by the following
determinant [14]

aiby ,r]albk
AB 7" /A

G =det ( - (1 : 6)
nakbl nakbk

The spacetime signature is chosen to be (—,4,+,....,+). One still has the freedom to
choose the sign of the scalar-scalar components G, of the C-space metric G45. In the
next section we shall see that G,.. = —1 < 0 is the right choice.

Recently, novel physical consequences of the Extended Relativity Theory in C-spaces
(Clifford spaces) were explored in [4]. The latter theory provides a very different phys-
ical explanation of the phenomenon of “relativity of locality” than the one described
by the Doubly Special Relativity (DSR) framework. Furthermore, an elegant nonlinear
momentum-addition law was derived in order to tackle the “soccer-ball” problem in DSR.
Neither derivation in C-spaces requires a curved momentum space nor a deformation of
the Lorentz algebra. While the constant (energy-independent) speed of photon propaga-
tion is always compatible with the generalized photon dispersion relations in C-spaces,
another important consequence was that the generalized C-space photon dispersion re-
lations allowed also for energy-dependent speeds of propagation while still retaining the
Lorentz symmetry in ordinary spacetimes, while breaking the extended Lorentz symmetry
in C-spaces. This does not occur in DSR nor in other approaches, like the presence of
quantum spacetime foam.

We learnt from Special Relativity that the concept of simultaneity is also relative. By
the same token, we have shown in [4] that the concept of spacetime locality is relative
due to the mizing of area-bivector coordinates with spacetime vector coordinates under
generalized Lorentz transformations in C-space. In the most general case, there will be
mixing of all polyvector valued coordinates. This was the motivation to build a unified
theory of all extended objects, p-branes, for all values of p subject to the condition p+1 =
D.

In [5] we explored the many novel physical consequences of Born’s Reciprocal Relativ-
ity theory [7], [9], [10] in flat phase-space and generalized the theory to the curved phase-



space scenario. We provided six specific novel physical results resulting from Born’s Recip-
rocal Relativity and which are not present in Special Relativity. These were : 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 rela-
tions. We finalized by constructing a Born reciprocal general relativity theory in curved
phase-spaces which required the introduction of a complex Hermitian metric, torsion and
nonmetricity.

We should emphasize that no spacetime foam was introduced, nor Lorentz invariance
was broken, in order to explain the time delay in the photon emission/arrival. In the con-
ventional approaches of DSR (Double Special Relativity) where there is a Lorentz invari-
ance breakdown [12], a longer wavelength photon (lower energy) experiences a smoother
spacetime than a shorter wavelength photon (higher energy) because the higher energy
photon experiences more of the graininess/foamy structure of spacetime at shorter scales.
Consequently, the less energetic photons will move faster (less impeded) than the higher
energetic ones and will arrive at earlier times.

However, in our case above [5] the time delay is entirely due to the very nature of Born’s
Reciprocal Relativity when one looks at pure acceleration (force) boosts transformations of
the phase space coordinates in flat phase-space. No curved momentum space is required
as it happens in [12]. The time delay condition in Born’s Reciprocal Relativity theory
implied also that higher momentum (higher energy) photons will take longer to arrive
than the lower momentum (lower energy) ones.

Superluminal particles were studied within the framework of the Extended Relativity
theory in Clifford spaces (C-spaces) in [6]. In the simplest scenario, it was found that it is
the contribution of the Clifford scalar component P of the poly-vector-valued momentum
P which is responsible for the superluminal behavior in ordinary spacetime due to the
fact that the effective mass v/ M? — P? can be imaginary (tachyonic). However from
the point of view of C-space there is no superluminal behaviour (tachyonic) because
the true physical mass still obeys M? > 0. As discussed in detailed by [1], [3] one can
have tachyonic (superluminal) behavior in ordinary spacetime while having non-tachyonic
behavior in C-space. Hence from the C-space point of view there is no violation of
causality nor the Clifford-extended Lorentz symmetry. The analog of “photons” in C-
space are tensionless strings and branes [1].

The addition law of areal velocities and a minimal length interpretation L was recently
studied in [4]. The argument relied entirely on the physics behind the extended notion of
Lorentz transformations in C-space, and does not invoke Quantum Gravity arguments nor
quantum group deformations of Lorentz/Poincare algebras. The physics of the Extended
Relativity theory in C-spaces requires the introduction of the speed of light and a minimal
scale. In [2] we have shown how the construction of an Extended Relativity Theory in
Clifford Phase Spaces requires the introduction of a maximal scale which can be identified
with the Hubble scale and leads to Modifications of Gravity at the Planck/Hubble scales.
Born’s Reciprocal Relativity demands that a minimal length corresponds to a minimal
momentum that can be set to be Py = I/ Ryuwe. For full details we refer to [2].

Despite the fact that the length parameter L (which must be introduced in the C-



space interval in eq-(1.2) in order to match units) has the physical interpretation of a
minimal length, this does not mean that the spatial separation between two events in
C-space cannot be smaller than L. The Planck scale minimal length argument is mainly
associated with Quantum Mechanics and Black Hole Physics. The energy involved in
the physical measurement process to localize a Planck mass particle, within Planck scale
resolutions, becomes very large and such that a black hole forms enclosing the particle
behind the black hole horizon. Since one does not have physical access to the black hole
interior one cannot probe scales beyond the Planck scale. We shall set aside for the
moment the current firewall controversy of black holes.

Recently, we improved our earlier work in [16] and derived the minimal length
string/membrane uncertainty relations by imposing momentum slices in flat Clifford
spaces [24]. The Jacobi identities associated with the modified Weyl-Heisenberg alge-
bra require noncommuting spacetime coordinates, but commuting momenta, and which
is compatible with the notion of curved momentum space. The purpose of this work is
mainly to follow a different approach than the one taken in [24] by noticing that rainbow
metrics [13] are a natural consequence of taking momentum slices in C'spaces. Gener-
alized dispersion and uncertainty relations are found in addition to modified black hole
area-entropy relations.

2 On Rainbow Metrics and (Generalized Dispersion
and Uncertainty Relations from Clifford Spaces

2.1 Clifford Space Relativity induces generalized dispersion and
uncertainty relations

In this section we shall provide a dif ferent derivation of the generalized uncertainty
relations than the one described in [24]. Our derivation in this work is based on the
concept of rainbow metrics [13].

The generalization of the Weyl-Heisenberg algebra to C-spaces and involv-
ing polyvector-valued coordinates and momenta (in natural units 7 = 1) is [1]
(X4, Pg] = i Gap and does not lead to minimal uncertainty conditions for AX 4. To
obtain the minimal length stringy uncertainty relations in ordinary spacetimes requires
more work. It involves taking polymomentum slices through C-space. This is the subject
of this section.

The on-shell mass condition for a massive polyparticle moving in the 2*-dimensional
flat C-space, corresponding to a Clifford algebra in D = 4, can be written in terms of the
polymomentum (polyvector-valued) components, in natural units L = Lp = 1,h = ¢ =1,
as

T + Pu P+ Dppn P+ Puipops P Dunpg.a M = — M? (2.1)
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Let us break the ordinary Lorentz invariance by imposing the non-Lorentz invariant
conditions on the poly-momenta in C-space

Dij pij = b ’]7|4; Pijk pijk = f |]7‘6
Poi pOi = (p0)2 |]5]27 DPoij pOij = Qg (p0)2 |ﬁ147 Poijk pOijk = Qa3 (]90)2 |]516 (2-2)

where the a’s and (’s are numerical parameters. The mass-shell condition in C-space
P,P#4 = —M? becomes after inserting the conditions (2.2) and taking into account the
chosen signature (—,+, +, +)

ﬁ
|p]?

In [24] we interpreted the terms inside the parenthesis in (2.3) as if one had a metric
in momentum space as follows

+1 450 [ +B2 [p1") = (po)* (1 +ou [PI* a2 [P + a3 [p°) = — M?* (2.3)

1 (

9 (@) 0 P+ g00(IP1?) 2° 0° = g7 (>, 1B°) pi 0 + 9%(BF) popo = — M (2.4)

choosing a flat metric

2
g (@15 = 6y = |; 148 7 + 6 1t = 1 (2.5)
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leads to a non-Lorentz invariant constraint among 7% and [p]?. The former 72 is a Lorentz

scalar but not the latter. The flat metric condition for ggo gives

go(lp?) = =1 = — (1 +oa [p* +azp* + as[p”) = -1 (2.6)

from which one infers that the parameters a; = as = a3 = 0 are zero because one should
not impose constraints of the values of [p]>. Hence, having a1 = ay = a3 = 0 in (2.6)
implies that the polymomentum slice (2.2) in C-space will set the following values to zero
: Poi = Poij = Poijk = 0.

We fixed the choice for the sign of the scalar-scalar components G,, of the C-space
metric G4p by having G,, = —1 < 0 so that when one evaluates the mass-shell condition
P,PA = — M? one will have the 72 term with the required negative sign G, 7% = —72 < 0
so that eq-(2.5) should read instead

2

T
- —5 t1 +5 1 + e [t =1 (2.7)

1]
leading to the key inequality 1 < 1 + 8 [p]* + B2 [p]* and consistent with the fact
that (81,82 > 0. The flat metric g;;(72, [p]?) = &;; and goo(|p]?) = —1 does not lead

to modifications of the Weyl-Heisenberg algebra. However, it is upon using the latter
proper key inequality, and treating the coordinates and momenta as self-adjoint quantum
operators, which leads to the following generalized uncertainty relations



h h
S <48 PP +810") > 105 > 5

In this work we will take a very different approach than the one described above [24]
based in having a flat metric and yielding a key inequality, by noticing that the terms

inside the parenthesis behave as if one had a rainbow metric as follows

g7 1) pips + g (P popo = g* (=, |p1*) [P — AP B* = — M* (29)

A rainbow metric [13] is a one-parameter family of metrics which depends on the energy
(momentum) of the test particles moving in a given spacetime background, and forming
a rainbow of metrics (rainbow geometry). Setting 72 = 0 in (2.3) one has then that the
squared rainbow functions are given by

G =0, |p>) = 1 +81pl* + B |p*, Bi,B2>0 (2.10a)
PR = 1+ [pP +ao o' + as [7° o, a0,05 >0 (2.100)
Given
g7 = @@ =0, [p*) 67 = (1 + 611 + B |p1*) 6% (2.11a)
g° = = P = - (1 +a [P +a [p* + a3 [°) (2.110)

the rainbow metric is then de fined as
ds® = G dz" dz¥ =

— (1 +an oI +aa pI" + as [p°)7" (d)* + (1 450 [pI* + B2 [p]" )" (da')* (2.12)

One may notice also that from eqs-(2.9, 2.10, 2.11) one arrives at the modified disper-
sion relations

(1 4o P2 +ao |1 + as [PI°) B> — (1 +8 |2 + 5 [51*) |72 = M® =

M2
I +ay [p]? +oaz [p* + a3 [pls

1+ By |pl* + 62 |

E? —
L +ay [pl? +az [p1* + a3 |pl°

p* = (2.13)

setting aig = 0; oy = f1; g = o, and after performing a Taylor series expansion, eq-(2.13)
simplifies to

M2
E2 . 2 _ _
= T e
M2 (1 = (aa [p1? +oaz 1) + (a0 [ +o2 [0 = (a0 [ +o02 [0 + . )



since the constants oy, ap are proportional to powers of the Planck length as (Lp/h)?
E:% (Lp/h)* ~ Ep*, respectively, after equating M = m one can infer that the dispersion
relation obtained in eq-(2.14) has the form

2 p? = i (m?, E3) (2.15)

where the coefficients ¢, are explicitly given in terms of the Planck energy Ep and the
mass m as follows

e = —arm* e = (()—ay)m? 3 = (201 a5 — (q)* ) m? ... (2.16)

The advantage in using Clifford Space Relativity is that one is able to derive the explicit
expression for all the coefficients ¢,, in terms of the two parameters aq, as which, in turn,
are proportional to En? Ep*, respectively. In the low energy limit, one recovers the
standard dispersion relation E? — |p]*> = m?. Another salient feature of the generalized
dispersion relation (2.15) , with coefficients given by (2.16), is that in the massless case
m = 0 one still retains the condition E? — |p]*> = 0 (massless particles still propagate at
the speed of light). This is not case with the generalized dispersion relation proposed in
the literature [25] because these numerical coefficients depend on a running mass scale
and Ep.

Another physical consequence is that the rainbow metric (2.11) when a3z = 0; a; =
B1; g = [y yields modi fications of the Weyl-Heisenberg algebra

(2", p"] = ik g"(|p*) (2.17)
resulting from the momentum-dependent metric (2.11), and which in turn leads to the
following uncertainty relations

h
At Ap = S| < (1o By i) > 0 (2.18)

where < .... > denote the QM expectation values < VU|......[¥ >. See [23] for rigorous
mathematical details. However, there is a caveat : if one recurs to the rainbow metrics
and begins with the modified Weyl-Heisenberg algebra [z*, p¥] = thg"”(p), a lowering of
indices with the rainbow metric leads to

[0, o] = iR g (D) + oo # ih g (P) = ih (1 +oq [p1* +a ") 1 (2.19)

thus there is an asymmetry in the functional forms of the modified Weyl-Heisenberg
algebra due to the commutators

2w 2] = 1900(P) 2°5 9oy () "] = i1 9 (D) + 9up(D) [2°, gun(P)] P" (2:20)
and
e 9 = 05 [os ) £ 05 1 9] = ih o) 2 )



In order to have [z*,p"] = ihg"”(p) and [z,, p,| = ihgu (D), simultaneously, one must
restrict the rainbow metric to obey the conditions

. . g, . 0q,
) . ] 57 = 905 977 () P20y — i 2] g g (22

% = 0, there is the nontrivial solution

besides the trivial solutions g,, = 7,, so that
to eq-(2.22) when

go = —1, gor=9gro =0 (2.23a)
and Dgu(d)
Jr\p Pi Pk D1
P s, — 2.23b
o' Pi 0wl BB ( )

leading to a zero contraction with p : % pl = 0. After integrating (2.23b) and intro-
ducing the parameter o whose units are (Lp)?, gives for the spatial metric components

Pi Pr P ; Pr Di 2. i sij
gkl = a/(pi5kl - e ) dp' = 5/(%1 - T ) dlpl*; p"=6p; (2.23¢)

Therefore, a metric given by eqs-(2.23) yields the generalized uncertainty relations for
the spatial components of the coordinates and momenta

h h
Az Ap, > §| <gu> |, Ax¥Ap > §| <g"> | (2.24)

and which is a modi fication of the stringy uncertainty relations

h h
Awe App 2 5| < (L4811 > du| 2 5 (1 48|20 du (2.25)
due to the presence of the second terms of the nontrivial integral in (2.23¢). The constant
of integration in (2.23c) can be chosen to generate the constant term dy,; of (2.25). Keeping
the leading terms in powers of Lp in eqs-(2.25), gives for example

St

h h
AvlAp, > 5| < (L+B[F°) > = 1< (1+8p7) >[ 2 5 (146 (Ap.)°) (2.26)
where we have used the identities < p? >= (Ap,)?+ < p, >? in last inequality of (2.26),
and taken 5 > 0 which allows to remove the absolute sign since all quantities are now
positive definite.
From (2.26) one arrives at the minimal length stringy uncertainty relations

h + (hzﬂ) Ap, (2.27)

h
Ax Ap, > = (1 Ap,)? Ax >
v dps 2 5 (148 (A)) = Ar > o



Minimizing the expression in (2.27) and inserting the Planck scale Lp which was set to
unity one has for the minimum position uncertainty a quantity of the order of the Planck
scale

(AZ)pmin = Lp \/Ba B8>0 (2.28)

In [24] we remarked that the higher order corrections to the stringy uncertainty re-
lations in eq-(2.8) stem from the higher grade polymomentum variables in C-space and
correspond, physically, to the membrane contributions to the modified uncertainty rela-
tions. Hence, the stringy and membrane corrections to the uncertainty relations in D = 4
are of the form (similar equations follow for the other spatial coordinates)

Az Ap, > Z [1 45 (Ap.)? + B (Aps)* ] (2:29)

leading to
Ax >

h
= A Ap,)? 2.
the extremization problem of (2.30) is more complicated but there is a local minimum
when ; > 0, 83 > 0. The value of Ap, which yields the local minimum for Az is

— B+ \/(B1)? + 125,
(Apz)o =
62
If one sets the above value of (Ap,), and minimal length uncertainty to coincide with
the Planck momentum and Planck scale, respectively, one can fix the numerical values
of By, B2. In higher dimensions than D = 4 one will capture the p-brane contributions

beyond the membrane case due to the contributions of the higher grade polymomenta
components. The dimensions (units) of the parameters in eqs-(2.29, 2.30) are 8] =

(L/h)?, [B2] = (L/h)".

) , P1>0, f2>0 (2.31)

2.2 Jacobi Identities and Noncommutative Spacetime

To continue we study the Jacobi identities that are linked to noncommuting spacetime
coordinates. Let us start with a modified Weyl-Heisenberg algebra in a flat spacetime
given by

[, p;] = i O(p*) &5, [2", p'] = i hO(p]") 67, (25, p] = iR O(|P*) 0y, (2:32)

The Jacobi identities are



etc, .... Let us try the ansatz
[*ri7 xj] =1ih fijl(@ :L‘l7 [pj7 pk] =0 (234)

due to the noncommutativity of z*, p’ one could have written instead of (2.34) the following
more symmetric form for the commutators

) = DA, A = e+ ) ()
For simplicity, we will just use the commutators displayed in eq-(2.34) instead of those
in eq-(2.35). It will not affect the final results. After some straightforward algebra one
learns from the Jacobi identities (2.33) that the structure functions f*,(p) are given in
terms of the function ©(|p]?) as follows

;o0 o8
0y “op O oy f7 (D) (2.36)

it is explicitly antisymmetric in ij as expected. Using the second set of Jacobi
identities for the noncommutative spacetime coordinates, the relations [2%, F(p)] =
ilier(IP1?) (OF(P)/Opi), the Liebnitz law [¢°, AB] = Alz", B] + [z%, A|B, and the solu-
tions obtained for £, (p) given in (2.36), one can verify, after some algebra, that indeed
one has

(P8 P, + R ) am =0 (2.37)

offi offy | of
( o, + o, + oo )z 0 (2.38)
and the Jacobi identities (2.33) are satisfied. It is important to emphasize that the terms
inside the parenthesis in eqs-(2.37, 2.38) are not zero. What is zero is the net summation
after the full contraction with the 2™, z! terms is performed.

Therefore, to satisfy the Jacobi identities one must have a Noncommutative spacetime.
Kempf and Mangano [23] used the commutator [z;, p;] = th©;;(p), where ©;; is a more
general rotationally invariant function of the momenta coordinates, and for commutator
[z;, z;] they have the more symmetric expression described by (2.35). After studying the
Jacobi identities they arrived at

(2, 2] = ih {24, O, O Ojirs }, Ojrs = 88@])]; (2.39)

where {, } denotes the anti-commutator. See [23| for further details.
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2.3 Lorentz Invariant Case

Let us write again the on-shell mass condition for a massive polyparticle moving in the
24_dimensional flat C-space, corresponding to a Clifford algebra in D = 4, in terms of the
polymomentum (polyvector-valued) components, in natural units L = Lp = 1,h = ¢ =1,
as

T 4 Du D" Duipe P A Do P A DM = — M? O (2.40)

A particular Lorentz invariant slice through the flat C-space can be taken by imposing
the set of algebraic conditions on the polymomenta coordinates

Pupe P = N (p“pu)2 =M\ p4, Puspaps P = A (pupu)g = A pG

Puspspspa P = X3 (pup™)t = A3 p°
PP =pup = 0 — (p)? = ()’ + (py) + (p.)* — E° (2.41)

where the \’s are numerical parameters. 7 is the Clifford scalar part of the momentum
polyvector and is invariant under C-space transformations. The slice conditions in eqs-
(2.41) will break the generalized (extended) Lorentz symmetry in C-space because these
conditions are not preserved under the most general C-space transformations as described
in [4]. Nevertheless, the residual standard Lorentz symmetry (in ordinary spacetime) will
still remain intact because the conditions/constraints in eqs-(2.41) are explicitly Lorentz
invariant.
Inserting the conditions of eqs-(2.41) into eq-(2.40) yields

™+ pP (L + 0P Xt F0%) = 72 + Yt = - M? (2.42)

The last expression (2.42) is a generalization of the “gravity rainbow” metric where the
function f?(p?) in our case is the analog of the rainbow function squared. It is important
to emphasize that in C-space one has PyP4 = —M? but p? = |p|?> — E? is no longer a
constant equal to —m?2. This fact is also consistent with the generalized dispersion relation
(2.15). What is a constant is the polymomentum squared involving all the polyvector
components in addition to the vector components p,,.

Therefore, the rainbow metric corresponding to (2.42) involves now the Clifford scalar
coordinate o, which is the canonical conjugate variable to the Clifford scalar momentum
7, and the 2 coordinates (canonical to the momentum p,). The rainbow metric is now
given by an effective D + 1-dim metric

do® + gu dz* dz¥ = do* + (1 + M p* + A p' +X0°) ' 0w (2.43)

a modified Weyl-Heisenberg algebra can defined as follows
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o, 7] = ih, [, p] = ik g™ (p?) = ih fA(P7) " (2.45)
and which emerged from taking a slice in C-space displayed by eqs-(2.41).

If one were to set 7 = 0 in (2.40) it leads to a quartic algebraic equation for p?
and that will fix the numerical values of p? given by the four roots of the algebraic
equation. The four roots are themselves functions of M? and the parameters \;, \a, \3.
The rainbow function squared f?(p?) will have fired numerical values instead of being
a variable function and hence the rainbow metric g,, will be just trivially proportional
to the Minkowski metric 7, and will not modify the Weyl-Heisenberg algebra since one
could reabsorb the constant of proportionality into 4. For this reason one must retain 7
and o in eqs-(2.40, 2.42).

However, as it occurred in the previous section there is a caveat : by lowering indices
one ends up with [z, p,] =il g, (p?) + ..... # ihg,, (p®) leading to an asymmetry in the
functional form of the modified Weyl-Heisenberg algebra unless the metric is restricted to
obey similar conditions to eq-(2.2) . In this Lorentz covariant case the nontrivial metric
must be restricted to be of the form

G = / (Pp M — p"i’;p” ) dp” = % / (D — p‘;zp" ) dp*; p* = 1,0 " p7 (2.46)
The constant of integration (which can be set to 2) in (2.46) is what generates the constant
terms in the expression for g, = nu (1 + $p*) + ... , so that the modified Weyl-
Heisenberg algebra will have a symmetric functional form [z#, p¥| = thg"”; [z, py] = ihgu
and furnish the generalized uncertainty relations for all the components of the coordinates
and momenta

h h
Az, Ap, > §| <gw > |, Azt Ap” > §| <g" > (2.47)

To sum up, one may argue that because (i) one should not restrict the form of the met-
ric like one does in eqs-(2.46), and (ii) since the metric in eqs-(2.5, 2.6) is flat there are no
problems with raising and lowering indices inside commutators, therefore we find it more
appealing to follow the approach taken in [24] rather than the rainbow metric approach in
order to derive the generalized stringy uncertainty relations. A curved momentum space
was also studied within the context of DSR by [12]. Finsler geometry is the proper arena
to study metrics which depend on both coordinates and velocities/momenta. The role of
Clifford algebras in Finsler geometry and Noncommutative geometry has been studied by
[15].

To finalize, we may add that in the most general case one must recur to a (curved)
phase space and a matriz-valued Planck “constant” hy,(x,,p,) which is a function of
both coordinates and momenta. The most general Weyl-Heisenberg algebra is then given
by

[x;m py| =i h,uV(xmpp) = ih @uu(x/)’pp) (2.48)

However, since one must obey the Jacobi identities among the commutators, one must
have in the most general case that the coordinates and momenta must be noncommutative
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[xl“ 371/] 7é 07 [p;m pu] 7é 0 (249)

To simplify matters we may chose ©,, = g(P*)Nw; [Pupy] = 0 but [z,,x,] # 0
and whose physical motivation lies in the fact that the tangent space to a curved-
momentum space can be identified with spacetime. A flat spacetime (zero curvature)
is compatible with commuting momentum [p,,p,] = [(AVu,ihV,] = 0. Whereas
[z, 2] = [ihVpu, iRV ] # 0 is consistent with a non-zero curvature in momentum space.

3 Modified Black Hole Entropy-Area Relation

Let us begin with the first law of black hole thermodynamics

AM dM dM dE
aM _ [ _ [ aMal 1
7 =0 T dE T (3.1)

and write the rainbow metric modifications of the Schwarzchild metric as follows

as =

1 2GM 2GM dr? r2dQ?
ds* = — 5 ——=— (1— at* + (1— - + 3.2
PEEs ) T ey O
such that the modified Hawking temperature becomes [26]
1 1 dgtt g(E/EP>
T = —\ —=g"g" (=) (r=2GM) = 3.3
on g9t ) = HE/E) srGM (3:3)

In natural units A = ¢ = kg = 1, the standard uncertainty relation is Ax Ap > %
We shall follow now the arguments of [27]. If one sets the position uncertainty Az of
a massless particle (photon) to be given by a quantity of the order of the Schwarzschild
horizon radius Az = A(2G M), and equates the momentum uncertainty Ap of the massless
quantum particle near the horizon of a black hole to be equal to the black hole temperature
T = FE (since at thermodynamic equilibrium the temperature of the particle is equal to the
black hole temperature) one has then the mass-temperature-energy relation A(2GM) =
(1/2T) = (1/2FE), so that dM/dE = —(1/4\GE?) and the integral (3.1) becomes, after

writing 8tGM = (47 /2\E),

_ / f(E/Ep) dE
B 2 2G g(E/Ep) E3
The above expression is the modified black—hole entropy relation due to the contribution of
the rainbow functions to the Schwarzschild metric. When the rainbow functions obey the

condition f(E/Ep) = g(E/Ep), after recurring to the mass-temperature-energy relation
A2GM) = (1/2T) = (1/2FE), the integral (3.4) reduces to

(3.4)

47 1 47 A
S= 16 ©VE = 16 QGM)? = = (3.5)
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and which is the Bekenstein-Hawking entropy given by one quarter of the area of the
spherical horizon in Planck scale units G = L% = (1/E%) (when i = ¢ = 1). If, and only
if, the proportionality constant is A = 27 the relation A(2GM) = 4rGM = (1/2T) =
8nGM = 1/T, coincides with the Hawking temperature expression.

For example, the author [26] chose the rainbow functions

f(E/Ep) = 1, g(E/Ep) = |1 — §(EEP)", & = constant (3.6)

and in the case n = 4, the rainbow modified entropy is [26]

J16M* — ¢ B}
S =n
E}

which reduces to the Bekenstein-Hawking entropy (3.5) when the numerical parameter
¢ = 0. The physical relevance of the rainbow modified entropy is that it is zero at a
nonzero value of M and which represents the information contained in the black hole
remnant. There is no total and catastrophic evaporation of the black hole since the black
hole reaches a zero temperature at a nonzero mass value (the remnant), and a maximum

finite temperature at a finite value of the mass, see [26] for details.
The stringy uncertainty relation approach to the modifications of the black hole area-

entropy relation [27] starts from the modified uncertainty relation (in natural units i =
C = kﬁB = 1)

(3.7)

Av Ap > ;(1 + B (&p)*) (3:8)

after equating Ap = T = E and setting Ax = AN2GM), it leads to the mass-energy
relation

1 1

> - (= .
> o= (5 +0F) (3.94)
so that Py . )
9B~ Da B - ﬁ) (3.90)

the entropy integral (3.1) becomes, after setting 7" = E, A\ = 27 and including the
integration constant as a term proportional to the logarithm of Ep,

1 dE 1 E 1
S= [ 5aPF -V = g (PGl + 55) (310

After expressing E in terms of M obtained from solving the quadratic equation in (3.9),
and inserting £ = E(M) into eq-(3.10) , one recovers the logarithmic corrections to the
entropy-area relation [27] S(A) = ﬁ + oo , upon equating A = 47 (2GM)?.

One may notice that the functional expression (3.4) for the rainbow modified black
hole entropy is not the same as the stringy-uncertainty-inspired black hole entropy (3.10).
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If one equates the integrands (3.4, 3.10), and sets 2\ = 4, it gives
f(E/Ep)
9(E/Ep)

as mentioned earlier, the parameter § is proportional to (Ep)~2 : 8 = b(Ep)~2 so that
the equality (3.11) becomes

=1 — BE? (3.11)

f(E/Ey) 2 B

o(E/Ep) 1 BE 1 =9 (EP) (3.12)
and it will constrain the functional form of the ratio of the two rainbow functions. This
will clearly restrict considerably the infinity of choices for the two rainbow functions. In
the low energy limit the rainbow functions obey f(E/Ep) — 1;9(E/Ep) — 1 , and
combined with (%)2 — 0, one does find a clear agreement among the left and right hand
side of eq-(3.12). More general uncertainty relations like those given by eqs-(2.29, 2.30)
will lead to more complicated integrals than (3.10) and more complicated expressions for
the ratios % in (3.12).

We conclude with some final remarks. The theory of Scale Relativity proposed by
Nottale [11] is based on a minimal observational length-scale, the Planck scale, as there is
in Special Relativity a maximum speed, the speed of light, and deserves to be looked within
the Clifford algebraic perspective. In the quantization program of gravity a key role must
be played by quantum Clifford-Hopf algebras since the latter ¢-Clifford algebras naturally
contain the k-deformed Poincare algebras [18], [19], which are essential ingredients in
the formulation of DSR within the context of Noncommutative spaces. The Minkowski
spacetime quantum Clifford algebra structure associated with the conformal group and the
Clifford-Hopf alternative k-deformed quantum Poincare algebra was investigated [17]. The
resulting algebra is equivalent to the deformed anti-de Sitter algebra U,(so(3,2)), when
the associated Clifford-Hopf algebra is taken into account, together with the associated
quantum Clifford algebra and a (not braided) deformation of the periodicity Atiyah-Bott-
Shapiro theorem [21].
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