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Geodesic equation in x-Minkowski spacetime
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In this paper, we derive corrections to the geodesic equation due to the x-deformation of curved
spacetime, up to the first order in the deformation parameter a. This is done by generalizing the method
from our previous paper [Phys. Rev. D 84, 085020 (2011)] to include curvature effects. We show that the
effect of k-noncommutativity can be interpreted as an extra drag that acts on the particle while moving in
this x-deformed curved spacetime. We have derived the Newtonian limit of the geodesic equation and
using this, we discuss possible bounds on the deformation parameter. We also derive the generalized
uncertainty relations valid in the nonrelativistic limit of the x-spacetime.
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I. INTRODUCTION

Noncommutative space entered physics in 1947 when
Snyder proposed a model of noncommutative spacetime,
admitting a fundamental length [1] as a solution for high
energy cutoff, as envisaged by Heisenberg. Since then,
motivations for investigating noncommutativity have
changed and now noncommutative geometry provides a
possible paradigm to capture spacetime uncertainty. Since
such uncertainties are encountered in approaches to the
microscopic theory of gravity [2], noncommutative geome-
try naturally comes in the discussions of quantum gravity.
It is known that in the low energy limit, the symmetry
algebra of certain quantum gravity models is the
k-Poincare algebra. The corresponding spacetime, known
as k-Minkowski spacetime is an example for a Lie alge-
braic type noncommutative spacetime [3,4]. k-Minkowski
spacetime has been studied in the context of deformed
special relativity also [5—7]. Various aspects of this space-
time have been brought out in [8-10].

In recent times, different field theory models on
k-spacetime have been constructed, using various ap-
proaches, and many interesting aspects of these models
have been analyzed [11-13]. Particularly, the scalar field
theory on k-Minkowski spacetime is analyzed in [14]. By
investigating the effect of the x-deformation parameter on
different physical models and comparing their predictions
with well-known experimental and observational results,
bounds on the noncommutative parameter have been ob-
tained by various authors [15-18].

One of the motivations of studying noncommutative
geometry is that it naturally encodes the quantum structure
of the spacetime. Thus it is of intrinsic interest to see how
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gravity theories can be constructed on noncommutative
spacetimes and to analyze how these models differ from
the gravity theories in the commutative spacetime. Several
authors have studied these issues using different
approaches [19-23]. Some of these authors have constructed
gravity theories on Moyal spacetime using :*-product
approach. Tetrad formulation of general relativity was gen-
eralized to the noncommutative case, leading to complex
gravity models. In [21], notions of Hopf algebra was used to
construct a noncommutative diffeomorphism invariant the-
ory and different aspects of these models were analyzed. In
[22], by demanding the noncommutative parameter 6#” to
be covariantly constant, a generalized * product on the
curved noncommutative spacetime was obtained. Using
this, a possible model of noncommutative gravity theory
was studied and the corresponding modification to the geo-
desic equation was obtained. In [23], the behavior of a scalar
field near a black hole in x-spacetime was investigated.

In this paper, we derive the geodesic equation on the
k-spacetime, valid up to first order in the deformation
parameter. We use a generalization of Feynman’s approach
[24-26] in deriving the geodesic equation on k-spacetime.
It was shown that the homogeneous Maxwell’s equations
can be derived by starting with the Newton’s force equation
and the commutators between the coordinates and veloc-
ities [24], which has been generalized to the relativistic
case in [25]. In [25], it was shown that the consistent
interactions possible for a relativistic particle are with
scalar, vector and gravitational fields. Various aspects of
Feynman’s approach have been studied in [27,28]. This
method has been generalized to Moyal spacetime in [29]
and to k-spacetime in [30,31].

In [31], we have generalized the approach of [26] to
k-spacetime, and derived the x-deformed Maxwell’s equa-
tions and Lorentz equation, valid up to first order in the
deformation parameter a and its classical limits were ob-
tained. We found that the modified Newton’s equation
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depends on velocities and this can be interpreted as an effect
of a background electromagnetic field. It was also shown
that the deformed Lorentz equation gets x-dependent cor-
rections that are quadratic in velocities, and it can be inter-
preted that these modifications are due to the curvature,
induced by the x-deformation of the spacetime. A similar
feature was shown in the case of Moyal spacetime in [32].
In [31], we have found that the electrodynamics depend on
the mass of the particle as well as on its charge. We have
also investigated the trajectory of the charged particle in a
constant electric field in «-spacetime, showing the effect
of the induced electromagnetic field. Thus it is natural to ask
what happens if we consider the motion of a particle in
k-spacetime with curvature. We take up this issue of con-
structing the geodesic equation in this paper.

This paper is organized as follows. In the next section,
we generalize the method of [25], along the lines taken
in [31], to derive the geodesic equation in the com-
mutative spacetime. This approach is suitable for general-
ization to k-spacetime with a nontrivial metric. In Sec. III,
we generalize this approach to k-deformed spacetime with
curvature. Here first, we adapt the method of Sec. II to
the case of k-Minkowski spacetime. This is discussed in
Sec. IITA. Then in Sec. III B, the geodesic equation is
derived in the k-spacetime with curvature. We show that
the x-dependent correction to the geodesic equation is
cubic in velocities. Then in Sec. IIIC, we obtain the
correction to the Newtonian limit of the geodesic equation.
We see that only the radial force equation gets a
x-dependent modification. Using this modification, we
discuss possible bounds on the deformations parameter a.
In Sec. III D, we derive the nonrelativistic correction to the
commutation relations. Using this, we get the generalized
uncertainty principle. Our concluding remarks are given in
Sec. IV.

We work with ,,, = (+, —, —, —).

II. GRAVITY AND FEYNMAN APPROACH

The Feynman approach of deriving the Maxwell’s
equations and the Lorentz equation is known to be
equivalent to the minimal coupling prescription in the
commutative spacetime [26,31]. This equivalence was
generalized to k-Minkowski spacetime in [31]. In [25],
the Feynman approach was generalized to the re-
lativistic case and the geodesic equation for a particle
was obtained. In this section, we provide a brief summary
of the minimal coupling approach, leading to the derivation
of the geodesic equation. In the later sections, we will
generalize this approach to k-deformed spacetime and
obtain the corresponding corrections to the geodesic
equations, valid up to the first order in the deformation
parameter a.

A relativistic particle of mass m and electric charge e is
described by x,(7) obeying
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[x,. (1), x, ()] =0,
[x,(7), po(T)] = —im s,
F,=0d,¢+eF,,i",
F,ul/ = a,lLAI/('x) - al/A,u,(-x):

(D

where 7 is a parameter and p, = mx, +eA, is the
canonical momentum operator, F, = mi, is the force,
F,, is the electromagnetic strength tensor, A, is a gauge
field and ¢(x) is an arbitrary function of x. Since, in this
paper, we are concerned only with effect of k-deformation
on gravity, we set A,(x) =0, i.e., we are dealing with
electrically neutral particles. Thus we have

[x,w pv] = _i”fl,w
ILJ (2)

where we have taken ¢(x) = 0, because this choice will
lead to the correct geodesic equation. In [25] it is argued
that the generalization from flat to curved space can be
done by replacing the Minkowskian metric 7,, with an
arbitrary metric g, (X) in Eq. (1). With this modification,
the geodesic equation was derived using the Feynman
approach. Using this approach, we start with the postulate

[Xy P11 = —ig,,(X). 3)

But for now we assume that the above “metric” g, (X) is
a function of operator X alone and that it is a symmetric
tensor [which is implied by the first equation in (3)]. All of
the shifting of indices is done with 7, (this is different
from what is done in [25]). X, (7) is a new position opera-
tor and P,(7) is the corresponding conjugate momenta,
mX, = P,, and we want to solve (3) in terms of the
operators given in (2). It is easy to see that we can construct
operators X and P as follows:

X

[P Py]=0,

w =0, Py = mx

[ x,] =0,

F

(X, X,]=0,

w = X P,u = g,uapar (4)

where x, and p, satisfy (2). Now, we take the derivative
with respect to 7 of Egs. (3) and get

1 . dguy
E[P,LL’PV]—F[X,U,’XV]:_Z d;_L ,

where we have used P, = mX . Using Eqgs. (4) and (2) we
have!

&)

. 08,8 98B
[Pw Pv] = l(é’uaﬁ ~ 8va ax, )Pﬁ, (6)

where we have used [p,,, f(x, p)] = ifg(—ﬁ. Also we have

"Notice that in the Feynman’s approach or its generalization in
[25], the notion of conjugate momentum is not used. Whereas, in
[26] and in [31], conjugate momentum is used and it has been
shown that the Feynman’s approach and this method of using
conjugate momentum are equivalent.
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08uv 1 98 1 0guy
5 = _OHV Y — P,=_— a (7
8y 0Xg m 0Xg m dxg 8gap” (1)
Equations (5)—(7), give
X, mX,]=—— - + B,
[ " m V] m<g,u,a axa 8va ax& ga,B axa p

®)

Since X is a function of x and p, the left-hand side (lhs) of
Eq. (8) becomes

X,

[XM’ XV] = [x/_l,’ XV] = _i ap/_L *

€))

Using this, we integrate Eq. (8) over p* to get

i} 1 g, 9 9
mXV:GVJ’__(g,ua/ a B_gva gﬂﬁ—i_gaﬂ gﬂv)pﬂpﬂ

2m 90X, 90X, 90X,
(10)
Defining
Lopp =~ %(g;m aai 8 Gfx‘;‘g * Sap ai") (11)
we get
mX, + %prﬁpﬂ =0, (12)

where we have chosen G,(x) = 0. In the above, Eq. (11) is
similar to the Christoffel symbol and Eq. (12) is similar to
the famous geodesic equation. To make the proper corre-
spondence to gravity we have to go to the classical limit,
i.e., we have to take the limit [, ] — 1{, }pp and all operators
reduces to corresponding commuting c-number functions.
We assume that metric is invertible and define an inverse of
the symmetric tensor g, by the following relation:

gua8”” = 0}, 13)
From Egs. (4), (11), and (13), we get

gk P, = pP,
gﬁo- agaﬂ =g agﬁu’
axP @B gxr (14)

- 1 (0g°7  9g®” ag””)
T Bo pno — + _
vuBE” 8 2g,,a< ax, 0x,, 9x,
= F'ZU
where I')7 is the Christoffel symbol. Using Egs. (14), we
re-express the geodesic equation in Eq. (12) as

X, +TEPXsX, = 0. (15)

Note that all raising and lowering of indices were done using
MNuv» and tensor g, is treated only as a symmetric tensor
with an inverse defined in Eq. (13). This shows the deriva-
tion of the geodesic equation using the Feynman approach.
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III1. x-DEFORMATION OF GRAVITY

In this section, we obtain the geodesic equation for a
particle moving in the x-deformed spacetime with the
arbitrary metric, which are the main results of this paper.
After discussing modifications required to adapt the
Feynman’s approach to the x-Minkowski spacetime, we
generalize this to the x-deformed spacetime with the arbi-
trary metric and derive the k-deformed geodesic equation.
Then we discuss the Newtonian limit of this geodesic
equation and obtain the corrections. The effect of these
corrections on observational and experimental results are
analyzed and the bounds on the deformation parameter
suggested by this correction to the Newtonian results is
discussed. We also obtain the x-modified commutation
relations and derive generalized uncertainty relations.

A. k-Minkowski spacetime

k-Minkowski spacetime is defined by the coordinates
obeying

(%, %,]1=i(a,%, —a,%,). (16)

Operators £, can be realized in terms of operators x and p
[31,33] as

2 =x,0%(p), (17)
where ¢, (p) must satisfy

(‘)QDD‘M Ip”,
ap/; 9031/ - WQDBM = a,ugoav - aygpa#, (18)

Solving Eq. (18) up to the first order in deformation
parameter a, we get

a’ B’ 7 E R)
(19)

¢y =08ull +ala-p)l+ Ba“p, +ypay,

where parameters of the realization «, 8 and vy have to
satisfy

v—a =1, BER. (20)
It will be convenient for later to define an operator ¥
which commutes with X (for more on the properties of §
see [33]), i.e.,

[ £1=0[,.9,1=—ila,9, —a,9,). 2D

and hence, it is easy to see that any function of y also
commutes with %, i.e.,

Lf(), 2, ]1=0. (22)

We can express $ and f($) up to the first order in «, as
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S =2 yula p)+ (= D play + B @)p
16 =50+ 5(x-La-p + =0 L) p)

+ Bla- x)(z—)}: . p). (23)

The canopical momentum operator (in the e = 0 case)
p, = m& is then obtained [31] as
IA’M =pagDaM—>[3,u (24)
=p, +(a+ B)a-p)p, + va,p*
and obeys

[P P11 =0, (25

[P 2] =im,, (1 +s(a-p)+i(s +2)a,p,
+i(s + Da,p,,
s =2a+ B. (26)

We have shown [31] that this construction via Feynman’s
approach satisfies all Jacobi identities. By taking the de-
rivative of Eq. (16), with respect to 7, we get a condition,

[ﬁ,u,! -521/] + [)?,u,’ ﬁv] = i(a,u,ﬁlf - al/ﬁ,u,)' (27)

These results are needed for deriving the geodesic equation
in the xk-Minkowski spacetime in the next subsection.

B. k-dependent corrections to the geodesic equation

In the flat commutative spacetime, our derivation of
geodesic equation used the conjugate pairs (x, p), and for
flat noncommutative spacetime, we used (%, p) (see pre-
vious section). We showed that all the operators in the flat
noncommutative spacetime could be written in terms of x,
p and deformation parameter a. For the noncommutative
spacetime with curvature, we will use (X, P) and our
approach is to construct them as functions of x, p and
deformation parameter a. In the case of neutral particles,
conjugate momenta is given by P p=m d;—;‘ . After obtain-
ing the realization for X and P in terms of x and p,
consistent with the k generalization of the relations in
Egs. (3) and (4), we derive the corrections to the geodesic
equation due to the k-deformation of spacetime.

We start with the postulate

(X, X,]=ia,X,—a,X,) (28)
where
XM = X, 0% (29)

and ¢“,, satisfies Eq. (18). The conjugate momentum P u
should satisfy all the Jacobi identities and also obey

[P,UJXV] + [X,Lu Pv] = i(a/.l,PV - aVP,u)' (30)
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In the commutative limit, @ — 0, X » and P, should satisfy

Xy = Xy = xp Py— Py = 8guap®
[X/u PV] - g,LLV(x))

and in the limit g, ,(x) — 7,,, they should reduce to the
corresponding flat spacetime results, i.e.,

(31

N

yn :xagoa,w P,u,_’p,u, :pagoa,w
[X,u,: ﬁv]_) [)e,w ﬁv]

We explicitly construct ISM, satisfying the above require-

X, — %
g (32)

ments. This leads to the realization of P u as
p,u, = gaﬁ(j\/)p'ggpa,u,' (33)

Using Eq. (18), it is straightforward to see that this con-
struction satisfies all Jacobi identities as well as Eq. (30) to
all orders in a. For more details on the construction of
P » see Appendix A.

Thus to summarize, the coordinates and conjugate mo-
menta for the x-deformed spacetime with an arbitrary

metric is given as
X = xozgoa,u,’ ﬁp, = gozﬁ(y)pﬁgpa;u (34)
satisfying
(X, X,1=ia,X, —a,X,), (35)
and
I¢“,
ap?

(X, P]= —iga5(§)<pﬂ 7, + ¢“V¢’3#)- (36)

Equations (34)—(36) are valid to all orders in a.

Next we take the derivative of Eq. (36) with respect

P, _ 3 dp, __
== mX, and —* = 0, we get

to 7, and by using
N 2 1.4 4
[X,u,’ mXV] = _E[P,U,’PV]

dg.s()( 0"
_ 8 ﬁ(y)(p,3 v,
dr ap?

o7+ ¢“ys05#>- (37)

Up to this, all of our results are valid to all orders in a.
We now calculate the right-hand side (rhs) of Eq. (37)
explicitly, up to the first order in the deformation parameter
a, using Egs. (19), (23), and (34). Since our goal is to get

the corrections to X u» WE assume
X, =X, +8X,(a)+ 0, (38)

where 6X .(.a) is linear in a and generally a function of x and
p, while X, satisfies Eq. (12). For the lhs of Eq. (37) we
have

[£,.X,]=[£,. X,]+ [X,. 6%,()] + 0(a®).  (39)
Combining Eq. (37) and (39) we have
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.. N .. 1 .~ 4
m[X,u,; 3X1/(a)] = _[X/,u mXV] - Z[P,u,; Pv]

dgap(D)( 00%,
— b (p” U¢”#+¢“V¢ﬂ#),

dr ap
(40)
where the lhs can be written as
.. ., [6X,(a
[Xp.’ SXV(a)] = [x,u,J 5XV(a)] = _l%- 41

Next we calculate the rhs of Eq. (40) explicitly up to the
first order in a, using Eqgs. (12), (19), (23), and (34). Then
by using Eq. (41), we perform the integration of Eq. (40)
and obtain 6X,(a), which with Eq. (38) finally gives

A ~ ~

j(.ll + WFV;LBP'BPM = WEI/T(S/.LPTP((SPM’ (42)

where fvuﬁ is given in (11) and iwgﬂ in Appendix B. We
note here that the important feature of the a-dependent
corrections is that it is cubic in p, and that it depend on the
realization that is on the parameters «, 8 and 7.

If we now go to the classical limit [as described in text
after Eq. (15)] by using Egs. (13) and (34) we get

pPpr = gPughTP, P,

+ P, P, P,{ .a.. Prands 4 0(a?),

p’rpﬁp/l- = gT{T]gtsrng,M(TSPO_I P(J'ZP(T3 + O(a)’ (43)

and with Eq. (42) we have

f"/‘bﬂpﬁp# = Fg”ﬁaﬁ(r + fyﬂﬁ{. ..a.. _}3“01‘7203
X P01P02P0'3 + O(az):

EVTﬁ,LLprapM =
(44)

Using P, = mX,, and Eq. (44) in (42) we get

X, +T9X X, = mS0 77X, X, X, + 0(@®),  (45)

where

301927 = —l;,,Mg{...a...}'8’“71"2‘73 + iwgﬂgmlg‘s”zg“”%
(46)

The explicit form of S,M-g u 1s given in Appendix C. Above
Eq. (45) shows the corrections to the geodesic equation due
to the k-deformation of the Minkowski spacetime.

C. Newtonian limit

Now we will investigate the ‘“Newtonian limit” of the
k-deformed geodesic equation obtained in Eq. (45). From
now on we will consider a special case of k-Minkowski

EVTS,U,gTU—]gaazg#U3P01P02P(r3 + 0(02).
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space were we take a,, = (a, 0). We define the Newtonian
limit by following three requirements [34]:
(1) Particles are moving slowly, and hence we have

df; o 4R
dr dr '

(47)

(2) The gravitational field is weak and can be considered
as perturbation about the flat spacetime metric, i.e.,

Cuv = My T My |7, | < 1. (48)

(3) The gravitational field is static.

From the definition of the inverse metric, g,,8"" = 8%,
we find that to the first order in A, gt” = nHt¥ — h*7Y,
Using the above assumptions and keeping only linear terms
in a and A, from Eq. (45), we get

X0=0, (49)

1 9h90
2 ox!

X+ (X0)2 = mS0%(X,)3. (50)

Using Eq. (49) we can easily change the derivatives with
respect to 7 to derivatives with respect to 7 in Eq. (50). At
first glance it seems that the last term in Eq. (50) is not
reparametrization invariant. But since we are keeping
only linear terms in a and & (hence 9% is already linear
in a and h) we have Xo=4%=~1+3hg =1+ O(h)
reparametrization is intact. Generalizing the definition of
Newton’s gravitational force, given as F' = —G 2 x' =
19 P2X

00 K s
2 % to the k-deformed spacetime as F* = m“5-, we get

Fi= Fi(l —%c), (51)

where C = 5a + 58 + 12v. Note that the force equation
does get a-dependent modification, but there is only radial
force as in the commutative case. But this radial force
has an a-dependent correction and this can be compared
to the prediction of the Pioneer anomaly. Also notice that
the a-dependent correction depends on the mass of the
test particle. This shows that the equivalence principle is
violated. The corrections also depend on the choice of
realization, that is, on the parameters «, 3, and 7.

The form of correction to the force equation obtained
above in Eq. (51) is exactly in the same form as that was
obtained in [18] and hence we will get the same bounds on
a as obtained in [18]. Thus the Pioneer anomaly sets a
bound |a| = 10733 m and the violation of equivalence
principle sets |a| = 1075 m (for a body of mass 1 kg).
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D. Uncertainty relations

It is well-known that any quantum theory of spacetime
will imply a minimal bound on the localization of particles
[35] and that the noncommutativity of spacetime can in
fact account for the modification of the Heisenberg uncer-
tainty relations [36]. In [37] it has been argued that even at
the Newtonian level there are modifications of the uncer-
tainty relations due to gravity. In order to see modifications
of the Heisenberg uncertainty principle in our approach,
we first see the nonrelativistic limit of Egs. (35) and (36),

[x;, x;] =0, [x, p;] = in(1 + ams)é
[x0, pol = —in(1 + 3am(s + 1)),

ij

(52)

where s = 2a + 8. Now, using AAAB = %l([A, B))|, we
get the deformed uncertainty relations as

h
Axiij = 0, AxlAp] = 5(1 + ams),

53
AEAt = g(l + 3am(s + 1)). 3

IV. CONCLUSION AND OUTLOOK

We have analyzed the effect of x deformation on the
motion of a particle in the curved spacetime. Although, one
can find various approaches that handle noncommutative
space and gravity (most of them on Moyal space [19-23]),
our approach is one of the first attempts that deals with
effect of gravity on x-deformed spacetime. In this paper,
we have first generalized the Feynman approach of [31] to
reproduce results in [25]. This then enables us to derive the
geodesic equation for the k-Minkowski spacetime up to the
first order in the deformation parameter a. The main dif-
ference between the commutative and «-deformed case is
that there is an “extra” force that is proportional to X> in
the x-deformed case. This term, which is cubic in veloc-
ities, can be interpreted as an extra drag that acts on the
particle when moving in a k-deformed curved spacetime.
This approach allows one to treat these effects as a pertur-
bation to the commutative, curved spacetime. The princi-
pal characteristic of our approach is that all the corrections
depend on the choice of realization (parameters «, 8 and
v) and on the mass of the test particle. Since the photon has
m,, = 0, there is no change in the geodesic equation for
light, and also no change in uncertainty relations, which
makes it more difficult to set experimental bounds on
deformation parameter a. Since for certain quantum grav-
ity models the low energy limit is the x-Poincare algebra
and corresponding spacetime is k-Minkowski, our results
can be thought of as the effect of quantum gravity. We have
derived the a-dependent correction to the Newtonian limit
of the geodesic equation. We see that the Newtonian force/
potential remains radial, but depends on the mass of the test
particle (as well as a). In the “special relativistic”” limit
(obtained by taking g,, — 7,,), results obtained here
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reproduce various deformed special relativity models,
since these models differ from ours only in explicit choice
of the parameters «, B and vy (that is in the choice of
realization). It is clear that in this limit we have effects that
violate Lorentz symmetry and that there is a change in the
dispersion relation [16]. It is interesting to note that the
bounds on the deformation parameter a obtained here are
same as that obtained in [18], where a different realization
of the coordinates of xk-Minkowski spacetime was used.

We have shown that the k-deformed commutation
relations between phase space variables induce modified
uncertainty relations. There have been investigations on
the possible modifications of atomic spectra due to the
generalized uncertainty relations and bounds on deforma-
tion parameters were obtained [38]. Thus it is of interest to
study the changes in the spectrum of the Hydrogen atom
due to the x-deformed uncertainty relations we have in
Eq. (53). This will be taken up separately.

In the commutative limit [X w P,] gives rise to the
metric g, and by analogy, one could interpret [X w P,]
(or just the symmetric part of it) as giving rise to non-
commutative metric g,,. Then it would be interesting to
construct the noncommutative version of Ricci tensor R v
and Ricci scalar R in order to get a Lagrangian that would
reproduce Eq. (45) by action principal. The question of the
invariant line element is still unsolved. These problems are
of immense importance and will be reported elsewhere.
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APPENDIX A

We have a more general construction of the operator P "
up to the first order in the deformation parameter. By

differentiating Eq. (28) with respect to 7, we get
[ﬁ,u,’ XAV] + [)?,u,: ﬁl}] = i(a#pv - auﬁlu)' (Al)

This determines the antisymmetric part of [ISM, X,]. We
can write

[P X,]=S,,+4,, (A2)

where SW = .§,,# and AM,, = —A,,M. From Egs. (Al) and
(A2) we get
" i N o
Ay = E(aMP,, —a,P,). (A3)
In the limit a — 0, we must have
A A —a—0 .
[P, X, J= TP, X,] = ig - (A4)

Using these, up to the first order in the deformation parame-
ter a we have S, = ig,, + 85(a),, or more explicitly
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SA'W, =igu, Tia,G,,
Here G,,*? = G

“B(x)pg + 0(a?). (A5)

»u“P, and then we get

A

i N
VQB(X)P,B + E(a,uPV - aVP,u)'
(A6)

We get constraints on G ,,*#(x) by requiring that the Jacobi
identities must be satisfied up to the first order in a. From

[ISM, X,]= ig,, Tia,G,

[[X,. X, 1P\ 0+[[X,. P, )X, 1+[[P\X,1X,]1=0 (A7)

we get

a (Gp,y B G,uB V)

=aa“<x 98uv — agﬂﬁ) Bx ( ag,“,_a aguﬁ)
9x% B yxa Y o9x®

08ur 98up
+tylx-a B =£
7 )< dxB ax”

)+§(aug,u.,6' _a,BgV;L)' (A8)
8 v

Now we can construct G ,,“#(x) from 1,,,,, g,,,, and ;T’t, Xg,

and symbolically we can write this as

J

1 ~
J’ZlyT(sM:g{—F(,,g)a[ZaS“ 50-61 +2ﬁ5[ 7],,]7. 0'+2‘)/50- o¢

[n™v]

+ pla-n“Bet )+y(x-a§;ﬁ)(a7-))aai‘j+agaﬂ(<5§-,(a
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g
,ul/a,B ZA (g n)Mva,B + ZB ( "8 —x) ’
ox uvaf

(A9)

We get constraints on parameters A; and B; from Eq. (A8)
and also by requiring that the above equations should go to
correct limit as g,,, — n,,,. Finally G, 5 is determined by
the parameters « and 8 and four more free parameters. Now
it is possible to reconstruct operator P u from Eq. (A6). This
procedure is more general but valid only up to the first order
in the deformation parameter a. The construction where
P p = 8ap(d) pP ok , 18 a special case of this general proce-
dure, but we have chosen this special case because it is
analogous to the undeformed case (valid up to all orders in a).

A, B, ER.

APPENDIX B

i vréu T *ﬂvrﬁu + BVTE,W (Bl)

where

,,]]+25 o7 [( (a-ag—;ﬂ)(xTo)

NG o+ S

) () sy et~ T (55 ) 5]
+ B o +(gq- o + o AT _ _ 980 P8ar
Bgaﬁ(a (ax" i (Cl .X) Bxfaxﬁ. Y\ 8ap 8xﬁ8x)‘x (60)a (aT.) (a 7) a ox X ox
o 9805 | 9805 ) ( 0855 _ 1 )]}
+287,87 8F =2 + -T B2
[Bgaﬁa ( ax)\ a.X'B Nrar® Yar\ ar® axd (a8)7® ( )

and

1 084 ag ag ag 82g .
b S o B o) o S )

o

9’84 084 84
+a(a"x5 Bap g +(a gﬁ)gﬁ)-i-ﬁ(a 8pr (;gx’g—i-

Ox,0xP 7"
- (a + Y)a,u,f‘(lﬁ)r -

Baa(f(ar)ﬁnﬂv + r(al/)5 Nur + 1—‘(01,1/.)5 771/7)

azgaﬁ
a-x or
( ) 90X, 0x° 8 )]

- 27f(ﬂ7)5av - zaan(Vﬂ)é

al . ar T 3
~afvu(a- ) = 2 e, = B(@- 0 20— 2 50a,) = v (3 50) - 2 )} (83)
Here operator e stands for the position where operator p” is to be placed in Eq. (42).
APPENDIX C
25’10’203 = _FVMB{' a.. '}B,LLU']O'Z{T; + im_sﬂgralgﬁazg,uog’ (C1)
where
o)
{..a. Jprone = —2g5"‘g”"zg‘”(ﬁg")“[gae(a(?iap + Ba®n,, + y84a,) + a(a ' %)
d
+ Blax) Tk g ae (x g;‘f ap):l. (C2)

045002-7



E. HARIKUMAR, T. JURIC, AND S. MELJANAC

(1]
(2]

(3]

(4]
(5]

(6]
[7]
(8]
[9]
[10]

(1]

[12]

H.S. Snyder, Phys. Rev. 71, 38 (1947).

S. Doplicher, K. Fredenhagen, and J.E. Roberts, Phys.
Lett. B 331, 39 (1994).

J. Lukierski, A. Nowicki, and H. Ruegg, Phys. Lett. B 293,
344 (1992).

J. Lukierski and H. Ruegg, Phys. Lett. B 329, 189 (1994).
J. Kowalski-Glikman, Lect. Notes Phys. 669, 131 (2005),
and reference therein.

G. Amelino-Camelia, Int. J. Mod. Phys. D 11, 35 (2002).
S. Ghosh and P. Pal, Phys. Rev. D 75, 105021 (2007).
M. Dimitrijevic, L. Moller, and E. Tsouchnika, J. Phys. A
37, 9749 (2004).

S. Meljanac and M. Stojic, Eur. Phys. J. C 47, 531 (2006).
S. Kresic-Juric, S. Meljanac, and M. Stojic, Eur. Phys. J. C
51, 229 (2007); S. Meljanac and S. Kresic-Juric, J. Phys. A
41, 235203 (2008); 42, 365204 (2009).

J. Lukierski, A. Nowicki, H. Ruegg, and V.N. Tolstoy,
Phys. Lett. B 264, 331 (1991); K. Kosinski, J. Lukierski,
and P. Maslanka, Phys. Rev. D 62, 025004 (2000); R.
Banerjee, P. Mukherjee, and S. Samanta, Phys. Rev. D 75,
125020 (2007); R. Banerjee, B. Chakraborty, S. Ghosh, P.
Mukherjee, and S. Samanta, Found. Phys. 39, 1297
(2009).

S. Meljanac, A. Samsarov, M. Stojic, and K. S. Gupta, Eur.
Phys. J. C 53, 295 (2008); T. R. Govindarajan, K. S. Gupta,
E. Harikumar, S. Meljanac, and D. Meljanac, Phys. Rev. D
77, 105010 (2008); 80, 025014 (2009).

M. Dimitrijevic, F. Meyer, L. Moller, and J. Wess, Eur.
Phys. J. C 36, 117 (2004); M. Dimitrijevic, L. Jonke, and
L. Moller, J. High Energy Phys. 09 (2005) 068.

S. Meljanac and A. Samsarov, Int. J. Mod. Phys. A 26,
1439 (2011); S. Meljanac, A. Samsarov, J. Trampetic, and
M. Wohlgenannt, J. High Energy Phys. 12 (2011) 010.

P. A. Bolokhov and M. Pospelov, Phys. Lett. B 677, 160
(2009).

A. Borowiec, K. S. Gupta, S. Meljanac, and A. Pachol,
Europhys. Lett. 92, 20006 (2010).

E. Harikumar, M. Sivakumar, and N. Srinivas, Mod. Phys.
Lett. A 26, 1103 (2011).

E. Harikumar and A.K. Kapoor, Mod. Phys. Lett. A 25,
2991 (2010).

A.H. Chamseddine, G. Felder, and J. Frhlich, Commun.
Math. Phys. 155, 205 (1993); J. Madore and J. Mourad,
Int. J. Mod. Phys. D 3, 221 (1994); A. Jevicki and S.
Ramgoolam, J. High Energy Phys. 04 (1999) 032; J. W.
Moffat, Phys. Lett. B 491, 345 (2000); S. Cacciatori, D.
Klemm, L. Martucci, and D. Zanon, Phys. Lett. B 536, 101
(2002); S. Cacciatori, A. H. Chamseddine, D. Klemm, L.
Martucci, W. A. Sabra, and D. Zanon, Classical Quantum
Gravity 19, 4029 (2002); M. A. Cardella and D. Zanon,
Classical Quantum Gravity 20, L95 (2003); H. Garcia-
Compean, O. Obregon, C. Ramirez, and M. Sabido, Phys.
Rev. D 68, 044015 (2003); J.M. Romero and J.D.
Vergara, Mod. Phys. Lett. A 18, 1673 (2003).

[20]

(21]

[22]
(23]
(24]
[25]
[26]
[27]

(28]

[29]

(30]
(31]

(32]
(33]

[34]
(35]
(36]

[37]
(38]

045002-8

PHYSICAL REVIEW D 86, 045002 (2012)

A.H. Chamseddine, Commun. Math. Phys. 218, 283
(2001); Phys. Lett. B 504, 33 (2001); J. Math. Phys.
(N.Y.) 44, 2534 (2003); Phys. Rev. D 69, 024015
(2004); H. Nishino and S. Rajpoot, Phys. Lett. B 532,
334 (2002); B.P. Dolan, K.S. Gupta, and A. Stern,
Classical Quantum Gravity 24, 1647 (2007).

P. Aschieri, C. Blohmann, M. Dimitrijevic, F. Meyer, P.
Schupp, and J. Wess, Classical Quantum Gravity 22, 3511
(2005); P. Aschieri, M. Dimitrijevic, F. Meyer, and J.
Wess, Classical Quantum Gravity 23, 1883 (2006);
B. M. Zupnik, Classical Quantum Gravity 24, 15 (2007);
A.P. Balachandran, T.R. Govindarajan, K. S. Gupta, and
S. Kurkcuoglu, Classical Quantum Gravity 23, 5799
(2006); A. Kobakhidze, Int. J. Mod. Phys. A 23, 2541
(2008); S. Kurkcuoglu and C. Saemann, Classical
Quantum Gravity 24, 291 (2007); X. Calmet and A.
Kobakhidze, Phys. Rev. D 72, 045010 (2005); 74,
047702 (2006); P. Mukherjee and A. Saha, Phys. Rev. D
74, 027702 (2006).

E. Harikumar and V.O. Rivelles, Classical Quantum
Gravity 23, 7551 (2006).

Kumar S. Gupta, S. Meljanac, and A. Samsarov, Phys.
Rev. D 85, 045029 (2012).

F.J. Dyson, Am. J. Phys. 58, 209 (1990).

S. Tanimura, Ann. Phys. (N.Y.) 220, 229 (1992).

M. Montesinos and A. Perez-Lorenzana, Int. J. Theor.
Phys. 38, 901 (1999).

A. Berard, Y. Grandati, and H. Mohrbach, J. Math. Phys.
(N.Y.) 40, 3732 (1999).

A. Berard, Y. Grandati, and H. Mohrbach, Phys. Lett. A
254, 133 (1999); A. Berard and H. Mohrbach, Int. J.
Theor. Phys. 39, 2623 (2000).

A. Boulahoual and M. B. Sedra, J. Math. Phys. (N.Y.) 44,
5888 (2003); A. Berard, H. Mohrbach, J. Lages, P.
Gosselin, Y. Grandati, H. Boumrar, and F. Menas, J.
Phys. Conf. Ser. 70, 012004 (2007); J.E. Carinena and H.
Figueroa, J. Phys. A 39, 3763 (2006); 1. Cortese and J. A.
Garcia, Int. J. Geom. Methods Mod. Phys. 04, 789 (2007).
E. Harikumar, Europhys. Lett. 90, 21001 (2010).

E. Harikumar, T. Juric, and S. Meljanac, Phys. Rev. D 84,
085020 (2011).

V. O. Rivelles, Phys. Lett. B 558, 191 (2003).

D. Kovacevic and S. Meljanac, J. Phys. A 45, 135208
(2012).

S. Caroll, Spacetime and Geometry: An Introduction to
General Relativity (2003).

T. Padmanhaban, Ann. Phys. (N.Y.) 165, 38 (1985); G.
Venenciano, Europhys. Lett. 2, 199 (1986).

A. Kempf, Lett. Math. Phys. 26, 1 (1992); M. Maggiore,
Phys. Lett. B 304, 65 (1993).

C. A. Mead, Phys. Rev. 135, B849 (1964).

F. Brau, J. Phys. A 32, 7691 (1999); S. Das and E.C.
Vagenas, Can. J. Phys. 87, 233 (2009); Phys. Rev. Lett.
101, 221301 (2008).


http://dx.doi.org/10.1103/PhysRev.71.38
http://dx.doi.org/10.1016/0370-2693(94)90940-7
http://dx.doi.org/10.1016/0370-2693(94)90940-7
http://dx.doi.org/10.1016/0370-2693(92)90894-A
http://dx.doi.org/10.1016/0370-2693(92)90894-A
http://dx.doi.org/10.1016/0370-2693(94)90759-5
http://dx.doi.org/10.1007/11377306_5
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevD.75.105021
http://dx.doi.org/10.1088/0305-4470/37/41/010
http://dx.doi.org/10.1088/0305-4470/37/41/010
http://dx.doi.org/10.1140/epjc/s2006-02584-8
http://dx.doi.org/10.1140/epjc/s10052-007-0285-8
http://dx.doi.org/10.1140/epjc/s10052-007-0285-8
http://dx.doi.org/10.1088/1751-8113/41/23/235203
http://dx.doi.org/10.1088/1751-8113/41/23/235203
http://dx.doi.org/10.1088/1751-8113/42/36/365204
http://dx.doi.org/10.1016/0370-2693(91)90358-W
http://dx.doi.org/10.1103/PhysRevD.62.025004
http://dx.doi.org/10.1103/PhysRevD.75.125020
http://dx.doi.org/10.1103/PhysRevD.75.125020
http://dx.doi.org/10.1007/s10701-009-9349-y
http://dx.doi.org/10.1007/s10701-009-9349-y
http://dx.doi.org/10.1140/epjc/s10052-007-0450-0
http://dx.doi.org/10.1140/epjc/s10052-007-0450-0
http://dx.doi.org/10.1103/PhysRevD.77.105010
http://dx.doi.org/10.1103/PhysRevD.77.105010
http://dx.doi.org/10.1103/PhysRevD.80.025014
http://dx.doi.org/10.1140/epjc/s2004-01887-0
http://dx.doi.org/10.1140/epjc/s2004-01887-0
http://dx.doi.org/10.1088/1126-6708/2005/09/068
http://dx.doi.org/10.1142/S0217751X11051536
http://dx.doi.org/10.1142/S0217751X11051536
http://dx.doi.org/10.1007/JHEP12(2011)010
http://dx.doi.org/10.1016/j.physletb.2009.04.086
http://dx.doi.org/10.1016/j.physletb.2009.04.086
http://dx.doi.org/10.1209/0295-5075/92/20006
http://dx.doi.org/10.1142/S021773231103550X
http://dx.doi.org/10.1142/S021773231103550X
http://dx.doi.org/10.1142/S021773231003416X
http://dx.doi.org/10.1142/S021773231003416X
http://dx.doi.org/10.1007/BF02100059
http://dx.doi.org/10.1007/BF02100059
http://dx.doi.org/10.1142/S0218271894000332
http://dx.doi.org/10.1088/1126-6708/1999/04/032
http://dx.doi.org/10.1016/S0370-2693(00)01064-9
http://dx.doi.org/10.1016/S0370-2693(02)01823-3
http://dx.doi.org/10.1016/S0370-2693(02)01823-3
http://dx.doi.org/10.1088/0264-9381/19/15/310
http://dx.doi.org/10.1088/0264-9381/19/15/310
http://dx.doi.org/10.1088/0264-9381/20/8/101
http://dx.doi.org/10.1103/PhysRevD.68.044015
http://dx.doi.org/10.1103/PhysRevD.68.044015
http://dx.doi.org/10.1142/S0217732303011472
http://dx.doi.org/10.1007/s002200100393
http://dx.doi.org/10.1007/s002200100393
http://dx.doi.org/10.1016/S0370-2693(01)00272-6
http://dx.doi.org/10.1063/1.1572199
http://dx.doi.org/10.1063/1.1572199
http://dx.doi.org/10.1103/PhysRevD.69.024015
http://dx.doi.org/10.1103/PhysRevD.69.024015
http://dx.doi.org/10.1016/S0370-2693(02)01533-2
http://dx.doi.org/10.1016/S0370-2693(02)01533-2
http://dx.doi.org/10.1088/0264-9381/24/6/017
http://dx.doi.org/10.1088/0264-9381/22/17/011
http://dx.doi.org/10.1088/0264-9381/22/17/011
http://dx.doi.org/10.1088/0264-9381/23/6/005
http://dx.doi.org/10.1088/0264-9381/24/1/002
http://dx.doi.org/10.1088/0264-9381/23/20/003
http://dx.doi.org/10.1088/0264-9381/23/20/003
http://dx.doi.org/10.1142/S0217751X08041190
http://dx.doi.org/10.1142/S0217751X08041190
http://dx.doi.org/10.1088/0264-9381/24/2/003
http://dx.doi.org/10.1088/0264-9381/24/2/003
http://dx.doi.org/10.1103/PhysRevD.72.045010
http://dx.doi.org/10.1103/PhysRevD.74.047702
http://dx.doi.org/10.1103/PhysRevD.74.047702
http://dx.doi.org/10.1103/PhysRevD.74.027702
http://dx.doi.org/10.1103/PhysRevD.74.027702
http://dx.doi.org/10.1088/0264-9381/23/24/024
http://dx.doi.org/10.1088/0264-9381/23/24/024
http://dx.doi.org/10.1103/PhysRevD.85.045029
http://dx.doi.org/10.1103/PhysRevD.85.045029
http://dx.doi.org/10.1119/1.16188
http://dx.doi.org/10.1016/0003-4916(92)90362-P
http://dx.doi.org/10.1023/A:1026665220713
http://dx.doi.org/10.1023/A:1026665220713
http://dx.doi.org/10.1063/1.532923
http://dx.doi.org/10.1063/1.532923
http://dx.doi.org/10.1016/S0375-9601(99)00016-X
http://dx.doi.org/10.1016/S0375-9601(99)00016-X
http://dx.doi.org/10.1023/A:1026413809952
http://dx.doi.org/10.1023/A:1026413809952
http://dx.doi.org/10.1063/1.1625891
http://dx.doi.org/10.1063/1.1625891
http://dx.doi.org/10.1088/1742-6596/70/1/012004
http://dx.doi.org/10.1088/1742-6596/70/1/012004
http://dx.doi.org/10.1088/0305-4470/39/14/018
http://dx.doi.org/10.1142/S0219887807002296
http://dx.doi.org/10.1209/0295-5075/90/21001
http://dx.doi.org/10.1103/PhysRevD.84.085020
http://dx.doi.org/10.1103/PhysRevD.84.085020
http://dx.doi.org/10.1016/S0370-2693(03)00271-5
http://dx.doi.org/10.1088/1751-8113/45/13/135208
http://dx.doi.org/10.1088/1751-8113/45/13/135208
http://dx.doi.org/10.1016/S0003-4916(85)80004-X
http://dx.doi.org/10.1209/0295-5075/2/3/006
http://dx.doi.org/10.1007/BF00420513
http://dx.doi.org/10.1016/0370-2693(93)91401-8
http://dx.doi.org/10.1103/PhysRev.135.B849
http://dx.doi.org/10.1088/0305-4470/32/44/308
http://dx.doi.org/10.1139/P08-105
http://dx.doi.org/10.1103/PhysRevLett.101.221301
http://dx.doi.org/10.1103/PhysRevLett.101.221301

