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Realization of doubly special relativistic symmetries in Finsler geometries
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Finsler geometry is a well-known generalization of Riemannian geometry which allows us to account for a
possibly nontrivial structure of the space of configurations of relativistic particles. Here we establish a link
between Finsler geometry and the sorts of models with curved momentum space and doubly special
relativistic relativistic symmetries which have been of interest recently in the quantum-gravity literature. We
use as a case study the much-studied scenario which is inspired by the x-Poincaré quantum group and show
that the relevant deformation of relativistic symmetries can be implemented within a Finsler geometry.
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I. INTRODUCTION

Our main objective here is to uncover an apparently deep
connection between two much-studied theoretical-physics
frameworks, the one of Finsler geometry and the one of
doubly special relativistic (DSR) relativistic symmetries.

Theories with two nontrivial relativistic invariants, also
known as “DSR relativistic theories™ [1-4], have attracted
much interest in the recent quantum-gravity literature. The
presence of the second relativistic invariant has been
shown to be related to curvature in momentum space, with
the scale of curvature of momentum space (tentatively
expected to be of the order of the Planck scale) playing a
role completely analogous to the one already attributed to
the speed-of-light scale within special relativity. Examples
of DSR relativistic theories can be inspired by the study of
quantum groups, in which case, momentum space turns
out to be a group manifold. They are believed to be an
indirect manifestation of spacetime quantization, strongly
suggesting that spacetime may not be described by a
Riemannian geometry at ultrashort scales.

An evenricher stream of research characterizes the study of
Finsler geometry, which could be viewed as an approach
suitable for abandoning Riemannian geometry as the arena for
the relativistic dynamics of particles, essentially allowing for a
velocity-dependent geometry to describe spacetime structure.

There is already a well-established common point
between the DSR relativistic theories framework and
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Finsler geometry, and this is the possibility of allowing
for modified dispersion relations. It was already shown in
[5] that Finsler metrics can be used to describe the
geometry on which a particle with modified dispersion
relation lives, but it was not investigated whether Finsler
geometries have room to accommodate also a description
of the (modified) relativistic symmetries.

We tackle this challenge here by focusing on the
illustrative example of the curved momentum space that
was inspired [6,7] by the so-called x-Poincaré quantum-
group deformation of the Poincaré group [8-10]. «
Poincaré is a widely studied candidate to describe
departures from special relativity that could arise in a
“semiclassical” regime of quantum gravity (whose scale is
set by the value of x), where the gravitational degrees of
freedom are integrated out, leaving an effective field theory
for matter. Indeed, this was shown to be the case at least for
(2 + 1)-dimensional quantum gravity [11].

An important player in our analysis is a known pre-
scription for deriving the Killing vectors associated with a
given Finsler geometry. Until now, it was not clear whether
these Killing vectors were actually associated with sym-
metries that left a given dispersion relation invariant. For
the k-Poincaré-inspired momentum space, which we use as
an illustrative example of our thesis, the relationship
between (modified) dispersion and relativistic transforma-
tions has been already studied in detail, and this placed us
in a strong position to investigate a possible description in
terms of Finsler geometry.

Without losing any of the conceptual challenges that are
of interest here, we work in 1 + 1 dimensions and at the
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first order in the deformation parameter Z (£ ~ 1/k is a
length scale related to the scale of curvature of momentum
space) so that formulas are less bulky, and, indeed, the
conceptual issues come more to the forefront. Our greek
indices have values {0, 1}, and we set ¢ and # to 1.

II. DESCRIPTION OF PARTICLES WITH
k-POINCARE SYMMETRIES

The x-Poincaré group [8—10] is a deformation of the
Poincaré group that accommodates a second invariant scale
(an energy scale) besides the speed of light, without
violating the relativity principle. The energy scale «
governs the departures from the standard special-relativistic
symmetries. We will indicate it as 1/£, where 7 is a
parameter with dimensions of a length expected to be of the
order of the Planck length.

When the so-called bi-cross-product basis [12] is chosen,
the k-Poincaré generators associated with spacetime trans-
lations (P, P;) and boost (N) satisfy the following Lie
brackets':

{Po. P1} =0,
{N. Py} =P,
O N et 0
The Casimir of this algebra reads
C, = P} — P} —¢P,P3. (2)

One can obtain a finite transformation from the set of
infinitesimal transformations described by the generators
by means of the exponential map [13]:

Fr-f(x,p)
1

= {d'pu+ aN e {dp, + N f(5 P} 1,
n=0 ~~

n times

(3)

where a and d* are, respectively, the (finite) boost and
translations parameters.

Upon choosing the trivial (Darboux) symplectic struc-
ture for the phase space

'Because of the classical nature of the physical framework that
we are going to study (there are no pure quantum effects, i.e.,
7~ 0), we use as Lie brackets the Poisson ones.

At the quantum level, the x-Poincaré group is related to
the x-Minkowski noncommutative spacetime [12,14], but for
classical phase-space constructions, one can consider standard
Minkowski spacetime coordinates related to the noncommutative
coordinates by a momentum-dependent redefinition [15].
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{x*,x*} =0,
{x.p,} =4,
{pup} =0, (4)

one finds that the symmetry generators have the following
representation:

Py = po, Py = py,

¢
N =xp, +x1(po—fp%—§p%)- (5)

This representation ensures that the generators have van-
ishing Poisson brackets with the Casimir and is also
compatible with the following Poisson brackets between
boost and coordinates:

{N X0} = =x!(1 = 2¢py), (N xt} = =20+ £pxl.

(6)

The dispersion relation of a relativistic particle can be
then deduced from the representation of the Casimir as

m* = Cy(p) = p§ — pi — £popi. (7)

The prescription for deriving a particle worldline relies
on the Hamiltonian formalism using the particle Casimir
C, as the Hamiltonian [13,15-17]:

py - {puvcf}’ (8)
i = {x.Cp}. 9)

where the dot represents derivation with respect to the
affine parameter on the worldline. From these equations,
one deduces energy/momentum conservation along the
worldline

by =0. (10)

and a differential equation for the coordinates along the
worldline:

10 =2po—¢pi, (11)
it==2p,(1 +py). (12)

After solving the differential equations and exploiting
the dispersion relation, one can eliminate the affine
parameter and find

1 1 \/P% - m’ <1 + f<2P% - m2)>(xo —x9),

X =X ==
Po 2po

(13)

where {x°, x'} are the starting coordinates of the worldline.
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A few remarks are in order before we close this section.
A reader familiar with the quantum-groups theory will have
noticed that here we are completely neglecting the coal-
gebraic structure of x Poincaré. This is because this work
focuses on a single-particle system, where the coproducts
of the symmetry generators are not relevant.

As mentioned in the Introduction, a geometrical inter-
pretation of the x-Poincaré group was proposed recently
[6,7], based on the observation [3,18,19] that the translation
generators of x Poincaré live on a curved momentum
manifold. Indeed, the symmetry generators of x Poincaré
leave invariant the momentum-space line element:

ds* = é’””(p)dpudpw (14)

where the momentum-space metric {*(p) reads

1 0
“0=(o ram) O

This is clearly the metric of a de Sitter manifold written in
“flat slicing coordinates” and at the first order in . We are
not giving here the details of the momentum-space geo-
metrical structure induced by the x-Poincaré group and of
its physical interpretation, as in this manuscript, we are
concerned with analyzing the modifications on the space-
time structure that are required in order to accommodate
modified relativistic symmetries such as the ones described
by x Poincaré.

III. FINSLER GEOMETRY OF A PARTICLE
WITH A MODIFIED DISPERSION RELATION

In [5], a prescription for deriving the Finsler geometry of
a particle with a modified dispersion relation and living on a
flat spacetime was provided. Here we report the main steps
of the construction. For details about the construction and
about Finsler geometry in general, we refer the reader to [5]
and the references therein.

The starting point is the action of a particle with a
modified dispersion relation of the form m? = M(p):

1= [ G = M) -t (16)

Here, A is a Lagrange multiplier that enforces the mass-shell
condition, and the overdot stands for derivation with
respect to the affine parameter .

By using Hamilton’s equation

oM
PUEY eaty 17
ns (17)

one can find the relation between momenta p, and
velocities x* and write the action as a function of velocities
and the Lagrange multiplier:
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= /z(x, 2)d. (18)

Then, by varying the action with respect to A, one can
substitute 1 — A(x) and obtain the final form of the
action as’

= / L A(0)d. (19)

The Lagrangian written as a function of velocities only can
be identified now with a Finsler norm,

L(3, (%)) = mF (%), (20)

since it satisfies the required properties®

F(x)#0 ifx#0

g @)
F(ex) = |e|F(x).

A Finsler norm can, in general, be associated with a
metric

. 10*F3(x, x
g;w(x’ X) = EW (22)

The metric will only be a function of velocities if the Finsler
norm does not depend on x* (which is the case of interest in
this work).

Using the Euler theorem for homogeneous functions
applied to F?,

w2 2
¥ o ’ (23)

one can show that the metric just defined satisfies

_ w99 _ O
8)‘(:(1 a)'ca a)'c(l

s agﬂ” —

=0 (24)
and

*We will show in Sec. VII that the Lagrangian appearing in this
action is invariant under boosts only up to total derivatives. This is
not worrisome, since the action is invariant and gives covariant
equations of motion. Despite this, one might want to write the
action in terms of an invariant Lagrangian, and in Sec. VII we will
show that this is indeed possible, redefining the Lagrangian so
that it is invariant and still gives the same (covariant) worldlines
as this one.

Note that, in general, a Finsler norm depends on both
coordinates and velocities. However, since in this case we are
considering deformations of a special-relativistic particle, which
lives on a flat spacetime, the Finsler norm is only velocity
dependent.
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F= /g, (25)

Once the Finsler norm is given, the particle action can be
written in the form

I=m / F(3)dr = m / Jgw @i, (26)

which looks like a straightforward generalization of the
action of a special-relativistic particle.

The construction of the metric g, (X) allows us to relate
momenta to velocities in a simple way:

OF GuX”
=m—=m-——. 27
Pu ox* F 27)
Notice that using this definition of momenta, one recovers
the on-shell condition as

m* = ¢ (x(p))pupy- (28)

where ¢*/(x(p)) is the inverse of the metric g, (%).

IV. FINSLER GEOMETRY OF A PARTICLE
WITH A x-POINCARE-INSPIRED
DISPERSION RELATION

A. Deriving the Finsler norm

In this section we will apply the procedure just described
to the case of a particle whose dispersion relation is
compatible with the x-Poicaré Casimir and given in (7).
This means that we specialize the results of the previous
section to the case M(p) = C,(p) = p§ — p? — €popi.

The Lagrangian (16) takes the form

1= / (¥ py = Ap5 = i = popt —m?))dze.  (29)
The associated equations of motion are derived as in (17):

0= A2py - ¢pi). (30)

il = 2(=2p; = 2¢popy). (31)

Note that these equations are the same (i.e., they produce
the same worldlines) as the ones we found in Sec. II if we
assume that the Lagrange multiplier 4 is independent from
the phase space {x*, p,} and that 4 = 0 (in this case, we
can reabsorb it in the affine parameter).

Inverting the equations of motion (30) and (31), we find
the expression of the momenta p,, as a function of velocities
x* and of the Lagrange multiplier A:
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)'CO Lﬂ(xl)Z
Po=57 50
20 2 42
x! Ox!
PE=nt 2

(we remind the reader that we are working at leading order
in ). Plugging these relations into the action (29), we get
the Lagrangian

(P -GE? )
=24 £ 33
£ g At (Y
which is then minimized with respect to 4 to get
) 1 (XO)Z _ (561)2 £ xO()-Cl)z
AMx) == -~ 34
*) 2 m *3 (x0)% = (x1)? (34)

This allows us to find a closed expression for the relations
(32) between momenta and velocities.

i £ (EP(E) + (+)?)

Po = (x0)2 — ()'61)2 - mzz ((ko)z _ ()-61 2)2 ) (35)
mx! 1(50)3

pPr== + m*¢ (36)

and write the Lagrangian as a function of velocities only,

)'CO()'Cl)2

L= m< (10)2 — (31)? +§m(5c°)2—(5c1)2)' (37)

Then, the Finsler norm associated with a particle with a
k-Poincaré-compatible dispersion relation turns out to be,
through (20):

2\ 5602—)'612 fm '
P = (VP = W74 g ). o9

It is straightforward to verify that the function F(x) just
defined is a legitimate Finsler norm, since it satisfies the
conditions (21). Notice that, as expected, since we are
considering the deformation of a special-relativistic par-
ticle, in this case the norm only depends on velocities and
not on coordinates, meaning that the spacetime geometry is
flat (see the next subsection). Note that through (35) and
(36) we automatically recover the Casimir, using only
algebraic relations. Indeed, from (35) and (36) we get
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m)'CO p2
(5 +p).  (39)

4
Wz—m(l +ng)' (40)

Then, subtracting the square of these two equations:

Since the Finsler norm we are considering does not
depend on coordinates x*, the metric is coordinate inde-
pendent also. When the deformation parameter £ vanishes,
the metric reduces to the one of special relativity, and in this
sense we say that the metric is flat. In the following, we will
see that this metric also has vanishing (generalized)
Christoffel symbols.

It is easy to verify that the metric g, satisfies the
properties in (24), and as a consequence,

)
xaﬁxﬂxv ~0. (43)

We can also write the metric in terms of momenta by the
use of (39) and (40):

14+3¢ pozj‘l‘ £4P§P?4—p?
2 m 2 m
g/w(x’p) = 42 p3—pS 25242 |° (44)
£ 3PP Py -1 +£ 3 2Pyt
2 m* 2p0 m*

When we use this expression of the metric in terms of
momenta, we find a simple relation with the particle
dispersion relation (note that here we use the inverse of
the metric):

(p§ — p1)?
¢ (x. p)pup, = D3 — P} — £popt ~——
m

= p§— pi—popi. (45)

which is what we expected from (28).

In the above formulas, we left the indication of a possible
dependence on coordinates x, even if in the particular case
we are considering the metric only depends on momenta p.
This is to emphasize that g, is a full-fledged Finsler metric,
which would acquire an explicit coordinates dependence in
the case of a nonflat spacetime. Indeed, the metric (42) is in
every respect a metric on spacetime, which allows us to
define an inner product structure over the tangent bundle.
The dependence on velocity/momentum and mass implies
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’"2:< (xO;Zx_O <x1>2>2_( (fc";zx—l <fc‘>2)2

= p5 — Pi —£popi. (41)

B. Finsler metric

A Finsler metric g, (x, X) can be derived from the norm
(38) via the relation (22)

(42)

that different particles with different mass and/or velocity
“see” different spacetimes.

Despite its dependence on velocity/momentum, this metric
should not be confused with the nontrivial momentum-
space metric that has been quite robustly associated with
departures from special-relativistic symmetries (see the
Introduction and the end of Sec. II). In Sec. VII we will
elaborate more on the different roles of these two metrics,
9w and . Here let us just mention the fact that also the
momentum-space metric {* is related to the particle
dispersion relation, but in a less immediate way [6,20]:
the dispersion relation of a particle with momentum p can
be obtained by computing the geodesic distance from the
origin of momentum space to the point p, where the
geodesic is the one defined by the metric {*(p).

C. Worldlines

We have shown that it is indeed possible to construct a
Finsler geometry starting from a modified dispersion
relation that is compatible with the x-Poincaré symmetry
group. Still, the issue of establishing up to which point the
Finsler geometry framework can correctly describe the
physics of a particle with x-Poincaré symmetries is not
solved: we still need to check if it allows us to correctly
infer the particle motion (worldline) and the symmetry
transformations under which the worldline is covariant.

In this subsection we will deal with the first issue,
constructing the worldline of a particle living on the Finsler
geometry associated with the dispersion relation
m* = C,(p). In the next section we will deal with the
issue of symmetry transformations.

Worldlines in Finsler geometry are derived through the
Euler-Lagrange equations, which lead to a geodesic equa-
tion of the form [5]

B T (X)) = 0, (46)

once one assumes the affine parametrization [F(x, x) = 1].
The (generalized) Christoffel symbol I, (x, x) is defined as
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a function of derivatives of the metric g,, with respect to
spacetime coordinates in the same way as in Riemannian
geometry:
. 1 .

1—‘161/’(%’ X) = Egﬂg(x’ x) [_8691/,0 + apgpa =+ 8/7961/]’ (47)
but it will, in general, depend on velocities because the
metric does.

In the case we are studying, where the metric is given by
Eq. (42), the associated Christoffel symbols vanish, and the
geodesic equation reduces to

B =0, (48)

i.e., ¥* = constant. One finds that the affine parametriza-
tion’ F =1 applied to the norm (38) implies the following
relation between x! and x:

xO(xl)z
(x%)? = (&1)?

()'60)2 _ )
= (192 = 1 + Zmx°((x°)> = 1). (49)

(x')? +¢m =1= (x')?

Upon integration along the affine parameter, one gets

P 1(1+4mid
xl—?-—< @)Y -1+ ))@0—#» (50)

X
where x° is constant along the motion because of (48).

One can easily verify that this worldline is equivalent to
the one found within the x-Poincaré framework, Eq. (13): it
is sufficient to write x° as a function of momenta using (39)
and taking into account the constraint (49). Then, using the
dispersion relation, one writes the resulting function of p,
and p, as a function of p, and the mass only. This gives a
worldline with the same form as (13).

So, the issue of describing the particle motion is set: the
Finsler framework allows us to derive the same worldlines
as the ones that are found by applying the Hamiltonian
formalism to the x-Poincaré phase space (see Sec. II).

V. SYMMETRIES

We have shown that the same worldlines are obtained in
the two frameworks of the x-Poincaré group and Finsler

*Notice that, in analogy to what happens in general relativity
(¢ = 0), there is some freedom in redefining the affine parameter
in such a way that the form of the worldlines is unchanged. In the
classical case, F = +/(x")?> — (')?, and one can choose the
affine parameter so to fix F to any real constant, leaving
the coordinate velocity invariate. In our case (£ # 0), one can
choose the affine parameter so that F(x, x) = C(1 + £f (X)), with
C areal constant and f a generic function of velocities. This will
lead to a coordinate velocity that differs from the one appearing in
(50) only by terms proportional to #C? f () when written in terms
of velocities, and it will coincide with it when they are both
written in terms of momenta.
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geometry with a k-Poncaré-inspired dispersion relation. In
order to fully understand whether the two frameworks are
physically equivalent, we also need to compare the sym-
metry transformations derived within the Finsler frame-
work with the ones generated by the x-Poincaré group.

A. Covariance of worldlines under x-Poincaré
symmetry transformations

The x-Poincaré group generators, whose Lie brackets
and representation were given in Sec. II, define the
symmetries of a free particle with a k-Poincaré-inspired
dispersion relation in the sense that the particle worldline is
covariant under their action:

(') = v(pp) - (%) &x' = v(po) -2, (51)

where for simplicity we set the initial condition

3 =x' =0, and v(py) is the coordinate velocity found
in (13). Given a generic function of coordinates and
momenta f(x, p), f(x, p)’ indicates the transformed form
of the function: for a boost transformation, at the first
order in the boost parameter & one has f(x, p) =
fx,p) + E{N, f(x,p)}. The above condition (51) is in
this case equivalent to asking

(N3} = o(po) (N2} + ( %N e

= U(Po)xov (52)

which is easily verified by making use of the Lie brackets
(1) and (6) and of the dispersion relation.

B. Finsler Killing vectors

Finsler geometry provides us with a prescription for
deriving the symmetries of the metric, which relies on the
Killing equations [5,21] (see the Appendix for a detailed
derivation):

0y 08 o
oxP Ox°

8g,w

gupaugp + gupayé:p + é:p =0. (53)
Notice that in the case we are studying, where the metric is
given by Eq. (42), the last term in the equation does not
contribute since the metric is independent of coordinates.
We solve this differential equation looking for a perturba-
tive solution at first order in £

& =& + 8 (54)

The zeroth order is given by the standard Minkowski
spacetime Killing vector:

ax' + d°
o= (270 59
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where a, d°, and d' are the parameters associated, respectively, to boost, time, and spatial translation. The first-order part of

the solution is

<A0 + d®mFpy)(x) + Cx' + am(Fy(%)x° + Fpg(¥)x") >
O NA + d'mFiy(3) + Cx° + am(Fis) ()20 + Fig()x) )

where we have defined

Fll](j‘) - 2:0((39)2 = (&' 2)3/2’ (57)
. )2 (4(x9)%x! + 5(x1)?
ro = R EES D s
()P (~14G0) + 50
F[3](x) = ( )4<((x0)(2 _)(;)2)5/(2 ) )’ (59)
. (561)3

=y @

L A()T - 8(30)3 ()% — 5i0(i!)*
P (i) = 2D = SETPE) 2

4((5(0)2 _ (5(1)2)5/2 ’
and the integration constants A°,A', and C can be, in
general, functions of the velocities and the mass m, with
A%, A' dimensionless and C having the dimension of a
mass.

The family of Killing vectors associated with the metric
9w has, thus, more degrees of freedom than the ones
associated with the usual (Riemannian, maximally sym-
metric, 1 + 1D) three free-parameter symmetries: it con-
tains three free parameters and three free functions of the
velocities. At the end of this section, we will elaborate
about the role of these additional degrees of freedom, but
first we will show that we indeed recover the result known
from the study of the x-Poincaré group, i.e., the Killing
vectors derived within the Finsler geometry framework do
reproduce the symmetries described by the x-Poincaré
generators.

It will be useful to write down explicitly the conserved
charges associated with the Killing vectors,

O = &' pu(¥). (63)

Writing the charge perturbatively as Qp = QETU) +7 Ql(pl),
one has

(56)
| 00 11 0-1 1:0
0\ — md x'—d &O;a_x(;;ax v
o o{ i S o

If one makes use of the relation between velocities and
momenta that was given in Eqs. (39) and (40), it is possible
to write the above family of conserved charges in terms of
momenta,

0F) = dpy+d'py +ax’p, +ax'py (65

1
QJ(V) =A%y + Alp; + C(pox' + p1x°)
a(2pip1x° + pix' (p§ + p}))
2m?
L pip+pY) | dpop
2m? m?

+

(66)
(but note that C, A°, A! remain free functions of velocities).

C. Comparison between Killing vectors
and x-Poincaré symmetries

As we mentioned, we want to compare the symmetry
transformations derived from the Killing equation in the
Finsler framework and the symmetries generated by the «-
Poincaré group.

Since the Killing-Finsler symmetries appear to have
more degrees of freedom than the x-Poincaré ones (three
parameters and three functions versus three parameters
only), one could think that they describe transformations
that are more general than the ones of x Poincaré. Indeed,
we are going to show that the Killing-Finsler symmetries
contain as a special case the ones generated by the «-
Poincaré generators appearing in Sec. II. To this aim, we
will compare the conserved charges derived in the two
frameworks, so it is convenient to write down the -
Poincaré conserved charges obtained from the representa-
tion of the symmetry generators in the phase space in terms
of the velocities.

We report here for convenience the representation of the
boost generator (the one of translation generators is trivial):

2
N(x.p) = p1x® + pox' —x! <p% + %) £ (67)

125030-7



GIOVANNI AMELINO-CAMELIA et al.

Thanks to the relation between momenta and velocities
provided by Egs. (35) and (36), this becomes

N (x, %)

20,1 _ 21,0 21,0 _ ;0.1
Xxt—x'x X' x’ —x"x
=—m|———+m ).CO 3 —f .
(V= o)
(68)
A generic k-Poincaré transformation is a combination of

a boost, a time translation, and a space translation, and so
the generic charge is

0, = AN+ BP, + CPy, (69)
where A,B,C are the transformation parameters. Using

(68), (35), and (36), one can then write the generic
k-Poincaré charge in terms of velocities:

0,1 _ :1.0 21,0 _ 20,1
S (5 )

(29)? = (&) ((%%)> = (&")?
i oy GG + (7))
—I—Bm{ /()'co)z—()'cl)z 4 2((5(0)2—()%1)2)2 ]
ol )-Cl " )'Cl()'CO)S
c { x0)2—(icl)2+f ((xO)z_(x1)2)2]‘
(70)

In order to verify that the Finsler family of charges given in
Eq. (64) contains the x-Poincaré one as special case, we ask
the two charges O, and QF to be equal. At zero order in 7,
this implies

A=a, B=d° C=d" (71)
Introducing this into the first-order terms and comparing
them, one gets a set of constraints on the functions A0 AL
and C, which read

+d’m )2 = (i)2) +A0):j (72)
and
C=—-am (&)’ (73)
(O - G2

One can verify that these conditions are compatible with the
Killing vector £ to be still a solution of the Killing
equation (53).

So, we can conclude that there exists one choice of the
free parameters and functions in the Killing-Finsler
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symmetries that reproduces the x-Poincaré ones. The issue
is now to understand what kinds of transformations are
described by other choices of the free functions. In the
following subsection, we show that the additional freedom
provided by the free functions mirrors the freedom that one
has to redefine the k-Poincaré symmetry generators, in such
a way that the invariance of the Casimir is preserved under
the new transformations.

D. Generators redefinition in x Poincaré and free
functions in Finsler Killing vectors

In x Poincaré, one can redefine the boost by performing a
diffeomorphism, so that the Casimir is still invariant under
the action of the new generator.6 We will show that the
freedom provided by the free functions appearing in the
Finsler conserved charges is actually the freedom needed to
span the possible redefinitions of the boost generator.

To do this, we work at the level of the boost representa-
tion in coordinates and momenta. One can consider the
most generic deformation of the classical boost by adding
to the classical boost all possible corrections at he first order
in 7. The allowed terms, from a dimensional point of view,
are monomial of the form Zx*p,p, or £p,,

N generic = P1x° + pox' + £(Xpo + Ypy + apop1x°
+ Bpox® +rpop1xt + Spgxt + Epix®
+npix'), (74)
where X, Y, a...n are numerical coefficients.
The condition that has to be satisfied by the new boost in
order for it to be considered a legitimate redefinition of the

k-Poincaré one, is that it has vanishing Lie brackets with the
Casimir (so that it still describes a symmetry of the system):

{Ngenerica Cf} =0. (75)

This imposes some constraints on the parameters:

0
= (76)

so that at the end we have two free parameters governing
the possible combinations of the monomials £x* p, p,, that
can appear in the new boost, plus the parameters X and Y
that multiply “translationlike” terms,

This redefinition will, of course, require us to coherently
modify the Lie brackets relations between the boost and trans-
lations generators.
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|
N e—compatible = P1X° + pox' + f<Xpo +Ypi +apopix’ + y(pop1x' + pix®) 4+ (a — 1) pjx' - 51)?}61)- (77)

We want to show that the freedom of redefining the boost
generator without spoiling the invariance of the x-Poincaré
Casimir is related to the presence of the free functions in the
Finsler charge. To this aim, we compare the Finsler charge
Qr with the generic family of charges obtained from

N generic and the translations

Qgeneric = ANgeneric + B,PO + CPI (78)
in an analogous way to what was done at the end of the
previous subsection [see Eqgs. (69)—(73)]. Notice that this
charge Qgeneric 18 not, in general, a conserved charge
since we did not impose the constraints (76) on the free
parameters it contains.

Comparing Qp and Qgeperic, We Observe that the two
parameters X and Y that appear in N gepeie multiply the
same kinds of terms that are multiplied by A and A in
the charge Q: the presence of A? and A' in Qy is due to the
freedom of adding translationlike terms to the boost
generator. Since the issue about the A? and A' terms in
Qp is solved thanks to the X and Y terms in Qgeneric, W€
now focus only on the terms multiplying greek-letter
parameters in Qgeperic and the a and C terms in Q. So,
we ask that Qgeneric'B:C:X:Y:O - QFldO:d‘:AO:A':O'

It turns out that it is possible to match the two charges
only if the greek-letter parameters satisfy the constraints
(76) exactly. Given these constraints, the matching is
achieved for

_ 560(5(1)2) _ XO(XI)Z
(0 = G772 |
(79)

So, the only admissible form of the boost sector of the
Finsler charge is the one that is compatible with the -
Poincaré Casimir, and that is linked to the boost in the
bi-cross-product basis by a diffeomorphism: the freedom
provided by the free functions of velocity in the Killing-
Finsler charge corresponds to the freedom that we have to
redefine the boost in such a way that it still leaves the
Casimir invariant.

VL. FINSLER GEOMETRY OF ANOTHER
x-POINCARE BASIS

In the previous sections we have studied the Finsler
geometry associated with the Casimir of x-Poincaré algebra
in the so-called bi-cross-product basis.

We have found that the Finsler formalism leads to
equivalent results as far as the worldlines are concerned.
The associated symmetries are also compatible with the

|

ones of x Poincaré, and, in particular, the symmetries
derived within the Finsler formalism “know” about the
possibility of redefining the boost generator of x Poincaré
leaving the Casimir invariant.

In this section we investigate what happens upon a
(nonlinear) redefinition of the translation generators in the
k-Poincaré algebra. This is an allowed redefinition within
the formalism of Hopf algebras. Of course, a redefinition of
the translation generators requires that one change the
Casimir accordingly.

Since the Casimir is modified, the associated Finsler
geometry will be different, and one might wonder if also in
this case Finsler geometry allows one to reproduce the
features of x Poincaré (the ones that are proper of this
basis). In particular, the issue is whether one recovers the
correct form of conserved charges, reproducing the repre-
sentation of x Poincaré in this basis. We are going to show
that this is indeed the case.

We choose the basis of k Poincaré that has the same
Casimir as the one studied in [5]:

i = p2 - p?—¢pl. (80)

This new Casimir has the peculiarity to be nonisotropic:
it contains a term which is odd in the spatial momentum
(¢p3). We used this peculiar Casimir for two reasons: it
appeared before in the literature; we needed a new Casimir
to test our approach. If one wants to obtain an isotropic
Casimir, one can substitute the odd term with, for example,
(Z|p1?). We choose to use the odd one for the sake of
simplicity in the calculations.

There is a diffeomorphism in the space of the generators
of the algebra that connects the bi-cross-product basis with
this one, such that the Casimir (2) becomes (80)7

Po = Pos

P1 = P (14—5(171 —P0)>- (81)

\S]

The resulting algebra is the following:

{N.po} :P1(1+§(P1 —Po)>,

{N,p1}=p0<1—jpo—fpl)- (82)

The corresponding representation (choosing the ordinary
symplectic structure) of the boost is

"Notice that the diffeomorphisims that we are performing here
are transformations in the momentum space and not in spacetime.
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N = pix® + pox!

1 1 pIa°
- f(zpoplxo + pop1x' +§P%xl —12> (83)

Note that the prescription given in [5] assumes only a
Casimir as input to obtain the Finsler model. Applying
naively the momenta redefinition (81) to the action (29)
would lead to additional terms proportional to x*, corre-
sponding to nontrivial symplectic structure. Our aim is to
compare two different Finsler models and to study the

. %0
po(*) =m (x0)2 = (x1)2
)'Cl 3
X <1 +Zm ((x0>2( _>(5€1)2)%)’ (86)
pi(¥) =-m i

« (1 —%fm)'cl M) (87)

(X0 = (3)2)2
The Killing vectors of this metric are
=ty + 0ty £

With the zeroth order given as before by the Minkowski
spacetime Killing vector:

PHYSICAL REVIEW D 90, 125030 (2014)

relation between the two, given a map between them on the
quantum-group side. Changing the symplectic structure
would correspond to a passive transformation, which would
only give trivial results.

The Finsler norm associated with the Casimir (80) was
found already in [5]:

new v f ('kl)’;
Few) —  /(30)2 — ()2 - 5m 2= @7 (84)
From the norm, one gets the metric
2 <)(<)))
X —\X 85
1 — gt 3E G2 ®5)
(=)}

é:” <x1D+am(5cl)3(x0G[1](5c) +X1G[2](5C)) +BO)
- xOD—am()'c')3x]G[3](ic) + B! '
(90)
where D, B!, B? are free functions of velocities and
9 0!
Gy (%) =~ —, (91)
$(@ - ()

L3402 + (1)

G[z] ()C) = E (()'CO)Z)_ (x(l)z)% ’ (92)
. 3 2(5(0)2 + (5(1)2

G = a0 R >

The conserved charges associated with the family of
Killing vectors are found as

m ; g/(lrlllew))-cﬂéy.

QY = p, (x)& = Flnew) (94)

Note that the formal expression of the charge is the same as

1
5!(‘0) = <ax +d° > . (89)  the one used before in Sec. V, but the norm and the metric
ax’ + d' (and, of course, the Killing vectors) are different functions
of the velocities than the ones of Sec. V.
The first-order part of the Killing vectors is The resulting family of charges is
|
00e%) — A% — d'x' — ax®%' + ax'x° +mlD KOx! = x1x0 XOB — x!B!

()'CO)z _ ()'cl )2

+ m(x

.1)2 dOJ'CO)'Cl(()'CO)Z _ ()'61)2) _ %dl (3(560)2

O @P- )

A2 ()2 + (1))

amx!

A0 = (&1)2)?

_|_

(EEIE
(6(%)* — 17(3%)2 (1) + 2(&)*) (0x! — &1x0) .

(95)
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We verify that this charge cannot reproduce the con-
served charges of x Poincaré in the bi-cross-product basis.
Then, we will show that is does instead reproduce the
conserved charges in the appropriate basis (82).

Concerning the comparison with the bi-cross-product
basis, we proceed as in Sec. V C. The only difference is

|

PHYSICAL REVIEW D 90, 125030 (2014)

the relation between the momenta and velocities that we
have to use in order to rewrite the representation of boosts
(67) and translations in terms of velocities. In fact, now the
relations to be used are (86) and (87) instead of (35) and (36).

Upon doing this, one gets the bi-cross-product-basis
charge represented in the new velocity space

o m)'CO m2x0(561)3 a ijl m2 )‘Cl 5 ('1)2 3()'60)2
0.~ ( @ ) Froar O s 77)
{m(x0x‘—x1x°)+f X (E) +280G1) + (1°)2 (1) = 2(3°)F) +20((G")* - 3(& )(xl)z)}
(x0)2_< 1) 2((560)2 (x1)2)2

It is easy to check that there is no choice of the velocity-dependent functions D, B°, B! such that the charge (95) takes this
form (one would have to ask these functions to depend on coordinates as well in order to find a map between the two
families of charges, but this is incompatible with the Killing equations).

On the other hand, the conserved charge (95) reproduces the conserved charge of x Poincaré in the basis of momenta that
is compatible with the Casimir we are considering. This charge is obtained by using the boost representation (83) and
mapping it (as well as the momenta themselves) to the velocity space using (86) and (87),

Q;:do( (omjc0 +7 -mzxo(x-l)Sz)z)Hl(_ (7.0m1 +em? (i) &)
X X

O — (&2 (@)= ()

0,1 1,0 _0()-61)2_

2 _ 3(&0)2 )
)2 _ ()'Cl)z 2(()60)2 _ ()'61)2)2

- 1
+ am L [l—i——fmx

()-Co)z + 25(0)'61]
2 (()'CO)Z _ (5(1)2)3/2

Asking that this charge is reproduced by the Finsler one, Eq. (95), amounts to fixing the free functions D, B®, B! in the

following way:

2(x%)° +2(3%)% " - 4(3%)° (&)

13()'60)2()".1)3 + 2).60()'(71)4 + 2()(1)5

X
D =—-am
4((x
.1
0_ p1¥
B’ =B 0

As seen already in Sec. V C, in the case of the bi-
cross-product basis, it turns out that also in this case the
freedom provided by the free functions of velocity in (95)
corresponds to the freedom that we have to redefine the
boost in such a way that it still leaves the Casimir (80)
invariant.

Similar to what we did in Sec. V C, we write the most
generic form of the boost generator, which is again the one
in (74) and has a number of free parameters {«, ..., {}. The
requirement that the boost is compatible with the Casimir
(80) translates into the following conditions on the free
parameters:

p=0. (97)

a—5=0; (98)
3

y_CZE’ (99)

2 _
2 _

(x1)2>5/2 ’

(96)

n=0. (100)

We then ask under which conditions (on the {a,...,{}
parameters) is it possible to reproduce the boostlike charge
with the Finsler charge (95) for some choice of the free
functions of velocities D, B, B'. And again, as it happened
in the case studied before, one has that it is indeed
possible to find the correspondence whenever the
conditions (97)—(100) are satisfied.

VII. ON THE INVARIANCE OF THE
LAGRANGIAN

Let us now discuss a potential problem formerly stressed
in [22] about the invariance of the Lagrangian linked to the
Finsler norm. The formalism we have described in this
paper permits us to develop a framework which is con-
sistent with deformed relativistic symmetries: in particular,
it allows us to derive equations of motion which are
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covariant with respect to these symmetries. One may then
be tempted to define the line element of the (Finslerian)
spacetime here constructed as do = Ldz, with £ given by
(37), but this quantity is not invariant under the deformed
boost:

OF )
5N£: {N,,C} zmﬁ{/\/',x“}

:m%{/\/,k"} = poyit.  (101)

The last quantity in the above equation is generally non-
zero, as it can be shown using Egs. (6), (30), and (31):

. d ‘.
PuoNY* = puE{N’xﬂ} = Exl(l’% + 2P%)- (102)

The fact that the Lagrangian of our theory is not invariant
under deformed boost is not, however, a problem, since
under these deformed transformations the Lagrangian only
changes by a total derivative:

d (0L

. d
PuoNX = e (PuONx) = e (w@\/xﬂ) (103)

(notice that we used the fact that p, = 0, which follows
from the independence of the Lagrangian from coordinates
x%). This is why, despite the noninvariance of the
Lagrangian, the action is still invariant, and we are still
able to derive from it (using standard Euler-Lagrange
formalism) covariant equations of motion and worldlines.
So, from a physical point of view, the theory we are
studying is relativistic with respect to the deformed
symmetries we have considered.

The only issue that could be raised by the fact that the
Lagrangian is not invariant is the one mentioned at the
beginning of this section, concerning the definition of a
line element: we cannot define an invariant line element as
ds = Ldr in analogy with special relativity. However, we
will show that it is possible to redefine the Lagrangian in
such a way that it allows for the construction of an
invariant line element in the standard way. Indeed, it is
sufficient to add to the Lagrangian L terms whose
variation under a deformed boost transformation is the
same total derivative as the one generated by the
Lagrangian. First of all, let us notice that

4 2x0 . ‘.
(WS e @7} = =58k + 20 (109

Consequently, if we recall the definitions of A(x) param-
eter (34) and Finsler norm F(x), we can realize that our
boundary terms are generated by

PHYSICAL REVIEW D 90, 125030 (2014)

m{N, 2ma(k) — F(¥)} = {N,gﬁwy}
= Py, (105)

Before we move on, let us notice that (105) tells us that the
A(x) parameter is invariant under boost transformations
{N,A(x)} = 0, and we should remember this feature later
when we will discuss the line-element redefinition.

Another possibly interesting result is that, given
Egs. (30) and (31), now that we know that the A parameter
is invariant, we can find the relations

(N0 = AN 2pg — £pi} = =i, (106)

(N, &'} = 20N, =2py = 2¢pop, } = =50, (107)
and then that Finsler’s x coordinate closes a simple Lie
algebra (while momenta obey more complicated relations).

On the base of the just-derived results, we propose to
identify the invariant of our Lagrangian theory by sub-
tracting the aforementioned boundary terms to (37).
Indeed, using (102) and (105) one gets

SN L = pubyit =Sy L — gil (Pt +2p5)
= 6p (L 4+ m(2mA(x) — F(x)))
— Sy (2mPA(E)). (108)

Now, if we recall the A(x) parameter definition (34)

. 1 xO 2 _ )'Cl 2 £ xO )'Cl 2
/1()6) = B ( )m ( ) +§(x0)2(_ ()xl)2
- s UL mi° )2
2m (*) (1 2 10)2 = x1)2>( )
gylz(i)xﬂxb
R T (109)

we can finally identify the expression of our invariant
Lagrangian (108) as

‘Cinv = my/ Cﬂy(jc)jc”jc”,

Here, ,, () is the inverse metric of de Sitter momentum
space defined in (15), written in terms of velocities by use
of Egs. (35) and (36).

Notice that this Lagrangian cannot be directly related to a
proper Finsler norm, since the associated metric ,, ()
does not satisfy the property in Eq. (24). Nevertheless, we
can use this Lagrangian to derive the equations of motion
for a particle. One gets again the geodesic equation (46),
where now the Christoffel symbols are computed using
¢, (). However, the difference between the equations of

(110)
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motion obtained using the two metrics g,, and ¢,, can be
reabsorbed by changing the normalization of the affine
parameter 7, which indeed was fixed by g,,#x” = 1 in one
case and ¢, "X = 1 in the other case. This can be shown
also by computing the worldlines: they are the same in the
two cases once one writes the coordinate velocity in terms
of momenta p instead of velocities x. When the coordinate
velocity is written in terms of x, the two worldlines have a
different form, since the definition of x = % also depends
on the normalization of the affine parameter.

Let us conclude this section with a brief summary about
the different roles of the two metrics g and . It is known
[3,18-20] that the sorts of scenarios for DSR deformed
relativistic symmetries considered here imply nontrivial
properties of momentum space. In particular, the sym-
metries encoded in the x-Poincaré group have been
described in terms of a curved momentum space with a
de Sitter metric, the metric we denoted here by {*(p) (see
the end of Sec. II). As mentioned at the end of Sec. IV B,
this metric allows us to derive the dispersion relation of a
particle whose symmetries are the ones of x Poincaré by
computing the geodesic distance from the origin of
momentum space to the point p, where p is the momentum
of the particle. It was shown in [6,7] that one actually
obtains a dispersion relation which is a function of the one
we report in Eq. (7). The momentum-space metric allows us
to define an invariant momentum-space line element as

dsy, = (" (p)dpudp,, (111)
and its inverse allows us to define an invariant spacetime
line element, which is invariant under the x-Poincaré
symmetries as shown earlier in this section®:

ds* = ¢, (p)dx*dx”. (112)

The definition of this momentum-space metric is made
easy by the fact that we are studying a case where spacetime
is flat.” When going to the more general case where
curvature is present in both spacetime and momentum
space (indicating that the local symmetry group of the
geometry is a deformation of the Poincaré group), it is not
possible to separately describe spacetime and momentum
space, and one has to rely on a geometrical structure that
encodes at once the properties of the full phase space. In
light of what we have found in this work, we conjecture that

|

1
N e—compatible = P1X° + pox' + f(“l?oplxo +7(pop1x' + pix®) + (@ = 1) pox' — Ep%xl)
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this structure should be provided by a Finsler metric.
Indeed, in this work we have shown that it is possible to
construct a Finsler metric compatible with the deformed
relativistic symmetries of k¥ Poincaré. While the metric { is
a metric on momentum space, the Finsler metric g is the
proper generalization of the spacetime metric we are used
to in the context of general relativity. The velocity depend-
ence of g encodes the nontrivial properties of spacetime
induced by the deformed symmetry group and allows us to
construct a geometry on the full phase space (it also
naturally allows for the introduction of spacetime curva-
ture). The metric g, allows us to express the Casimir of the
deformed symmetries in very simple manner by use of its

inverse'’:

C(p) = ¢ (x, P)Pupy- (113)

It also allows us to compute particles worldlines by the use
of the geodesic equation, despite the fact that the line
element one could naively build with this metric is not
invariant.

VIII. CONSERVATION LAWS IN INTERACTIONS

Until now, we have considered the Finsler geometry of a
noninteracting single particle. The introduction of inter-
actions goes beyond the scope of this work, but we can still
discuss what kinds of composition laws for momenta are
allowed within a given Finsler geometry. The issue is
nontrivial, as the composition law of momenta has to be
covariant under the deformed symmetries given by the
Killing vectors. This is already known in the framework of
x Poincaré, where one has to introduce a deformed addition
rule, p @ ¢, that has been shown to be related to the
coproduct of translation generators.

Here we will investigate which deformations of the
composition law are allowed within a given Finsler
geometry associated with a deformed dispersion relation.
In particular, we will concentrate on the case studied here in
Sec. IV, with the modified dispersion relation inspired by «
Poincaré in the bi-cross-product basis. We have seen that
there exists a family of deformed boost that is compatible
with the modified dispersion relation, and this family can
be parametrized as in Eq. (77), which we rewrite here for
convenience:

(114)

Note that we have set A = B = 0 in the boost representation, as the terms they multiply have no role in boosting a

momentum.

8See, also, [23] for a more in-depth discussion of this line element.
%Also, the procedure described in this section to build an invariant line element relies on the flatness of spacetime.
lOAgain, we write here explicitly the possible x dependence of the metric to stress that it is defined on the full phase space.
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We parametrize the most generic first-order deformation
of the composition law as follows:

(P ® q)o = po+ g0+ £(Apogo + Bpiq1). (115)

(p®q) =pi+q +2(Cpigo+Dpoqy),  (116)

where £ is the rapidity parameter.
The conditions we obtain are

y =0, (118)
A=0, (119)
B=2a-1, (120)
C=a-1, (121)
D=a-1, (122)

which means that we have a one-to-one correspon-
dence between boosts and composition rules, and the
|

— K =k, + EN k)
<peq>,a{ "= g

;t = k/,{ + g{NK—compatiblm k/,t}
- (pl @ q/)y = [(p + ‘S{Nx—compatible’ p}) ® (q + f{NK—compatiblm Q})]ﬂ ’

= ®q),=p+ENep}) & (q+E0 =Cpo){N.q})l,
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where the only conditions we asked for are that p @ 0 =
0 @ p = p and that the vector indices are coherent.
We look for the constraints on A, 1B, C, D such that the
composition law is covariant under the action of the boost.
In order to ensure relativistic compatibility between
the boost and the composition law, we ask that if
(p & q), = k,, then

(117)

freedom in fixing the couple boost/composition rule,
given a dispersion relation, is encoded in only one free
parameter.

In the bi-cross-product basis of x Poincaré, the compo-
sition rule reads

(P ® q)o = Po+ qo (123)

(P ®4q), =pi+ (1 =Cpo)ar. (124)
It has been shown [6,24] that this composition law is
covariant under the action of the x-Poincaré group in a
peculiar way: given (p @ ¢q), = k,, then under an infini-
tesimal boost,

(125)

The nontrivial feature is the deformation of the rapidity associated with the second momentum in the sum
(& - £(1 = py)), with the deformation depending on the first momentum. It has been discussed in previous works
[24,25] how this deformation does not spoil the relativistic properties of the composition law.

The possibility of having this peculiar transformation law for particles entering into a vertex, such that the rapidity with
which each particle is boosted depends on the momenta of the other particles in the vertex, allows for a widening of the
possible composition rules/deformed boosts that are compatible with a given deformed dispersion relation.

To show this, we generalize the covariance condition (117) to

= k;/4 = ky + é{NK—compatible’ kﬂ}

p®aq), { , 126
( )ﬂ = (p/ @ ql)/,t = [(p + 51 {Nx—compatible’ p}) @ (q + §Z{Nk—compatible’ q})]y ( )
|

where & =&(1+2(f1190 + f1291)) and & = &(1+

£(f21po + f22p1)), with f;; numerical coefficients. C=a=1=f, (130)
The compatibility conditions we obtain are

D:(X—l—fll. (131)

fu=In=7 (127)
A=0 128 So, we have a total of four free parameters. This means
o (128) that if we fix completely the form of the boost (three
parameters), we still have one free parameter left, which
B=2a—=1~fii~fu (129) represents a freedom in the choice of the composition rule.
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Note that it is still impossible to have a standard compo-
sition rule p & ¢ = p + gq.

IX. CONCLUSIONS AND OUTLOOK

In summary, we have shown that there is a well-defined
relationship between modified relativistic symmetries and
Finsler geometries. Starting from a dispersion relation which
is inspired by the Casimir of x Poincaré in a given basis, we
calculated the correspondent Finsler geometry and showed
that the latter provides the same worldlines as in x Poincaré.
Then, we considered the conserved charges associated with
isometries in the Finsler geometry and showed that there
exists one choice of the free parameters and functions in the
Killing-Finsler symmetries that reproduces the x-Poincaré
conserved charges. Furthermore, we showed that the addi-
tional freedom provided by the free functions appearing in
the Finsler conserved charges mirrors the freedom that one
has to redefine the x-Poincaré symmetry generators without
spoiling the invariance of the Casimir. While these results
were initially proven in a special basis of x Poincaré (the so-
called bi-cross-product basis), we have seen that upon a
(nonlinear) redefinition of the translation generators in the
k-Poincaré algebra, and, hence, upon the correspondent
change in the Casimir, the new Finsler geometry still allows
us to reproduce the features of x Poincaré in this new basis
by recovering, in particular, the correct form of associated
conserved charges. We have also discussed how to redefine,
by a boundary term that leaves the physical quantities
unchanged, the Lagrangian so to have it conserved under
boosts. The geodesics can, in this case, be seen as those of an
auxiliary metric {(x) and are the same curves as those
derived from the Finsler geometry g(x) upon a suitable
change of the normalization of the affine parameter. Finally,
we have elaborated on the possible generalization of the
framework to particles’ interactions.

We think that the above-mentioned results are clearly
suggestive of a deep link between deformed relativistic
groups and Finsler geometries, i.e., geometrical character-
izations of the phase-space structure. One might wonder how
this could be the case. While the present investigation falls
short of enlightening the physical reasons for this link, it is
perhaps possible to speculate how this might arise. A
special-relativistic structure is rooted in very basic assump-
tions about the structure of space and time (see, e.g., [26] for
a review of the axiomatic derivation of special relativity):
precausality (invariance of time ordering of colocal events in
any reference frame), the relativity principle (equivalence of
inertial reference frames), isotropy of space, and homo-
geneity of spacetime. Searching for possible UV departures
from this scheme without violation of the relativity principle
leaves substantially only the option to relax isotropy or
homogeneity. Isotropy-breaking relativity groups have been
already considered in the literature [27-29] and proven to be
described by Finslerian line elements (which are invariant
under symmetry groups with fewer generators than in special
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relativity, at least in more than 14 1 dimensions).
Homogeneity departures are far less explored. However,
as noticed in [30], it is easy to see that relaxing homogeneity
of spacetime is tantamount to renouncing an operative
meaning of coordinates (in the sense that differences of
spatial and time coordinates are no more interpretable,
respectively, as lengths and durations) typical of a special-
relativistic framework. We conjecture that this breakdown of
the operative meaning of coordinates is at the root of the
necessity to describe physical phenomena in a full phase
space given that in this case velocities cannot be trivially
derived as a limiting procedure of the ratio of Ax/At. If this
conjecture is proven correct, the implications would be
striking as they would suggest that between our IR reality
and the UV full quantum-gravity regime (where a continu-
ous spacetime geometry can be completely absent), there
would generically lie a mesoscopic regime where a full-
fledged phase-space-based description of physical phenom-
ena is needed.

In this sense, the work performed here is susceptible to
interesting developments as it would naturally allow for
generalizations to curved spacetimes of previous DSR
scenarios investigations (in an alternative or together with
curved momentum-space structures), which might be
applied to long-standing problems in theoretical physics
(as, e.g., black hole physics). Also, it would be interesting to
study how in quantum-gravity approaches the spacetime
metric can acquire a dependence on the typical velocities or
momenta at short scales so to lead to the Finslerian structures
discussed here. We limit ourselves in noticing here that
renormalization group approaches applied to gravity [31]
seem to naturally lean towards these scenarios. We hope to
come back to this and other issues in future investigations.
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APPENDIX: DERIVATION OF KILLING
EQUATION IN FINSLER GEOMETRY

It is useful, in order to better understand the discussion
on symmetries, to derive explicitly the Killing equation in
Finsler geometry.

In Finsler spacetime, we can express the variation of the
coordinates x* along a vector field £* as

(x/)(l — x(l + 5(16}#’ (A‘l)
where A is the infinitesimal variation parameter. This
variation of x* reflects on x* in the following way:

OE* dxP O&*
T S5) — 2 L 22 P
oA =X +0xﬂx oA

~a\! _ s
()" = +8xﬁ dr

(A2)

The general variation of a vector field X*(x, x) will then be
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)& 0X* Q& 5
oW —— xP64.

oX%* =
Ox7 OxP

EsA + (A3)

As in general relativity, in Finsler geometry we can obtain
the Killing equation by imposing the line-element invari-
ance with respect to the variation along a vector field £*:

5(ds*) = 5(g,,dx"dx")

= 6(g,,)dx"dx" + g, (6(dx")dx” + dx*5(dx”)) = 0.

(A4)
From (A3) we know that

09

8.5,
P

6(9}41/) = aag;wguﬁﬂ' +

(A5)
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while from (A1) we can obtain

8(dx®) = d(6x™) = d(£°52) = DpE*dxPSA.  (A6)
Therefore, Eq. (A4) can be expressed as
5(ds?) = | 049,,&" + 89’"/8 x| dxtdx¥
- ag/w 8xﬂ a
+ 9, (0pEtdxP dx? + dxtdye dx) = 0. (A7)

In the end, we find the generalized Killing equation we
used in (53):

09

oxP 0a8" %" =0

a9 + 90, + 940, E* + (A8)
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