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Abstract Deformed relativistic kinematics have been con-
sidered as a way to capture residual effects of quantum grav-
ity. It has been shown that they can be understood geometri-
cally in terms of a curved momentum space on a flat space-
time. In this article we present a systematic analysis under
which conditions and how deformed relativistic kinematics,
encoded in a momentum space metric on flat spacetime, can
be lifted to curved spacetimes in terms of a self-consistent
cotangent bundle geometry, which leads to purely geometric,
geodesic motion of freely falling point particles. We com-
ment how this construction is connected to, and offers a new
perspective on, non-commutative spacetimes. From geomet-
ric consistency conditions we find that momentum space met-
rics can be consistently lifted to curved spacetimes if they
either lead to a dispersion relation which is homogeneous
in the momenta, or, if they satisfy a specific symmetry con-
straint. The latter is relevant for the momentum space metrics
encoding the most studied deformed relativistic kinematics.
For these, the constraint can only be satisfied in a momentum
space basis in which the momentum space metric is invariant
under linear local Lorentz transformations. We discuss how
this result can be interpreted and the consequences of relax-
ing some conditions and principles of the construction from
which we started.

1 Introduction

Due to a missing self-consistent theory of quantum gravity
(QG), and the unsolved tensions between quantizing gen-
eral relativity (GR) and the standard approaches of how to
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quantize physical field theories, models which try to cap-
ture expected features of the quantum nature of gravity have
been brought forward. Among them are modified relativistic
kinematics (MRKs), which describe the interaction of parti-
cles with QG effectively below the Planck scale [1-4]. Ver-
sions of MRKSs have already been derived from fundamental
approaches to QG like Loop QG [5,6] and string theory [7].
The main idea behind MRKSs is that high-energetic point
particles are able to probe smaller distances than low-
energetic particles. Assuming that the scale of quantum grav-
ity is a high-energy (small-distance) scale A, often identified
with the Planck scale, higher-energetic probe particles should
reveal more information about the physics at the QG scale
than low-energetic ones. Since classical gravity is described
by a curved spacetime, this idea can effectively be modeled
by a four-momentum dependent spacetime geometry. In gen-
eral, this structure is not necessarily local Lorentz invari-
ant; a statement which does not say anything about if, or if
not, the yet to be found fundamental theory of QG is local
Lorentz invariant. Similar approaches are known from the
study of particles and fields in media. Phenomenologically,
their behavior can be described by a non Lorentz invariant
background geometry, even though their interactions with the
fundamental constituents of the medium are governed by the
local Lorentz invariant standard model of particle physics.
Among the MRKSs one distinguishes between two scenar-
ios: Lorentz invariance violation (LIV) and deformed rela-
tivistic kinematics (DRKSs). In the LIV case, the informa-
tion about the MRKs are encoded in a, compared to GR,
modified dispersion relation, which is satisfied by parti-
cles propagating through spacetime. However, observers are
related to each other by local Lorentz transformations, and
the observer momenta obey the general relativistic dispersion
relation. Since the dispersion relation encodes the coupling
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between the physical systems and the space-time geometry,
this distinction between particles and observers violates the
weak equivalence principle, the fact that gravity couples in
the same way, universally, to all physical systems. In con-
trast, in the DRKs case, all physical systems (point parti-
cles and observers) satisfy the same dispersion relation, and,
most importantly, also a compatible deformed addition of
momenta is implemented [2]. Thus, for DRKSs, the informa-
tion about the deviations from local Lorentz invariance are
not only encoded in a possibly deformed dispersion relations,
but also in the deformed observer transformations and in the
composition of momenta. This construction ensures a rela-
tivity principle compatible with a four momentum dependent
geometry of spacetime.

DRKs are often constructed by deforming the Poincaré
symmetry algebra transformations of special relativity act-
ing on Minkowski spacetime. A most prominent example of
such a deformation is the k-Poincaré Hopf algebra [8], which
is interpreted as a symmetry principle that implements two
observer independent scales: a velocity, which corresponds
to the special relativistic speed of light (c) and, in addition, a
characteristic high-energy scale (A), usually identified with
the Planck energy. In this sense, physics obeying this symme-
try has also been named doubly special relativity (DSR) [9].
Instead of the algebraic approach to DRKSs, and in particular
DSR, a geometric interpretation has been suggested, namely
that the deformed symmetries are encoded in a non-trivial
geometry of momentum space [3,4, 10—12]. This works well
on flat spacetimes, but a self-consistent generalization to
curved spacetimes is still missing.

The step from flat to curved spacetime is highly impor-
tant, since the most promising observables to detect conse-
quences from DRKs come from cosmic messengers. One
well discussed effect is a time delay in time of arrival mea-
surements: high-energetic particles emitted simultaneously
from an astrophysical source at high redshift accumulate
DRK effects due to their long travel time [7,13-22]. This
leads to a possibly measurable deviation from the expected
time of arrival predicted by GR. But, in order to describe this
effect self-consistently, a consistent complete formulation of
DRKSs on a curved spacetime is necessary.

A further important aspect in the formulation of DRKSs on
curved spacetime is the definition of the trajectories of parti-
cles. Usually, these are defined from the Hamilton equations,
considering a deformed Hamilton function which encodes
the modified dispersion relation. However, as explained pre-
viously, the main ingredient of DRKs is the deformed com-
position law for the momenta constructed from a momentum
space metric. Whilst one way to construct momentum depen-
dent metrics on curved spacetime is to derive them from the
Hamilton function [20,23,24], a formalism known as Hamil-
ton geometry [25], the connection with a deformed addition
of momenta is not clearly worked out in this context yet.

@ Springer

An alternative approach is to start from a momentum space
metric on flat spacetime, instead of from a dispersion rela-
tion. Then, the deformed addition of momentum, as well as
the deformed observer transformations, can be understood as
the isometries of a maximally symmetric momentum space
[12]. For such a momentum space metric, the Hamiltonian
is defined as the square of the metric distance in momen-
tum space. The mathematical framework which covers this
approach is the geometry of generalized Hamilton spaces
[25], and first steps to implement DRKSs on curved spacetime
in this framework have been made in [26,27]. In particular
several consistency conditions have been identified, but not
generally studied yet. Here we seek to investigate systemati-
cally which kind of curved spacetime geometries with curved
momentum spaces, collectively described as a cotangent bun-
dle geometry, are compatible with these consistency condi-
tions. We find that, among the geometries which emerge from
lifting DRKs from flat to curved spacetimes, only specific
classes satisfies all consistency conditions: those which have
a dispersion relation that is a homogeneous function of the
momenta, or, those which are linearly local Lorentz invariant.
One can construct more general self-consistent curved space-
times with curved momentum spaces geometry, but they then
either violate one of the conditions we started from, or go
beyond the DRKs usually discussed in the literature.

Another point that deserves discussion is the connection
between this kind of geometrical structure and the quantum
gravity framework. As discussed in [2], DSR theories have a
long standing history in the literature since their emergence
from quantum deformations of the Poincaré group [8,28-30],
whose physical interpretation is nicely summarized in [31].
Not long after that it was recognized in [32] that such a frame-
work could be rigorously derived from a top down approach
in 241 quantum gravity. The year after it was suggested that
DSR could be the outcome of an energy (rainbow) spacetime
[33], showing therefore a clear connection between a momen-
tum dependent spacetime and quantum gravity. A quantum
spacetime it is often described by a non-commutativity of
spacetime. Following the same line of thought of [34,35]
(see also [36]), we show how to connect our geometrical
setup with a space-time non-commutativity. Explicitly, start-
ing by a momentum dependent geometry and we can identify
the space-time coordinates with the generators of translations
in momentum space, leading to a non-commutative phase
space.

This differs from the construction of [37-39], where it is
extended the usual construction of k-Poincaré Hopf algebras
when a cosmological constant in spacetime is considered,
and the approach followed in [40,41], where a manifold with
non-commutative coordinates was considered from the very
beginning. The construction proposed here has the advan-
tage that it is easily generalizable for any curved space-time
geometry.
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The structure of this article is as follows. We start by
recalling the geometric understanding of deformed relativis-
tic kinematics on flat spacetime and conjecture how to extend
the deformed relativistic kinematics to curved spacetime in
Sect. 2, including a discussion on the relation of this construc-
tion to non-commutative spacetimes in Sect. 2.2. Afterwards,
we introduce the geometry of the cotangent bundle and state
two physical principles, which we want to be satisfied by the
geometry in Sect. 3. Using the framework of the geometry
of the cotangent bundle we cast these principles in precise
mathematical constraints in Sect. 3.2. Then, in Sect. 3.3 we
study the consequences of the constraints on a perturbative
model which is polynomial in the momenta, as they are often
employed in the study of DRKSs, and find that the perturba-
tion of a space-time metric to a momentum space metric
must satisfy an index symmetry constraint in order to yield a
consistent geometry. Finally we evaluate this constraint for
the momentum space metrics of the most popular DRKs in
Sect. 4, where we find that it is not satisfied by every momen-
tum basis, i.e., every choice of momentum coordinates, but
only for those maximally symmetric metrics which have lin-
ear Lorentz transformations as isometries. Finally, we dis-
cuss the main outcomes of the work in Sect. 5, including the
interpretation of our findings and possible generalisations.

2 Deformed relativistic kinematics: from flat to curved
spacetimes

Deformed relativistic kinematics (DRKs) can be understood
in terms of non-trivial curved momentum space geometry,
defined by a momentum space metric. One of the aims of
this article is to develop the geometric notions to lift this
model consistently to curved spacetime. To do so, we recall
the flat spacetime construction and present a simple way for
lifting this setup to curved spacetime. In Sects. 3 and 4 we
will study under which conditions the construction yields a
mathematically self-consistent curved phase-space geome-
try, i.e., a curved spacetime with curved momentum spaces.

2.1 The flat spacetime construction

Originally, curved momentum spaces have been intro-
duced by Born [42] to unify quantum theory and relativ-
ity. In the geometric approach to DRKs, momentum spaces
are equipped with a maximally symmetric metric { =
¢V (k)dk,dk,. The maximal symmetry requirement implies
the existence of 10 isometries, which consist of 4 translations
% and 6 boosts and rotations J (we are considering metrics
of Lorentzian signature and 4 dimensions). Along this paper,
we will restrict ourselves to this particular kind of momentum
spaces, since we will identify translations and Lorentz gener-
ators with the deformed law of addition of momenta and the

rotations and boost respectively [12]. For momentum spaces
that are not maximally symmetric this construction cannot
be carried out, failing then to identify geometrically the rel-
ativistic deformed kinematics.

The dispersion relation, which physical momenta have to
satisfy, is obtained as the square of the minimal geometric dis-
tance of a momentum k from the origin of momentum space,
measured by the momentum space length measure induced
by the metric [4]. As discussed before, translations induce a
deformed law of addition of momenta, and the rotations and
boosts represent the local observer transformations [12]

PP =3P, D> Py =3P, )y, (1

where T(p, q) is the translation of p by another momentum ¢
(used as parameter of the translation) to the momentum (p &
q)u,and J(p, §2) are the rotations and boosts, parametrized
by the matrix £2,,, = — 2.

The isometries are generated by the momentum space vec-
tor fields

il

ok’ @

d
TH = T“)\(k)%, T = JH, (k)

which define the deformed symmetry algebra, and are Killing
vector fields of the momentum space metric. Their action on
momenta is

ﬁu = Pu +QVTUM(P)+QpaJpUu.(P)o 3)

An explicit representation of a maximally symmetric
momentum space metric, in a global Cartesian coordinate
on flat spacetime, is given by

M (k) =t + " "k, “4)

(1 — KnPkok,)

where 17 is the Minkowski metric, and the curvature parameter
K is identified with the QG scale by K = 41/A2. The
generators of translations, boosts, and rotations, are

)
T = /1= Kntk, k, —,
U TN

ad
T = ko(Bn" = 8o ®)

They form a de-Sitter or anti-de-Sitter algebra for K posi-
tive or negative, respectively. For K = 0, one recovers the
Poincaré algebra.

The representation of the symmetry generating vector
fields chosen here defines the so-called Snyder algebra DRKs
[12]. Different DRKs are obtained by defining new transla-
tion generators as

@ Springer
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TH = TH4 4, T, (6)

where it depends on the choice of the coefficients c¢*,,, which
kind of DRKs one constructs. These redefinitions of the
translation generators are equivalent to a redefinition of the
momentum composition law associated to them.

For example, the «-Poincaré algebra is obtained from a de-
Sitter metric when the translation generators form a closed
subalgebra, which means choosing c*,, = hn olA 1211,
where A is usually interpreted as a high energy scale and
n, are the components of a timelike normalized covector
on Minkowski spacetime, n*"n,n, = —1, that can be cho-
sen to be n, = (1,0,0,0). Explicitly the new generators
of translations in momentum space are easily calculated to
be

- n 1
TH Tk 2P qup — gk 4 — gH0 7
+ " J + 11;7' @)

2.2 Non-commutative spacetime from isometry generators

Before we lift the deformed kinematics to curved spacetime,
we like to point out their relation to non-commutative space-
times.

As demonstrated in the previous section, and shown in
[12], the kinematics of k-Poincaré [43], Snyder [44], and the
so-called hybrid models [45], can be obtained from the geo-
metrical ingredients of a maximally symmetric momentum
space.

It is straightforward to calculate the commutator relations
between the generators of the isometries (5). They form the
algebra [12,44]

(7% TP1= kg%, [T% 7P )= naﬁTV _ na}"fﬂ’
[g7oz,37 jyﬁ] — nﬁyjaé _ nayjﬁé _ nﬂ&jay + naéjﬁy.
®

Now we can make the identification of the non-commutative
space-time coordinates with the generators of translations,
viz.

X% =T, C)

from which we can read the following commutators

(2%, %1 = KT, X% kgl = 85/T— Kn*k,ky,

[, TPV = n*Px7 — v P, (10)

! The «-Minkowski algebra can be only obtained from the generators
of a de Sitter momentum space, being impossible to find it for anti-de
Sitter [12].

@ Springer

This phase space corresponds to the Snyder phase-space non-
commutativity [44] and the composition law (defined as the
finite translations) [12]

Kpuqon™’
(PO = pu\v1—Kququn’ — + 4,
" " w (1 + 1 - Kp;mu’?"“”) .

(1)

of the Maggiore representation. Different non-commutative
flat spacetimes can be obtained by a redefinition of the trans-
lation generators, as explained below (6). For example, for
the change to the x-Minkowski translations (7) one easily
finds

o 71 _ W (Fa By _ FB ey
(7o, 7P = A(Tn by )
(7%, JP 1 = 877 - TP + ”f 0% T — 0’ 7).
(12)

2.3 Lifting deformed relativistic kinematics to curved
spacetime

To study predictions from deformed relativistic kinemat-
ics on curved spacetimes, such as the existence or absence
of energy dependent time delays in time of arrival mea-
surement of high-energetic photons from cosmological dis-
tances [15,19,20,22,46], photon orbits [24], and other grav-
itational lensing observations [47], it is necessary to extend
the previous discussion to a curved spacetime scenario. For
these observables, curved space-time effects have an essen-
tial influence and cannot be neglected.

Moreover, from the geometrical approach, the step from
flat to curved spacetimes is naturally the next one, since the
gravitational interaction can be described by a curved space-
time geometry. We have seen that the passage from SR to
DSR is depicted by a curved momentum space, so we should
be able to combine both curvatures in order to obtain a defor-
mation of GR. In this way, we would be able to describe
deformed kinematics on a curved spacetime from a geomet-
rical point of view [23,24,26,48-51].

For that aim, we implement the DRKSs on curved space-
times by localizing the momentum space geometry to each
point in spacetime.

Conjecture Givenaspacetime M equipped with a Lorentzian
metric a with local coordinate components a,,,(x), then its
0G scale deformed momentum dependent geometry is deter-
mined by the position dependent momentum space metric
with local coordinate components

gV (x, k) = a"’ (x) + a ()kpa" (k. (13)

(1 — Kar? (x)kokp)
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In fact, we can decompose the spacetime metric as a func-
tion of the components of atetrad e/, = e, (x) of the metric,
ie.,at*’(x) = e"an“ﬁe”ﬂ, so that the previous equation can
be written as

gM (x, k) = eton®Pe’y
N K
1 — Ke*ne® kyky

e“an“ﬂe}‘ﬁk;\evynyseg(;kg. (14)

This shows that the curved spacetime and momentum space
metric (13) assumes its flat spacetime form (4) in the frames
of the metric a. Defining ky = el yk;,, we can rewrite the
previous expression easily as

g (x, k) = ety e (ke . (15)

This is in agreement with what we found in [26].

The generators of isometries on curved spacetime become
space-time dependent and can be obtained from their flat
spacetime counterparts (5), either by a frame transforma-
tion k, — k,e”, of the momenta, or, equivalently, by
the replacement of the flat by the curved spacetime metric
n*’ — a™’(x). The DRKs are then defined at each spacetime
point, analogously as they are defined on flat spacetime (1).

General coordinate transformations on momentum space
yield the momentum space geometry which represents DRKs
on curved spacetime in different bases [26,27]. In the new
basis the resulting momentum space metric may not only
depend on a spacetime metric, butin general on further space-
time tensors, such as additional vector fields. In the literature,
often one additional vector field is employed. We will discuss
this possibility again in Sect. 4. The phenomenological con-
sequences may be different, for different bases or different
choices of translations generators, as it is already the case on
flat spacetime.

Alternatively one obtains different DRKSs by redefining the
generators of translation, analogously as on flat spacetime,

TH=TH 4, (x) T, (16)

with the difference that on curved spacetimes the coefficients,
which define the translation generators, may depend on the
space-time point c*,,(x). Hence, there may be space-time
regions where they differ, and even vanish. This gives the
possibility to construct spacetimes with regions where dif-
ferent DRKSs are relevant.

To transform the local Snyder algebra (5), for example to
a local «-Poincaré algebra in the classical basis on curved
spacetimes, one needs to choose c*,,(x) = 8fpr (x)/A,
where Zy(x) = nye’o(x) and a”’ (x)Z,(x)Zs(x) = —1.
Considering a vector field with compact support, which can
be constructed by multiplication of the components Z, (x) of
any unit timelike 1-form by a function of compact support,

would directly lead to a spacetime with regions of different
DRKs.

In this case then, in the regions where Z, (x) # 0, the
translation generators become

. Zp(x)
TH=TH4+ L2
* A

THP. (17)
We introduce this new possibility of equipping spacetimes
with different DRKs in different regions here for the first
time and will investigate it in detail in future work.

Before we continue to study the geometric consistency and
consequences of this just outlined geometric construction for
deformed relativistic kinematics on curved spacetimes in the
next Sect. 3, we like to comment on the interpretation of
the deformed relativistic kinematics as non-commutativity
of spacetime in the curved case.

2.4 Local non-commutative spacetime from isometry
generators on curved spacetimes

On curved spacetimes the generators of isometries in momen-
tum space, at each point of spacetime become,

T x) =v1— Kk? 9

0
TS T (x) = kp(8a"" — ‘S;favp)m,

(18)
where k2 = ky kya™’ (x), and satisfy

(T TP1=KkJ*, [T T =TV —n*'T7,
[T, T =07 T =0 TP — P T 40 TP (19)

On a curved spacetime, the identification of the generators
of translations on-momentum space with the coordinates of a
curved non-commutative spacetime is not as straightforward
as on flat spacetime.

One possibility is to identify again the non-commutative
spacetime with the generators of translations, x*(x, k) =
T%(x, k), and again we find (where we suppressed the x-
dependence on J*' = JHV(x)),

(¥, ¥ = =K T, [¥. kgl = 853/ 1 — K2,
[)EC‘, jﬂy] = aaﬂii’ — aayiﬂ’ (20)

and in this case the composition law & for a generic curved
spacetime reads

P®Du = pu |1 —Kq>—

Kp-q

(1+m)

2

where p - g = pugvat’(x), p2 = pupva™’(x) and q2 =
qM%)alw(x)'

@ Springer
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This construction would lead to a non-commutative struc-
ture (spacetime) attached to each point of the classical space-
time. As in the flat spacetime case, different local non-
commutative algebras on curved spacetimes can be con-
structed by the redefinition of the translation generators, as
introduced in Eq. (16). The redefinition of the translation
generators can depend on the space-time region, and thus,
it is possible to construct different local non-commutative
structures in different regions on spacetime.

For the k-Poincaré algebra in the classical basis on curved
spacetimes the generators of translation (17) satisfy

L Z, - 5
(7, 7% = 7V (T%aP? — TFa"7),

. ~ .. Z
(7%, 7PY] = a®PTV — 0™V TP + Z“ P T —a® g°f) . (22)

Mathematically precise, one can say that the
non-commuting translations on each momentum space at
each point in spacetime define local non-commutativity. In
the flat spacetime case, due to the existence of a global coordi-
nate system, one can identify momentum spaces with space-
time itself globally, and thus the non-commutativity of the
momentum spaces is inherited to the flat spacetime globally.
On a curved spacetime this can only be done locally. Our
approach, starting from the differential geometry of a curved
spacetime and implementing a local non-commutative struc-
ture on its momentum spaces (technically cotangent spaces),
is a complementary approach to the algebraic one, which is
performed for maximally symmetric spacetimes in [39].

We like to point out that, from a classical differential
geometry of curved manifolds point of view, this is a very
natural construction: to deform the local cotangent/tangent
space structure to introduce a new geometric structure on
curved spacetime, such as non-commutativity. And also,
from a physical point of view, the localization of symme-
try algebras is precisely what is done in gauge field theories
in particle physics, and what happens in the transition from
special to general relativity, when one passes from global to
local Lorentz transformations as symmetries of the theory.

Hence, in our opinion, the just outlined approach to non-
commutative curved spacetimes, which starts from a curved
spacetime and localizes a non-commutative structure to each
point of this spacetime, has strong prospects to yield new
insights in the description of quantum deformations of the
Poincaré algebra and non-commutativity on curved space-
times.

The full analysis of this new program will be investigated
in a series of future articles. We start in this article by study-
ing consistency conditions and consequences from deformed
relativistic kinematics on curved spacetimes on the curved
momentum space and spacetime, i.e., curved phase-space
geometry.

@ Springer

3 Consistent phase space geometry, purely from a
momentum space metric

In this section we identify self-consistent momentum space
geometries, which are based on a position dependent momen-
tum space metric, encoding DRKSs at each point of spacetime.

We start by summarizing the main geometrical frame-
work to describe the geometry of curved momentum spaces
on curved manifolds consistently, following [25,52]. Math-
ematically speaking, we are looking at the geometry of the
cotangent bundle of a manifold defined by a specific cotan-
gent bundle metric. Physically speaking, we are looking at
the geometry of the point particle phase space.

Afterwards we identify those cotangent bundle geome-
tries, which are compatible with the following two princi-
ples:

1. The dispersion relation of physical point particles is
defined by the minimal geometric distance in momen-
tum space, determined by the momentum space metric.

2. Solutions of the Hamilton equations of motion, deter-
mined by the dispersion relation defining Hamilton
function, are horizontal curves, i.e., they are adapted to
the geometry such that they can be interpreted as force-
free, purely geometrically determined, particle trajec-
tories.

These two principles lead to several compatibility condi-
tions, as has been pointed out in [26,27], which we recall
in Sect. 3.2.

The first principle was originally suggested in the con-
text of relative locality [4]. However, since our starting point
is a maximally symmetric momentum space metric and the
deformed kinematics obtained from it, it actually follows that
any function of the metric distance in momentum space must
be a Casimir element of the deformed relativistic symmetry
algebra given by the isometries of the metric. Thus any of
the Casimir operators can be chosen as mass operator, i.e.,
dispersion relation. Simplicity, and a smooth limit to special
and general relativity, suggests to use the square of the metric
distance [12].

The second point states that the point particle trajecto-
ries shall be compatible with the dispersion relation and the
geometry which is derived from the momentum space metric.

We will investigate explicitly which kind of cotangent
bundle geometries are compatible with these consistency
conditions on a perturbative level in Sect. 3.3, where we find
that only certain position dependent momentum space met-
rics lead to a self-consistent geometry of the cotangent bundle
realizing the two criteria.

All of this geometric analysis is done for general momen-
tum space metrics and prepares the study of the consequences
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for the implementation of DRKs on curved spacetime based
on maximally symmetric momentum spaces in Sect. 4.

3.1 The geometry of the cotangent bundle

To discuss the geometry of a curved spacetime with curved
momentum spaces we need the following notions, see for
example [25,52].

3.1.1 General notions

Let M be a smooth n-dimensional manifold (usually in
physics is chosen as n = 4). At each point p € M one
can consider the cotangent spaces T[’,“M , whose union over
the whole manifold form the so-called cotangent bundle
T*M = U,ey Ty M. In the following we will consider
T*M in manifold induced coordinates, which are constructed
as follows. A local coordinate chart (U, x*) on M induces a
local coordinate chart on 7*U by identifying u € T*U with
the coordinates (x, k) obtained from its coordinate expres-
sion u = k,dx* € T}U. The cotangent bundle is itself a
2n-dimensional manifold and naturally carries the structure
of a fibre bundle with local fibres R”, which are identified
with the cotangent spaces 7,°M. The bundle projection is
givenby 7w : T*"M — M; (x, k) — x.

The local coordinate bases of the tangent T, 1) T*M and
cotangent spaces T(fc, k)T*M of T*M will be denoted by

{0 = 520, " = %} and {dx",dk,}, (23)

respectively.

Our aim is to set up a geometry of the cotangent bundle
T*M such that at each point a clear split between the base
manifold M (position space) and the cotangent spaces 7 M
(momentum spaces) is ensured. This can be done in a math-
ematical precise way with the help of a so-called non-linear
connection on T*M.

3.1.2 The non-linear connection

The tangent and cotangent spaces of 7*M can be split into
vertical and horizontal subspaces, which are physically inter-
preted as tangent spaces to momentum and position space,
respectively.

The vertical tangent spaces at a point V(, x) is canon-
ically defined as kerdm(y ) and is nothing but the tan-
gent space to the fibre 7,°M. In a local coordinate basis
Vix,k) = span {5”}. The union of all vertical spaces V =
U oerm Vixk is called the vertical tangent bundle of
T*M.

The whole tangent space T, x)T*M can then be split into
its vertical part V(, x) and a complement Hy i), called the
horizontal tangent space. The union of all horizontal spaces

H = U(x tyerm Hx k) is called the horizontal tangent bun-
dle of T*M.

The freedom in defining the horizontal space is encoded
in the choice of a connection on 7*M, defined by local con-
nection coefficients N, (x, k), which are needed to construct
the local basis of Hy ) = span {3, } as

8 = By + Ny (x, k)d". (24)

The main important property of these basis elements, which
defines the transformation behaviour of the non-linear coef-
ficients, is that, under manifold induced coordinate transfor-
mations, they transform tensorial, analogously to the 9,, basis
of T M under coordinate changes on the base manifold, i.e.,

X > X(X) = 84 > 8, = 0,x"8,,. (25)

This transformation behaviour makes them basis for so-
called distinguished or d-tensor on 7*M, which are tensors
on T*M whose components behave under manifold induced
coordinate transformations analogously to tensor compo-
nents of tensors fields on the base manifold M.

In summary, with help of a connection one can split the
tangent spaces T x)7*p of T*M into horizontal and vertical
subspaces

Ty T*M = Vi k) ® Hx k) = span {0} & span {8,,} .
(26)

where the vertical space can be identified with the tangent
spaces to T, M (physically to the momentum spaces) and the
horizontal space can be identified with the tangent spaces to
M (physically to position space). An analogous split for the
cotangent spaces T(fc’ OT*M of T*M exists and is written as

TG nT™M =V 1y @ H{, 1y = span {Sku} @ span {dx“} ., @27
with
8ky =dky — Ny (x, k) dx”. (28)

The choice of the connection coefficients defines the
geometry of the cotangent bundle. In general, the N, (x, k)
can have a non-linear dependence on k and are called non-
linear connection coefficients. In the case of the existence
of an affine connection on the base manifold M, defined by
local connection coefficients ', (x), these define linear
connections on 7*M through the connections coefficients

Nyp(x, k) =I'?,(0)k,. (29)

For pseudo-Riemannian manifolds, which are equipped with
a spacetime metric a = ay, (x)dx* ® dxV, I'? ;,,(x) can for
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example be chosen as the Christoffel symbols of the Levi-
Civita connection of a.

3.1.3 The non-linear curvature

Connections immediately lead to the notion of curvature,
which measure the integrability of the tangent spaces and
can be related to the nonlinear connection coefficients, as
we will see in the following. The non-linear curvature of the
non-linear connection is defined as

R (x, k)07 = [8,,8,] = (8, Npv (x, k) — 8, Ny (x, k) 7. (30)

Physically, this object represents the curvature of spacetime
in phase space and is in general position and momentum
dependent. In case the non-linear connection is linear in the
momenta k, it is related to the Riemann curvature tensor
R? 5,1 (x) of an affine connection on the base manifold M

Rpuv(x, k) = ko R 0 (). 3D

In virtue of Frobenius theorem, the non-linear curvature mea-
sures the integrability of spacetime, i.e., position space, as a
subspace of the cotangent bundle.

3.1.4 The metric and its compatible affine connection

After the discussion of the split of the tangent spaces of
the cotangent bundle into position (horizontal) and momen-
tum (vertical) space parts, a metric on the cotangent bundle,
which defines a position and momentum space metric, can
be defined as

G = guv(x, k)dx*dx" + g""(x, k)8k, k. (32)

It makes 7*M a metric manifold and we can determine met-
ric compatible affine connections on 7*M. The Levi-Civita
connection of (32) has the drawback that, in general, it does
not respect the horizontal-vertical split of the non-linear con-
nection, i.e., its covariant derivative does not map vertical
vectors to vertical ones, or horizontal vectors to horizontal
ones. However, there exists a metric compatible connection
which does so [25,52]. It is defined by the covariant deriva-
tive operations

V5,00 = H 4y (x, k)85, V5,0" = —H" 1 (x, k)37,
(33)

V50" = —Co™ (x, k)3, V5.8, = C,°" (x,k)Ss,
(34)
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where the affine connection coefficients are given by

1 - _
Cp"(x, k) = —Egpo(aug”(% k) + 3" g% (x, k)
— 97 g"V (x, k)), (35)
1
Hp,uv(xa k) = Egpa(xa k)(augav(x7 k) + S;Lg(r,u(x’ k)
— 8o 8uv(x, k)). (36)

In our later discussion, two sets of curves will be of physical
importance:

— Vertical autoparallels of this metric compatible affine
connection, i.e. curves y(t) = (xp, k(7)) satisfying
V,y = 0, are solutions of the equations

ky — C.% (x, k)kyk, = 0. (37)

They will define the distance in momentum space from
which the dispersion relation is obtained.

— Horizontal autoparallels are curves y (1) = (x(7), k(7))
characterized by the horizontality condition

8ky. = ks — Noa(x, k)7 =0, (38)
and the autoparallel equation
X4+ HY o (x, k)x"x° = 0. (39)

They define force-free particle motion along spacetime
and will be satisfied by solutions of the Hamilton equa-
tions of motion defined by the dispersion relation.

3.2 Mathematical realization of the principles

We introduced all the notions needed to cast the two princi-
ples, which are listed at the beginning of Sect. 3 in a precise
mathematical statement. They imply non-trivial constraints
on the cotangent bundle geometry in case the distance in
momentum space, which is interpreted as dispersion relation
of the point particles, is not a homogeneous function in the
momenta.

3.2.1 The Hamilton function and the dispersion relation

Our first principle states that the dispersion relation is given
by the geodesic distance in momentum space between the
origin and a given momentum k, defined by the momentum
space metric.
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Consider a momentum space curve k(t) with k(0) = 0
and k(t1) = k. For these curves, the geometric length mea-
sure defined by the metric on momentum space is

D(x,k) = f i dr\/g/“(x, k() (T)ky (7). (40)
0

Then, to extremize this length measure, it turns out that k(t)
has to satisfy

. 1 _ _
K + 580 (x, k) (8 g% (x, k) + 8% g% (x, k)
— 87 g (x, k))kyky = 0, (41)

which means that k() is a vertical autoparallel, see (37).

The dispersion relation defining Hamilton function
C(x, k), or mass Casimir operator of a symmetry algebra,
can be identified with the square of the geometric distance
C(x,k) = D(x, k)z, as has been shown in [27]. In fact,
as commented in Sect. 3, any function of f(D(x,k)) is a
Casimir of the symmetry algebra obtained from the momen-
tum space isometries. The identification with the square of
the distance was considered as the simplest way to have a
smooth limit to special and general relativity.

In [26,53], it has been demonstrated that, to determine the
expression for C(x, k), one can solve the following differen-
tial equation instead of solving the integral (40) explicitly,

C(x, k) = %5“6’()6, k)guv(x, k)a"C(x, k). (42)

This equation is the first necessary condition which relates
the dispersion relation and the momentum space metric. It is
valid on flat, as well as, on curved spacetime.

The Hamilton function then defines the dispersion rela-
tion, the position and momentum of a physical particle have
to satisfy

Clx, k) = m>. (43)
3.2.2 Particle motion
The second principle states that the Hamilton equations of

motion determined by the dispersion relation defining Hamil-
ton function,

ky +8,C(x, k) = 0, i =3d"C(x, k), (44)

shall be horizontal curves, so that they are adapted to the
geometry and can be interpreted as force-free, purely geo-
metrically determined, particle trajectories. The first Hamil-
ton equation of motion can be rewritten in terms of the non-

linear connection to take the form
ky — Ny (x,k)8"C 4 8,C(x, k) = 0. (45)

Comparing this equation with the horizontality condition
(38) it is clear that solutions of the Hamilton equations of
motion are horizontal curves if and only if the Hamiltonian
satisfies

8,C(x, k) = 0. (46)

This condition connects the non-linear connection with the
Hamiltonian and, in the virtue of (42), with the momentum
space metric.

For Hamilton functions which are positively r-
homogeneous in k, i.e. H(x, Ak) = A" H (x, k), with A > 0,
this condition can always be satisfied for a specific choice
of a canonical non-linear connection, which always exists
and is uniquely constructed from the Hamiltonian alone, as
it is known from the framework of Hamilton geometries (see
[23,25]). Hence, there always exists a self consistent geome-
try of to cotangent bundle for position dependent momentum
space metrics, which leads via (40) and (42) to homogeneous
Hamiltonian functions, that automatically encode force-free,
pure geometric particle motion. In general, if the resulting
Hamiltonian is not homogeneous, this is not the case. Then,
(46) is anon-trivial constraint which can be used to determine
parts of the non-linear connection from the momentum space
metric. In the framework of generalized Hamilton spaces,
whose geometry is based on a position dependent momen-
tum space metric (without any use of the Hamiltonian), a
general solution for a non-linear connection such that (46) is
satisfied is not known.

Evaluating (46) on the first condition (42) implies imme-
diately another consistency constraint, which is

H? y(x, k) = 3P Ny (x, k). 47)

It connects the affine connection coefficients H” ., (x, k) on
T* M with the more fundamental non-linear connection coef-
ficients N, (x, k). Using this additional constraint in the sec-
ond Hamilton equation of motion, x* = mC, implies the
horizontal geodesic Eq. (39).

The geometric construction presented so far makes the
solutions of the Hamilton equation of motion horizontal
autoparallels of the metric compatible affine connection, as
has also been shown in [27].

In the following, we use a perturbative ansatz for the
momentum space metric to determine the consequences from
the compatibility constraints on the metric. If the momen-
tum space metric components g"¥ (x, k) are independent of
k, both conditions (46) and (47) are satisfied for non-linear
connection coefficients (29), which are generated by the
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Christoffel symbols of the Levi-Civita connection that are
derived from the metric components g"V(x, k) = a"’(x).
We will show that this is not the only possible solution,
but that there exists k-dependent momentum space metrics
which satisfy (46) and (47). However, among all possible
momentum space metrics which one may consider, in par-
ticular among those which are employed to encode DRKG, it
turns out that only specific classes satisfy the constraints.

3.3 n-th order polynomial perturbative cotangent bundle
geometry from a metric

Deformations of the kinematics of high-energetic particles
are expected to become relevant for particles of an energy
near a high energy scale A, for example the Planck scale in
the context of quantum gravity. To study such modifications,
we make a first order perturbative expansion for the geomet-
ric objects involved that is polynomial in the momenta. We
evaluate the compatibility conditions which relate the metric
and the Hamiltonian (42) as well as the non-linear- and the
affine connection, (46) and (47).

The parameter € below is a perturbation parameter which
labels the first order non-vanishing deformation of the quan-
tity under consideration. In the context of DRKs the defor-
mation parameter is given by € = ﬁ, where g denotes the
order of the polynomial deformation.

For the momentum space metric we use

g (x, k) = @’ (x) + b PP (N)ky, - kp,,  (48)
whose inverse (indices are raised and lowered with the zeroth
order metric components a*¥ and a,,, , respectively) is given
by

guv (X, k) = @y (x) — €byy, PP (), -+ -k, (49)

and the Hamiltonian will be expressed as

COx, k) = Kuky (AU () + €BIP1P0 (kK ).
(50)

For the nonlinear connection coefficients we use an ansatz of
the form

N;w(xa k) = ks (Fa,uv(x) + EX;/,U(Jplwpn)(x)kpl T kpn) :
D

Here a"" (x) is a Lorentzian spacetime metric, as employed

in general relativity, and I"?,,(x) are the affine connec-

tion coefficients of its Levi-Civita connection. The A*Y) (x)
components define the zeroth order Hamilton function, a
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priori independently of the metric. The space-time ten-
sor fields bw(m---pn)(x)’ B(wp1-~-pn)(x) and Xw(trpr--pn)(x)
parametrize the perturbations from Lorentzian spacetime
geometry.

In the following we determine relations between these
tensor fields from the conditions (42), (46) and (47). For the
sake of readability we omit to display the x dependence of
the spacetime tensors explicitly in the following calculations,
wherever the dependence of the objects involved should be
clear from the context.

3.3.1 Compatibility between Hamiltonian and metric

Let us first study the condition (42). Expanding this expres-
sion to first order in € yields

apvkoko AHT AV (52)
€ (au A" (0 +2) B Pk kg, kg,
— AT A, Ot .kknkgka>
= kuk, (A(;w) + eBWPI P "'kpn) , (53)

which determines the coefficients in the Hamiltonian from
the metric coefficients order by order. Equating the powers
in the polynomial in k yields at zeroth order

AW = g, (54)

while the first order implies

BHvoL-pn) 1 BHVPLPn) (55)
n+1

3.3.2 Compatibility between the non-linear connection and
the Hamiltonian

Having obtained the Hamiltonian from the metric, we expand
(46), which, in turn, intertwines the non-linear connection
coefficients and the components of the metric. Expanding
(46) to first order in € and using (51) yields

X;M(Gpl'“'D")A(M)kvkcrkpl e kp

1.
= -3 BT kK,

n

Ky, (56)

where V denotes the covariant derivative defined by the Levi-
Civita connection of the metric a.

In order for this equation to be satisfied, using (54) and
(55), we find that

XM(W’O"“/O")(X) _ _ ﬁub(avpr-ﬁn)(x). 57

2(n+1)
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3.3.3 Compatibility between nonlinear connection and the
affine connection

To investigate the condition (47), which imposes a relation
between the non-linear and affine connection coefficients on
the tangent bundle, we first note that

86 8uv(x, k) = dsay, — e(ﬁabw(plmpn)
+ F)\M_Ub)ul)(plmpn) (58)
b Ve K (59)

allowing us to express the affine connection coefficients (36)
as

1 o o
HGMV (x, k)= FU;w _ Eatf)»(vub)w(,ol «-On) +vaku(pl <-On)
(60)

— Vb, PP, Lk (61)

n*

The k-derivative of the non-linear connection coefficients
(51) yields

3 Ny (x, k) = % 1 () 4+ (0 4 1)eX 1, P10 (), - - - kp, - (62)

Now, by imposing condition (47) one gets

” 1
X/w(apl pn)kpl ok, = _2(n 5

+ %vbkﬂ(/’lmpn) (63)
— Vb PrP N, L Ky, (64)

n

a’* (%/Lbkv (P1-+-Pn)

By contraction with k, and k,, one finds that this equation
actually implies the compatibility (57) we found earlier.

Equation (64) imposes an important constraint on the met-
ric perturbation tensor b. Only those tensors b which satisfy
this constraint lead to a cotangent bundle geometry, which
satisfies the principles listed in the beginning of Sect. 3. Since
the left hand side is symmetric in the exchange of p; and o,
the right hand side must also satisfy this symmetry condition,
which is not guaranteed for an arbitrarily chosen b.

To classify in general for which b;,,(1+#%) the constraint
(64) does not lead to a contradiction, is beyond the scope
of this article. Certainly, there exist consistent momentum
dependent perturbations of metric spacetime geometry, as
for example

b = at*fa"? 9y + a"Pat’ 3, ¢, (65)
for n = 1 demonstrates. It leads to X,,,°” = —%awvﬂaﬂp

and the index symmetries of both sides of the equations
match. This is not always the case, as we will see next.

4 Deformed relativistic kinematics on curved spacetime
with consistent cotangent bundle geometry

In this section we will study the consequences from the com-
patibility conditions (42), (46), and (47), for cotangent bun-
dle metrics which encode DRKSs, in the sense discussed in
Sect. 2.

This means we consider a maximally symmetric momen-
tum space metric on a flat spacetime with components
™ (k), which is lifted to a cotangent bundle metric with the
help of the tetrads e, (x) of a Lorentzian spacetime metric
a (a™’ (x) = n*Pely, (x)e’g(x)) by the mapping

cM (k) — g (x, k) = £*P (k(k))et o (x)e” g (x) (66)

where ky, = et 4k, as it was already mentioned in (15). In
general, the cotangent bundle metric depends on the tetrad
one chooses.

Different momentum space bases of DRKs are encoded
in different momentum space metrics, which thus lead to
different cotangent bundle metrics. For the majority of the
models studied in the literature, the momentum space metric
is constructed from the Kronecker delta 81, the Minkowski
metric 1,,, and a vector field with constant components n",
where often n is chosen as n* = (1,0, 0, 0) [54], in order
to obtain an isotropic (rotational invariant) momentum space
metric and thus isotropically deformed kinematics. In the
following, we study the consequences for such models.

We will see that only certain DRKSs lead to cotangent bun-
dle metrics, which define a self-consistent cotangent bundle
geometry, i.e., which satisfy the constraints (46) and (47).

4.1 Constraints on the momentum coordinates for
deformed relativistic kinematics on curved spacetime

The position dependent momentum space metric for a DRKs
model under consideration can be expanded into the polyno-
mial form (48), which yields a specific perturbation tensors
pHv(e1--pn) Using the construction (15), one finds the fol-
lowing relation

bﬂv(pl”'p")(x) — ez(x)eg(x)e)ell (x) - ef,’,’,’ (x)gaﬂ(yl'"y"),

(67)

where l;a,g (17 is constructed from the Kronecker delta 8-,
the Minkowski metric 7,,,, and a vector field with constant
components n#, which is often chosen as n* = (1,0, 0, 0).
Eq. (67) entails that bw(pl"""")(x) is constructed from the
space-time metric a, the Kronecker delta 8¥ and a vector
field Z = Z19, = eM4(x)n?9,, for the models we are
interested in, in this section.
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For the most prominent models in the literature we list the
perturbation tensors and evaluate the compatibility condition
(64).

— The k-Poincaré algebra in the bicrossproduct basis [12,
55] on curved spacetime

pHIP = 2aMV 7P 127V 7P 7 (68)

Evaluating (64) for this case yields

1. . .
X = S (809,27 + 80,27 = ¥727 (69)
VL (2, 2P Z2°) + (2, 2P 2°) — %P(zvzuz")) .

(70)

The way the perturbation is constructed the left hand side
must be symmetric in its upper indices, but the right hand
side of the equation is clearly not symmetric in o and p.
Thus, the k-Poincaré algebra DRKs in the bicrossproduct
basis cannot be consistently lifted to curved spacetime,
with the procedure based on the momentum space metric,
which we discussed so far.

— The Snyder algebra in the Maggiore realization [44] and
the k -Poincaré algebra in the classical basis [56] are based
on a momentum space metric which we presented in (13)
[12]. It leads to

pHv(p1p2) — %(a#mavpz + atP2gPry, (71)

This deformation tensor immediately satisfies (64) since
it is covariantly constant, i.e. %gb‘“’(/’l”) = 0 holds,
and hence, these DRKSs can be lifted to curved spacetime
with the algorithm we presented, leading to a vanishing
X;wUpl,Oz.

— In [27] we found a particular momentum basis for the
DRKSs, which leads to the following tensor field

prvo102) — _%auvampz_ (72)

By the same argument used in the previous example,
Vo b#v(P1P2) = (0, implying that (64) is automatically
satisfied, being zero.

In general, a covariantly constant perturbation tensor for
which V, b#V(P1--P1) = () is viable. As demonstrated by the
first example of x-Poincaré, Eq. (64) is not satisfied by a
generic vector field Z,, on any curved spacetime, i.e., for any
space-time tetrad. There may exist particular spacetimes with
high symmetry, for which there exist tetrads such that (64)
can be satisfied. This however would lead to the fact that
the DRKSs under consideration cannot be implemented on

@ Springer

generically curved spacetimes for a generic tetrad. Note that
the non-trivial example displayed in (65), which leads to a
consistent solution of (64), does not appear as perturbation
tensor in the class of DRKs models under consideration.

To ensure that (64) holds for any choice of spacetime
tetrad, for the perturbations we consider in this section, one
needs that the tensor field b*V(1-) is covariantly constant.
This means that it is constructed from the components of
the space-time metric a*” or the Kronecker delta 8! alone,
and that the components of the distinguished vector field Z*,
which cannot be covariantly constant for every possible tetrad
from which it may be constructed, cannot appear. Thus, in
the context of DRKs, the most general b*V(P1--P) satisfying
(64) on any spacetime for any tetrad has the following form

bw}(Pl-»-p,,) — blalwa(mpz L.aPr1Pn) 4 bz(SL”'SI’fZa"”’“ o apn—lpn),

(73)

where b1 and b; are constants. Implications are that the poly-
nomial power counting index n = 2N must be even, and that,
when we use (73) in (48), the hole perturbatively deformed
momentum space metric can be written as

K2 1 K2
guv(x, k) = auy(x) f1 <ﬁ> + Fk,ukv]a (ﬁ) . (74

where k2 = a*” (x)k, k,, and the perturbation functions are
fi=1+4ebi(k®)" and fr = eby(kHN ! with € = .

For such a metric, the corresponding non-linear connec-
tion coefficients are actually linear in the momenta and
defined solely by the Christoffel symbols of the metric a,
see (51). Consequently, by Eq. (47), the affine connection
coefficients are identical to the Christoffel symbols of the
Levi-Civita connection of the metric a, and the horizontal
part of the cotangent bundle geometry reduces to the usual
Lorentzian metric space-time geometry defined by the met-
ric.

However, at each point on spacetime, the cotangent
spaces/momentum spaces still posses a non-trivial geom-
etry determined by the metric (74), which simultaneously
encodes DRKs on — and local Lorentz invariance of — the
curved space-time geometry.

Our perturbative analysis of the geometric consistency
conditions (which were derived from the principles on the
cotangent bundle geometry) shows that DRKs models cannot
be lifted to arbitrary curved spacetimes for any momentum
basis. Indeed, we find that this lift can be done only with a
momentum space basis leading to a local momentum space
metric which is local Lorentz invariant, i.e., its lift to the
cotangent bundle does not dependent on the tetrad chosen.
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4.2 Local Lorentz invariance as guiding principle

Our findings from the perturbative analysis lead to the con-
jecture of another guiding principle for the construction
of deformed relativistic kinematics on curved spacetimes.
As already mentioned several times, for general momen-
tum space metrics, the lifting procedure to curved space-
times leads to different cotangent bundle metrics for dif-
ferent tetrads. Given two tetrads e’ (x) and é"g(x) =
AY5(x)e? g(x) of a spacetime metric a, where AV; (x) is
a local Lorentz transformation,

gl (x, k) = ety (x)e’ g(0)e " (k(k)) # b (x. k)
= 61y ()" 5 (X) M (e (K)). (75)

If we now demand that gi'" (x, k) = ggw(x, k), i.e., thatfora
given momentum space metric the lifting procedure to curved
spacetime is independent of the tetrad, this yields that the
cotangent bundle metric is a function of k2 = aMv(x, k)k,ky
and that the components must be given by

mix, k) =a™ (x)h K 1k"k"h L 76
g(X,)—a(X)IF—FF 2?7()

where the functions 41 and A can, in principle, be general
functions in k?. A quick calculation shows that for these
metrics, in general, the conditions (42), (46) and (47) are
satisfied.

— Equation (42) can be solved explicitly for any metric of
the form of (76). Since this metric is a function of k2,
the Hamiltonian will also be. Being the square of the
metric distance in momentum space, it shares the same
symmetries. The generators of the isometries for the met-
ric (76) contain the generators of the usual undeformed
linear Lorentz transformations, hence also the Hamilto-
nian must be invariant under these, and thus it can only
depend on linear Lorentz invariant terms, i.e., on k2. With
this, evaluating (42) yields

4C(x, k) = 3*C(x, k) guv(x, k)3 C(x, k)
ac

2
_4 (W) kpa® (2o @ (X) g (2, K)

ac\? K\ k3 [(K?
_4 (W) (k2h1 (F) + Cn, (F)) . 7)
The previous differential equation leads to the following

expression for the dispersion relation defining Hamilton
function

1k A ?
Cx,k)y=(1+= d .
"o ( 21 Va(A2hi(a/A2) + ahy(@/A?)) “)

(78)

— Evaluating Eq. (46) for a Hamilton function C(x, k) =
C(k?) implies that the non-linear connection coefficients
must be of the form Ny, (x, k) = I'?,,k,. To see this
we write

8, C(k%) = 8,2C(k%)8, k>

= 92C (kK> (kpko 30" + 2kya”® Nyy) = 0,
(79)

and hence, for a non-trivial Hamilton function the bracket
must vanish. Taking another k-derivative of the bracket
implies

2ky 8,0 4 2a’" Ny, + 2kya"° 3* Ny, = 0. (80)

Contracting (80) with k* and using the symmetry of N,
and (79) implies that 3* N, (x, k) must be independent
of k and can thus be written as N, (x, k) = I'?,.k,.
Plugging this expression again into (79) and (80) yields
that the coefficients 1", must be exactly the Christoftfel
symbols of the Levi-Civita connection of the metric a, as
it is used in general relativity.

— With the findings from Eq. (46), Eq. (47) is satisfied,
since for the metric (76)

k2
8 8uv(x, k) = h (F) o v (x, k) 81)
1 k* A N
+ FhZ F k;. (F uo (X)ky + I vo(x)ku.) )

(82)

holds. Then, using this in the definition of the spacetime
affine connection (36) one can easily find that

H" o (x, k) = T 5 (x). (83)

With this we show the compatibility conditions of
Egs. (36) and (47).

Thus, demanding the lifting procedure of DRKs encod-
ing momentum space metrics {*V (k) to curved spacetime
to be independent of the choice of spacetime tetrad, self-
consistent cotangent bundle geometries (in the sense that they
satisfy the principles listed in the beginning of Sect. 3) must
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be linearly local Lorentz invariant. The resulting space-time
geometry (horizontal cotangent bundle geometry) is identical
to the metric space-time geometry determined by the space-
time metric a whose tetrads e were used for the lifting pro-
cedure. The momentum space geometry (vertical cotangent
bundle geometry) is maximally symmetric and determined
at each space-time point by (76). Therefore, we call the self-
consistent cotangent bundle geometry defined by the metric
g (x, k) = et g (x)e’ g(x) ¢ (k(k)) the ¢*V induced quan-
tum deformation of the spacetime (M, a).

5 Conclusions

Starting from first principles we studied how deformed rel-
ativistic kinematics can be implemented consistently on
curved spacetimes in terms of a locally maximally symmet-
ric geometry of the cotangent bundle. Our starting point were
three assumptions. The first we identified in Sect. 2.3, while
the other two we formulated as principles in the beginning of
Sect. 3. We cast this assumptions into precise mathematical
conditions using the framework a cotangent bundle geometry
derived from a cotangent bundle metric which respects the
horizontal/vertical (spacetime/momentum space) split, see
Sec.s 3.2.

In summary our results are based on the following starting
points:

1. Given deformed relativistic kinematics encoded in a
momentum space metric ¢ (k) = ¢*V(k)dk, ® dk,
on flat spacetime, its lift to a curved spacetime with
metric a(x) = nueto(x)e’g(x)dx* @ dxP is given
by g(x,k) = gM’(x,k)dk, ® Sk, where the com-
ponents g"¥(x, k) = e“a(x)e”g(x)go‘ﬁ (k) are gener-
ated from a tetrad e*, (x) of the metric a and the flat
spacetime momentum space metric ¢ (k) evaluated at
ky = €%, (x)kq, see (15).

2. The dispersion relation C(x, k) = m? of physical point
particles is defined by the minimal geometric distance
in momentum space, which is defined by the momen-
tum space metric through the relation 4C(x,k) =
HC(x, k) guv (x, k)3 C(x, k), see (42).

3. Solutions of the Hamilton equations of motion, deter-
mined by the dispersion relation defining Hamilton
function C(x, k), are horizontal curves, i.e., they are
adapted to the geometry such that they can be inter-
preted as force-free, purely geometrically determined,
particle trajectories. Mathematically, this lead to the
conditions 8,,C(x, k) = 0 for the Hamilton function
and H? ,,(x, k) = Pl Ny (x, k) for the non-linear and
affine connection on 7*M, see Eqgs. (46) and (47).

@ Springer

Evaluating the constraints on a momentum dependent per-
turbation of metric space-time geometry encoded into a per-
turbation tensor b in Sect. 3.3.3, we found that in particular
point 3. leads to a strong constraint on the perturbation.

In Sect. 4 we considered flat momentum space metrics
constructed from the Minkowski metric 7, the identity matrix
8 and a vector field n with constant coefficients in a global
Cartesian coordinate system, as they appear in the geometric
description of the most studied DRKs in the literature. We
found that they can be lifted to curved spacetimes in accor-
dance with the points 1.-3. if there exists a momentum space
basis such that the momentum space metric actually does
not depend on the vector field 7; in other words, if the DRKs
are linear local Lorentz invariant. For such momentum space
metrics, the horizontal geometry of the cotangent bundle, i.e.,
the geometry of spacetime, is identical to Lorentzian met-
ric spacetime geometry on which general relativity is based,
however the vertical geometry of the cotangent bundle, i.e.,
the momentum space geometry, is non-trivial. Consequently
the phenomenology of these DRKSs in the 1-particle sector is
indistinguishable from general relativity and the non-trivial
momentum space geometry on curved spacetime will only
manifest itself in multi-particle processes. The precise phe-
nomenology depends on the choice of translations genera-
tors, which define the modified law of momentum addition
and the modified dispersion relation through the metric. This
result should not be discouraging from the phenomenologi-
cal point of view, but rather the opposite. The here presented
geometrical approach to DRKSs avoids the rather strong con-
straints, based on time delays of massless particles, and shows
a path towards DRKSs on curved spacetimes which are com-
patible with a high-energy deformation scale of TeV, as it has
been discussed in the literature [21,57-60].

In addition to the geometric considerations, we have
addressed in Sects. 2.2 and 2.4 that the non-commutativity of
spacetime can be derived by the identification of translations
generators in momentum space with non-commutative coor-
dinates: globally on flat spacetime, locally on curved space-
times. We have studied the particular cases of local Snyder
and «-Minkowski non-commutative structures. The further
intensive investigation of this new conjecture how to describe
non-commutative spacetimes from the differential geomet-
ric, curved spacetime perspective, as well as the construction
of other models, like «-Poincaré, is left for future works.

In the future it will be interesting to derive multi-
particle scattering processes on curved spacetimes, to iden-
tify observables in which the DRKSs on curved spacetimes we
identified manifest themselves. One such process is for exam-
ple the famous collisional Penrose process on Kerr spacetime,
which certainly will be effected by DRKSs.

We like to point out that surely there exits further self
consistent curved momentum space geometries on curved
spacetimes. In particular, another way to construct a consis-
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tent cotangent bundle geometry for DRKSs on curved space-
time is not to insist on §,C = 0, which would immediately
circumvent our conclusion. This would imply that the Hamil-
ton equations of motion will not lead to geodesic motion but
include a force-like term. A possible interpretation would
be that particles subject to DRKs of this type feel an effec-
tive force, a remnant of the underlying fundamental theory of
quantum gravity, which prevent point particles from geodesic
motion.

A huge class of cotangent bundle geometries which lead
to, or are derived from, a homogeneous Hamilton function
satisfy the 6,C = O part of principle 3. automatically, as
it is know from the framework of Hamilton geometry [23,
25]. Then, it depends on whether the Hamilton function is
derived from a momentum space metric or not, whether the
connections have to satisfy H”,,(x, k) = 5/’N,w (x, k) or
not. This class of geometries is in principle as preferable as
the ones we identified in this article, however it is not clear if,
or under which conditions, they encode self-consistent DRKs
including a compatible deformed addition of momenta.

The same is true for the class of consistent cotangent
bundle geometries that simply satisfy the constraints (46)
and (47), of which we already presented an example gener-
ated by a non-constant scalar field on spacetime in (65).

A next step in the analysis of the relation between self-
consistent cotangent bundle geometries and DRKs is under
which conditions, or how, the latter two geometries just men-
tioned can lead to self-consistent DRKs. Moreover, an open
question to be investigated is if it is possible to construct
DRKSs from an arbitrary momentum metric on the cotangent
spaces, and not only from maximally symmetric ones. The
main difficulty to be overcome here lies in how to construct
consistent deformed relativistic addition of momenta, when
the momentum space metric has neither quasi-translations
nor Lorentz-transformations as isometries. While in Ref. [12]
it was developed the simplest way to obtain a DRK from
is a maximally symmetric momentum space, an idea to go
beyond that is to start from a momentum space with more
than four dimensions. In this case new generators should
appear, and therefore, there would not be a so simple identi-
fication with the kinematical ingredients as explained here.
Furthermore, in upcoming works, we will investigate pos-
sible dynamics for cotangent bundle geometries, and under
which conditions they are identical to the Einstein equations
or lead to modified theories of gravity.

With this article we systematically identified paths to lift
DRKSs to curved spacetimes and discussed the possibilities to
describe them by a self-consistent cotangent bundle geome-

try.
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