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We describe the Hamilton geometry of the phase space of particles whose motion is characterized by
general dispersion relations. In this framework spacetime and momentum space are naturally curved and
intertwined, allowing for a simultaneous description of both spacetime curvature and nontrivial momentum
space geometry. We consider as explicit examples two models for Planck-scale modified dispersion
relations, inspired from the g—de Sitter and x-Poincaré quantum groups. In the first case we find the
expressions for the momentum and position dependent curvature of spacetime and momentum space, while
for the second case the manifold is flat and only the momentum space possesses a nonzero, momentum
dependent curvature. In contrast, for a dispersion relation that is induced by a spacetime metric, as in
general relativity, the Hamilton geometry yields a flat momentum space and the usual curved spacetime
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geometry with only position dependent geometric objects.
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I. INTRODUCTION

The possibility that particles’ dispersion relations are
modified at the Planck scale is one of the most studied
scenarios in quantum gravity phenomenology research
[1-3]. The main reason is that some astrophysical obser-
vations [4,5] are reaching a sensitivity level that allows one
to test the consequences of modified dispersion relations on
the time of propagation of particles [6-8]. Another, more
recent, reason for interest lies in the realization that such
effects are relevant also in the very early universe and could
provide viable alternatives to the inflationary model [9—12].
From a theoretical point of view, modifications of relativ-
istic particle kinematics emerge in several approaches to the
quantum gravity problem [13-18].

It is now well understood that Planck-scale modifications
of dispersion relations can be encoded in nontrivial
geometrical properties of momentum space [19-24].
When considering Planck-scale-modified kinematics on
flat spacetime, one obtains a picture that is somewhat
complementary to the one describing departures from
flat-spacetime dispersion relations induced by spacetime
curvature. In fact, when looking at the modifications of
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particles’ dispersion relation due to curvature of spacetime,'
one will in general introduce some modifications depend-
ing on a distance scale which is related to the curvature
itself, see more detailed discussion around Eq. (2) below.
On the other hand, modifications of particles’ dispersion
relations depending on some energy scale (usually assumed
to be the Planck energy), will signal that momentum space
is curved, with the curvature radius related to the energy
scale entering the dispersion relation. So in the first case
spacetime is assumed as a possibly curved base manifold
and momenta belong to its cotangent bundle. In the other
case it has been demonstrated that one can choose
momentum space as the possibly curved base manifold
and then coordinates live on its cotangent bundle [25]. Of
course, when neither spacetime nor momentum space
curvature are present, one reduces to the standard spe-
cial-relativistic scenario and either spacetime or momentum
space can be chosen as base manifold.

When both spacetime curvature and Planck-scale defor-
mations of momentum space are present, it is expected that

'"We are interested in a regime where quantum effects can be
neglected, so when we talk about particles we are considering
classical objects. Even in this case it is still relevant to look at the
Planck-scale regime, since we are essentially taking a limit where
7 — 0 but the Planck energy stays finite [19,25]. Moreover, we
look at dispersion relations written in terms of the physical
energy-momentum quantities, which are in general different from
the conserved charges under spacetime translations.
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the nontrivial geometry of momentum space and spacetime
getintertwined [26], so that giving a geometrical description
of either of them becomes highly nontrivial. This is however
the case mostly of interest for the purpose of phenomenol-
ogy, since for both the astrophysical observations and, even
more, in the early universe context, curvature of spacetime is
relevant. Until now only some preliminary work has been
done in this direction [27,28]. Reference [28] has the merit
of clearly highlighting the phenomenological significance
of the interplay between spacetime curvature and nontrivial
momentum space effects. However, it does not provide a
general geometrical framework for encoding models where
both spacetime and momentum space are curved. For
example, it does give a receipt for handling cases where
spacetime is not maximally symmetric (meaning that, in the
limit where the momentum space sector of phase space
becomes trivial, spacetime reduces to a manifold whose
metric is not maximally symmetric). Reference [27] does
provide a general action principle to describe motion of
particles with nontrivial features both in the momentum
space and spacetime sectors. However, invariance under
momentum space diffeomorphisms is implemented, which
has no clear physical interpretation.

Here we propose to use the framework of Hamiltonian
geometry of phase space, i.e. the cotangent bundle of
spacetime, which naturally allows for a description where
spacetime and momentum space are curved and inter-
twined. The starting point is a Hamiltonian describing
the propagation of free particles and one is also required
to fix the symplectic structure. Within this framework
diffeomorphism invariance under general spacetime diffeo-
morphisms is implemented, while there is no such invari-
ance under general momentum space diffeomorphisms.
Moreover, relativistic symmetries, when present, are sim-
ply the symmetries encoded in the Hamiltonian.

To go more into detail, let us start by looking at a classical
particle on a generally curved background. At each point, a
freely falling particle has the dispersion relation’

E? = p* + m?. (1)

Here E is the energy and p the spatial momentum an
observer associates to the particle, while m is the invariant
mass parameter of the particle. With the help of the
spacetime metric g, its inverse g~! and the four-momentum
p of the particle, the dispersion relation can be written
covariantly in terms of the Hamiltonian H

H,(x,p) = g (x)papy = m”. (2)

The relation between Eq. (1) and Eq. (2) is given by the
expansion of the latter in an orthonormal frame of the

*Here and in the following we set the speed of light ¢ = 1. We
also assume signature (+,—, —, —) for the metric.
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metric associated to the observer. In this sense the
dispersion relation is closely intertwined with the geometry
of spacetime, given by the spacetime metric g.

When introducing modifications of the dispersion
relation with nonquadratic terms in energy/momentum
the geometry cannot be metric spacetime geometry any-
more. It is however always possible to interpret any
dispersion relation as the level sets of a Hamilton function
H on phase space

H(x,p) = M, (3)

where M is a mass scale associated to the particle. The
Hamiltonian determines the motion of free test particles via
the Hamilton equations of motion, and, as we will dem-
onstrate, the geometry of phase space. For the metric
Hamiltonian on the left-hand side of Eq. (2), which
represents the dispersion relation of general relativity, it
turns out that the geometry of phase space can be disen-
tangled into the usual metric spacetime geometry of
position space and a trivial, flat, momentum space geom-
etry. For a general Hamiltonian, i.e. a general dispersion
relation, this disentanglement will no longer be possible
and there will only be an intertwined geometry of position
space and momentum space.

A somewhat similar approach to the analysis of
the geometry of dispersion relations, which has been
followed in some previous papers [29-31], is to perform
a Legendre transform from phase space to position and
velocity space to obtain a length measure for curves on
configuration space defined by a general Finsler function.
Then one obtains the Finsler geometry of spacetime
induced by the dispersion relation which is in general an
intertwined geometry of the position and velocity space of
the particle trajectories. However, this approach faces
basically two drawbacks. On the one hand it is highly
nontrivial to perform the Legendre transform for nonmetric
Hamiltonians explicitly and, on the other hand, the Finsler
geometry of spacetime is not well defined as soon as the
Finsler function possesses nontrivial null vectors and does
not satisfy certain smoothness conditions [32,33]. Most
Finsler functions obtained from suggested modified
dispersion relations do not satisfy the required criteria to
obtain a well-defined Finslerian spacetime geometry. As a
result of all these difficulties, only modifications of the flat-
spacetime dispersion relations have been considered in this
framework.

In this paper we derive the geometry of phase space from
the Hamiltonian which corresponds to a given dispersion
relation, omitting the problematic step of going from
position and momentum space to position and velocity
space and thus circumventing difficulties which appear
when going to the dual description in the Finsler geometry
approach.

Mathematically, the Hamiltonian is a function on the
cotangent bundle of a spacetime manifold. The geometry of
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Hamilton spaces is a geometry of the cotangent bundle of
spacetime derived solely from the Hamiltonian, in a similar
way as in metric geometry the geometry of a manifold is
derived from a metric [34]. One important result we will
discuss is that the curves on phase space which solve the
Hamilton equations of motion become autoparallels of the
Hamilton geometry of the cotangent bundle, in physics
terminology freely falling, only if the Hamiltonian is
homogeneous with respect to the momenta. In case the
Hamiltonian is not homogeneous the solutions of the
Hamilton’s equations of motion are dragged away from
being autoparallels by a forcelike term. Moreover, we will
demonstrate that the momentum space (seen as a subspace
of phase space) becomes naturally curved in Hamilton
geometry as soon as the third derivative of the Hamiltonian
with respect to the momenta does not vanish.

As we already mentioned, the most prominent advantage
to study modified dispersion relations as Hamiltonians with
Hamiltonian geometry is that the framework naturally
incorporates a nontrivial curved geometry of position
and momentum space consistently at the same time, a
feature that is cumbersome in other approaches that study
modified dispersion relations. To demonstrate the features
of the general framework we will in particular derive the
Hamilton geometry of the cotangent bundle induced by
dispersion relations inspired form the g—de Sitter and
k-Poincaré quantum groups [22,35-40]. The x-Poincaré
quantum group is one of the most studied models in
quantum gravity phenomenology encoding departures from
standard relativistic kinematics without spoiling the rela-
tivity principle, thanks to modified laws of transformations
between inertial observers. The g—de Sitter quantum group
is somewhat less well known, but it is indeed very
promising as it provides a relativistic generalization of
the de Sitter relativistic group, in the same sense as
k-Poincaré generalizes the Poincaré group.

We present our results as follows. We begin in Sec. 11
with the introduction of Hamilton geometry, the framework
with which we seek to analyze general dispersion relations.
This geometry, built solely on the basis of a Hamilton
function, is based on the definition of Hamilton spaces in
Sec. IT and the unique Hamilton nonlinear connection of the
cotangent bundle (of phase space) which we introduce in II
B. It relates the Hamilton equations of motion to autopar-
allels of the geometry. Moreover the Hamilton nonlinear
connection enables us to define the curvature of phase
space as well as the curvature of momentum and configu-
ration space in Sec. II C. We discuss the symmetry proper-
ties of Hamilton spaces in Sec. II D. Having clarified the
mathematical language, we explicitly derive the geometry
induced by modified dispersion relations that are pertur-
bations of the metric dispersion relation in Sec. III. First we
study general cubic perturbations of the quadratic metric
dispersion relations in Sec. III A, then we analyze the g—de
Sitter dispersion relation in Sec. IIIB, showing the
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k-Poincaré case as the limit where spacetime curvature
vanishes. As mentioned above, in this paper we focus on
the classical (A — 0) regime (where the limit is taken in
such a way that the Planck energy stays finite). In Sec. IV
we address some issues concerning the extension of our
framework to its quantum version (% # 0). We conclude
and give an outlook in Sec. V.

In this paper Latin indices a, b, ...i, ... go from 0 to N,
where N + 1 is the spacetime and momentum space
dimensionality.

II. HAMILTON GEOMETRY

Hamilton geometry is the geometry of phase space
determined solely by a Hamilton function on the phase
space of free particles, similarly as the geometry of
spacetime is derived from a metric in general relativity.
More precisely, the phase space is identified with the
cotangent bundle 7*M of a manifold M and is equipped
with a smooth Hamilton function H. The geometry of the
cotangent bundle is derived from this function and its
derivatives. In this section we recall these mathematical
notions and comment on them from the point of view of
what is of interest for the purposes of this paper, but leave
mathematical technicalities mostly aside. A more technical
review on the geometry of the cotangent bundle can be
found in Appendix B.

First we define Hamilton spaces and introduce the
canonical nonlinear connection which defines their geom-
etry. Then we prove that for every Hamiltonian that is
homogeneous with respect to the momenta the Hamilton
equations of motion become the autoparallel equation of
the Hamilton geometry, i.e. for those Hamiltonians test
particles fall freely in the geometry. This is not true
anymore for nonhomogeneous Hamiltonians. With the help
of the fundamental nonlinear connection we can define the
phase space curvature and identify the curvature of position
and momentum space as parts of phase space. Moreover we
discuss the notion of symmetries of Hamilton spaces.

We basically follow the construction of the geometry of
Hamilton spaces from the book [34] with slight modifica-
tions and generalizations necessary to include a wide range
of physically interesting Hamiltonians.

A. Hamilton spaces and Hamilton equations

The cotangent bundle 7*M of an n-dimensional mani-
fold M is itself the 2n-dimensional manifold built as the
union of all cotangent spaces of M:

"M = |J T;M. (4)

qEM
An element Q € T*M is a one-form on M and in local
coordinates x in a neighborhood U around a point in
M we can write Q = padxl‘; € TiM C T*M. Thus we can

label Q with coordinates (x, p). This procedure yields local
coordinates on 7*M called manifold induced coordinates
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and have the property that the Poisson bracket between
these momentum coordinates and the manifold coordinates
is the canonical one:

a — a a a a a a a
{x ’ph}_aqu apqpb axqpbapq‘x _617' (5)

It is worth pointing out that this choice for the symplectic
structure emerges here as a natural consequence of the form
of Q. It is possible to map all that will follow in another
symplectic choice, obtaining a far more complicated
description of the geometry of the phase space, still
obtaining the same kinematics [41,42].

A change of coordinates on the base manifold x — x’(x)
induces a coordinate change of the manifold induced
coordinates on 7*M, called manifold induced coordinate
transformations, according to the transformation behavior
of one-forms on M ,3

() = Goni) = (5002555 ) (0

Seeing T*M as a manifold we immediately obtain the
manifold coordinates induced basis of the tangent and

cotangent space, T, ,T*"M and T?xﬁp)T*M, of T"M

denoted by {6,1:3%,,5”:3%} and {dx“ dp,}. Further
mathematical details on the cotangent bundle, like the
behavior of these bases under coordinate changes of the
manifold M and their interpretation from the point of view
that 7*M is naturally a fiber bundle can be found in
Appendix B 1. Having clarified the notation we can define
Hamilton spaces.

Definition 1.—Hamilton space.—A Hamilton space
(M, H) is an n-dimensional smooth manifold M equipped
with a continuous function H: T*M — R on its cotangent
bundle, the Hamiltonian, which satisfies

(i) H is smooth on T*M\{0},

(i) the Hamilton metric g” of H is nondegenerate,

nearly everywhere on 7*M\{0}
ab 1o 9 R e
g1 (x.p) = Sap. op, 16 p) =5 00 H(x, p).
(7)

These are minimal assumptions on Hamilton spaces
in order to describe the geometry of the cotangent bundle
in terms of Hamiltonian geometry. In contrast to the
definition in [34] we do not require here that the
Hamilton metric has constant rank and is nondegenerate
everywhere on T*M\{0}. We should notice at this point
that those metrics should be interpreted as a tool to get
the nonlinear connections and they are not to be confused

*Note that the change of coordinates on the base manifold
depends on the base manifold coordinates only.
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with Rainbow metrics [43] nor with momentum-space
metrics [19], already known and widely used in literature.*

One example of Hamiltonians that we can include are
homogeneous Hamiltonians of the form

H(x,p) = G (x)pg, " Pa, (10)

into the definition of Hamilton spaces. They are straight-
forward homogeneous generalizations of the metric
Hamiltonian, which falls into this class for n = 2. It is
known that such Hamiltonians for n =4 describe the
propagation of light in general linear electrodynamics
[45], for example in nondissipative optical media [46],
they are the duals to Finsler geometries which may be
considered as generalizations of metric spacetime geometry
to explain astrophysical observations [47] and they describe
the geometric optical limit of partial-differential equations
[48]. However for such Hamiltonians the nondegeneracy
requirement is usually not satisfied on all of T*M\{0}.
Even though we will not discuss those Hamiltonians just
mentioned in this paper, we desire to include such appli-
cations into the general formalism.

In this paper, we use nonhomogeneous Hamiltonians to
study Planck-scale-deformed dispersion relations. For
example, the first-order correction to the standard spe-
cial-relativistic dispersion relation has the general form

H(X,P,f) :p%_i)2+anla2a3palpa2pa3’ (11)

where 77! is the energy/momentum scale and Q“%% a
matrix of numerical coefficients.

The Hamiltonian encodes the dynamics of point particles
via the Hamilton equations of motion,

Pa+0,H=0, ¥ —0°H = 0. (12)

These equations determine the trajectory of a point particle
in phase space, i.e. in the cotangent bundle 7*M of the
spacetime manifold M. They immediately imply that the
Hamiltonian is conserved along curves y = (x(¢), p()) in
T*M which are solutions of the equations

7(H) = x°0,H + p,0°H = O°H(p, + 0,H) =0. (13)

“Rainbow metrics g% (x, p) and momentum space metrics
£ (x, p) both generate dispersion relations, and so Hamiltonians.
For Rainbow metrics the relation is

H(x,p) =C(x.p) = g& (X, P) PuPb (8)

while momentum space metrics, employed in the framework of
relative locality define the invariant mass parameter of a particle
via

"= A (). p(0) . ()

It has been shown that in some cases momentum space metrics
Cap(x, %) can define an invariant (under #-deformed transforma-
tions) spacetime line element [44].
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The second Hamilton equation is just the duality map
which connects the cotangent bundle of a manifold with the
tangent bundle

t: T*M — TM:
(x,p) > f(x.p) = (x,0°H(x, p)) = (x,y(x.p)).  (14)

while the first Hamilton equation describes the motion of
the system in momentum space. Next we construct a
connection on the cotangent bundle such that the first
Hamilton equation of motion becomes the autoparallel
equation of this connection with a source term for a general
Hamiltonian.

B. The Hamilton nonlinear connection
and its autoparallels

The fundamental object in the description of the intrinsic
geometry of a manifold is a connection which defines
parallel transport and curvature. In metric geometry there
exists a unique torsion-free connection which leaves the
metric covariantly constant, namely the Levi-Civita con-
nection. In Hamilton geometry we employ the so-called
Hamilton nonlinear connection which generalizes the Levi-
Civita connection to the general cotangent bundle setting.
Moreover, the Hamilton nonlinear connection enables us to
study the geometry of momentum space and position space
as subsets of phase space consistently at the same time.
Further mathematical details on connections on the cotan-
gent bundle are explained in Appendix B 2.

An important difference between the case where the
Hamiltonian is homogeneous and the more general case
we are interested in is that solutions of the Hamilton equations
of motions are autoparallels of the connection only for
homogeneous Hamiltonians, while for inhomogeneous
Hamiltonians there is a forcelike term present which prevents
equality to autoparallel motion. In Theorem 2 we derive the
former, which is known in the literature, from the latter.

The definition of the nonlinear connection requires use
of the Poisson bracket of functions F and G on T*M:

{F(x,p),G(x,p)} = 0,F0°G — 0,GOF. (15)
Then we can display the Hamilton nonlinear connection as
follows.

Definition 2.—The Hamiltonian nonlinear connec-
tion—Let (M, H) be a Hamiltonian geometry. Then

({g. H} + g%0,0'H + ¢10,0'H)  (16)

ENY

Nab(x’p) =

are called connection coefficients of the Hamilton nonlinear
connection.

This connection is called nonlinear since it may depend
nonlinearly on the momenta. In terms of these connection
coefficients we can define a covariant derivative on the
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cotangent bundle for so-called d-tensors. An (r, s)-d-tensor
field on the cotangent bundle is a tensor field which
behaves like an (r, s)-tensor field on the manifold, regard-
ing the transformation behavior and the number of com-
ponents. The difference to an (r,s)-tensor field on the
manifold is that the components of the d-tensor field
depend on positions and momenta, not only on positions.
Let 7%%, ., (x, p) be the components of a d-tensor field.
The components of its dynamical covariant derivative are
given by

VIOt L =A{TO "y HY + QN TNy

+- QarmTaI -~mb] b

= Q" T

s

- th.\ Talmarh] —ems

(17)

with 0, = 2N,,g"%* — 9,0°H. With help of the dynami-
cal covariant derivative we state the following.

Theorem |.—The Hamilton nonlinear connection coef-
ficients are the unique connection coefficients which satisfy

Nab:Nba’ VgaHb:O (18)

s

The symmetry of the connection coefficients is obvious
and related to the compatibility of the connection with the
symplectic structure. The covariant derivative condition
determines the symmetric part of the N, simply by
expanding the condition using the definition of the dynami-
cal covariant derivative. For a metric Hamiltonian H g» S€€
Eq. (2), the Hamilton connection coefficients are basically
the Christoffel symbols of the Levi-Civita connection of the
metric with components g,,(x):

Nab[Hg](x’ p) = _pqrqah(x)' (19)

The transformation behavior of the connection coefficients
allows us to introduce special bases of the tangent and
cotangent spaces of the cotangent bundle, the so-called
Berwald or horizontal-vertical bases, which transform like
basis vector and covector fields on the base manifold under
manifold induced coordinate transformations (6):

T(op)T"M = span(8, = 9, = N0, 0%),

Tl )T™M = span(dx®,8p, = dp, + N, dx?). (20)
The part of T, ,)T*M which is spanned by the J, is called
the horizontal tangent space and the complement spanned
by 0 the vertical tangent space. For the dual space

sz,p) T*M the part which is spanned by the dx® is called

the horizontal cotangent space and the complement
spanned by Jp, called the vertical cotangent space:

(1) The vertical spaces represent the tangent respec-
tively cotangent spaces of momentum space,
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(i1) the horizontal spaces represent the tangent respec-
tively cotangent spaces of spacetime,

both as subspaces of the tangent respectively cotangent
spaces of phase space. Observe that the 6, and dp, do not
reduce to 0, and dp, in general metric geometry but to
O, =0, + an,pqér and 6p, = dp, — p,L,dx", since the
spacetime manifold and the momentum space are seen as
complementary subspaces of phase space and not as
separated spaces on their own. Further mathematical details
of the horizontal-vertical split of the tangent spaces of
cotangent bundle and the dynamical covariant derivative
are discussed in Appendix B 2.

Now there exist special curves {(¢) = (x(¢), p(¢)) on the
cotangent bundle; namely, those whose tangent is purely
horizontal. The requirement for a purely horizontal tangent is

E(t) = 290, + pad = 58, + (pa + Nopi) 9 = 56,
(21)

Those curves are called autoparallels of the Hamilton
nonlinear connection. From this we find the autoparallel
equation to be

p, + Nyx? =0. 22
Pa ab

Comparing this to the Hamilton equations of motion (12)
we find the important result that solutions of the Hamilton
equations of motions are in general autoparallels of the
Hamilton nonlinear connection up to a source term

0=p,+0,H=p,+N,0"H~+d,H—N, ,0'H
=p,+N,,0"H+ 6,H. (23)

The physical interpretation of this result is that for general
Hamiltonians the motion of particles cannot be understood as
free fall motion in a geometry. There is a forcelike term —6, H
present which drags particles away from free fall. However
in the special case where Hamiltonians are homogeneous of
any degree r with respect to the momenta H(x,Ap) =
A"H(x, p) the following holds, proven in Appendix A.

Theorem 2.—Let (M,H) be a Hamiltonian manifold
with homogeneous Hamiltonian H, ie. H(x,Ap) =
AH(x, p), and let N, the connection coefficients of the
Hamilton nonlinear connection. Then

6,H=090,H—N_,0"H = 0. (24)

Thus for any homogeneous Hamiltonian we have
recovered the statement that particles following the
Hamilton equations of motion fall freely on autoparallels
of the Hamilton geometry of phase space. This means that
all forces acting on a test particle which can be described by

5 . . . . .
As mentioned earlier, Planck-scale modified dispersion rela-
tions cannot be encoded in homogeneous Hamiltonians.
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one homogeneous Hamiltonian can be absorbed into one
phase space geometry in which a test particle is freely
falling. In particular this statement holds for all polynomial
Hamiltonians displayed in Eq. (10), so especially, and not
surprisingly, for the metric Hamiltonian which describes a
test particle on which only the gravitational force acts in
general relativity. There Eq. (23) is equivalent to the usual
geodesic equation on the metric spacetime, as will be seen
explicitly in Sec. I A.

C. The curvature of phase space,
spacetime and momentum space

The curvature of phase space is the curvature of the
Hamilton nonlinear connection on the cotangent bundle. It
measures the integrability of spacetime, i.e. position space,
as a subspace of the cotangent bundle and is defined as the
commutator between the horizontal vector fields, see
Definition 6 in Appendix B 2 for a mathematical definition:

[5(1’ 5[)} = <_6aNcb + 5cha)8C = Rcabéc' (25)
In general this curvature depends on all phase space
coordinates (x, p). For a metric Hamiltonian H, see
Eq. (2), we find that it reduces basically to the well-known
Riemann curvature tensor and is linear in the momenta

Rcab[Hg} (x’ P) = quqcab(x>' (26)

In any case this curvature of the cotangent bundle inter-
twines position and momentum space, even for metric
phase space geometry.

We have seen in the previous section that the nonlinear
connection yields a split of the directions on the cotangent
bundle into horizontal and vertical directions. We can think
of the vertical directions as directions along momentum
space and the horizontal directions as the complementary
directions along position space in phase space. While the
nonlinear connection defines the geometry for the phase
space itself as a whole it is possible to associate linear
covariant derivatives to the nonlinear connection which
respect the horizontal-vertical split of the directions, i.e. the
split into directions along momentum space and along
spacetime. That means they map horizontal vectors onto
horizontal vectors and vertical vectors onto vertical vectors:

védéh = F® 0., vﬁ,,éb = Fhacéc (27)

V6, = E“,5,, V50" = E®_ 0°. (28)
These covariant derivatives are defined through their
coefficients F' and E and define the geometry of momentum
space and spacetime as parts of phase space. Observe that
they could not be defined without fixing the nonlinear
connection in advance since the nonlinear connection
allows us to identify momentum space and spacetime

084053-6
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directions in a covariant way with respect to diffeomor-
phisms of the manifold, due to its transformation behavior.

Among all associated covariant derivatives there is a
distinguished one called Cartan-linear covariant derivative
VCL defined through the coefficients

1
Fahc — EgHuq(éngI + 509;;{[1 — 5qu])::F5ahw
1 _
Eabc — _EglrﬁiaagHrbﬂcabc. (29)

This Cartan-linear covariant derivative is unique in the
sense that its coefficients are both symmetric, which means
torsion free, and leave the Hamilton metric vertically, along
momentum space, and horizontally, along spacetime,
covariantly constant:
VeLgibe =0, VClgiibe ), (30)
We can now consider the purely horizontal component
RY ,,.(x, p) of the curvatures of the Cartan-linear covariant
derivative and the purely vertical one Q,““(x, p). These
are the curvatures making parallel transport along space-
time, respectively along momentum space nontrivial:

Ranbc (X, p)éq
= VELVSLs, - VELVShs, VL 5, (31)

= (ébréqac - 5créqab + l—‘(,sqbil—‘éiac
- Féqciréiab - Ribccqia>5q’ (32)

0, (x, p)o"
= VE-VELo" — VEEVS-o (33)

_ (ébcacq _ éccabq + Cbiqcacl_
— CC1,C)oM. (34)

Our interpretation of the vertical and horizontal curvature
as curvature of momentum and position space is consistent
with what we know from metric geometry. For a metric
Hamiltonian geometry the curvature of momentum space
O vanishes since the C*°.[H ] vanish, and, as can be easily
calculated, the components of the horizontal curvature
tensor become the components of the usual Riemann
curvature tensor of metric spacetime geometry. Con-
versely, for a Hamiltonian that does not depend on space-
time, the horizontal curvature vanishes since the I'%¢j,
vanish, but the vertical curvature does not necessarily
disappear. For a generic Hamiltonian both curvatures depend
on the positions and momenta. Thus Hamiltonian phase
space geometry enables us to study phase spaces with curved
momentum and position space as well as phase spaces where
only one of both spaces is curved or none. This is the
fundamental aspect in Hamiltonian phase space geometry
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which makes it so valuable in the description of modified
dispersion relations when both spacetime curvature and
Planck-scale modifications are present.

D. Symmetries

Symmetries of a metric manifold (M,g) are diffeo-
morphisms of the manifold which leave the metric invari-
ant. In the same spirit we say that a diffeomorphism ® of
T*M, i.e. of phase space, is a symmetry if it leaves the
Hamiltonian invariant:

H(®(x, p)) = H(x, p). (35)

From the infinitesimal action of the diffeomorphism,

®(x, p) = (X(x,p), p(x,p))
= (x"+e5"(x,p). pa+e&u(x.p) + O(€),  (36)

one finds the vector field generating the symmetry trans-
formation by asking that the above definition of symmetry,
Eq. (35), holds:

H(p(x, p)) = H(x* +E(x, p), pa + Ea(x, p))

H(x, p) +€(&%(x, p)0H(x, p)

+&u(x, p)O*H(x, p)) + O(?)

H(x,p) +€Z(H)(x, p) + O(€*)

). (37)

The vector field Z = &*(x, p)d, + &,(x, p)0* on T*M is
then the generator of the diffeomorphism ®, which has to
satisfy the following condition for ¢ being a symmetry

Z(H) = 0. (38)

Definition 3.—Symmetry generators—Let (M, H) be a
Hamilton geometry. A generator of a symmetry of (M, H)
is a vector field Z on T*M that satisfies Z(H) = 0.

An important class of symmetries which a Hamilton
geometry admits are the symmetries associated to a con-
stant of motion of the Hamilton dynamics, i.e. a quantity
that is conserved along solutions of Hamilton equations

(x(4), p(4)):

d
7 5@(), p(2)) = 0. (39)

Noting that

d -

5 50(). p(2) = %008 + p0°S = {S.H},  (40)
we can equivalently say that a constant of motion is a
function that Poisson commutes with the Hamiltonian.
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The Poisson bracket of any two phase space functions F
and G can be written in terms of a vector field associated to
the functions

{F,G} = 0,F0“G — 0“F0,G
= —(0°F8, — 6,FO")G
=Zp(G) = —Zg(F). (41)

So, choosing the Hamiltonian H as one of the functions, we
can write the symmetry condition as

Zg(H) = (080, — 8,50°)H = 0. (42)

Thus a constant of motion implies the infinitesimal diffeo-
morphism that is a symmetry of H:

Dy(x, p) = (x + €0"S(x. p). py — €9,5(x, p)).  (43)

Note that this is a special case of (36).

Another distinguished class of symmetries are the so-
called manifold induced symmetries. A diffeomorphism of
the base manifold M can be represented infinitesimally by
vector fields X = &%(x)0, on M. It acts as a change of local
coordinates (x*) — (x* 4 £%). Such a local change of
coordinates on M induces a change of coordinates on
T*M via (x°, p,) = (x* + &% p, — p,0,£7), see Eq. (6).
Thus a diffeomorphism on M generated by the vector field
X induces a diffeomorphism on 7*M generated by the
vector field X¢ = &9, — p,0,£90°. In the literature X€ is
called the complete lift of X from M to T*M.

Definition 4.—Manifold symmetries—Let (M, H) be a
Hamilton geometry, X = &%(x)d, be a vector field on the
manifold and X¢ = £49, — pqaagqéa be its complete lift to
T*M. A manifold symmetry of the Hamilton geometry is a
diffeomorphism ¢ of M whose generating vector field X
satisfies

X¢(H) =0. (44)

Manifold symmetries are of particular interest in Hamilton
geometry since they are the generalization of the usual
symmetries of a manifold in metric geometry. For the
metric Hamiltonian H, defined in Eq. (2) the symmetry
condition X¢(H) = 0 becomes the condition that the Lie
derivative of g with respect to X has to vanish. To see this
observe that for vector fields X© the symmetry condition
(38) can be rewritten in terms of g/:

1. - 1 - -
SOVXC(H) = 5 (£°0,0"0"H - 0,6 0"0H
— 0,6"0"0°H — p,0,£10"9"0°H)
— guﬁagHmn _ aagngHma _ aaé:mana
- pqaafqéag[-[mn' (45)
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Now for H = ¢°*(x)p,p, the Hamilton metric satisfies
g% (x, p) = g**(x), thus the momentum derivative acting
on the metric vanishes and we obtain in this case, due to the
homogeneity of H,

1 _
zpnpmanamXC(H) = pmpn‘CXgmn(x)

= XC(H) =0 Lyg=0. (46)

Manifold induced symmetries always lead to a conserved
phase space function. In virtue of Eq. (42) the following
holds:

X(H) =0 % {£(x)p,. H} = 0. (47)

Examples of generators X for manifold induced symmetries
one may consider are the generators of spherical symmetry
as they are used in Schwarzschild geometry or the
cosmological symmetry generators which generate a homo-
geneous and isotropic geometry. We like to remark that for
general symmetries Z of the Hamilton geometry it is not
possible to translate them into a condition on the Hamilton
metric as it is possible for manifold symmetries in Eq. (45).
Thus symmetries in a Hamilton geometry are really
characterized by the equation Z(H) =0 and not neces-
sarily by conditions on the Hamilton metric. For the sake of
overview we summarize the results of this symmetry
section by displaying the three kinds of symmetries we
distinguished:

(i) A vector field on phase space generates a symmetry

of Hif Z(H) =0

Z =E(x,p)0, + &,(x. p)o“. (48)

(ii) Constants of motion S(x, p) satisfy {S, H} = 0 and
induce symmetries

Zg = 089, — 0,50°. (49)

(iii) Vector fields X = &%(x)d, on spacetime generate
symmetries of H if X¢(H) =0

XC = éaaa - pqaagqéa~ (50)

This section on symmetries of Hamilton spaces
concludes our review and physical discussion of the
Hamilton geometry of phase space. Next we study the
geometry of the first order g—de Sitter dispersion relation
and compare it to the geometry of the usual metric
dispersion relation.
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III. HAMILTON GEOMETRY OF PLANCK-SCALE
DEFORMED DISPERSION RELATIONS—¢-DE
SITTER-INSPIRED EXAMPLE

In this section we are going to show one explicit example
of Hamiltonian geometry defined by a dispersion relation
that describes a relativistic Planck-scale deformation of the
propagation of particles on de Sitter spacetime. We will
demonstrate explicitly how a change in the dispersion
relation of freely falling point particles changes the phase
space geometry and with it the geometry of spacetime.

The model we consider is inspired by the g—de Sitter
Hopf algebra [35-38], which is the only known fully
consistent example of Planck-scale deformations of the
de Sitter relativistic symmetries.6 This example is particu-
larly interesting since the nontrivial interaction between
spacetime curvature and Planck-scale effects is fully
apparent. The quantum deformation parameter ¢ is a
function of the two physical parameters entering the model:
the expansion rate i and the Planck-scale deformation
parameter £ that is basically the inverse of the Planck
energy (£ ~ 1/Ep). Different choices are possible for the
actual dependence of ¢ on & and Z [26]: we will consider
the case where, in the limit where the spacetime curvature
goes to zero, the model reduces to the much studied x-
Poincaré Hopf algebra [22,39,40], describing Planck-scale
modifications of the special relativistic Poincaré group. The
momentum space geometry encoded in the x-Poincaré
group has been shown to be the de Sitter one. Note that
this statement is true when the momentum manifold is seen
as the base manifold. Here, the momentum manifold is a
part of the full phase space. Thus, while still finding that the
momentum space associated to k-Poincaré is curved, we
should not expect it to have de Sitter curvature.

Before going to the actual example, we will first consider
the general case of a metric Hamiltonian plus a Planck-
scale perturbation term, and investigate the modifications
of the phase space geometry to first order in the
perturbation.

A. First-order perturbation of metric Hamiltonian

Consider the following modification of the metric
Hamiltonian, governed by the parameter €, with dimensions
of the inverse of an energy:

H=Hy+eH, = ¢**(x)p,py + €G*(x)pupypp.. (51)

It induces via its level sets a modified dispersion relation.
Introducing

°In [28] modifications of the de Sitter dispersion relation
were also considered, but only at the single-particle level.
The g-de Sitter Hopf algebra provides also a framework for
describing particle interactions via the coproduct of the trans-
lation generators.
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gH]ah — Eaaabl_]l — 3Gahcpc’

9" b = 9ai9;9™Y = 3G 4, P, (52)

the Hamilton metric, see Eq. (7), and its inverse can be
calculated to first order in € to be

gHab — gab + €gH1ab’
ij H
Jap = Jab — €9aj96i9"" = Gap = €9ay-  (53)

With this notation the Hamilton nonlinear connection
coefficients, which we defined in Eq. (16), become, to
first order in ¢,

3
Na, = _pqrqab + GZ pcpd(gqbvanCd + gqavquCd
- 2gmugnbgqcqudmn) (54)

= _pqrqab + epqprTqrab(x>’ (55)

where here V denotes the Levi-Civita covariant derivative
of the metric g,,(x) and the last equality defines the tensor
T with components 79" ,,(x). Indeed we find that the
nonlinear connection coefficients are no longer linear in the
momenta, as they are in metric phase space geometry
(e = 0). The phase space curvature, see Eq. (25), which
measures the integrability of spacetime as subspace of
phase space can be calculated to be

Rahc(x’ p) = quqahC(x) + epqpr(chqrah(x)

- vqurac (X)) (56)
The zeroth order in € is given by the Riemann tensor
R%,,.(x) of the Levi-Civita covariant derivative of the
metric ¢ and the first order correction, quadratic in the
momenta, by the covariant derivatives of the tensor field 7.
The curvature of momentum space and spacetime as

subsets of phase space, introduced in Egs. (32) and (34),
defined by the associated connection coefficients (29)

2
o, =T4.(x)+ €§Pq9ad(vdGbcq =V,Goy? =V Gpy)
=T+ €pquabca (57)

3
Cib, = —e3 G, (58)

become
RH“bcd(x’P) = R%cq(x)
3
+ep, <VcY"”bd = Vay®pe + ZRqrchmh>

(59)
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0,"(x,p) = 0. (60)

Observe that the spacetime curvature part is given by the
Riemann tensor and is not dependent on the momenta in
lowest order, while the momentum space curvature is at
least of second order in e. In fact, cubic terms in the
momenta contribute to the curvature in the momentum
space sector only at higher orders in e.

The phase space geometry we derived here is built from
one function on phase space, the Hamiltonian, or equiv-
alently from two tensors g and G on spacetime. Thus, at
first order in the deformation parameter, one can interpret
|

PHYSICAL REVIEW D 92, 084053 (2015)

the Hamilton geometry of phase space as multitensor
geometry, from a spacetime point of view.

As the last part of this section we display the Hamilton
equations of motion for the Hamiltonian above:

pa + aang(x)pcpd + €aaGb6d(x)pbpcpd = 07
i =2g" (x)pp — 3¢G(x) pypp. = 0. (61)
To understand their relation to the autoparallel equation of

the Hamiltonian phase space geometry to first order in € we
write the first one in the form (23)

pa + <_pmrmab + €pqprTqrab(x))(2gbC(x>pc —+ €3Gb6d(x)pcpd> = _5aH
pa - 2Fmabpmgbcpc + epqprpc(qurabgbc - 31—‘cabiqr) = —€DPyPrDc (vanrc - 2Trqabgbc)' (62)

The left-hand side of the last equation above is the term
Pa + N0 H, which, set equal to zero, is the autoparallel
equation of the geometry. Here we have a nonvanishing
right-hand side in the equation which prevents the test
particles from moving along autoparallels of the geometry,
due to the inhomogeneity of the Hamiltonian to first order
in €. In zeroth order we recognize the geodesic equation of
the metric Hamiltonian where the particles indeed propa-
gate along autoparallels of the geometry.

After this general discussion of the modifications of
phase space geometry induced by Planck-scale corrections
to metric dispersion relations, we go on detailing the
explicit example inspired from the g—de Sitter model.

B. The g—de Sitter phase space geometry and
its x-Poincaré limit
The g—de Sitter Hopf algebra is characterized by a
Casimir which can be encoded in the Hamiltonian’

Hys(x,p) =Hy+¢H,
= p5—pi(1+2hx") = €popi(1+2hx"), (63)

where we use ¢, the inverse of the Planck energy, as
perturbation parameter in the momenta and /4 is the
expansion rate parameter. We work at first order in ¢
and & in 141 dimensions. Note that H, here is the
standard de Sitter Hamiltonian, written in flat slicing
coordinates [26,42]:

Hy = pg = pi(1 +2hx0). (64)

7As mentioned before, we consider a specific realization of the
g—de Sitter model, where the quantum deformation parameter ¢ is
fixed as a function of the two parameters 4 and ¢ so that the two
limits discussed in the following hold. See [26] for details.

[

For h =0 the g—de Sitter Hamiltonian reduces to the
k-Poincaré Hamiltonian, written in the bicrossproduct
basis [22]:

H,p = p§— pi —£popi- (65)

Thus all results derived in this section immediately translate
to the k-Poincaré dispersion relation by setting 4 = 0, or to
the standard de Sitter dispersion relation for £ = 0}

The symmetries of the full Hamiltonian H g are induced
by the following phase space functions which are constants
of motion:

Py(x,p) = po+ hx'py, Py(x,p) =p;, (66)

|
N(x,p) = pix° + pox' + h <p1(x0)2 + Qpl(xl)z)

1
- f(xlpoz + Exlp%>

3
- hf(ﬁ%xoxl +5 Pop (x1)2>- (67)

They all Poisson commute with the Hamiltonian (63).
Observe that P, is also a manifold induced symmetry
according to our definition in Sec. II D, while Py and N are
not. Of course these symmetries are the same provided
within the g—de Sitter Hopf algebra framework.

We now derive the building blocks of the phase space
geometry for this Hamiltonian. The H-metric can easily be
obtained as

*The formal similarity between the geometries given by (64)
and (65) have been explored in [42].
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1- -
gHubzzaaaquds

_<1 —£p(1+2hx°) > (68)
C\=p (14200 —(1+20x")(142py) )’

1
H P—
g ab (‘fpl

The nonlinear connection coefficients, directly calculated
from their defining Eq. (16) are

he p? h
Nab:< P1 P ) (70)
hpy  hpo(1="2£py)

—fpl
(1= 2m0)(1 - m))' (69)

Observe that they vanish in the k-Poincaré limit, since there
h = 0. The same is true for the horizontal connection
coefficients I'%?;,. (29). In the g—de Sitter phase space they
are

F‘SOOOZO’ Fﬁomz—hfplv 1“5011:_},(1_2{190) (71)

My ==htp,, T°g=—h, T I%hfpl- (72)
Thus the curvature of spacetime as subspace of phase space
contains a momentum dependent part at first order in £ as
we anticipated in Eq. (59). In the x-Poincaré limit the
spacetime curvature vanishes, so the spacetime is flat. The
coefficients for the momentum space curvature are derived
from —199g/® = C®¢ and neither vanish in the g—de
Sitter case nor its x-Poincaré limit:

000 — 0, Ccoor — 0,

¢
M =Z(1+2m"),  CM=0 (73)

and thus —1g0%gtrt = C

COO() :0, COOI :0, COlo :0, Clll :O, (74)

01 __ 11 _
Cl*_v CO*

g (1+2m:0).  (75)

ST

The momentum space curvature is, as explained in the
previous section in Eq. (59), of order #2.
The Hamilton equations of motion (12) read’

10 =2py+ £pi(1 +2hx°) =0, (76)

°A complete analysis of the kinematics implied by these
equations of motion will appear in [49].
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x4+ 2p1 (14 2hx°) 4+ 2 popi (1 + 2hx°) =0, (77)
po —2hpt —2h¢pop} =0 (78)

p1=0. (79)

As in the previous section we write the last two in the
form (23):

po —2hpt = 2k pypi (80)
pr—¢hpy = —hep3. (81)

Due to our previous studies it is no surprise that they are
not autoparallels, what they would be if the left-hand side
of the above equations were zero. There is a forcelike term
which drags the particles away from autoparallel motion
due to the different homogeneities of the different terms H,,
and H, in the Hamiltonian.

IV. AN OVERVIEW ON THE POSSIBLE
PATHS TO QUANTIZATION

At this point, some remarks might be in order,
concerning the manifestly classical nature of our frame-
work. As mentioned already in the Introduction, we are
here concerned with a regime where 7 — 0 in such
a way that the Planck energy stays finite. As it stands,
the considered deformations of the classical dispersion
relations can be viewed as capturing in an effective way
some important features of a more complete theory of
quantum gravity. However, for applications to Planck
scale phenomenology it is important to see explicitly
how deep into the quantum regime Hamilton geometry
carries. When 7 # 0, for both the x-Poinceré and ¢—de
Sitter models there exists an associated homogeneous
spacetime (for the x-Poinceré case this is known as «-
Minkowski space [50,51]). Most strikingly, in this case
one finds nonvanishing commutation relations between
functions on spacetime—a feature that still awaits
rigorous operational interpretation [50], especially in a
generally covariant approach as ours, where coordinates
should lose any meaning that goes beyond that of being
mere labels of events. The noncommutativity of the
functions of spacetime coordinates is usually encoded in
modified commutation relations between coordinates
operators. This requires a deformed symplectic struc-
tures to properly enforce the Jacobi identities. As
pointed out before (see Sec. IT A), at the classical level
it is always possible to map a nontrivial symplectic
structure into the canonical one, the Hamiltonian being
mapped accordingly [41,42,52]. At this level the kin-
ematics is equivalent and the symplectic structure is
only a matter of choice. Yet, one would hope that in the
context of Hamilton geometry a generalized procedure
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exists,'” which in small spacetime regions is able to
reproduce features of x-Minkowski space. Having this
procedure at hand, one could try to apply a quantization
procedure used in the flat spacetime case.

Literature offers quite a few examples of possible quan-
tized versions of such flat spacetime limit. These can be a
source of inspiration. There are two main attempts to a
quantized theory: one aims to obtain a relativistic quantum
mechanics of the classical theory; another one aims at a
(possibly quantum) field theory on a noncommutative
bundle. The first [S0] attempt points towards the construction
of a proper set of states able to represent freely moving
particles, enforcing a x-Poincaré version of the relativistic
symmetries. The other approach [53] tries to give a path
integral description of a field theory over a noncommutative
spacetime. More in general, the aim is to get the quantum
dynamics of a field over a phase space whose symmetries are
deformed with respect to the special relativistic ones. Since
the same classical model can be obtained as a classical limit
of many different quantized frameworks, one should be very
cautious in choosing one or another approach to quantiza-
tion, without a serious scrutiny of the physics that those
different frameworks would imply.

V. CONCLUSIONS AND OUTLOOK

With the interpretation of a dispersion relation as a level set
of a Hamilton function on phase space we were able to derive
the Hamilton geometry of phase space directly from the
dispersion relation. We identified the spacetime and the
momentum space as subspaces of phase space and consis-
tently described their geometry. It turned out that for a general
dispersion relation, i.e. a general Hamiltonian, the geometric
objects of spacetime and momentum space, like covariant
derivatives and curvature, depend on positions and momenta.
That means that in general it is not possible to disentangle the
geometry of spacetime and the geometry of momentum
space: they are intertwined as parts of the geometry of phase
space. A disentanglement of the geometries into a geometry
of spacetime that is not momentum dependent and a
geometry of momentum space that is not position dependent,
is only possible for very special dispersion relations: for
Hamiltonians whose third derivative and higher order deriv-
atives with respect to the momenta vanish the momentum
space geometry is flat and the spacetime geometry is the
usual metric spacetime geometry, while for Hamiltonians that
do not depend on the spacetime coordinates we find a flat
spacetime and a possibly curved momentum space.

"In order to realize such a scenario a possible strategy would
identify vector fields on 7°M which are invariant under the
symmetries of the Hamiltonian and induce translations along the
fibers, i.e. translate in momentum space. Those could be regarded
as the natural candidates for position operators in a quantum
theory. A more careful analysis in this direction is left to the
future.
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We have observed that Hamilton geometry can be
effective in the description of the phase space geometry
when Planck-scale modifications of particles’ dispersion
relations are introduced. This is especially useful when
modifications are introduced for particles moving in a
curved spacetime, which is a relevant case for phenom-
enological purposes, but until now has been very difficult to
describe in a coherent framework.

The Hamilton equations of motion, which determine the
trajectories of test particles through phase space, become
the autoparallel equation of the phase space geometry with
a source term, so that the effect of Planck-scale modifica-
tions on phase space geometry is to drag particles away
from purely geometric free fall. This is characteristic of
Planck-scale modifications: in Theorem 2 we found that for
all Hamiltonians that are homogeneous with respect to the
momenta these source terms vanish and the test particles
propagate on autoparallels through phase space.

In order to give explicit examples of how phase space
geometry is modified at the Planck-scale, we analyzed, at
the first order in the perturbation parameters, the phase
space geometry associated to the dispersion relation of g—
de Sitter Hopf algebra, which includes as a limit the phase
space geometry of the k-Poincaré Hopf algebra dispersion
relation. The g—de Sitter phase space geometry yields a
curved spacetime manifold and a curved momentum space.
We showed explicitly that spacetime curvature depends on
both positions and momenta. The momentum space cur-
vature is nonzero, but of second order in the Planck-scale
deformation parameter ¢, so we did not give an explicit
expression. In the x-Poincaré limit of the g—de Sitter
Hamiltonian the spacetime becomes flat and the momen-
tum space is curved. Since the g—de Sitter Hamiltonian is
inhomogeneous in the momenta the Hamilton equations of
motions are not the autoparallels of the geometry but
contain a forcelike term. Symmetries in the Hamilton
geometry framework are simply the symmetries of the
Hamiltonian, and we have shown that in the g—de Sitter
case they are the same as the ones described by the Hopf
algebra, at the single particle level.

We have not yet developed a coherent description of
particles’ interactions. This is expected to be nontrivial,
since we know that relativistic compatibility would require
to modify energy-momentum conservation. We learned
from the Hamilton geometry framework that if both
spacetime and momentum space are nontrivially curved
we have to consider tensor fields on phase space to describe
the motion of particles. The challenge is then to identify the
appropriate tensors on phase space which describe the
interaction of point particles. We seek for an appropriate
representation of the momentum of a particle, classically
being a one form on spacetime, and now to be generalized
in terms of a tensor field on phase space. Having clarified
such an identification we will investigate how the inter-
action of particles can be formulated through these phase
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space tensors. We imagine that a realization of the addition
of momenta in Hamilton phase space geometry could be
possible by parallel transport of the momenta, identified as
tensors on phase space, along autoparallels in momentum
space, similarly to what is done in the relative locality
context, where momentum space is taken as curved base
manifold and spacetime is flat [19,54]. Based on the
foundations laid in this paper we plan to address this issue
soon in a further publication.

Another feature that has to be clarified when dealing
with a nonmetric phase space geometry is the description of
observers. The observer frames used in general relativity
clearly have to be modified since in general there is no
underlying spacetime metric to obtain such frames. It is
necessary to define observers directly from the Hamiltonian
instead. One approach to do so is to use the notion of radar
orthogonality to construct a spacetime split for each
observer worldline, a procedure that has been successfully
applied to Finsler spacetimes in [55]. Another interesting
approach based on the analysis of the geometry of observer
space in terms of Cartan geometry is proposed in [56—58].

Apart from quantum gravity phenomenology general
Hamiltonians appear in the geometric optics limit of the
study of partial differential equations. They determine the
propagation of ray solutions of the partial differential
equation. Here the Hamilton geometry leads directly to a
geometric understanding of the trajectories along which the
ray solutions propagate since the Hamiltonians are homo-
geneous and thus the rays propagate along autoparallels of
the phase space geometry.

N,,0°H =

-1

A= A= A=

r—1 r—1

APPENDIX B: THE GEOMETRY OF THE
COTANGENT BUNDLE

The mathematical language we used to derive the
geometry of phase space from a Hamiltonian, respectively
a dispersion relation, in Sec. II is the geometry of the
cotangent bundle. Since we aimed to not overload the main
text of this paper with technical mathematics we add some
details on the general geometry of the cotangent bundle
here. To make this Appendix optimally and self-contained
readable there may appear some repetitions from the main
text. In particular we emphasize the role of the bundle

(2(1‘—2) 0,H + 2r aaH) —O.H. .
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APPENDIX A: PROOF OF THEOREM 2

In Sec. IB we introduced the Hamilton nonlinear
connection and discussed its properties. For homogeneous
connections we claimed in Theorem 2 that

6,H = 0,H — N ,,0°'H = 0. (A1)
Here we display the proof of the Theorem.

Proof of Theorem 2.—For homogeneous functions

Euler’s theorem holds, see for example [59] for a proof,

p.0°H = rH, (A2)

and thus yields the following relations:

- 2
a“H:gH“qpq—, H =
r—1

Hagp p.. (A3
=17 PaPa (A3)

Using these we derive

. 2 -y - = 2
(8”H8’H8,-g’:b — T peg PO H o, 4 O Hylh0, 0 H + rTr1 aaH>

. 2 _. _ _. 2
<—a,.abHa’Hg5b + PO H D'+ D H0,0'H + frl BaH>

(A4)

structure of the cotangent bundle i.e. the local split into
fibers and base manifold, physically speaking into momen-
tum and position space. The building block of the
geometry is a general connection that splits the tangent
and cotangent spaces of the bundle into horizontal and
vertical parts; again, in physical words, into tangent spaces
along spacetime and tangent space along momentum
space. This then leads to the notion of curvature and
covariant derivatives. The mathematical concepts we
present here are a particular application of general con-
nections on fiber bundle, see for example [60], to the
cotangent bundle.
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1. The cotangent bundle in manifold
induced coordinates

As we mentioned in the main text in Sec. I A the
cotangent bundle of an n-dimensional manifold M is itself a
2n-dimensional manifold 7*M. It is the union of all
cotangent spaces of M:

"M = |J TiM.
qeEM

(B1)

It carries the natural structure of a fiber bundle with total
space T*M, fiber R" and projection map z that associates to
each one-form Q € TyM the point ¢ € M. In a local
coordinate chart (U,x) around ¢ € M we can expand
the one-form Q in these coordinates as Q = padx“; . The

components p, of Q with respect to the local coordinate
basis of T,M and the coordinates x* of the base point g €
M can now be used as so-called locally manifold induced
coordinates of 7*M around T;M C T*M. In these coor-
dinates we write Q = p,dx{; = (x, p) € T*M. From now

on we consider the cotangent bundle in manifold induced
coordinates, exceptions are stated explicitly. Changing the
coordinates on the base manifold M from x to X(x) induces
a coordinate change of the manifold induced coordinates on
the cotangent bundle according to the transformations of
one-form components on the manifold Q = p,dx!

|x
Pa % (x()?))d;‘f;(;) = i’bd;‘ﬁ}:

(5.20) = (0. Pulrp)) = (360 g5} (B2)

The manifold induced coordinates lead directly to the
coordinate basis of the tangent 7', ,)7"M and cotangent

TZ‘X‘F)T*M spaces of the cotangent bundle. They are

spanned by

* _ 0 0 _ b
T(x,p)T M= <@16—Pb> - <aa’8 >,

T: T*M = (dx“,dp,),

(v.p) (B3)

where we introduced the shorthand notations 0, for the part
of the coordinate basis of 7', ,)7*M corresponding to the

coordinates x“ of the base manifold and 0° for the part of
the coordinate basis of T, ,T*M corresponding to the
coordinates p,. Their transformation behavior under a
change of the manifold induced coordinates yields

(04 8%) = (9,,0")

= (D,x?8) + 0, pyd", 0,5°0") (B4)
(dx*,dp,) — (dx*,dp,)
= (0px%dx, 0y padx’ + 0" p.dpy).  (BS)

PHYSICAL REVIEW D 92, 084053 (2015)

Due to the fact that the coordinate transformation is

induced by the coordinate transformation matrix 9,x” on
the base manifold which only depends on the x respec-
tively ¥ coordinates we see that the * and dx* transform
just like tensors on the base manifold, while the 0, and
the dp, transform in a more complicated way. The 0
span the tangent space to the fibers of 7T*M which
happens to be the kernel of the differential dz of the fiber
bundled projection z. In fiber bundle language one calls
this set the vertical tangent space V(. ,T*M of the
cotangent bundle. It is annihilated by the so-called

horizontal cotangent space H’(kx p>T*M of the cotangent

bundle which is spanned by the dx“ part of the basis of
T )T™M, ie. dx?(0”) = 0. It is possible to obtain a
complete basis of T, ,\7*M and T?W)T*M which trans-
forms under manifold induced coordinate transformations
like tensors on the base manifold by the introduction of a
connection on 7*M. Such a connection defines the
geometry of the bundle which respects the bundle
structure.

2. Connections on the cotangent bundle,
curvature and autoparallels

In Sec. IB we introduced a distinguished unique
connection on the cotangent bundle, which enabled us to
study the geometry of momentum and position space as
subspaces of phase space.

A connection on the cotangent bundle is a projection
from the complete tangent space of the cotangent bundle
onto the vertical tangent space, which we just introduced
above.

Definition 5.—A connection one-form @ on the cotan-

gent bundle is a projection, wow = w,
0 p): T T"M = Vi) TM. (B6)
Expressed in manifold induced coordinates it takes the
form
D(x.p) = (dpa + Nab(x’ p)dxb) ® 0. (B7)
The components N, (x, p) are called connection coeffi-
cients of w.

A general connection @ is also called a nonlinear
connection to clarify the difference to affine connection
geometry. This means for a general connection the con-
nection coefficients N, (x, p) may depend quite arbitrarily
on the fiber coordinates p, where in affine connection
geometry they are linear in the p, and can be written as
Nay(x, p) = pI€4,(x). Then the I'*;.(x) are the connec-
tion coefficients of an affine connection; for example
they may be the Christoffel symbols of the Levi-Civita
connection used in metric geometry. We calculate the
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change of the connection coefficients under a manifold
induced coordinate transformation by comparing o =

(dpa+Nap(x, p)dx") @ 0" = (dp o + Ny (%, p)di*) @ 9"
We find

N, = équg?mpq + N 0, xP 0, x°. (B8)
This transformation behavior of the connection coeffi-

cients enables us to find the complete basis of
T p)T*M and T p)T*M which transforms like tensor

(x.

components on the base manifold under manifold induced
coordinate changes. Introducing the linear combinations of
the coordinate bases

8p = O = Nop0*, 8py = dpy + Npdx,  (BY)
where the &, span the kernel of the connection one-form w
and the §p,, annihilate this kernel 6p,,(8,) = 0, we find the
new complete basis with desired transformation behavior

8, = 0,%"8), and Sp, = émxbépb:

TopT"M=(5,.0), T;

(op) T"M = (dx“.5p,).

(B10)
In standard fiber bundle language the span of the J, is
called horizontal tangent space H(, ,T*M of the cotan-
gent bundle and the span of the dp, vertical cotangent

space sz’p)T*M of the cotangent bundle. Thus a con-

nection on the cotangent bundle enables us to split the
tangent and cotangent spaces of the cotangent bundle in
the vertical and the horizontal part. The vertical space
represents the tangent respectively cotangent space of
the fiber and the horizontal part represents the tangent
respectively cotangent spaces of the base manifold in the
tangent respectively cotangent spaces of the cotangent
bundle.

Recall that an (n,m) d-tensor field T is a tensor
field on the cotangent bundle for which the following
holds:

T(Xys Xy Ay, s A)

=T(Py(X))..... Pp(X,,). P (Ay).... P"(A,)).  (BI)
where P; is a projector on the horizontal or vertical
tangent bundle of the cotangent bundle and P is the
projector on the horizontal or vertical cotangent bundle
of the cotangent bundle. For example the components
of the Hamiltonian metric, defined in Eq. (7), define
(0,2) d-tensor fields like ¢"*’(x, p)dp, ® ép;, or
g% (x, p)dx® ® dx”. To find the desired unique nonlinear
connection we introduce a so-called dynamical covariant
derivative V that acts on d-tensor fields 7' with components
T, 4 (x,p) as follows:

PHYSICAL REVIEW D 92, 084053 (2015)

VTasany, = (99H9,—0,HOP )T,

+ON T My gy, QU TN Ly,

— Q) Ty == Q) Ty .
(B12)

Observe that the differential operator acting on the com-
ponents of the d-tensor field is given by the Poisson bracket
between H and the components. Further details on the
dynamical covariant derivative, which is usually introduced
on the tangent bundle of a manifold, can be found in the
book by Bucutaru and Miron [61]. Here we used the
Legendre transform to define a dynamical covariant deriva-
tive directly on the cotangent bundle. The Q¢, are the
connection coefficients of a nonlinear connection on the
tangent bundle that is dual to the nonlinear connection we
seek to find on the cotangent bundle

0%, = 2N ,g"19% — 9“0, H. (B13)
The derivation of the Q% can be found in Appendix C.

The curvature of a connection, introduced for the
Hamilton connection in Eq. (25), is a measure of integra-
bility of the horizontal bundle, which is the union of all
horizontal tangent spaces.

Definition 6.—The curvature of the Hamilton nonlinear
connection.—Let (M, H) be a Hamilton geometry. We call

[éav 517] = (_5aNcb + 517Nca)ac = Rcabac (B14)
the curvature of the connection.

By Frobenius’ theorem, see for example [62], this object
indeed measures the integrability of the horizontal bundle.
It is integrable if and only if R,,. = 0. This means the
spacetime manifold M is a submanifold of phase space
T*M if and only if the curvature of the connection
vanishes. The curvature of the nonlinear connection does
not require further structures and is completely determined
by the nonlinear connection.

Autoparallels of the connection are curves y: R — T*M
with purely horizontal tangent. Thus y is an autoparallel if it
satisfies

pa +Nab(x’p)xh:0’ (BIS)

since then its tangent is indeed purely horizontal:

y(1) = (x(1). p(1) = 7 = £, + pad"
— £96, + (pa + Npi?) 3

= %95, (B16)

As final remark of this section we want to mention that a
connection is called compatible with the canonical sym-
plectic structure of the cotangent bundle if it is symmetric,
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ie.if Ny, = N,,. This condition ensures that the canonical
symplectic form vanishes on H, ,T*M. To see this we
write the canonical symplectic form Q in the horizontal-
vertical basis of T, \T*M:

x.y)

Q =dp, A dx® =6p, A dx® — N ,dx" A dx. (B17)

Since 6p,(6,) = 0 we have that Q(8,,5;,) = 0 if and only
if Ny, — Ny, = 0. This is the cotangent bundle version of
the torsion-freeness condition that is employed in metric
geometry and we used to find the Hamilton nonlinear
connection in Definition 2 and Theorem 1.

APPENDIX C: DUAL CONNECTIONS

In Appendix B 2 we discussed that a connection @ on the
cotangent bundle induces a split of the tangent spaces of the
cotangent bundle into horizontal and vertical subspace

TupT'™M =H ) T'M & V(. ) T'M

= (6.) @ (0°). (C1)

In Hamilton geometry we introduced the duality map ff in
Eq. (14) which maps the cotangent bundle of the manifold
to the tangent bundle. A connection @ on the cotangent
bundle defined through connection coefficients N, (x, p)
is called dual to a connection @’ on the tangent bundle
defined through connection coefficients N%,(x,y) if the
duality map maps the horizontal tangent spaces of the
cotangent bundle onto the horizontal tangent spaces of
the tangent bundle. Here (x, y) denote the manifold induced
coordinates of the tangent bundle [34]. The horizontal
tangent spaces of the cotangent and the tangent bundle are
spanned respectively by

511 = 811 - Nab(x’ p)éb’
5; = au - Nba(xvy)ébv

PHYSICAL REVIEW D 92, 084053 (2015)

where 0, = 0/0y®. Thus the condition that two connec-
tions are dual is

dﬁ<x,p) (5a) = %W(x_p)‘ (C3)

Recall the definition of f from which we derive the action
of its differential

f: T"M — TM
(x,p) = f(x, p) = (x,0°H(x, p))
= (x,y*(x, p)) (C4)
Axp): Tap) T"M = Ty TM
Z=270,+Z,0" dif. ,(Z) (C5)
= Zadﬁ(x.p) (aa) + Zadﬁ(x,p)(éu) (C6)
=79, + 0,01HD,)
+Z,0°0"H0,. (C7)

Applying this mapping to the horizontal basis vectors in
H, ) T*M yields

dﬁ(x.p) (5a) = dﬁ(xp)(aa) - dﬁ(xp) (Nab ()C, p)éb)
=, + 0,0'Hd, — N ,d" > H,

=0, — (2N g - 0,09H)0,,. (C8)
Thus in order to have a dual connection on the tangent
bundle the connection coefficients have to be related to the
connection coefficients of the connection on the cotangent
bundle by N¢, = 2ququ“ —9,0°H. These are, as
claimed, exactly the (Q¢, which we introduced in
Sec. II B when we defined the dynamical covariant deriva-
tive in Eq. (17) and in the previous Appendix B 2.
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