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The notion of “location” physics really needs is exclusively the one of “detection at a given detector” and the time for each such
detection is most primitively assessed as the readout of some specific material clock. The redundant abstraction of a macroscopic
spacetime organizing all our particle detections is unproblematic and extremely useful in the classical-mechanics regime. But I here
observe that in some of the contexts where quantum mechanics is most significant, such as quantum tunneling through a barrier,
the spacetime abstraction proves to be cumbersome. And I argue that in quantum-gravity research we might limit our opportunities
for discovery if we insist on the availability of a spacetime picture.



A 19th-century Alice could have asked “how do we know
we all share the same time?” To my knowledge nobody asked
the question then. And if some Alice did ask, Bob’s reaction
surely would have been going something like “what a stupid
question! of course we all share the same time!”
We now know that this question is meaningful and actually the
answer is no: we established experimentally that observers in
relative motion do not share the same time.

A similar example of apparently stupid 19th-century ques-
tion can be structured around double-slit experiments. And
sometimes the question we are not asking is about the mean-
ingfulness of a notion we are taking for granted: particularly in
the second half of the 19th century we were very busy attempt-
ing to establish the properties of the ether, but we then figured
out that there is no place in physics for any property of the ether.

To me the most defining mission of science is to establish
which of the questions we are not even asking (implicitly as-
suming their answer is “evidently yes”) is actually a meaning-
ful question whose answer is no. And these notes are about my
latest speculation of this sort: in modern physics, and particu-
larly in quantum-gravity research, we are very busy trying to
establish the fundamental properties of spacetime, and I start
to wonder whether, after all, there might be no properties of
spacetime to worry about.

I am aware of the fact that this speculation is very auda-
cious. Spacetime appears to play a robust reliable role in our
conceptualization of physics (see Figs. 1 and 2). But in some
sense we never actually “see” spacetime, we never “detect space-
time”, and over the last century we gradually came to appreci-
ate that there would be no spacetime without particles. And
if we contemplate the possibility of reducing our description
of Nature to its most primitive building blocks, the most “mini-
malistic” description of physics that is afforded to us, then it be-
comes evident that the notion of “location” physics really needs
is exclusively the one of “detection at a given detector” and that
the time for each such detection is most primitively assessed as
the readout of some specific material clock at the detector. At
least in this sense, the abstraction/inference of a macroscopic
spacetime organizing all such timed detections is redundant.
We could (and perhaps should) build all of our description of
physics, including the so-called “spacetime observables”, us-
ing as primitive/most-fundamental notions the ones of material
detectors and clocks.

Of course, the spacetime abstraction is unrenounceably con-
venient for organizing and streamlining our description of ob-
servations done in the classical-mechanics regime. But I here
highlight some aspects of quantum mechanics, such as tun-
neling through a barrier, for which the spacetime abstraction
proves to be cumbersome. And I argue that, as we try to get
ready for going even beyond quantum mechanics, in the context
of quantum-gravity research, we must contemplate even more
virulent departures from the “spacetime paradigm.” So my the-
sis is that as we get to know Nature better our insistence on the
consistency of the abstraction of a macroscopic spacetime pic-
ture may be gradually transforming from a source of valuable
inspiration into an obstruction to knowledge.

Figure 1: With our resident devices (of course particle detectors) we learn early
on about the robust reliability of our spacetime inferences.

Figure 2: Image courtesy of the ATLAS collaboration; an aspect of Event
71902630, Run 204769 at ATLAS-LHC, a 4-muon event relevant for the Higgs
search. The most primitive ingredients for such analyses are of course timed
particle detections, each one at a specific physical detector among the very
many that compose ATLAS. But key for the success of such experiments is
the fact that it happens to be the case that these observed localizations at detec-
tors all combine to allow us to infer a location for the interaction vertex. It is
indeed crucial for the analysis of this event to establish whether the four muon
tracks (thick red lines) do originate from the same vertex, and this is not a trivial
task, especially because of “pile up”. [Each time two bunches of protons cross
at ATLAS several proton-proton collisions occur (shown in figure as dots where
particle tracks meet) within a region whose size is of only a few centimeters.]
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1. Reliability of the spacetime abstraction in classical me-
chanics

1.1. Emission-detection setups and wasteful redundancies
It is useful for my purposes to start with some comments on
emission-detection-type measurements in a background Minkowski
spacetime. I consider “observers” Alice and Bob, which are
(emitters/)detectors, equipped with clocks. Alice and Bob es-
tablish that they are in relative rest at a distance L with synchro-
nized clocks, by using standard Einsteinian procedures relying
on the time of flight between them of some reference particles
(in practice they would use low-energy photons). Once this is
done, Alice might write the following equation to describe the
“trajectory in spacetime” of a certain specific particle:

x = vt (1)

Of the infinitely many ”potential truths” codified in this equa-
tion only two facts are established experimentally: the particle
is emitted at Alice at time t = 0 of Alice’s clock and the particle
is detected at Bob at time t = L/v of Bob’s clock.

The redundancy of the spacetime abstraction for emission-
detection-type measurements is particularly clear in relativistic
theories, where it plays a role in the relationship between active
and passive relativistic transformations. There the redundancy
is in characterizations such as “the particle was at a distance of
10 meters from Alice, where Bob is”, which evidently can be
fully replaced by “the particle was at Bob”.

1.2. Bubble chambers and convenient redundancies
If all we had were emission-detection-type measurements the
abstraction of a spacetime would have probably never been made,
since in those measurements it is wastefully redundant. But
our “spacetime measurements” are not all of emission-detection
type. Many of them are such that several particles are detected
all attributable to a single spacetime event, and in such cases
the spacetime abstraction is very valuable. I already showed
a striking example of this sort in Fig. 2. And I should stress
how this is important in astrophysics: when a star bursts we de-
tect bunches of particles (mainly photons), and the discussion
of the physics content of these measurements could in principle
be limited to those timed particle detections. But it is evidently
advantageous to recognize that in these instances the sequence
of particle detections can be organized to infer a localized ex-
plosion “far away in spacetime”.

And the spacetime abstraction acquires an added element
of tangibility when we perform sequences of measurements of
localization of the same particle (or body). As representative
of this vast class of measurements let me consider the case of
bubble-chamber measurements. Of course also in a bubble-
chamber setup the primitive measurements are timed particle
detections, typically photographic-camera detections of pho-
tons. That collection of photons however proves to be reliably
describable in terms of inferences for the positions of certain
bubbles, and in turn the collection of positions of bubbles al-
lows us to build an inference of “trajectory” for a charged mi-
croscopic particle. Evidently here too the spacetime abstrac-
tion is redundant, but the advantages of adopting the spacetime-
trajectory inference in such cases are undeniable (see Fig. 3).

Figure 3: A cartoonist impression of the type of information we gather with
bubble-chamber experiments (the choice of specific example is based on an im-
age shown in The Particle Odyssey: A Journey to the Heart of the Matter by
F. Close, M. Marten and C. Sutton). The color-coded particle trajectories show
an antiproton (grey) colliding with a proton at rest (not visible), and thereby
producing four π+ (positive pions; red) and four π− (negative pions; green).
One of the π+ decays into a muon (yellow) and a neutrino (not visible). A
magnetic field in the chamber causes the trajectories of positively-charged par-
ticles to bend in direction opposite to the one for negatively-charged particles.
All this information is of course also coded in the “primitive measurements”
here relevant, which are photographic-camera detections of photons from the
bubbles. But the description in terms of that huge number of photon detec-
tions at the photographic camera is far less advantageous than the streamlined
description in terms of “spacetime trajectories” of a few charged particles

2. Spacetime and the ether

I have so far only highlighted some aspects of the redundancy
of our spacetime inferences.
What is then spacetime?
Does spacetime “exist”?
I shall leave these questions to the appetites of philosophers.
Physics can confine their discussion to two simple observations:
(i) the fact that we can add reference to a “spacetime” without
adding any new item to our list of elementary/primitive mea-
surement procedures (still only timed particle detections) is a
complete proof of the redundancy of spacetime in science;
(ii) but, while awareness of its redundancy may at some point
be valuable, the abstracted notion of spacetime is tangibly use-
ful, and as long as this is the situation there would be no reason
for us to change the way we use this notion.

It will be clear from these notes that I am speculating about
the possibility that the status of spacetime in our current theo-
ries might resemble the status of the ether at the beginning of
the 20th century. This was nicely summarized by Poincaré [1]:
Whether the ether exists or not matters little - let us leave that
to the metaphysicians; what is essential for us is that every-
thing happens as if it existed, and that this hypothesis is found
to be suitable for the explanation of phenomena. After all have
we any other reason for believing in the existence of material
objects? That too is only a convenient hypothesis; only it will
never cease to be so, while some day, no doubt, the ether will
be thrown aside as useless.
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3. Spacetime in quantum mechanics

Is our insistence on the availability of consistent spacetime
inferences always useful, or at least harmless?
Interesting challenges for the spacetime abstraction are already
found within quantum mechanics, even though it may appear
that one can list very many quantum-mechanics applications
where the spacetime abstraction proves to be reliable. In most
cases quantum mechanics is tested in experimental contexts
where (because of the physical scales involved) most of the
analysis is still conducted within classical mechanics, with only
a few agents in the measurement procedure needing quantum-
mechanical treatment. It is therefore legitimate to suspect that
much of the success of our spacetime inferences in standard
applications of quantum mechanics might be simply inherited
from classical mechanics. And there are hints that this might
be the case. I have a long-term project attempting to substanti-
ate rather broadly the limitations that the spacetime abstraction
faces within quantum mechanics [2]. For the purposes of these
notes it is sufficient for me to comment, in this section, on two
of these examples of open challenges for our understanding of
quantum mechanics which may suggest that the spacetime ab-
straction is already turning from useful to cumbersome.

3.1. Troubles with special-relativistic position observable
Let me start by looking back at Subsec. 1.1, where I com-

mented on the redundancy of the spacetime abstraction for cer-
tain emission-detection-type measurements. Now let us imag-
ine that the particle sent out by Alice reaches Bob in a case
where quantum mechanics is very significant. For example we
could consider a suitable “double slit” between Alice and Bob.
Famously the spacetime description must be creatively adapted
to such contexts. At least within the Galilean-relativistic ver-
sion of quantum mechanics there still is a legitimate place for
the spacetime abstraction: we cannot infer anymore a definite
spacetime trajectory for a particle but we have a position ob-
servable X̂(t) which encodes in probabilistic manner the infor-
mation on the spacetime trajectory of the particle. However, in
spite of a stubborn effort by the community lasting for some 80
years, we have not found a suitable position observable general-
izing to the special-relativistic theory this luxury of the Galilean
limit. Several attempts have been made primarily inspired by
early work by Newton and Wigner [3], but the outcome remains
largely unsatisfactory [4, 5].

Our understanding of the origin of this challenge has im-
proved significantly over the last decade through work [6-9] es-
tablishing a covariant formulation of quantum mechanics. There
one sees (as here summarized in Appendix A) that both the
spatial localization X and the time localization T are not good
(“Dirac”) observables of the theory, because they do not com-
mute with the Hamiltonian constraint. It is increasingly clear
that the observable aspects of special-relativistic quantum me-
chanics are all codified in properties of the asymptotic states,
with the properties of the “prepared” (incoming) asymptotic
state being linked to the properties of the “measured” (outgo-
ing) asymptotic state by an “S-matrix”. And evidently this is a
good match for the conceptual perspective I already introduced
in Subsec. 1.1, where I observed that even within classical me-
chanics all that physics really needs can be coded in properties
of the “prepared” system (at Alice) and properties of the “mea-
sured” system (at Bob). Matters being as this we do need mate-
rial detectors and material clocks but we do not need spacetime.

3.2. Troubles with quantum tunneling
The observations I reported so far may appear to suggest

that the spacetime abstraction is robust in the Galilean limit of
quantum mechanics, but looses some of its reliabiilty in the
special-relativistic case. But actually already in the Galilean
limit of quantum mechanics the spacetime abstraction runs oc-
casionally into troubles, especially when quantum-mechanical
effects are dominant. For the purposes of these notes (I shall
discuss more examples in Ref. [2]) let me clarify what I mean
by this characterization by focusing on the specific example of
quantum tunneling through a barrier.

In the classical limit a particle encountering a potential bar-
rier higher than its kinetic energy simply cannot manage its way
to the other side of the barrier. Quantum-mechanical effects
provide such a particle with a small probability of ending up on
the other side of the barrier. This is well known and well under-
stood. But how should one describe the position of the particle
when it is formally “inside” the barrier? And especially how
much time does it take a particle to quantum-tunnel through a
barrier? These are tough questions, whose importance has been
clear since the early days of quantum mechanics [10, 11], and
remain the main focus of a very active area of both theory and
experimental research [12-15].

For speeds much smaller than the speed of light we express
the speed v of a particle in terms of its kinetic energy K and its
mass m, and the kinetic energy is in turn obtained subtracting
to the total “nonrelativistic energy” E the potential energy U :

v =

√
2K

m
=

√
2(E − U)

m
.

Since in quantum tunneling E −U < 0 this recipe for the speed
(and therefore the corresponding derivation of the travel time)
becomes meaningless. We are dealing with a pure quantum-
mechanical effect, the best of cases for exploring the role of the
spacetime abstraction within quantum mechanics.

And (also see Appendix B) what we find experimentally
in trying to determine the tunneling time does challenge the
spacetime abstraction. We have at this point growingly robust
evidence of the fact that the results for the tunneling time de-
pend on the type of clock used. About a dozen different ways
(clocks) for determining the travel time through the barrier are
being used, all of which would agree if used as timing devices
in classical-limit contexts, but their determinations of tunneling
times differ [12-15].
A useful organizing notion for at least some of these tunneling-
time measurements is the “Feynamn-path time” (see Ref. [12]
and references therein) obtained by averaging the durations of
all relevant Feynman paths with the weighting factor exp(iS/~)
(where S here of course denotes the action). But some ac-
tual timing procedures (clocks) turn out to agree with the real
part of the Feynamn-path time, others agree with its imaginary
part, and others agree with the modulus of the Feynamn-path
time [12]. Consistently with the thesis of these notes there ap-
pears to be no “time of spacetime” but only “time of a specific
clock” [12].
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4. Relevance for quantum gravity?

We often learn physics “going upstream”. A good exam-
ple is the program of “quantization of theories”: from Nature’s
perspective theories start off being quantum and happen to be
amenable to description in terms of classical mechanics only in
some peculiar limiting cases, but our condition is such that we
experience more easily those limiting cases rather than the full
quantum manifestation of the laws.

I have here argued that also the spacetime abstraction might
be a result of our “going upstream”. There is no way to intro-
duce spacetime operatively without clocks and detectors. And
yet it is standard to develop theories by introducing the space-
time picture as first ingredient, then introducing a long list of
formal properties of fields (or particles) in that spacetime, and
only in the end we worry about actually having detectors and
clocks in our theory. This worked so far. But there is no guar-
antee it will continue to work.

In quantum-gravity research there is a long-standing effort
of understanding how spacetime should be described when both
Planck’s constant ~ and Newton’s constant GN are nonnegligi-
ble. We cannot claim much success addressing this issue.
We could perhaps try attacking the problem from the completely
different perspective I am here advocating: we could look for
candidate theories of the exchange of signals among (physical,
material) emitters/detectors, now allowing for such theories an
interplay between ~ and GN , and without insisting on the avail-
ability of a spacetime abstraction suitable for organizing exactly
all such exchanges of signals.

4.1. “Detectors first” and black-hole holography
Perhaps the most natural opportunity for finding first appli-

cations of this new perspective could be the context of studies
concerning the holographic description of black holes. Such
holographic descriptions appear to be puzzling if one conceptu-
alizes the physics of black holes as “contained” in the spacetime
region determined by the black hole. And it should be noticed
that the puzzle associated with the entropy-area law [16] be-
comes more severe for black holes of larger size (the mismatch
between volume scaling and area scaling is increasingly severe
as the size of the region increases).

But according to the perspective I am here advocating the
presence of an horizon should not be described in terms of the
structure of the abstracted spacetime but rather in terms of the
network of emitter/detectors that can be setup. Ultimately hori-
zons would be described as limitations to the network of de-
tectors that can exchange information. One cannot include in
the analysis the notion of “detector inside the black-hole hori-
zon” because of the limitations on signal exchange produced by
the horizon. And holography could reflect the fact that the re-
duction of meaningful detectors produced by the event horizon
also reduces the amount of possible channels for information
exchange among detectors.

4.2. The possibility of relative locality
There are also some results recently obtained in the quantum-

gravity literature which, while not getting rid of spacetime alto-
gether, do already provide frameworks for describing a space-
time abstraction which is weaker than presently assumed, less
capable of organizing comprehensively all phenomena. These
are results challenging the absoluteness of locality.
In our current theories, when observer Alice detects particles

from an event, and uses those particle detections as identifica-
tion of a “distant point in spacetime”, then, and this is absolute
locality, all other observers can also analogously determine the
position of the event. The point of spacetime inferred through
such procedures carries different coordinates in the different
reference frames of different observers, but the laws of trans-
formation among reference frames ensure that the different ob-
servers “see the same spacetime point”.
It is emerging [17, 18] that in theories with certain types of
Lie-algebra spacetime noncommutativity [19, 20] and in the
quantum-gravity approaches based on “group field theory” [21]
this absoluteness of locality might be lost. The feature of these
theories that is primarily responsible [17, 18] for the “relativity
of spacetime locality” is the fact that the translation-symmetry
generators, the total-momentum operators, are not obtained as
a linear sum of single-particle momenta (also see Appendix C).
For example, for processes 1 + 2→ 3 + 4 (two incoming, two
outgoing particles) one can have conservation laws of the form

p[1]µ ⊕ p[2]µ = p[3]µ ⊕ p[4]µ

with kµ ⊕ qµ 6= kµ + qµ, though of course one does recover
kµ ⊕ qµ ' kµ + qµ when all momenta involved are small with
respect to the Planck scale [17-21].
Then let us consider the determination of the interaction point
obtainable by finding the intersection of the worldlines of the
outgoing particles. And let me denote by xµ[∗,A] the intersection
point thereby determined by observer Alice, i.e. there is a value
s∗ of the worldlines affine parameter such that xµ[3,A](s∗) =

xµ[4,A](s∗) = xµ[∗,A]. If one now acts on Alice with a translation
of parameters bµ, as a way to test how this point xµ[∗,A] is viewed
by observers distant from Alice, the mentioned nonlinearities
of the sum rule that gives the total-momentum generators affect
the analysis nontrivially [17, 18]. For example one finds that

xµ[3,B](s) = xµ[3,A](s)+bν{p[3]ν ⊕p[4]ν , xµ[3,A](s)} 6= xµ[3,A](s)+bµ

and in particular xµ[4,B](s∗)−xµ[4,A](s∗) 6= xµ[3,B](s∗)−xµ[3,A](s∗)

(unless the momenta are much smaller than the Planck scale).
In our current theories a spacetime point is absolutely marked
by an intersection of worldlines. In relative-locality theories
processes are still objective [17, 18] but their association to
points of a spacetime is observer dependent, with the famil-
iar spacetime abstraction emerging only for processes involving
particles of energies much smaller than the Planck scale.

5. A challenge for experimentalists

To me it is irresistibly intriguing to speculate that our insis-
tence on the availability of the spacetime abstraction might at
this point be limiting our opportunities for discovery. And I am
contemplating a meaningful question: it is for experiments to
decide whether or not the reliability of our spacetime inferences
is truly universal. I here stressed that opportunities for such
experimental scrutiny are found already within ordinary quan-
tum mechanics. For example, we should continue to investi-
gate whether indeed the tunneling time can only be determined
as “time of some specific clock”, with different outcomes for
different clocks (and therefore no emerging notion of a clock-
independent “time of spacetime”).
And if my “detectors-first perspective” does turn out to be ap-
plicable to quantum-gravity research, there will be (though per-
haps in a distant future [22]) other opportunities for experiments
looking for evidence against spacetime.
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Appendix A. More on covariant quantum mechanics

Within the manifestly-covariant formulation of special-relativistic
quantum mechanics, which matured significantly over the last
decade [6-8], the spatial coordinates and the time coordinate
play the same type of role. And there is no “evolution”, since
dynamics is codified within Dirac’s quantization as a constraint,
just in the same sense familiar for the covariant formulation of
classical mechanics (see, e.g., Chapter 4 of Ref. [23]).

Spatial, X̂ , and time, T̂ , coordinates are well-defined op-
erators on a “kinematical Hilbert space”, which is just an ordi-
nary Hilbert space of normalizable wave functions [8, 9], where
they act multiplicatively: X̂Ψ(x, t) = xΨ(x, t), T̂Ψ(x, t) =
tΨ(x, t). And one has a standard description on this kinemati-
cal Hilbert space of their conjugate momenta [8, 9]:

[P̂0, T̂ ] = i , [P̂ , X̂] = −i , [P̂ , T̂ ] = [P̂0, X̂] = 0

Observable properties of the theory are however formulated
on the “physical Hilbert space”, obtained from the kinematical
Hilbert space by enforcing the constraint of vanishing covariant-
Hamiltonian, which in the case of a free special-relativistic par-
ticle takes the form

(P̂ 2
0 − P̂ 2)Ψphysical = 0

The observables of the theory, the “Dirac observables”, must
commute with the constraint, and this is where one sees the
root of the localization problem for special-relativistic quantum
mechanics, which in different fashion had already been noticed
by Newton and Wigner [3]: both T̂ and X̂ are not good observ-
ables, even within the free-particle theory, since they evidently
do not commute with P̂ 2

0 − P̂ 2.

Appendix B. More on quantum tunneling

The study of quantum tunneling has a very long history.
However, the quality of related experimental results has im-
proved significantly over the last two decades [12, 13], par-
ticularly starting with the measurements reported in Ref. [14],
where a two-photon interferometer was used to measure the
time delay for a single photon (i.e. one photon at a time) to
tunnel across a well-measured barrier.

And also the understanding of quantum tunneling, and par-
ticularly of the tunneling time, has improved significantly in
recent times. Previously there was much controversy partic-
ulary revolving around relativistic issues. Under appropriate
conditions [12-14] a particle prepared at time ti in a quantum
state with peak of the probability distribution located at a cer-
tain position to one side of a barrier is then found on the other
side of the barrier at time tf with distribution peaked at a dis-
tance L from the initial position, with L bigger than c(tf − ti).
It is by now well established that this apparently “superlumi-
nal” behavior is not in conflict with Einstein’s relativity. Key
for this emerging understanding is appreciating that in such
measurement setups at first there is a large peaked distribu-
tion approaching the barrier from one side, and then a differ-
ent (and much smaller, transmitted) peaked distribution is mea-
sured on the other side of the barrier. Contrary to our classical-
limit-based intuition, as a result of quantum-mechanical effects
(such as interference) the peak observed after the barrier is not

some simple fraction of the peak that was approaching the bar-
rier. This sort of travel times of distribution peaks, are not
travel times of any signal, and indeed it is well known that
for smooth, frequency-band limited, distributions the precursor
tail of the distribution allows one to infer by analytic continua-
tion [12, 14, 15] the structure of the peak. Even for free prop-
agation, by the time the peak reaches a detector it carries no
“new information” [12] with respect to the information already
contained in the precursor tail. An example of “new informa-
tion” is present in modified distributions containing “abrupt”
signals [12, 15], and indeed it is found that when these new-
information features are sufficiently sharp they never propagate
superluminally [15].

It is important for the thesis advocated in these notes that,
as these theoretical issues get clarified, and theoretical results
get in better agreement with experiments, we are also getting
more an more robust evidence of the fact that in quantifying the
analysis of quantum tunneling we do not have the luxury of re-
ferring to some objective spacetime picture. In particular, there
is no single “time of spacetime” but rather several possibilities
for a “time of a specific clock” [12].

Appendix C. Relative locality and curved momentum space

As mentioned in the main text of these notes the main sources
of interest in relative locality originate from results obtained in
studies of certain types of Lie-algebra spacetime noncommuta-
tivity [19, 20] and of “group field theory” [21], where the gener-
ators of translation-symmetry transformations are not described
as linear sums of single-particle momenta. In this appendix I
want to highlight a particularly powerful formulation of rela-
tive locality that emerges in these theories by formally taking
the limit [17, 18] of both ~→ 0 and GN → 0 but keeping their
ratio ~/GN fixed. In this regime both quantum mechanics and
gravity are switched off, but the mentioned nonlinearities for
the composition of momenta are found to survive [17, 18] and
to take the form of a manifestation of a nontrivial geometry for
momentum space.

The implications for the phase space associated with each
particle in this regime are found to be rather striking [17, 18]:
this phase space is the cotangent bundle over momentum space,
which one may denote by ΓRL = T ∗(P). So this regime is,
at least in this respect, dual to the standard classical-gravity
regime, where the single-particle phase space is the cotangent
bundle of the spacetimeM, which one may denote by ΓGR =
T ∗(M). And just like in the general-relativistic formulation
of classical gravity momenta of particles at different points of
spacetime, x and y, can only be compared by parallel-transporting
along some path from x to y, using the spacetime connection,
one finds on ΓRL an analogous problem for the comparison of
spacetime coordinates on the worldlines of two particles, A and
B, with different momenta. These coordinates xµA and xµB live
in different spaces and they can be compared only in terms of a
parallel transport on momentum space. All this is formalized in
Refs. [17, 18] where the relative-locality features mentioned in
the main text of these notes are shown to admit a fully geomet-
ric description (in terms of the geometry of momentum space).
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