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In recent years, two prominent research lines have developed complementary languages for describing spacetime and
causality in quantum theory: quantum reference frames (QRFs) [1–17] and the process-matrix formalism [18–22].
Although developed in parallel, they meet on common ground: both accommodate situations in which the causal
relation between events is indefinite. A key conceptual distinction for the analysis below is that “coordinates” and
“reference frames” can be understood in two distinct, yet standard, ways. On the one hand, coordinates may be treated
as abstract labels : one introduces a parametrization (times, positions, slots in a circuit) and requires that the empirical
content of the theory, i.e. observable predictions, does not depend on the chosen labels. On the other hand, coordinates
may be understood as physical instantiations: they arise from physical systems (fields, rods, clocks) whose readings
define the coordinate assignment. Spatiotemporal QRFs [9, 10, 12, 13, 16, 17, 23–25] push both viewpoints into the
quantum regime: quantum coordinates and quantum reference fields serve as “quantum rods” and “quantum clocks” and
provide a relational coordinatization of the remaining degrees of freedom, naturally accommodating superpositions of
event locations and, in gravitational settings, superpositions of causal relations. In both viewpoints, however, a central
question remains: how does one transform between different descriptions? In quantum theory, changes of description
that preserve physical content are typically represented by unitary (or, more generally, isometric) maps. This is the oper-
ative meaning of “same physics in different coordinates/frames”: probabilities, operational predictions, and the structure
of admissible transformations must be preserved across viewpoints. The process-matrix framework characterizes the
full space of correlations compatible with quantum mechanics at each local laboratory without assuming a fixed global
causal order. A process matrix is a higher-order quantum map [26–30] sending local quantum operations to probabilities.
It encompasses causally separable processes, causally nonseparable processes such as the quantum switch [31, 32], and
also processes that violate causal inequalities [18, 20, 22, 33–35], often called noncausal. A core open issue is physical re-
alizability : which abstract processes can arise from bona fide dynamics of physical systems embedded in time–spacetime?

Causal reference frames and time delocalized subsystems decompositions. Two influential viewpoints sharpen the
operational meaning of “agent perspective” within the process formalism. Causal reference frames (CRFs) [36]
provide event-dependent parametrizations in which a chosen party appears local, while time-delocalized subsystems
(TDSs) [33, 37–39] reinterpret indefinite causal order as time delocalization of subsystems relative to an agent’s time
frame. Let us consider a unitary process W , where we identify with PS , PC and FS , FC the past and future target (S)
and control (C) systems, while (AI , AO) and (BI , BO) are the input-output systems of Alice and Bob’s laboratory
respectively. Choosing a causal reference frame—or equivalently a TDS—amounts to decomposing the evolution of the
full process into the past and future of a given laboratory, so that the corresponding agent is effectively local within its
own time frame:

⟨⟨UA|⟨⟨UB ||W ⟩⟩ = ΠA(UB) ΦA(UB)
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= ΠB(UA) ΦB(UA)
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. (1)
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where ΠA/B, ΦA/B are “future” and “past” functions sending unitaries to unitaries, which describe how the global
process decomposes from the perspective of Alice’s or Bob’s causal frame. For pure processes, these representations
are equivalent to the underlying process matrix in the precise sense that they yield the same higher-order map, i.e. the
same operational statistics for all local instruments.
A no-go for slot preserving unitaries. At this point, however, a tension emerges that motivates the present work. On
the one hand, if CRF/TDS representations are “just different descriptions” of the same physical process, one expects
that moving between them should be implementable by a unitary change of perspective. On the other hand, it has
been shown for the quantum switch that one cannot unitarily map the circuit fragments associated with one agent-local
representation to the complementary one while keeping fixed the boundary-time identification (the “past” preparation
and “future” measurement) [37, 39]. In other words, there is an operational equivalence of descriptions, but no unitary
mapping of the corresponding fragmentations under the slot-preserving constraints: there exist no maps J and its
conjugate such that
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How can “same physical content” coexist with the apparent absence of a unitary change of perspective?
Time frame and the corresponding perspective-change transformation for processes. We resolve this tension by taking
seriously the dual role of coordinates. Our first claim is that CRF and TDS representations are most naturally
understood as coordinate parametrizations of a perspective-neutral process, so their equivalence is a statement of
coordinate invariance at the level of the unfragmented process.
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(1a) Coordinate parametrization.
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(1b) Operational cut as time frame.

Graphically it amounts to 1a where t0, t1, t2, t3 are just bookkeeping of the circuit blocks—i.e. events. Our second
claim is that a physical perspective enters only when one promotes the coordinate assignment to frame data—most
notably, when the “time coordinate” is treated as what a physical clock shows. Operationally, this corresponds to
an operational cut of the process into circuit fragments (events), thereby endowing the description with a definite
time foliation relative to a chosen frame. In the resulting picture 1b, the symbols t0, t1, t2, t3 now label the interfaces
between fragments and thus encode not only a parametrization but a specific foliation (boundary identification) of
the process. Within this foliation, Alice’s laboratory is local in the step (t1, t2), while Bob’s intervention is in a
superposition of temporal locations, i.e. delocalized in (t0, t1) and (t2, t3). Once such frame data are included, a correct
change of perspective must act not only on the system degrees of freedom but also on the time-frame information itself.
The no-go results then acquire a sharp meaning: they exclude unitary maps that preserve the original slot identities
(i.e. keep the original time labels and boundary partition fixed), and therefore do not implement a genuine change of
time frame. In Alice’s foliation, Bob’s gate appears in a coherent superposition of two temporal placements:

|W (UB)⟩⟩ = ΠA(UB) ΦA(UB)
AI AO

EAEA FSPS

PC FC
= |00⟩⟩FCPC |I⟩⟩AIPS |UB⟩⟩FSAO + |11⟩⟩FCPC |I⟩⟩FSAO |UB⟩⟩AIPS . (3)

one in the “global past” segment (t0, t1) with input–output systems (PS , AI), and one in the “global future” segment
(t2, t3) with input–output systems (AO, FS). By contrast, Alice’s own operation |UA⟩⟩AOAI = UA

AI AO is local in her
foliation, confined to the interval (t1, t2). Our goal is to pass to a foliation in which Bob’s gate is local, but this cannot
be achieved by any slot-preserving transformation, i.e. any unitary that keeps Alice’s interface identities (and hence her
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past/future partition) fixed while attempting to reassign locality/delocalization. Indeed, Eq. (3) shows that “localizing”
Bob necessarily requires a reassignment of the delocalized boundary subsystems PS and FS . In particular, since PS
and FS sit at the original boundaries, any such reassignment must also transform the associated preparation PS

ϕ

and final measurement ψ
FS . The key ingredient is therefore to implement a global reshuffling of the foliation data:
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(4)

The transformed fragments of the preparation, the final measurement, and Alice’s gate—identified by W̃—do not
coincide with those appearing in Bob’s CRF under the same boundary identification: the degrees of freedom associated
with the original preparation/measurement straddle the new past–future partition and thus become time-delocalized.

Spacetime frame for processes. The bare switch process contains only the degrees of freedom associated with the
laboratories’ input–output systems. It therefore provides no additional subsystem that could serve as an external
spatiotemporal background—no clock/rod register relative to which all events could be localized. For this lack of frame
resources, a unitary time-frame change that localizes Bob’s operation unavoidably alters the global notion of “past” and
“future”. Then we supplied precisely this missing structure by extending the process with explicit quantum reference
systems that carry accessible spatiotemporal information. These additional reference systems provide a background
circuit fragment, i.e. a spatiotemporal scaffold into which the process embeds [40–42]:

|WB|A⟩⟩ =
R0 T1 T2 T3 T4 T5 T6 R7

S0 S7

C0
T0→1 T2→3 T4→5 T6→7

C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

. (5)

While Bob’s spacetime delocalized operation is
C0C0

T1 T2 T6T5
UBUB and Alice’s localized one is UA

T3 T4 . In this

extended setting, we construct a unitary perspective-change transformation—SA→B—that maps the CRF/TDS
fragments associated with one spacetime viewpoint (Alice) to the complementary ones (Bob), togheter with a different
spatiotemporal frame, while preserving the global past and future. Hence, the transformed operations are

C0C0

T1 T2 T6T5
UB UB

T3

UA

T4

T1 T2

C0

SA→B

T5 T6

T3 T4

=
C0C0
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UA UA
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, (6)

which clearly coincide with Bob CRF/TDS. Whereas the transformed spacetime scaffold is

R0 T1 T2 T3 T4 T5 T6 R7

S0 S7

T0→1 T2→3 T4→5 T6→7
C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

S†
A→B
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T1 T2 T3 T4 T5 T6

=

R0 T1 T2T3 T4T5 T6 R7

S0 S7

C0
T̃0→1 T̃2→3 T̃4→5 T̃6→7

C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

. (7)

Hence we transformed unitarily the fragments—gates and background—associated with Alice’s CRF into the those
of Bob’s CRF. This provides a concrete route toward empirical realizability of process matrices through bona fide
spacetime-and-matter dynamics. Furthermore, extending the same perspective-based construction beyond switch-
like processes—e.g. unitary noncausal processes would test whether noncausality can be re-expressed as quantum
spatiotemporal delocalization of laboratories within an acyclic spacetime, without invoking closed timelike curves.
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We study how to define and transform frame perspectives for quantum processes in the process-
matrix formalism. We argue that, for pure processes, the causal reference frames (CRFs) and time-
delocalized subsystems (TDSs) formalisms should be understood primarily as coordinate parametriza-
tions of a single perspective-neutral higher-order object, rather than as descriptions tied to actual
physical frames. A genuine time (or causal) perspective arises only once one endows the process with
additional frame data by choosing an operational foliation into circuit fragments (events). With this
distinction, existing no-go results acquire a clear scope: they rule out slot-preserving unitaries, i.e.
transformations that attempt to switch perspectives while keeping the fragment boundaries—and
hence the induced global past/future partition—fixed. Focusing on the quantum switch, we construct
explicit perspective-change maps that do implement a unitary change of foliation, but necessarily
reshuffle the boundary identification of past and future. We then show how to restore a unitary
complementarity between perspectives by extending the process with explicit quantum reference
systems that provide a shared spatiotemporal scaffold. In the extended setting, complementary
CRF/TDS viewpoints become unitarily related while preserving a common global past and future.
We discuss how this perspective-based approach informs the broader question of physical realizability
of abstract process matrices.

I. INTRODUCTION

In recent years, two prominent research lines have developed complementary frameworks for describing spacetime
and causality in quantum theory: quantum reference frames (QRFs) [1–23] and the process-matrix formalism [24–28].
Although developed in parallel, they meet on common ground: both accommodate situations in which the causal
relation between events can be indefinite.

A key conceptual distinction—relevant for the analysis of both QRFs and the process-matrix formalism—is that
“coordinates” and “reference frames” can be understood in two distinct, yet standard, ways. On the one hand,
coordinates may be treated as abstract labels: one introduces a parametrization (times, positions, slots in a circuit)
and requires that the empirical content of the theory, i.e. observable predictions, are independent on the chosen labels.
On the other hand, coordinates may be understood as physical instantiations: they arise from physical systems (fields,
rods, clocks) whose readings define the coordinate assignment. In this second sense, the coordinate fields themselves
are dynamical, can interact with the systems they coordinate, and backreaction is in principle unavoidable. In general
relativity (GR), both viewpoints are routinely employed: we use coordinate transformations (diffeomorphisms) to
express the laws in different charts, and we also compare descriptions tied to different physical frames built from matter
fields. The physical content of the theory is diffeomorphism-invariant, i.e., it is unchanged under coordinate changes
on the spacetime manifold. Spatiotemporal QRFs [9, 10, 12, 13, 16, 17, 29–31] push both viewpoints into the quantum
regime: quantum coordinates and quantum reference fields can serve either as abstract or as physical “quantum rods”
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and “quantum clocks,” thereby providing a relational description of the remaining degrees of freedom. This framework
naturally accommodates the possibility of superpositions of event locations and, consequently, superpositions of causal
relations, both in gravitational and non-gravitational settings.

On both viewpoints, however, a central question remains: How does one transform between different descriptions,
i.e., between descriptions associated with different QRFs or coordinate systems? In quantum theory, the changes
of description that preserve physical content are typically represented by unitary (or, more generally, isometric)
maps. This is the operational meaning of the expression “same physics in different coordinates/frames”: probabilities,
operational predictions, and the structure of admissible transformations must be preserved across perspectives.

The process-matrix framework characterizes the full space of correlations compatible with quantum mechanics at
each local laboratory without assuming a global causal order. A process matrix is a higher-order quantum map [32–36]
encompassing causally separable processes, causally nonseparable processes such as the quantum switch [37, 38], and
also processes that violate causal inequalities [24, 26, 28, 39–41], often called noncausal. A core open issue is physical
realizability : which abstract processes can arise from bona fide dynamics of physical systems embedded in spacetime? In
Ref. [42] a background-independent formulation of the process-matrix framework was proposed, based on permutation
invariance of the laboratory labels, and it was shown that under this requirement one loses the notion of distinct local
operations unless a reference frame is used to distinguish them; in this paper, we explicitly retain the identity of the
laboratories.

So far, two frameworks explored the operational meaning of “agent perspective” within the process-matrix formalism.
Causal reference frames (CRFs) [43] provide event-dependent parametrizations in which a chosen agent’s operation
appears local, while time-delocalized subsystems (TDSs) [39, 44–46] reinterpret indefinite causal order as time
delocalization of subsystems relative to an agent’s time frame. For pure processes, these representations are equivalent
to the underlying process matrix in the precise sense that they yield the same higher-order map, i.e. the same
operational statistics for all local instruments.

At this point, a tension emerges. On the one hand, if CRF/TDS representations are “just different descriptions”
of the same physical process, one expects that moving between them should be implementable as a symmetry
transformation—hence, in the quantum setting, by a unitary change of perspective. On the other hand, it has been
shown for the quantum switch that natural candidates for such transformations fail: one cannot unitarily map the
circuit fragments associated with one agent-local representation to the complementary one of the other agent, while
keeping fixed the time-frame data, i.e. the “past” preparation and “future” measurement [44, 46]. In other words, the
two descriptions are operationally equivalent, yet there is no unitary transformation that maps one chosen circuit
decomposition to the other while keeping fixed the identification of the preparation and measurement boundaries. How
can “same physical content” coexist with the apparent absence of a unitary change of perspective?

We resolve this tension by taking seriously the dual role of coordinates. Our first claim is that CRF and TDS
representations are naturally understood as coordinate parametrizations of a perspective-neutral process: they are
rewritings of the same higher-order object, and their equivalence is a statement of coordinate invariance at the level of
the unfragmented process. By a fragment we mean a time-ordered piece of the circuit, delimited by chosen interface
boundaries. Our second claim is that a physical perspective enters only when one promotes the coordinate assignment
to frame data—most notably, when the “time coordinate” is treated as what a physical clock shows. Operationally, this
corresponds to an operational cut of the process into circuit fragments (events), thereby endowing the description with
a definite time foliation relative to a chosen frame. Once such frame data are included, a correct change of perspective
must act, not only on the system degrees of freedom, but also on frame data itself. The no-go result then acquires a
sharp meaning: it excludes unitary maps that preserve the original slot identities (i.e. keep the original time labels and
boundary partition fixed), and therefore does not implement a genuine change of time frame.

With this distinction in place, we proceed as follows. We formalize an agent-dependent time perspective via the
operational cut of a CRF/TDS representation and construct explicit perspective-change maps. We show that a unitary
change of perspective exists that takes a description in which one agent’s operation is local to one in which the other
agent’s operation is local [47][48]; however, this unitary necessarily reshuffles the boundary notion of past and future,
so that the two descriptions do not share a common global past and future. We then extend the process by introducing
additional quantum reference systems that provide a background circuit fragment—i.e. a spatiotemporal scaffold
into which the process is embedded [13, 17]. In this extended setting, we construct a unitary perspective-change
transformation that maps the CRF/TDS associated with one spacetime viewpoint to the complementary CRF/TDS
associated with a different spatiotemporal frame, while preserving a common global past and future.

This viewpoint does not require abandoning abstract coordinates. Rather, abstract coordinates can be understood
as gedanken coordinate fields : fields that could, in principle, be instantiated as rods and clocks, but need not be. As in
classical GR, one may express dynamical laws in arbitrary coordinates and prove coordinate invariance of physical
statements. However, when one moves between coordinate choices interpreted as different counterfactual physical
frames, the transformation must also act on the frame data. This is precisely where the quantum setting differs from
the classical one: the “frame” may itself be quantum and entangled with the system, so the perspective change must
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account for that quantum nature.
The remainder of the paper is organized as follows. In Sec. II we recall the CRF and TDS formalisms and recast their

equivalence as coordinate invariance of the perspective-neutral process. In Sec. III.1 we introduce an agent-dependent
time perspective via an operational cut and construct explicit time-frame-change transformations, clarifying the
scope of existing no-go results. Finally, in Sec. IV we extend the quantum switch with reference systems providing a
spatiotemporal scaffold and show how complementary spatiotemporal perspectives become unitarily related in the
extended description.

II. CAUSAL REFERENCE FRAMES AND TIME-DELOCALIZED SUBSYSTEMS REPRESENTATIONS

In Ref. [43] it was shown that any pure bipartite process matrix, with global past and future can always be expressed
in equivalent decompositions called causal reference frames (CRFs). Let us consider a unitary process W , where we
identify with PS , PC and FS , FC the past and future target (S) and control (C) systems, while (AI , AO) and (BI , BO)
are the input-output systems of Alice and Bob’s laboratory respectively. Choosing a causal reference frame amounts to
decomposing the evolution of the full process into the past and future of a given laboratory, so that the corresponding
agent is effectively local within its own time frame. In this setting, the equivalence between the causal reference frames
decomposition representation of the process is expressed as

|W ⟩⟩ =
∑
i

⟨⟨I|EAEA |ΠA(Ui)⟩⟩EAAIPSPC |ΦA(Ui)⟩⟩FSFCEAAO |Ui⟩⟩BOBI (1)

=
∑
i

⟨⟨I|EBEB |ΠB(Vi)⟩⟩EBBIPSPC |ΦB(Vi)⟩⟩FSFCEBBO |Vi⟩⟩AOAI , (2)

where EA/B are suitable isomorphic ancillary systems, whereas {Ui} and {Vi} are two orthonormal unitary basis for B
and A respectively. Here, ΠA/B , ΦA/B are “future” and “past” functions mapping unitaries to unitaries, which describe
how the global process decomposes from the perspective of Alice’s or Bob’s causal frame. Hence for any choice of
unitary operations UA of Alice and UB of Bob we have

⟨⟨UA|⟨⟨UB ||W ⟩⟩ = |W (UA, UB)⟩⟩ = ΠA(UB) ΦA(UB)
AI AO

EA EA FSPS

PC FC
UA

= ΠB(UA) ΦB(UA)
BI BO

EB EB FSPS

PC FC
UB

. (3)

In Ref. [43] the authors showed the link between CRFs and Oreshkov’s time-delocalized subsystems decomposition [44].
Specifically, the same unitary process in the time-delocalized decomposition is |W ⟩⟩ = ⟨⟨I|EE |LA⟩⟩EAIPBO |RA⟩⟩FBIEAO ,
which expressed as a quantum circuit

|W ⟩⟩ = LA RAAI AO

E′
A E′

A

FSPS

PC FC

BO BI

, (4)

makes evident the time delocalization of Bob’s output and input in the global past and future of Alice’s localized
operation, respectively. Note that E′

A/B are ancillary systems isomorphic to EA/B , while the subscripts in LA and RA
merely indicate that the process is being expressed in Alice’s time frame. At this stage no agent operation has been
applied, hence LA and RA do not depend on UA or UB .

Hence, the two decompositions are related as follows

|W (UA, UB)⟩⟩ = ⟨⟨I|EAEA⟨⟨UA|AOAI |ΦA(UB)⟩⟩EAAIPSPC |ΠA(UB)⟩⟩FSFCEAAO (5)

= ⟨⟨UB |BOBI ⟨⟨UA|AOAI ⟨⟨I|E′
AE

′
A |LA⟩⟩E

′
AAIPSPCBO |RA⟩⟩FSFCBIE

′
AAO , (6)

The latter equation is graphically displayed by

|W (UA, UB)⟩⟩ = ΠA(UB) ΦA(UB)
AI AO

EA EA FSPS

PC FC
UA

= LA RAAI AO

E′
A E′

A

FSPS

PC FC

BO BI
UB

UA

. (7)
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Therefore, the same equivalence in Eq. (3) can be expressed in terms of the time-delocalized decomposition of W ,
namely

LA RAAI AO

E′
A E′

A

FSPS

PC FC

BO BI
UB

UA

= LB RBBI BO

E′
B E′

B

FSPS

PC FC

AO AI
UA

UB

(8)

where LA, RA and LB , RB are simply related by a change of subsystem factorization [46].
In what follows, we recast the equivalences in Eqs. (3) and (8) as instances of coordinate invariance. More specifically

we will point out that different CRFs or TDSs decompositions are rather alternative parametrizations of the abstract
process, than genuine physical perspective provided by a choice of reference frame.

III. NO-GO FOR UNITARIES PRESERVING THE TIME FRAGMENTATION

III.1. Coordinate time parametrization and foliation into fragments

For the purposes of this paper it is useful to keep two levels of description distinct. At the level of the perspective-
neutral (higher-order) process there is no preferred global time parameter: any “time labels” attached to boxes or wires
merely parametrize a chosen representation, and the operational content is invariant under such reparametrizations. A
time perspective enters only once one chooses an explicit foliation (fragmentation) into circuit fragments that are
interpreted as “events” in an agent’s description. The difference will be illustrated by the two figures below.

Coordinate parametrization. Let us start with the circuit in Alice’s causal reference frame (equivalently, a TDS
decomposition) viewed purely as a coordinate parametrization of the same underlying process. We introduce labels t1
and t2 to mark the beginning and the end of Alice’s local gate, and we denote the global input and output boundaries
by t0 and t3, respectively. In this parametrization Bob’s gate appears time-delocalized, as illustrated below:

ΠA(UB) ΦA(UB)
AI AO

E FSPS

PC FC
UA

t3t0 t1 t2

(9)

We stress that the “time delocalization” displayed here is not defined relative to any physical clock or time-reference
system. Rather, it is an intrinsically relational notion that appears only after choosing a causal reference frame
(or, equivalently, a TDS decomposition): one party is represented as local by construction, and the other is then
represented as delocalized relative to that choice. Consequently, for a quantum-switch–like process there is, at this
stage, no intrinsic temporal localization with respect to a third system that could serve as a background clock. The
symbols t0, t1, t2, t3 in Eq. (9) therefore function only as coordinate parameters—bookkeeping devices for a particular
representation of the same underlying higher-order object. They should not be conflated with a physical perspective,
where “time” is literally the readout of a clock degree of freedom, relative to which events are defined and which is
therefore, in principle, subject to backreaction and quantum correlations.

Foliation into fragments To pass from a mere parametrization to an agent-dependent time perspective one must
choose a concrete foliation of the process into circuit fragments that are to be regarded as “events” in the description.
Operationally, this corresponds to introducing an operational cut : we cut the target wires in the vicinity of the labels
t1 and independently t2, thereby decomposing the process into Alice’s local gate and Bob’s time-delocalized operation.
In the resulting picture, the same symbols t0, t1, t2, t3 now label the interfaces between fragments and thus encode
not only a parametrization but a specific foliation (boundary identification) of the process. Within this foliation,
Alice’s laboratory is local in the step (t1, t2), while Bob’s intervention is in a superposition of temporal locations, i.e.
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delocalized in (t0, t1) and (t2, t3) as illustrated in the following figure:
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(10)

Even here, however, the cut by itself does not yet imply that ti are readings of a physical clock: absent additional
reference information, the interfaces are still defined only relative to the chosen decomposition. What has changed is
that the description now carries extra structure beyond the timeless process matrix, namely a distinguished foliation into
fragments—a choice of “event boundaries”—where one may insert extra systems, gates, or implement transformations
by acting on the corresponding boundary input–output systems. A genuine physical time frame—“ti as what a clock
shows”—requires further structure, e.g. an explicit reference system whose distinguishable states are correlated with
these interfaces, making the boundary data operationally accessible as frame information. This is precisely the role of
the background scaffold introduced later in the paper.

A natural question is whether the equivalence in Eqs. (3) and (8) can be realized at the level of fragmented
descriptions, i.e. whether one can unitarily “re-frame” the fragments obtained from Alice’s foliation so that they
coincide with those obtained by cutting the process in Bob’s CRF. In Refs. [44, 46] it was shown that such a mapping
is impossible for a specific class of unitaries: there exist no maps J (and its conjugate) acting at the boundary interface
times t0 and t3, as shown in Fig. (10) such that
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AI AO
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AI AOBO BIAI
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ΦB(UA) ΠB(UA)
BI BO
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C F ′

C
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BI BO
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BI BO

ϕ

P ′
S

P ′
C

ψ

F ′
S

F ′
C

, (11)

where ϕ and ψ refer to the initial state preparation and final measurement respectively. This also clarifies the scope
of the existing no-go results [49–51][52]: they apply only once a particular fragmentation has been fixed, because
they exclude precisely slot-preserving transformations. Concretely, the no-go statements rule out transformations
that keep the slots identities—i.e. the boundary partitions into “past”, “future”, and intermediate interfaces—fixed
while attempting to interchange which agent’s operation is represented as local versus time-delocalized. By contrast,
adopting a new time frame (or, more generally, a new foliation) amounts to replacing this boundary identification by
another, which generically requires a global reshuffling of which degrees of freedom are assigned to “past”, “future”, and
intermediate interfaces. Accordingly, the unitaries in Eq. (11)—which act only within fixed slots—necessarily preserve
the original labels and boundary partition, and therefore cannot implement a genuine change of time frame: they may
change the representation conditional on a fixed foliation, but they do not transform the foliation (the time-reference
data) itself.

Recently, in Ref. [46] the authors considered other two equivalent circuit representations of the quantum switch—
representing the causal perspective of Alice and Bob respectively—, with a finer resolution in time

I
T0 T1

I
T2 T3

I
T4 T5

I
T6 T7

UB UA UB

I I I II
C0 C1 C2 C3 C4 C5 C6 C7

ϕ ψ ,
I

T0 T1

I
T2 T3

I
T4 T5

I
T6 T7

UA UB UA

I I I II
C0 C1 C2 C3 C4 C5 C6 C7

ϕ ψ (12)

where additional time steps—identified by I
Ti Ti+1 and I

Ci Ci+1 —are placed between physical events. Analogously
to the case discussed in III.1, it is argued that transforming the fragments of one circuit decomposition, like those
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shown below

I
T0 T1 T2 T3 T4 T5 T6 T7
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I I
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ϕ ψ
I
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I
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C1 C2C0 C3 C4 C5 C6 C7

T4 T5 T6 T7

t0 t1 t2 t3 t4 t5 t6 t7

(13)

onto those of the other through a class of unitary maps is actually impossible. Following our line of reasoning, the
time data labeling the interfaces between the circuit fragments is preserved by the unitary mapping in Eq. (11),
thereby preventing a proper transformation into the new time foliation. As a matter of fact we can reproduce the
same fragments in the previous section by contracting over T1, T2, T5, T6 and C1, . . . , C6, i.e erasing the corresponding
boundaries and time data in Fig. (13), obtaining then
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I I
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ΦA(UB) ΠA(UB)
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E T7T0
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. (14)

The resulting fragment corresponds to Bob’s delocalized intervention as described in Alice’s causal frame. We will see
in next Sec. III.2 that by using the frame-change transformation we can transform these fragments to those according
to Bob’s time foliation, like in Eq. (18), where Bob’s gate becomes local, while Alice’s operation, together with both
the state preparation and the measurement, are transformed into a new circuit fragment.

III.2. Unitary time frame-change transformation for quantum switch

With the distinction between (i) a mere coordinate parametrization of a perspective-neutral process and (ii) a
foliation into operational fragments in place, we now construct an explicit time-frame change for the quantum switch.
We work throughout with the foliation associated with Alice’s description in Fig. 10. In that foliation, Bob’s operation
is time delocalized as illustrated in the following figure

|W (UB)⟩⟩ = ΠA(UB) ΦA(UB)
AI AO

EAEA FSPS

PC FC
= |00⟩⟩FCPC |I⟩⟩AIPS |UB⟩⟩FSAO + |11⟩⟩FCPC |I⟩⟩FSAO |UB⟩⟩AIPS . (15)

In Alice’s foliation, Bob’s gate appears in a coherent superposition of two temporal placements: one in the “global past”
segment (t0, t1) with input–output systems (PS , AI), and one in the “global future” segment (t2, t3) with input–output
systems (AO, FS). By contrast, Alice’s own operation |UA⟩⟩AOAI = UA

AI AO is local in her foliation, confined to the
interval (t1, t2).

Our goal is to pass to a foliation in which Bob’s gate is local. As emphasized in Sec. III.1, this cannot be achieved by
any slot-preserving transformation, i.e. any unitary that keeps Alice’s interface identities (and hence her past/future
partition) fixed while attempting to reassign locality/delocalization. Indeed, Eq. (15) shows that “localizing” Bob
necessarily requires a reassignment of the delocalized boundary subsystems PS and FS , and therefore a concomitant
re-identification of which degrees of freedom constitute the relevant boundary slices. In particular, since PS and FS sit
at the original boundaries, any such reassignment must also transform the associated preparation PS

ϕ and final
measurement ψ

FS .
The key ingredient is therefore to implement a global reshuffling of the foliation data. Operationally, this is achieved

by employing a coherently controlled unitary applied at a single interface: because the control is localized at one slice,
the induced transformation can act nontrivially on the target degrees of freedom belonging to other slices and thereby
reassign the global past/future partition. This stands in contrast with the constructions ruled out by Eq. (11) where
transformations are distributed over distinct interfaces and thus preserve the original slot identities.

A unitary that realizes such a time-frame change is

|JA→B⟩⟩ = |00⟩⟩FCFC |I⟩⟩BOFS |I⟩⟩BIAO |I⟩⟩F ′
SAI |I⟩⟩P ′

SPS + |11⟩⟩FCFC |I⟩⟩BOAO |I⟩⟩BIPS |I⟩⟩P ′
SAO |I⟩⟩F ′

SFS . (16)

Defining the collections of systems

X := FCFSAIAOPS , Y := FCPSAOAIFS ,
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the transformed fragments are obtained by

⟨⟨I|XX⟨⟨I|Y Y |JA→B⟩⟩ |W (UB)⟩⟩ |UA⟩⟩ |ϕ⟩⟩ |ψ⟩⟩ |J†
A→B⟩⟩ = AO

AI

FS

FC

W (UB)
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†
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BO

BI
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S
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S

BI

PC

F ′
S

BO

FC

PS

ϕ

ψ
FS

FC

(17)

= |UB⟩⟩BOBI

(
|00⟩⟩FCPC |I⟩⟩F ′

SP
′
S |UA⟩⟩BIF

′
S |ϕ⟩P ′

S |ψ⟩BO + |11⟩⟩FCPC |I⟩⟩F ′
SP

′
S |UA⟩⟩P

′
SBO |ϕ⟩BI |ψ⟩F ′

S

)

=

UB

BI

P ′
S

BO

PC

F ′
S

P ′
S

F ′
S

BI

FC

W̃

BO

= |UB⟩⟩BOBI |W̃ ⟩⟩FCF
′
SP

′
SBIPCP

′
SF

′
SBO , (18)

where the line crossing the transformation slot denotes a system that is invariant under the perspective change. The
resulting process W̃ admits a circuit representation in which the time-delocalization of the relevant target subsystems
is explicit:

|W̃ ⟩⟩ = ΠB(UA,ϕ,ψ) ΦB(UA,ϕ,ψ)BI BO

E
P ′

SP ′
S

PC FC

F ′
S F ′

S
= ⟨⟨I|EE |ΦA(UA, ϕ, ψ)⟩⟩ |ΠA(UA, ϕ, ψ)⟩⟩, (19)

where, writing E := ESEC ,

|ΦA(UA, ϕ, ψ)⟩⟩ = |00⟩⟩ECPC |I⟩⟩ESP
′
S |UA⟩⟩BIF

′
S + |11⟩⟩ECPC |I⟩⟩ESP

′
S |ψ⟩BI |ϕ⟩P ′

S , (20)

|ΠA(UA, ϕ, ψ)⟩⟩ = |00⟩⟩FCEC |I⟩⟩F ′
SES |ϕ⟩P ′

S |ψ⟩BO + |11⟩⟩FCEC |I⟩⟩F ′
SES |UA⟩⟩P

′
SBO . (21)

Two structural features are worth stressing. First, unlike in the slot-preserving scenario, both JA→B and J†
A→B are

controlled by FC at a single interface (Alice’s future slice in Fig. 10), while their action globally reassigns the temporal
placement of the target subsystems; this is precisely what enables a nontrivial change of foliation. Second, because
the transformation necessarily re-identifies the past/future partition, the transformed fragments of the preparation,
the final measurement, and Alice’s gate (collected into W̃ ) do not coincide with those appearing in Bob’s CRF
under the same boundary identification: in the new foliation, the degrees of freedom associated with the original
preparation/measurement straddle the new past–future partition and thus become time-delocalized. Equivalently, in
the absence of further reference structure, a unitary time-frame change that localizes Bob’s operation unavoidably
alters the global notion of “past” and “future”.

This provides the methodological point that aligns with the preceding section. CRF/TDS representations remain
equivalent as coordinate parametrizations of the underlying perspective-neutral process. However, once one fixes a
foliation into fragments and asks for a time-frame change, the relevant symmetry notion must allow transformations
that act not only on system degrees of freedom within slots but also on the foliation data itself (i.e. on the interface
identities and the induced boundary partition). The construction above achieves exactly this: it implements a unitary
change of foliation that renders Bob local, at the price of reshuffling the global past/future identification. In the
next step of our analysis, we will supply additional reference systems that provide a background circuit fragment (a
spatiotemporal scaffold), allowing complementary perspectives to be unitarily related while preserving a shared global
past and future.



8

IV. SPACETIME FRAME FOR PROCESS MATRICES

So far we have analyzed the quantum switch at the level of a chosen time foliation: we selected interfaces—“cuts”—
that single out the laboratories’ interventions and the preparation/measurement boundaries, and we treated the
resulting interface structure as frame data specifying an agent-dependent ordering of events. Crucially, however, the
bare switch process contains only the degrees of freedom associated with the laboratories’ input–output systems. It
therefore provides no additional subsystem that could serve as an external spatiotemporal background—no clock/rod
register relative to which all events could be localized. In this sense, the previous time-foliated description fixes an
ordering, but it still lacks an embedding of the causal network into a common spatiotemporal scaffold.

The aim of this section is to supply precisely this missing structure by extending the process with explicit quantum
reference systems (clocks and, where relevant, rods) that carry operationally accessible spatiotemporal information.
These additional reference systems provide a background circuit fragment shared across perspectives, i.e. a spatiotemporal
scaffold into which the process embeds. We will show that, in this extended description, one can implement unitary
changes of spatiotemporal perspective that relate complementary CRF/TDS viewpoints while preserving a common
global past and future. This yields a concrete handle on how the quantum switch–type correlations can be understood
as arising from bona fide dynamics of physical systems—clocks/rods—embedded in spacetime.

IV.1. Quantum switch-like process in a general relativistic setting

We now consider a general relativistic representation of a quantum switch–like process. This digression further
clarifies the previous results and indicates how to extend the process structure, so that a relational spatiotemporal
description can be employed. Specifically, we examine a superposition of two inequivalent physical configurations in
which the causal order between two events, A and B, is indefinite: in one branch of the superposition, B lies in the past
of A, namely (B ≺ A), while in the other branch, the order is reversed (A ≺ B). This scenario is illustrated in Fig. 1.
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<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="xjhnGRoUYa2u3LKa8IVNpQW98rs="></latexit>

(M1, gB�A, lA, lB , , )

<latexit sha1_base64="zhls1nXDu/hY7EFjZ2YM8YWlCmA="></latexit>

(M2, gA�B , lA, lB , , )

Figure 1. Superposition of physically inequivalent configurations—The events A and B are given by the intersection
points of the world-lines of the target system (black arrow), Alice’s laboratory (blue line), and Bob’s laboratory (red line).
The state preparation and the final measurement are represented by the yellow atom-shaped symbol and the detector symbol,
respectively.

Each configuration is specified by the tuple of the type

<latexit sha1_base64="xIyZxj4j+SiLMSAAmIfP6OeElPI=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKewGiR6DXrwIEcwDsiH0TjpxyOyDmV4hhIBf4VVP3sSrv+LBf3F33YMm1qmo6qary4uUNGTbn1ZhZXVtfaO4Wdra3tndK+8ftE0Ya4EtEapQdz0wqGSALZKksBtpBN9T2PEmV6nfeUBtZBjc0TTCvg/jQI6kAEok1/WB7gUofjOoDcoVu2pn4MvEyUmF5WgOyl/uMBSxjwEJBcb0HDui/gw0SaFwXnJjgxGICYyxl9AAfDT9WZZ5zk9iAxTyCDWXimci/t6YgW/M1PeSyTSjWfRS8T+vF9Pooj+TQRQTBiI9RFJhdsgILZMykA+lRiJIkyOXAReggQi15CBEIsZJO6WkD2fx+2XSrlWderV+e1ZpXObNFNkRO2anzGHnrMGuWZO1mGARe2LP7MV6tF6tN+v9Z7Rg5TuH7A+sj28MoZW2</latexit>M2

<latexit sha1_base64="kkjfOqNNYn49WmqQCpJ/R2PrWP4=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxYsQwTwgu4TeSScOmX0w0yuEEPArvOrJm3j1Vzz4L+6ue9DEOhVV3XR1+bGShmz701paXlldWy9tlDe3tnd2K3v7bRMlWmBLRCrSXR8MKhliiyQp7MYaIfAVdvzxVeZ3HlAbGYV3NInRC2AUyqEUQKnkugHQvQDFb/pOv1K1a3YOvkicglRZgWa/8uUOIpEEGJJQYEzPsWPypqBJCoWzspsYjEGMYYS9lIYQoPGmeeYZP04MUMRj1Fwqnov4e2MKgTGTwE8ns4xm3svE/7xeQsMLbyrDOCEMRXaIpML8kBFapmUgH0iNRJAlRy5DLkADEWrJQYhUTNJ2ymkfzvz3i6R9WnPqtfrtWbVxWTRTYofsiJ0wh52zBrtmTdZigsXsiT2zF+vRerXerPef0SWr2Dlgf2B9fAMLEpW1</latexit>M1

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="xjhnGRoUYa2u3LKa8IVNpQW98rs="></latexit>

(M1, gB→A, lA, lB , , )

<latexit sha1_base64="1MaLy1ricKJ3DZ/4TL9FjbSNFfM="></latexit>

(M2, gB→A, lA, lB , , )

which encodes: the space of
parameters—the manifold M and the physical degrees of freedom, here consisting of the gravitational field, the
world-lines of Alice’s and Bob’s laboratories, the target system, and the detector performing the final measurement.

The underlying physics is invariant under any change of coordinate system, implemented by the group of diffeomor-
phisms on the manifold. In the regime considered, the standard notion of symmetry is extended to include quantum-
controlled symmetry transformations and we refer to the resulting group as the quantum symmetry group [12, 16, 17].
This extension allows us to adopt a physical perspective by parametrizing spacetime by means of a suitable set
of scalar fields whose configuration defines what we call quantum coordinates, or equivalently quantum reference
frames (QRFs) [53]. In the chosen “quantum coordinate chart”, Alice’s laboratory is local, while Bob’s and the
target’s worldlines are spacetime-delocalized. Nevertheless, event A remains local because the superposed target
worldlines intersect Alice’s worldline at the same point of the quantum coordinate chart. Moreover, both branches
of the superposition share the same notion of global past and future, making the initial state preparation and final
measurement local as well.
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This relational description in terms of quantum coordinates can be be achieved via a suitable quantum-controlled
diffeomorphism ϕ := (ϕ1, ϕ2), where ϕ1 : M1 → MA and ϕ2 : M2 → MA act on M1 and M2 respectively. The
physical configuration is now specified by the tuple

<latexit sha1_base64="xIyZxj4j+SiLMSAAmIfP6OeElPI=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKewGiR6DXrwIEcwDsiH0TjpxyOyDmV4hhIBf4VVP3sSrv+LBf3F33YMm1qmo6qary4uUNGTbn1ZhZXVtfaO4Wdra3tndK+8ftE0Ya4EtEapQdz0wqGSALZKksBtpBN9T2PEmV6nfeUBtZBjc0TTCvg/jQI6kAEok1/WB7gUofjOoDcoVu2pn4MvEyUmF5WgOyl/uMBSxjwEJBcb0HDui/gw0SaFwXnJjgxGICYyxl9AAfDT9WZZ5zk9iAxTyCDWXimci/t6YgW/M1PeSyTSjWfRS8T+vF9Pooj+TQRQTBiI9RFJhdsgILZMykA+lRiJIkyOXAReggQi15CBEIsZJO6WkD2fx+2XSrlWderV+e1ZpXObNFNkRO2anzGHnrMGuWZO1mGARe2LP7MV6tF6tN+v9Z7Rg5TuH7A+sj28MoZW2</latexit>M2

<latexit sha1_base64="kkjfOqNNYn49WmqQCpJ/R2PrWP4=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxYsQwTwgu4TeSScOmX0w0yuEEPArvOrJm3j1Vzz4L+6ue9DEOhVV3XR1+bGShmz701paXlldWy9tlDe3tnd2K3v7bRMlWmBLRCrSXR8MKhliiyQp7MYaIfAVdvzxVeZ3HlAbGYV3NInRC2AUyqEUQKnkugHQvQDFb/pOv1K1a3YOvkicglRZgWa/8uUOIpEEGJJQYEzPsWPypqBJCoWzspsYjEGMYYS9lIYQoPGmeeYZP04MUMRj1Fwqnov4e2MKgTGTwE8ns4xm3svE/7xeQsMLbyrDOCEMRXaIpML8kBFapmUgH0iNRJAlRy5DLkADEWrJQYhUTNJ2ymkfzvz3i6R9WnPqtfrtWbVxWTRTYofsiJ0wh52zBrtmTdZigsXsiT2zF+vRerXerPef0SWr2Dlgf2B9fAMLEpW1</latexit>M1

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="xjhnGRoUYa2u3LKa8IVNpQW98rs="></latexit>

(M1, gB�A, lA, lB , , )

<latexit sha1_base64="1MaLy1ricKJ3DZ/4TL9FjbSNFfM="></latexit>

(M2, gB�A, lA, lB , , )

<latexit sha1_base64="xIyZxj4j+SiLMSAAmIfP6OeElPI=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKewGiR6DXrwIEcwDsiH0TjpxyOyDmV4hhIBf4VVP3sSrv+LBf3F33YMm1qmo6qary4uUNGTbn1ZhZXVtfaO4Wdra3tndK+8ftE0Ya4EtEapQdz0wqGSALZKksBtpBN9T2PEmV6nfeUBtZBjc0TTCvg/jQI6kAEok1/WB7gUofjOoDcoVu2pn4MvEyUmF5WgOyl/uMBSxjwEJBcb0HDui/gw0SaFwXnJjgxGICYyxl9AAfDT9WZZ5zk9iAxTyCDWXimci/t6YgW/M1PeSyTSjWfRS8T+vF9Pooj+TQRQTBiI9RFJhdsgILZMykA+lRiJIkyOXAReggQi15CBEIsZJO6WkD2fx+2XSrlWderV+e1ZpXObNFNkRO2anzGHnrMGuWZO1mGARe2LP7MV6tF6tN+v9Z7Rg5TuH7A+sj28MoZW2</latexit>M2

<latexit sha1_base64="kkjfOqNNYn49WmqQCpJ/R2PrWP4=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxYsQwTwgu4TeSScOmX0w0yuEEPArvOrJm3j1Vzz4L+6ue9DEOhVV3XR1+bGShmz701paXlldWy9tlDe3tnd2K3v7bRMlWmBLRCrSXR8MKhliiyQp7MYaIfAVdvzxVeZ3HlAbGYV3NInRC2AUyqEUQKnkugHQvQDFb/pOv1K1a3YOvkicglRZgWa/8uUOIpEEGJJQYEzPsWPypqBJCoWzspsYjEGMYYS9lIYQoPGmeeYZP04MUMRj1Fwqnov4e2MKgTGTwE8ns4xm3svE/7xeQsMLbyrDOCEMRXaIpML8kBFapmUgH0iNRJAlRy5DLkADEWrJQYhUTNJ2ymkfzvz3i6R9WnPqtfrtWbVxWTRTYofsiJ0wh52zBrtmTdZigsXsiT2zF+vRerXerPef0SWr2Dlgf2B9fAMLEpW1</latexit>M1

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="xjhnGRoUYa2u3LKa8IVNpQW98rs="></latexit>

(M1, gB�A, lA, lB , , )

<latexit sha1_base64="1MaLy1ricKJ3DZ/4TL9FjbSNFfM="></latexit>

(M2, gB�A, lA, lB , , )

, and similarly for M2, which explicitly
includes the reference degrees of freedom–i.e. . In Fig. 2, these quantum coordinates are depicted as the gray grid,
providing the spatiotemporal coordinatization relative to which events and worldlines are defined.

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="O7X0VFS9zdAfVIJEZE40FBTxD8s=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEysyK4xaIna2JhgIo8EFnJ3uOCE2Udm7pqQDY1fYauVnbH1Tyz8F3eRQsFTnZxzb+65x4uUNGTbn1ZuaXlldS2/XtjY3NreKe7uNUwYa4F1EapQtzwwqGSAdZKksBVpBN9T2PRGV5nffEBtZBjc0ThC14dhIAdSAKVSt+MD3QtQ/KabXEx6xZJdtqfgi8SZkRKbodYrfnX6oYh9DEgoMKbt2BG5CWiSQuGk0IkNRiBGMMR2SgPw0bjJNPWEH8UGKOQRai4Vn4r4eyMB35ix76WTWUoz72Xif147psG5m8ggigkDkR0iqXB6yAgt0zqQ96VGIsiSI5cBF6CBCLXkIEQqxmk/hbQPZ/77RdI4KTuVcuX2tFS9nDWTZwfskB0zh52xKrtmNVZngmn2xJ7Zi/VovVpv1vvPaM6a7eyzP7A+vgH4TpbQ</latexit>

MA

<latexit sha1_base64="eEIqSF+G1LnlfaCHwJ2LtP4hfvM=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBIg8piaLzZZMcOZ9Pd2ukYOUfaKGiQ7T8DQX/gm1cQMJUo5ld7ez4WgqLrvvpFFZW19Y3ipulre2d3b3y/kHLhpHh0OShDE3HZxakUNBEgRI62gALfAltf3qd+u0HMFaE6g5nGvoBGysxEpxhIrV6eiIG3qBccatuBrpMvJxUSI7GoPzVG4Y8CkAhl8zarudq7MfMoOAS5qVeZEEzPmVj6CZUsQBsP87SzulJZBmGVIOhQtJMhN8bMQusnQV+MhkwnNhFLxX/87oRji77sVA6QlA8PYRCQnbIciOSGoAOhQFEliYHKhTlzDBEMIIyzhMxSnopJX14i98vk9ZZ1atVa7fnlfpV3kyRHJFjcko8ckHq5IY0SJNwck+eyDN5cR6dV+fNef8ZLTj5ziH5A+fjG/IXk3M=</latexit>

�1

<latexit sha1_base64="/FPukrSjJj7o/7g1LvzKci9GgsI=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRXaEAmUEDWWQyENKrOh82SRHzufT3RopRPkHWqjoEC1/Q8G/YBsXkDDVaGZXOzuBlsKi6346K6tr6xubha3i9s7u3n7p4LBlo9hwaPJIRqYTMAtSKGiiQAkdbYCFgYR2MLlO/fYDGCsidYdTDX7IRkoMBWeYSK2eHot+tV8quxU3A10mXk7KJEejX/rqDSIeh6CQS2Zt13M1+jNmUHAJ82IvtqAZn7ARdBOqWAjWn2Vp5/Q0tgwjqsFQIWkmwu+NGQutnYZBMhkyHNtFLxX/87oxDi/9mVA6RlA8PYRCQnbIciOSGoAOhAFEliYHKhTlzDBEMIIyzhMxTnopJn14i98vk1a14tUqtdvzcv0qb6ZAjskJOSMeuSB1ckMapEk4uSdP5Jm8OI/Oq/PmvP+Mrjj5zhH5A+fjG/Omk3Q=</latexit>

�2

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="xIyZxj4j+SiLMSAAmIfP6OeElPI=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKewGiR6DXrwIEcwDsiH0TjpxyOyDmV4hhIBf4VVP3sSrv+LBf3F33YMm1qmo6qary4uUNGTbn1ZhZXVtfaO4Wdra3tndK+8ftE0Ya4EtEapQdz0wqGSALZKksBtpBN9T2PEmV6nfeUBtZBjc0TTCvg/jQI6kAEok1/WB7gUofjOoDcoVu2pn4MvEyUmF5WgOyl/uMBSxjwEJBcb0HDui/gw0SaFwXnJjgxGICYyxl9AAfDT9WZZ5zk9iAxTyCDWXimci/t6YgW/M1PeSyTSjWfRS8T+vF9Pooj+TQRQTBiI9RFJhdsgILZMykA+lRiJIkyOXAReggQi15CBEIsZJO6WkD2fx+2XSrlWderV+e1ZpXObNFNkRO2anzGHnrMGuWZO1mGARe2LP7MV6tF6tN+v9Z7Rg5TuH7A+sj28MoZW2</latexit>M2

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="kkjfOqNNYn49WmqQCpJ/R2PrWP4=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoxYsQwTwgu4TeSScOmX0w0yuEEPArvOrJm3j1Vzz4L+6ue9DEOhVV3XR1+bGShmz701paXlldWy9tlDe3tnd2K3v7bRMlWmBLRCrSXR8MKhliiyQp7MYaIfAVdvzxVeZ3HlAbGYV3NInRC2AUyqEUQKnkugHQvQDFb/pOv1K1a3YOvkicglRZgWa/8uUOIpEEGJJQYEzPsWPypqBJCoWzspsYjEGMYYS9lIYQoPGmeeYZP04MUMRj1Fwqnov4e2MKgTGTwE8ns4xm3svE/7xeQsMLbyrDOCEMRXaIpML8kBFapmUgH0iNRJAlRy5DLkADEWrJQYhUTNJ2ymkfzvz3i6R9WnPqtfrtWbVxWTRTYofsiJ0wh52zBrtmTdZigsXsiT2zF+vRerXerPef0SWr2Dlgf2B9fAMLEpW1</latexit>M1

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

<latexit sha1_base64="2fvfthwg1mRLBhwA3jth0GTm+tU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1XG1el2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH+zjME=</latexit>

2

<latexit sha1_base64="2fvfthwg1mRLBhwA3jth0GTm+tU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1XG1el2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH+zjME=</latexit>

2

<latexit sha1_base64="zAYiae0AiBpVJ1FsFEw+B7zCIFA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftkrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1K9K1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AIE3jMI=</latexit>

3

<latexit sha1_base64="zAYiae0AiBpVJ1FsFEw+B7zCIFA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftkrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1K9K1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AIE3jMI=</latexit>

3

<latexit sha1_base64="2fvfthwg1mRLBhwA3jth0GTm+tU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1XG1el2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH+zjME=</latexit>

2
<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

Figure 2. Quantum coordinate transformation—The quantum-controlled diffeomorphism allows to take the perspective of
the physical scaffolding—i.e. quantum coordinates—depicted as the gray grid. The transformed state on the right is expressed
in those quantum coordinates, such that Alice’s worldline is localized—configuration 2—, whereas Bob’s worldline is spacetime
delocalized—i.e., in superposition of configurations 2 and 3.

The ability to adopt the complementary physical perspective—in which event B is local while A is delocal-
ized—depends solely on the availability of another physical frame prepared in an appropriate configuration. When
such a frame is available—i.e. —both perspectives can be realized, as illustrated in Fig. 3.



10

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="O7X0VFS9zdAfVIJEZE40FBTxD8s=">AAACAHicbVC7TgJBFJ3FF+ILtbSZSEysyK4xaIna2JhgIo8EFnJ3uOCE2Udm7pqQDY1fYauVnbH1Tyz8F3eRQsFTnZxzb+65x4uUNGTbn1ZuaXlldS2/XtjY3NreKe7uNUwYa4F1EapQtzwwqGSAdZKksBVpBN9T2PRGV5nffEBtZBjc0ThC14dhIAdSAKVSt+MD3QtQ/KabXEx6xZJdtqfgi8SZkRKbodYrfnX6oYh9DEgoMKbt2BG5CWiSQuGk0IkNRiBGMMR2SgPw0bjJNPWEH8UGKOQRai4Vn4r4eyMB35ix76WTWUoz72Xif147psG5m8ggigkDkR0iqXB6yAgt0zqQ96VGIsiSI5cBF6CBCLXkIEQqxmk/hbQPZ/77RdI4KTuVcuX2tFS9nDWTZwfskB0zh52xKrtmNVZngmn2xJ7Zi/VovVpv1vvPaM6a7eyzP7A+vgH4TpbQ</latexit>

MA

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B <latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="V9jfmeOidmDmI1G9DexDy4Z3Yjk=">AAACAHicbVC7SgNBFJ2NrxhfUUubwSBYhV2RaBliYyNEMA/Ii7uTmzhk9sHMXSEsafwKW63sxNY/sfBf3F1TaOKpDufcyz33uKGShmz708qtrK6tb+Q3C1vbO7t7xf2DpgkiLbAhAhXotgsGlfSxQZIUtkON4LkKW+7kKvVbD6iNDPw7mobY82Dsy5EUQInU73pA9wIUv+nHtdmgWLLLdga+TJw5KbE56oPiV3cYiMhDn4QCYzqOHVIvBk1SKJwVupHBEMQExthJqA8eml6cpZ7xk8gABTxEzaXimYi/N2LwjJl6bjKZpjSLXir+53UiGl32YumHEaEv0kMkFWaHjNAyqQP5UGokgjQ5culzARqIUEsOQiRilPRTSPpwFr9fJs2zslMpV27PS9XavJk8O2LH7JQ57IJV2TWrswYTTLMn9sxerEfr1Xqz3n9Gc9Z855D9gfXxDfneltE=</latexit>

MB

<latexit sha1_base64="VzVBymwRtFaFX2zQeiOhja+0Opc=">AAACA3icbVC7TgJBFJ31ifhg1dJmIjGxIrvGoCViY2OCiTwSQHJ3uOCE2Udm7pqQDaVfYauVnbH1Qyz8F3eRQsFTnZxzb+65x4uUNOQ4n9bS8srq2npuI7+5tb1TsHf3GiaMtcC6CFWoWx4YVDLAOklS2Io0gu8pbHqjy8xvPqA2MgxuaRxh14dhIAdSAKVSzy50fKB7AYpf3yUX1UnPLjolZwq+SNwZKbIZaj37q9MPRexjQEKBMW3XiaibgCYpFE7yndhgBGIEQ2ynNAAfTTeZBp/wo9gAhTxCzaXiUxF/byTgGzP2vXQyi2nmvUz8z2vHNDjvJjKIYsJAZIdIKpweMkLLtBHkfamRCLLkyGXABWggQi05CJGKcVpRPu3Dnf9+kTROSm65VL45LVaqs2Zy7IAdsmPmsjNWYVesxupMsJg9sWf2Yj1ar9ab9f4zumTNdvbZH1gf3wJcl00=</latexit>

MAB

<latexit sha1_base64="nMrnNpDeSTmVYGg4/JPp/zfniKw=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTIKDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTWVvf2NzaLu2Ud/f2Dw4rR8ddE1nNocMjGel+wAxIoaCDAiX0Yw0sDCT0gtlt5vceQRsRqXucx+CHbKrERHCGqdRujipVt+bmoKvEK0iVFGiNKl/DccRtCAq5ZMYMPDdGP2EaBZewKA+tgZjxGZvCIKWKhWD8JA+6oOfWMIxoDJoKSXMRfm8kLDRmHgbpZMjwwSx7mfifN7A4ufEToWKLoHh2CIWE/JDhWqQNAB0LDYgsSw5UKMqZZoigBWWcp6JNKymnfXjL36+S7mXNq9fq7atqo1k0UyKn5IxcEI9ckwa5Iy3SIZwAeSLP5MWxzqvz5rz/jK45xc4J+QPn4xs18ZFW</latexit>

B

<latexit sha1_base64="OUjYIT6T8iPKKPoesMOFaBSQCTc=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQBGsqAyENKomh92YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge64YFBJH5skSWEn1Aieq7DtTm5Svz1FbWTgP9AsxL4HY1+OpABKpPur0qBcsat2Br5MnJxUWI7GoPzVGwYi8tAnocCYrmOH1I9BkxQK56VeZDAEMYExdhPqg4emH2dJ5/wkMkABD1FzqXgm4u+NGDxjZp6bTHpAj2bRS8X/vG5Eo8t+LP0wIvRFeoikwuyQEVomFSAfSo1EkCZHLn0uQAMRaslBiESMkk7SPpzF75dJ66zq1Kq1u/NK/TpvpsiO2DE7ZQ67YHV2yxqsyQQbsSf2zF6sqfVqvVnvP6MFK985ZH9gfXwDaSiRaQ==</latexit>

A

<latexit sha1_base64="Ta3Fw7fikKb7bAvLDahRXeTFSm4=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiQlbXVXdOOyBfuANpTJdNKOnUzCzEQooV/gxoUibv0kd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJtdzv3NPpWKxuNXThPoRHgkWMoK1kZqVQbHk2BXHvazU0JJ4ZUMc16t5HnJtZ4ESrNAYFN/7w5ikERWacKxUz3US7WdYakY4nRX6qaIJJhM8oj1DBY6o8rPFoTN0ZpQhCmNpSmi0UL9PZDhSahoFpjPCeqx+e3PxL6+X6vDCz5hIUk0FWS4KU450jOZfoyGTlGg+NQQTycytiIyxxESbbAomhK9P0f+kXbbdql1teqX61SqOPJzAKZyDCzWoww00oAUEKDzAEzxbd9aj9WK9Lltz1mrmGH7AevsE5sWNCA==</latexit>

5

<latexit sha1_base64="cVTEm8X3Tef4WKRr4xz9vOcdU64=">AAAB5HicdVDJSgNBEK2JWxy36NVLYxA8DTNhTPQW9OIxglkgGUJPp5K06Vno7hHCkC/w4kHx6jd582/sLIKKPih4vFdFVb0wFVxp1/2wCmvrG5tbxW17Z3dv/6BkH7ZUkkmGTZaIRHZCqlDwGJuaa4GdVCKNQoHtcHI999sPKBVP4js9TTGI6CjmQ86oNtKt3y+VXefc9S7Pa2RJ/IohrufXfJ94jrtAGVZo9EvvvUHCsghjzQRVquu5qQ5yKjVnAmd2L1OYUjahI+waGtMIVZAvDp2RU6MMyDCRpmJNFur3iZxGSk2j0HRGVI/Vb28u/uV1Mz28CHIep5nGmC0XDTNBdELmX5MBl8i0mBpCmeTmVsLGVFKmTTa2CeHrU/I/aVUcr+pUy/WrVRhFOIYTOAMPalCHG2hAExggPMIzvFj31pP1umwsWKuJI/gB6+0Tea+L3Q==</latexit>

4

<latexit sha1_base64="xYYniipg9WTOaVx39nPORVmvrNc=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiQlbXVXdOOyBfuANpTJdNKOnUzCzEQooV/gxoUibv0kd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJtdzv3NPpWKxuNXThPoRHgkWMoK1kZrVQbHk2BXHvazU0JJ4ZUMc16t5HnJtZ4ESrNAYFN/7w5ikERWacKxUz3US7WdYakY4nRX6qaIJJhM8oj1DBY6o8rPFoTN0ZpQhCmNpSmi0UL9PZDhSahoFpjPCeqx+e3PxL6+X6vDCz5hIUk0FWS4KU450jOZfoyGTlGg+NQQTycytiIyxxESbbAomhK9P0f+kXbbdql1teqX61SqOPJzAKZyDCzWoww00oAUEKDzAEzxbd9aj9WK9Lltz1mrmGH7AevsE6EmNCQ==</latexit>

6

<latexit sha1_base64="rZqTN9FllCtiww/kHnyTnUqLKWs=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRahgixZW2q9Fb14rGA/oF1KNk3b0Gx2SbJCKf0NXjwo4tUf5M1/Y9quoKIPBh7vzTAzL4gF1wbjDyezsrq2vpHdzG1t7+zu5fcPmjpKFGUNGolItQOimeCSNQw3grVjxUgYCNYKxtdzv3XPlOaRvDOTmPkhGUo+4JQYKzWK3lnptJcvYLd0aVFF2C1jjD2cElxCnosXKECKei//3u1HNAmZNFQQrTsejo0/JcpwKtgs1000iwkdkyHrWCpJyLQ/XRw7QydW6aNBpGxJgxbq94kpCbWehIHtDIkZ6d/eXPzL6yRmUPWnXMaJYZIuFw0SgUyE5p+jPleMGjGxhFDF7a2Ijogi1Nh8cjaEr0/R/6R57noVt3JbLtSu0jiycATHUAQPLqAGN1CHBlDg8ABP8OxI59F5cV6XrRknnTmEH3DePgF1MY3T</latexit>

(1, 3)
<latexit sha1_base64="OgxP85Lp1Y3qgqjyqkJGSA8PCxA=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZlNQoy3oBePCZgHJEuYncwmY2YfzMwKYckXePGgiFc/yZt/4yRZQUULGoqqbrq7vFhwpTH+sHJr6xubW/ntws7u3v5B8fCoo6JEUtamkYhkzyOKCR6ytuZasF4sGQk8wbre9Hrhd++ZVDwKb/UsZm5AxiH3OSXaSK3ysFjCduXSoI6wXcUYOzgjuIIcGy9RggzNYfF9MIpoErBQU0GU6js41m5KpOZUsHlhkCgWEzolY9Y3NCQBU266PHSOzowyQn4kTYUaLdXvEykJlJoFnukMiJ6o395C/MvrJ9qvuykP40SzkK4W+YlAOkKLr9GIS0a1mBlCqOTmVkQnRBKqTTYFE8LXp+h/0inbTs2utaqlxlUWRx5O4BTOwYELaMANNKENFBg8wBM8W3fWo/Viva5ac1Y2cww/YL19AtZ9jPw=</latexit>

2

<latexit sha1_base64="OgxP85Lp1Y3qgqjyqkJGSA8PCxA=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZlNQoy3oBePCZgHJEuYncwmY2YfzMwKYckXePGgiFc/yZt/4yRZQUULGoqqbrq7vFhwpTH+sHJr6xubW/ntws7u3v5B8fCoo6JEUtamkYhkzyOKCR6ytuZasF4sGQk8wbre9Hrhd++ZVDwKb/UsZm5AxiH3OSXaSK3ysFjCduXSoI6wXcUYOzgjuIIcGy9RggzNYfF9MIpoErBQU0GU6js41m5KpOZUsHlhkCgWEzolY9Y3NCQBU266PHSOzowyQn4kTYUaLdXvEykJlJoFnukMiJ6o395C/MvrJ9qvuykP40SzkK4W+YlAOkKLr9GIS0a1mBlCqOTmVkQnRBKqTTYFE8LXp+h/0inbTs2utaqlxlUWRx5O4BTOwYELaMANNKENFBg8wBM8W3fWo/Viva5ac1Y2cww/YL19AtZ9jPw=</latexit>

2

<latexit sha1_base64="qOwrasf7jyZzHfscwL7dFlSC260=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSJUkJKUtNVb0YvHCqYttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/4/ZDUNEHA4/3ZpiZFyScKW3bH9bK6tr6xmZuK7+9s7u3Xzg4bKk4lYR6JOax7ARYUc4E9TTTnHYSSXEUcNoOxtczv31PpWKxuNOThPoRHgoWMoK1kbySe1476xeKdrlqO5fVOloQt2KI7bh110VO2Z6jCEs0+4X33iAmaUSFJhwr1XXsRPsZlpoRTqf5XqpogskYD2nXUIEjqvxsfuwUnRplgMJYmhIazdXvExmOlJpEgemMsB6p395M/Mvrpjq88DMmklRTQRaLwpQjHaPZ52jAJCWaTwzBRDJzKyIjLDHRJp+8CeHrU/Q/aVXKTq1cu3WLjatlHDk4hhMogQN1aMANNMEDAgwe4AmeLWE9Wi/W66J1xVrOHMEPWG+fihGN4g==</latexit>

(4, 6)

<latexit sha1_base64="Ta3Fw7fikKb7bAvLDahRXeTFSm4=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiQlbXVXdOOyBfuANpTJdNKOnUzCzEQooV/gxoUibv0kd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJtdzv3NPpWKxuNXThPoRHgkWMoK1kZqVQbHk2BXHvazU0JJ4ZUMc16t5HnJtZ4ESrNAYFN/7w5ikERWacKxUz3US7WdYakY4nRX6qaIJJhM8oj1DBY6o8rPFoTN0ZpQhCmNpSmi0UL9PZDhSahoFpjPCeqx+e3PxL6+X6vDCz5hIUk0FWS4KU450jOZfoyGTlGg+NQQTycytiIyxxESbbAomhK9P0f+kXbbdql1teqX61SqOPJzAKZyDCzWoww00oAUEKDzAEzxbd9aj9WK9Lltz1mrmGH7AevsE5sWNCA==</latexit>

5

<latexit sha1_base64="Ta3Fw7fikKb7bAvLDahRXeTFSm4=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiQlbXVXdOOyBfuANpTJdNKOnUzCzEQooV/gxoUibv0kd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJtdzv3NPpWKxuNXThPoRHgkWMoK1kZqVQbHk2BXHvazU0JJ4ZUMc16t5HnJtZ4ESrNAYFN/7w5ikERWacKxUz3US7WdYakY4nRX6qaIJJhM8oj1DBY6o8rPFoTN0ZpQhCmNpSmi0UL9PZDhSahoFpjPCeqx+e3PxL6+X6vDCz5hIUk0FWS4KU450jOZfoyGTlGg+NQQTycytiIyxxESbbAomhK9P0f+kXbbdql1teqX61SqOPJzAKZyDCzWoww00oAUEKDzAEzxbd9aj9WK9Lltz1mrmGH7AevsE5sWNCA==</latexit>

5
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Figure 3. Equivalent quantum coordinate representations—Three different coordinate representations of the same process
are shown. (Top) process matrix representation, where all events are local; (left) Bob’s causal reference frame; (right) Alice’s
causal reference frame. One can change representation via suitable quantum symmetry transformation.

The equivalence of these coordinate representations Fig. 3 mirrors the equivalence between CRF and TDS descriptions.
The top configuration in Fig. 3 corresponds to the abstract representation—process matrix—of the quantum switch,
where each gate, i.e. event, appears in a single slot of the process. The remaining two configurations correspond to
Alice’s and Bob’s CRFs decompositions respectively, as in Eqs. (3) and (8). The equivalence underlined by Fig. 3 do
not corresponds though to the equivalence of Eq. (8), that is an operational equivalence of the two processes that
provide the same statistic, rather than a map connecting different perspectives on the same process.

The possibility to switch from the different perspectives displayed in Fig. 3 is granted by the presence of suitable
QRFs. In particular, obtaining a QRF perspective that matches one of the considered configurations depends entirely
on the physical state of the QRF—specifically, on whether it is suitably correlated with the rest of the systems [17].

In Sec. III.2, however, beyond the clock’s readings in Eqs. (10) and (21), the scenario includes only the target system
and the control, which may be identified with the gravitational field in the general-relativistic setting, and no QRFs.
Consequently, what is described is merely the time delocalization of a single gate and not the spacetime delocalization
of the corresponding worldline.

IV.2. Spacetime formulation of a switch-like process

The physical situation that we are aiming to reproduce is intuitively illustrated in Fig. 4, where the events and the
corresponding worldliness are parametrized with respect to a physical scaffolding—e.g. suitable set of scalar fields—,
providing a notion of rod and clock.

Motivated by this spatiotemporal representation, we introduce additional structure into the circuit model of the
quantum switch—an extra system beyond the target and the control—implemented so as to supply the missing spatial
dimensionality. As a matter of fact a third system allows for a diagrammatical representation of the both the geodesics
involved in the full spacetime picture. This is realized by the circuit fragment shown below, which specifies the
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B

Figure 4. Spatiotemporal QRF—Physical systems serve as rods and clocks, providing a spatiotemporal resolution of the
process. The resulting relational picture is free of external parameters.

“spatiotemporal background” with respect to which the process unfolds

|WB|A⟩⟩ =

R0 T1 T2 T3 T4 T5 T6 R7

S0 S7

C0
T0→1 T2→3 T4→5 T6→7

C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

, (22)

where the single boxes defining the time steps of the process are

|T0→1⟩⟩ = |00⟩⟩C1C0 |I⟩⟩S1R0 |I⟩⟩T1S0 + |11⟩⟩C1C0 |I⟩⟩T1R0 |I⟩⟩S1S0 , (23)

|T1→2⟩⟩ = |00⟩⟩C3C2 |I⟩⟩T3T2 |I⟩⟩S3S2 + |11⟩⟩C3C2 |I⟩⟩T3S2 |I⟩⟩S3T2 , (24)

|T4→5⟩⟩ = |00⟩⟩C5C4 |I⟩⟩S5T4 |I⟩⟩T5S4 + |11⟩⟩C5C4 |I⟩⟩T5T4 |I⟩⟩S5S4 , (25)

|T6→7⟩⟩ = |00⟩⟩C7C6 |I⟩⟩S7S6 |I⟩⟩R7T6 + |11⟩⟩C7C6 |I⟩⟩S7T6 |I⟩⟩T7S6 , (26)

and the three open slots corresponds to the spacetime locations of Bob’s and Alice’s events. Let us note that S and C
label the target and control systems, respectively, while R denotes the additional reference system. Now we provide
the agent’s operations, starting from the QRF perspective according to which Bob’s operation is spacetime delocalized,
namely

|UB|A(UB)⟩⟩ =
C0C0

T1 T2 T6T5
UB UB

= |00⟩⟩C0C0 |UB⟩⟩T2T1 |I⟩⟩T6T5 + |11⟩⟩C0C0 |I⟩⟩T2T1 |UB⟩⟩T6T5 , (27)

While Alice’s operation occurs at time step 3 → 4, namely |UA⟩⟩T4T3 = UA

T3 T4 . Let us notice that upon placing the
operations in the corresponding slots of the circuit we have

⟨⟨UB|A(UB)|⟨⟨UA||WB|A⟩⟩ = |I⟩⟩R7R0 |WSW (UA, UB)⟩⟩ (28)

where W corresponds to the quantum switch. Hence, discarding the extra system R7, while plugging any deterministic
state in R0, does not cause any loss of coherence. This guarantees statistical equivalence between the present process
and the standard quantum switch.

V. TRANSFORMATIONS BETWEEN SPATIOTEMPORAL PERSPECTIVES

Now we discuss how to change perspective. We seek a QRF perspective in which the background fragment places
Bob’s operation at a well-defined spacetime location, i.e. a single circuit slot. In this frame, Bob’s intervention is
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represented by a single non-controlled gate, whereas Alice’s becomes delocalized—entangled with the control system.
Below we show a unitary map that transforms the fragments accordingly:

|SA→B⟩⟩ =|00⟩⟩C0C0 |I⟩⟩T4T2 |I⟩⟩T1T3 |I⟩⟩T2T4 |I⟩⟩T3T1 |I⟩⟩T5T5 |I⟩⟩T6T6 (29)

+ |11⟩⟩C0C0 |I⟩⟩T4T6 |I⟩⟩T5T3 |I⟩⟩T6T4 |I⟩⟩T3T5 |I⟩⟩T2T2 |I⟩⟩T1T1 . (30)

Let us now define K := C0T1T2T3T4T5T6 and transform Alice and Bob’s fragments of the circuit

⟨⟨I|KK|SA→B⟩⟩|UB|A(UB)⟩⟩|UA⟩⟩ =

C0C0

T1 T2 T6T5
UB UB

T3

UA

T4

T1 T2

C0

SA→B

T5 T6

T3 T4

=
C0C0

T5 T6 T2T1
UA UA

T4T3
UB

(31)
= |UA|B(UA)⟩⟩|UB⟩⟩, (32)

which in the current notation is

|UA|B(UA)⟩⟩C0T2T4T6C0T1T3T5 |UB⟩⟩T4T3 =
(
|00⟩⟩C0C0 |UA⟩⟩T2T1 |I⟩⟩T6T5 + |11⟩⟩C0C0 |I⟩⟩T2T1 |UA⟩⟩T6T5

)
|UB⟩⟩T4T3 . (33)

As expected, the transformed fragments satisfy the desiderata: Bob’s operation is disentangled from the control and
localized at the time step T3 → T4, whereas Alice’s operation is delocalized between T5 → T6 and T2 → T3, being
entangled with C0.

Let us now transformed the fragment of the background circuit

⟨⟨I|KK|S†
A→B⟩⟩|WB|A⟩⟩ =|00⟩⟩C7C0 |I⟩⟩T3S0 |I⟩⟩T5R0 |I⟩⟩T1T4 |I⟩⟩S7T2 |I⟩⟩R7T6

+ |11⟩⟩C7C0 |I⟩⟩T1R0 |I⟩⟩T5S0 |I⟩⟩R7T2 |I⟩⟩T3T6 |I⟩⟩S7T4 = |WA|B⟩⟩. (34)

As expected, the fragment of the circuit which correspond to the background structure transforms in such a way that
the first and last time slots correspond now to Alice lab while Bob’s one is localized between them, namely

|S†
A→B(WB|A)⟩⟩ =

R0 T1 T2 T3 T4 T5 T6 R7

S0 S7

T0→1 T2→3 T4→5 T6→7
C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

S†
A→B

C0

T1 T2 T3 T4 T5 T6

(35)

=

R0 T1 T2T3 T4T5 T6 R7

S0 S7

C0
T̃0→1 T̃2→3 T̃4→5 T̃6→7

C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

, (36)

Then by simply relabeling the system of the new time, such that the first (T̃1, T̃2) and the third time step (T̃5, T̃6)
correspond to (T5, T6) and (T1, T2) respectively, we arrive at representation as displayed below

|WA|B⟩⟩ =

R0 T̃1 T̃2 T̃3 T̃4 T̃5 T̃6 R7

S0 S7

C0
T̃0→1 T̃2→3 T̃4→5 T̃6→7

C7

S1 S3S2 S4 S5 S6

C1 C2 C3 C4 C5 C6

. (37)

What we showed is the possibility to transform unitarily the fragments associated with the causal decomposition of
Alice (27) and the corresponding background (22) into the those associated to Bob’s complementary frame (31) and
background (37).
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VI. CONCLUSIONS

The starting point of this work is the distinction between coordinates understood as abstract labels in the perspective
neutral—unfrgmanted—picture and coordinates understood as frame data, that can be instantiated by physical systems—
e.g. clocks and rods. Within this conceptual standpoint, we first argue that the CRF and TDS representations of a
pure process are best understood as coordinate parameterizations of a perspective-neutral higher-order object. Their
equivalence is therefore a statement of coordinate invariance at the level of the unfragmented process, rather than a
relativization of the process with respect to a physical frame.

Our next contribution is methodological. We formalize an agent-dependent time perspective by foliating a chosen
CRF/TDS decomposition into circuit fragments. This notion of operational cut upgrades the interface labels from
bookkeeping parameters to frame data, namely clock-readings associated with the chosen time frame. In this setting, a
genuine frame change must co-transform both the circuit fragments and the classical frame data—i.e. the fragment
interfaces—so as to effectively re-foliate the process. This requirement is precisely what underlies the no-go result for
slot-preserving unitaries [44, 46]: acting locally at each fragment interface necessarily preserves the original frame data,
specifically the global past and future, and therefore cannot implement a change of time frame.

Focusing on the quantum switch, we show that although our perspective-change map unitarily transforms one
time-foliated circuit into another in which a different agent is local, it generically does not preserve a common
notion of global past and future—instead, both are reshuffled and mixed once the map is applied. In this way, the
time-fragmented TDS decomposition seems need not be unitarily related to its complementary decomposition, which
does share the same global past and future. This may seem paradoxical, since the quantum switch can be physically
realized in both gravitational and optical settings [30, 38], where one can choose descriptions in which either agent’s
operation is local while the other’s is nonlocal, yet both descriptions share the same global past and future. How, then,
can two physically equivalent situations—each realizable and sharing a common global past and future—fail to be
related by a unitary transformation? The question is naturally resolved once one realizes that, in contrast to physical
realizations of the quantum switch that include quantum reference frames (QRFs), the bare switch-like process does
not contain sufficient reference degrees of freedom to instantiate distinct spatiotemporal perspectives that agree on a
global past and future. In other words, the process lacks the physical structure required to support a background
scaffold relative to which complementary perspectives can be related by a unitary change of frame.

To overcome this limitation, we extend the quantum switch by explicitly adding QRFs, thus supplying a shared
spatiotemporal scaffold in which the process is embedded. The extended process reproduces the same statistics as the
abstract switch, but it now admits a genuinely relational spacetime description. In this extended setting, we exhibit
an explicit unitary QRF-change transformation that maps the fragments of one extended TDS—spacetime TDS—to
the complementary one, while retaining a shared global past and future. This restores, at the level of spatiotemporal
frames, the perspective complementarity in TDS/CRF that is not unitarily accessible using a time frame only.

We contend that developing a physical notion of perspective for processes—and a corresponding perspective-change
transformation—is directly relevant to the question of empirical realizability. By “realizable” we mean that the coupled
dynamics of spacetime and matter admits configurations that yield statistics that are operationally equivalent to those
of the abstract—bare—process. In Refs. [54, 55], the authors use graph-theoretic techniques to derive admissibility
criteria for causal structures, formulating explicit graph constraints that any spatiotemporal causal structure connecting
local quantum laboratories must satisfy. They also propose a general-relativistic generalization of a Bell-type test
that can certify the presence of a dynamical causal structure between the parties involved. Moreover, while processes
with quantum-controlled causal orders can be realized in general relativistic settings [13, 30, 56], such realization of
so-called unitary noncausal processes that violate causal inequalities—for example, the Baumeler–Wolf (BW) process,
may appear to require spacetime solutions with closed timelike curves (CTCs). At the same time, recent work by
Wechs, Branciard, and Oreshkov argue that there exits processes violating causal inequalities that nevertheless admit
realizations on time-delocalised subsystems within standard quantum theory, i.e., without invoking exotic spacetime
structure [39].

We see our work as providing a concrete route toward assessing physical realizability of process matrices through bona
fide spacetime-and-matter dynamics. This naturally motivates the next step: extending the same perspective-based
construction beyond switch-like processes. In particular, applying this framework to unitary noncausal processes
would test whether noncausality can be re-expressed as quantum spatiotemporal delocalization of laboratories without
invoking exotic structures, such as CTCs.

Finally, we return to our initial distinction between abstract coordinates and physical scaffolding. We argue that
the latter is crucial for implementing a proper transformation from one perspective to another. Does this imply,
however, that it is impossible to establish physical equivalence between two perspectives without invoking physical
clocks and rods (i.e., specific particles and fields)? This may seem to contradict the notion of coordinates in GR,
where coordinates provide a chart on regions of the manifold and are, conceptually, prior to the actual fields defined
on it. Our understanding is that this is not necessary: the physical scaffolding can be understood as potential or
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gedanken matter fields, not necessarily the ones that are implemented. With this understanding, the situation is not
very different from classical GR: one may choose different potential coordinate fields to express observables, and then
show that no observable depends on that choice. However, when mapping from one choice of potential fields to another,
one must still include them in the overall transformation in order to preserve unitarity.
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