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Given the importance of quantum reference systems to both quantum and grav-
itational physics, it is pertinent to develop a systematic method for switching be-
tween the descriptions of physics relative to different choices of quantum reference
systems. Here, we expand on a unifying approach, begun in [1], which blends the
operational language of [2] with a gravity-inspired symmetry principle. The latter
enforces physics to be relational and leads, thanks to gauge related redundancies,
to a perspective-neutral structure which contains all frame choices at once and via
which frame perspectives can be consistently switched. Formulated in the language of
constrained systems, the perspective-neutral structure turns out to be the constraint
surface classically and the gauge invariant Hilbert space in the Dirac quantized the-
ory. By contrast, a perspective relative to a specific frame corresponds to a gauge
choice and involves a symmetry reduction procedure to an associated reduced phase
and Hilbert space. Quantum reference frame switches thereby amount to a particular
gauge transformation.

Here, we show that they take the form of ‘quantum coordinate changes’. We
illustrate this method in a general mechanical particle model, namely the relational
N-body problem in three-dimensional space with rotational and translational sym-
metry. This model is particularly interesting because it features an analog of the
generic Gribov problem so that globally valid gauge fixing conditions, and thereby
relational frame perspectives, are absent. We will show that the constraint surface
is topologically non-trivial and foliated by three-, five- and six-dimensional gauge or-
bits, where the lower dimensional orbits are a set of measure zero. In consequence,
the N-body problem also does not admit globally valid canonically conjugate pairs
of Dirac observables. These challenges notwithstanding, we exhibit how one can con-
struct the quantum reference frame transformations for the three-body problem. Our
construction also sheds new light on the generic inequivalence of Dirac and reduced
quantization through its interplay with quantum frame perspectives.
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1 Introduction

Reference frames appear ubiquitously in both quantum and gravitational physics. A
concrete description of some physical situation is usually given from the perspective of
some appropriate choice of reference frame. In most cases, such a frame is considered
as an idealized external system that can be used as a vantage point but does not itself
back-react on the remaining physical systems.

Reference frames, however, are always physical systems and treating them fundamen-
tally as being quantum in nature is inevitable in quantum gravity [3-18] and also in
quantum information and foundations, for example once considering that measurements
are carried out with physical systems [19-36]. In fact, every physical measurement is rela-
tional: they relate some physical property of the measured systems to a physical property
of the systems comprising the measurement device. For example, in a Stern-Gerlach
magnet, the spin of the measured particles is related to the (coherent) spin of the atoms
composing the magnet. Treating reference systems fundamentally as quantum objects is
ultimately a consequence of the universality of quantum theory, according to which all
physical systems are subject to its laws.

Both in quantum gravity and quantum foundations it therefore becomes crucial to
clarify how to describe physics relative to quantum reference systems and how the de-
scriptions relative to different such choices are related. Exploiting a fruitful interplay of
ideas from both fields, we began developing a unifying method for transforming between
quantum reference systems in [1] that aims at ultimately encompassing both quantum and
gravitational physics. The key ingredients of this method are a gravity inspired (gauge)
symmetry principle and the relational and operational approach to quantum reference
frames recently put forward in [2].

The symmetry principle is, in fact, inspired by Mach’s principle, which was a pivotal
motivation for the development of general relativity and is closely related to the diffeo-
morphism symmetry of the latter. Mach’s principle essentially states that all physics is
relational [4,37,38]. In particular, what inertial frames are is not determined with respect
to an absolute space (as in Newtonian physics), but by the remaining dynamical content
of the universe. We likewise employ the symmetry principle to enforce physical observ-
ables to be relational in the systems we consider and to generate an inherent redundancy
in their description. Exploiting this redundancy allows us to develop, as proposed in [39],
a perspective-neutral meta-structure, which contains, so to speak, all frame perspectives
at once and via which they are changed.

This symmetry principle is implemented using the language of constrained Hamilto-
nian systems [40,41], which also underlies the canonical formulation of general relativity
and quantum gravity [4,13]. In our approach, the perspective-neutral structure corre-
sponds to the constraint surface classically and to the gauge invariant physical Hilbert
space in the Dirac quantized theory. Taking the perspective of a specific frame is closely
related to imposing a gauge that fixes the redundancies in the description and changing
from one frame perspective to another amounts to a symmetry transformation via the
perspective-neutral structure. A specific perspective relative to one choice of frame is clas-
sically encoded in a gauge-fixed reduced phase space and to a symmetry reduced Hilbert
space in the quantum theory. The latter will be the quantum analog of a gauge-fixed
reduced phase space, but not necessarily equivalent to a quantization of it. This gives rise
to a systematic method for changing between the perspectives relative to different choices
of quantum reference systems and can be applied to both temporal and spatial quantum
reference systems and in both quantum and gravitational physics. Compellingly, by al-
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ways passing from one frame perspective through the perspective-neutral Hilbert space in
order to map to a new frame perspective, the quantum reference frame transformations
will take the form of ‘quantum coordinate transformations’.!

Our method extends the approach to changes of temporal quantum reference systems,
i.e. relational ‘clocks’, developed in [14-16] for models of quantum gravity and cosmology,
which precisely uses the above concepts and tools at a semiclassical level. Altogether, our
approach can also be viewed as an expansion of the view, advocated in [44], that gauge
related redundancies are not just a mathematical artifact, but physically crucial for a
completely relational description of the world.

As already indicated, our operational language, ultimately originating in [2], also sheds
new light on the relation between Dirac and reduced quantization — i.e. on the relation
between quantizing first, then solving the constraints, and solving the constraints first,
then quantizing — which has been the topic of a lively debate in the literature [17,18,45-56].
While the agreement is that the two methods are generally not equivalent, the debate also
revolves around the question when one or the other would be the correct one to apply.
In our approach, the Dirac quantized theory provides the perspective-neutral structure
from which internal perspectives are constructed via ‘quantum coordinate maps’. These
are the quantum analog of classical phase space reductions by gauge fixing and map to
symmetry reduced Hilbert spaces; they proceed as follows:

1. Trivialize the symmetry generating quantum constraints. That is, transform them
in such a way that they only apply to (and fix) the subsystem one would like to
use as a reference and, accordingly, whose degrees of freedom one considers as the
redundant ones in this specific description.

2. Condition on the corresponding classical gauge fixing conditions.

The symmetry reduced quantum theories so constructed — constituting the quantum frame
perspectives — will generally be unitarily inequivalent to the quantization of the classically
reduced theories, i.e. the direct quantization of the classical frame perspectives. This
manifests the generic inequivalence between Dirac and reduced quantization; for example,
we will see that the Hamiltonians will differ. However, this is not a problem for our
framework of quantum frame covariance. As we shall argue, it is the Dirac quantized
theory which should be given primacy as this is the one treating all degrees of freedom
on an equal footing and thereby translating the redundancy into the quantum theory
that enables one to define a notion of quantum covariance in the first place. In reduced
quantization one simply generally lacks the structure to relate different frame perspectives
and they will in general not be unitarily equivalent. In other words, both classically and
in the quantum theory, we give primacy to the quantization of the perspective-neutral
structure over the quantization of the internal perspectives; it is the perspective-neutral
structure which links all the internal frame perspectives.

It should be emphasized that it is possible to render Dirac and reduced quantization
equivalent in the class of models considered here by invoking constructions exhibited
in [50,53]. But this involves a non-standard factor ordering of the physical Hamiltonian
which essentially amounts to somewhat artificially adapting Dirac to reduced quantization
so that the two methods produce equivalent results. This leads to a serious drawback,

'Notice that some authors distinguish between quantum reference frames, i.e., where the reference frame
is treated as a physical system and has a quantum state associated to it, and quantum coordinates [36,
42,43], where the reference frame transformation is generalised but reference frames are not treated as
physical systems. Here, we do not make this distinction, and use both interchangeably.
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however: the so modified Dirac quantized theory is then equivalent to the quantization
of only one of the classical frame perspectives and explicitly depends on this choice.
Specifically, the modification of the physical Hamiltonian then depends on the choice
of perspective, with different choices leading to inequivalent results, manifesting that the
direct quantizations of the different classical frame perspectives are unitarily inequivalent.
In particular, constructing the quantum frame perspectives either by directly quantizing the
classical frame perspectives or by quantum reduction from the perspective-neutral Hilbert
space are in general two physically inequivalent procedures. We comment further on this
below and in Appendix D.

In [1], we have introduced the general conceptual underpinning of this approach and
illustrated it in a simple N-particle model in one-dimensional space with a single lin-
ear translation generator constraint. Accordingly, globally valid gauge fixing conditions
and thus globally valid relational perspectives on the physics were possible in this simple
model. Using our new method, we recovered in [1] some of the quantum frame transforma-
tions of [2], which were constructed using a different approach, thereby embedding them
in a perspective-neutral framework. These transformations were also employed to show
in [1] how entanglement and classicality of an observed system depend on the quantum
frame perspective.

Here, our aim is to generalize our approach, begun in [1], by applying it to a sig-
nificantly more complicated model, namely the relational N-body problem in three-
dimensional space which now features not only translational, but also rotational invari-
ance. This is a very general mechanical particle model and it will serve to substantiate
both our conceptual and technical line of argumentation, proving the capability of our
approach.

The most crucial difference to the model in [1] is the absence of globally valid internal
perspectives, i.e. any internal perspective will fail to fully describe all physical situations.
This is analogous to the absence of global coordinates on generic spacetime manifolds
and links with the conceptual discussion in [1]. The origin of this property in the present
model is the additional rotational symmetry. The gauge orbits of the rotation group in
the constraint surface are compact (and thus closed) and this results in the impossibility
of finding globally valid gauge fixing conditions. This feature is a mechanical analog of the
Gribov problem in gauge field theories, and it is also the reason why globally valid pairs of
canonically conjugate gauge invariant (i.e. Dirac) observables are absent. In consequence,
it is only possible to develop non-global descriptions of the physics relative to a particular
reference frame in both the classical and quantum theory. This is closely related to the
global problem of time in general relativistic systems [7,8,14-18]. Concretely, this means
that generic relational clocks (temporal quantum reference systems) in these systems
feature turning points — and, accordingly, can start running ‘backwards’ — and thus cannot
be used as globally valid temporal references. Therefore, non-global relational descriptions
appear, and should be expected, in most interesting physical scenarios, as argued also
in [1]. The below is still a fairly benign illustration of this Gribov problem.

It must be emphasized, however, that this is not a problem for the physics per se, but
only of descriptions of it. In fact, the perspective-neutral structures in both the classical
and quantum theory can be formulated globally without any issues. Challenges only arise
when defining specific perspectives and so much of our attention here will be devoted to
exhibiting how to describe physics relative to non-global relational perspectives and how
to nevertheless switch between them via a perspective-neutral structure that itself can be
formulated globally. Moreover, one should keep in mind that in this work, the internal
perspectives only fail on very specific, highly degenerate configurations (typically, when
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all particles are aligned); and moreover that they all fail on the same configurations for
the N = 3 case which we focus on.? The first of these features shows that the situation is
less severe than, for example, in the case of Schwarzschild coordinates, which leave out a
consequent chunk of spacetime; the second puts it in contrast with the case of spherical
coordinates, in which the failure happens over an arbitrary axis that bears no relationship
with the physical configuration.

The rest of the article is arranged as follows. In sec. 2, we introduce the classical V-
body problem in three-dimensional Newtonian space, but subject to a global rotational
and translational invariance, which renders the spatial physics fully relational and leads
to a redundancy in the description. Here, we discuss all the technical challenges that
arise due to the appearance of the (mechanical analog of the) Gribov problem and how
one can nevertheless choose a frame perspective. In sec. 3, we quantize the three-body
problem in both the Dirac and reduced method. Our main ambition here is to con-
struct explicitly the quantum symmetry reduction, i.e. quantum coordinate maps, from
the Dirac to the reduced quantum theories in the particular frame perspectives and to
compare the result to the quantization of the classical frame perspectives. We finally then
use this quantum reduction method to also construct the quantum reference frame trans-
formation that takes one from a quantum frame perspective to another. Importantly,
this transformation proceeds by inverting the quantum reduction, mapping back to the
perspective-neutral Hilbert space and then performing the forward quantum reduction to
the desired perspective, hence a ‘quantum coordinate transformation’. Despite the ab-
sence of global classical relational perspectives, these quantum frame changes are unitary
for regular Hilbert space states because the pathological configurations comprise a set of
measure zero; for distributional states, the situation differs somewhat. We illustrate the
transformation on example states which show the quantum frame dependence of entan-
glement, before concluding in sec. 4. For better readability, we have moved most technical
details to various appendices and for better orientation, we also provide here a table of
contents.

Contents
1 Introduction 2
2 Internal perspectives in the classical N-body problem 6
2.1 A toy model for Mach’s principle in 3D space . . . . . .. ... ... ... 6
2.2 Choosing an internal perspective = choosing a gauge . . . ... ... .. 10
2.3 Switching internal perspectives . . . . . . . .. ... L. 15
3 Quantization and relative states 16
3.1 Reduced quantization — quantizing classical internal perspectives . . . . . 16
3.2 Dirac quantization — the perspective-neutral quantum theory . . . . . .. 18
3.2.1 Constructing the translation invariant Hilbert space . . . . .. .. 19
3.2.2 Translational reduction . . .. ... ... .. ... ... ... .. 21
3.2.3 Rotational invariance . . . . .. ... ... oL 23
3.3 Rotational reduction to A’s perspective . . . . . ... ... ... 23
3.3.1 Rotational reduction . . . . . . ... ... Lo 24

2However, the second point will not be true anymore for N > 3; see the discussion at the very end of
Section 3.
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3.3.2 Relation with reduced quantization of A’s classical perspective . . 28

3.4 Transformations between relative states . . . . . . ... .. ... ... .. 30
3.5 Remarks on the unitarity of the quantum frame transformations . . . .. 32
4 Conclusions 33
A The rotation and translation invariant N-body problem 34
A.1 The rotation and translation invariant Lagrangian . . . . .. ... .. .. 34
A.2 Dependence of constraints on total collisions and collinearity . . . . . .. 36
A.3 Independent Dirac observables on generic N particle configurations . . . . 37
A.4 Absence of global canonically conjugate Dirac observables . . . . . .. .. 38
A.5 Proof of the three-body gauge-fixing in the 3D case . . . . . . . ... ... 39
A.6 Solving constraints for the redundant momenta . . . . . .. ... ... .. 41
A.7 Switching internal perspectives classically . . . .. ... .. .. ... ... 41
B Using spherical coordinates 43
B.1 Spherical coordinates . . . . . . . .. ... e 43
B.2 Spherical harmonics states . . . . . . . . ... oL 43
B.3 Spherical coordinates operators . . . . . .. ... oo 44
C Rotational reduction in the quantum theory 44
C.1 The rotation generator trivialization map and its action on states . . . . . 44
C.2 Trivializing the rotation constraints . . . . . . . . . . . ... ... ..... 46
C.3 Dirac observables and rotational reduction . . . . . .. . ... ... .. 47

D Illustration of the Hamiltonian discrepancy between Dirac and reduced quantiza-
tion 48

2 Internal perspectives in the classical N-body problem

2.1 A toy model for Mach'’s principle in 3D space

We employ a toy model® for Mach’s principle in a system of N interacting particles in
three-dimensional space with translation and rotation invariance. This gauge symmetry
implies that the position, orientation and motion of the particles with respect to the
Newtonian background space has no physical significance and that the gauge invariant
information is purely relational. As such, our system bears some resemblance to the
Barbour-Bertotti and related models [37, 38, 57, 58], except that here we will not have
dilation or Hamiltonian constraints.

For simplicity and in analogy to [1], we restrict to unit mass particles and a Euclidean
phase space @ = R3M so that our phase space, coordinatized by particle positions §; and
momenta p;, is 7*Q = RN . We take an N particle system whose Lagrangian, described in
Appendix A.1, features the desired gauge symmetries and upon Legendre transformation
leads to the following six (primary) constraints on phase space:*

Pe=> "pi=0, (1a)

3We thank T. Koslowski for suggesting this model.

“Henceforth, the Einstein convention holds and repeated spatial indices are implicitly summed over.
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Z eqipf ~ (1b)

where a,b,c € {x,y,z} denote spatial components. These constraints are independent®
(almost everywhere, see below) and first-class, clearly constituting the generators of the
Euclidean group:

{P*, P} =0, {R* R’} = ¢™ R~ 0, {P* RP} = —¢™Pe~0. (2)

They are conserved so that no secondary constraints arise. The total Hamiltonian follow-
ing from the Lagrangian of Appendix A.1 is

HtOt - Z +v {‘qz q]‘}l_] 1)+)\aPa+NaRa7 (3)

where the A\* and pu® are six a priori arbitrary Lagrange multipliers, accounting for gauge
freedom, and the potential V' depends only on the relative absolute distances between the
particles.

Consequently, the six constraints generate gauge transformations on the constraint
surface; clearly, the P* induce global translations, namely infinitesimally
{QE‘—>(J§’+{(J?aP"}€b=(J§I+€aa @

P = pf + {pf, P'} e = pt,

while the R® are generators of global rotations, infinitesimally given by
Pt — p + {p%, R} eb = p2 + ¢abe bpc

A subtlety arises: while the six constraints (1) are independent on generic points
of the constraint surface C in phase space (so generically, the gauge orbits will be six-
dimensional), there exist special pathological points on C (thus a priori allowed), where
the constraints become partially dependent. These correspond to N particle collisions
and situations when all particles are collinear. As shown in Appendix A.2, in these
cases, only three and five constraints are independent, respectively, and the corresponding
configurations reside in lower dimensional gauge orbits, so that the constraint surface is, in
fact, foliated by six-, five- and three-dimensional gauge orbits. This is a direct consequence
of the compactness of the pure rotation orbits and the (complete or partial) rotational
invariance of these special configurations. Given that total collisions and collinearity are
a set of measure zero, almost all gauge orbits are six-dimensional. However, the lower
dimensional ones are topologically relevant and have physical consequences: globally valid
gauge conditions will not be possible because on the lower dimensional orbits one cannot
fully fix the rotational gauge freedom as some rotations will act trivially (see Appendix
A.2 and the discussion in sec. 2.2).° Since we will, again, interpret choices of internal
perspectives as gauge fixings, this is the origin of why there will be no globally valid
internal perspectives in this model.

°In the N = 2 case, the system (1) is not independent and there are only five independent constraints,
which induces some peculiarities. In the rest of the paper, unless stated otherwise, we will assume N > 3.

SAlso, as a manifestation of the Gribov problem, other gauge fixing surfaces might miss the lower
dimensional orbits entirely.
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This implies significant repercussions for the reduced phase space, which is the set of
all gauge orbits (every gauge orbit is the equivalence class corresponding to one physical
state). Mathematically it is the quotient Prq = C/~, where ~ identifies points if they
lie in the same orbit, and so will be topologically non-trivial because of the differing
dimensions of the gauge orbits.

Clearly, this also has consequences for gauge invariance and, specifically, gauge invari-
ant functions, i.e. Dirac observables. Before we discuss these consequences, we recall that
any function can be expressed in terms of our basic phase space variables ¢;, p; and inquire
what the most general form of a Dirac observable is. Given that the full set of rotations
only leaves inner products invariant, any Dirac observable must be a function of inner
products of our basic variable vectors. These inner products must also be translation
invariant and so any Dirac observable must be a function of
(@ — @) - (@ — @), (Gi = qj) - P » Di P s i,k l=1,...,N, (6)
which comprise all rotation and translation invariant inner products quadratic in our basic
variables.” In particular, the unconstrained part of Hiy; is obviously also gauge invariant.

Again, there is a redundancy among the elementary Dirac observables (6). Indeed, the
N particles have 3N coordinates and the symmetry consists of three global translations
and three global rotations so there can only be (at most) 3N — 6 independent gauge in-
variant configuration degrees of freedom. Similarly, there are 3N momentum coordinates
and six constraints (1) that can be solved for momenta so there can likewise only be (at
most) 3N — 6 independent gauge invariant momentum degrees of freedom. For intuition
of these statements, it is helpful to visualize the N particle motion and its gauge invariant
information geometrically: a generic N particle configuration (i.e., no total collision or
collinearity) corresponds to a triangulation with N vertices in 3D Euclidean space (see
fig. 1) whose 3N — 6 edges are labeled by relative distances |¢; — @;| from among the
(square roots of the) configuration observables in (6). In this manner, we argue geometri-
cally in Appendix A.3 that for generic N particle configurations there are indeed 3N — 6
independent configuration and 3N — 6 independent momentum Dirac observables.

But what about N particle collisions and total collinearity where we saw that the
symmetry generators become dependent? We prove in Appendix A.4 that (i) none of the
elementary Dirac observables (6) are independent on the N particle collisions residing in
three-dimensional gauge orbits, and (ii) only 2(N — 1) of them are independent on totally
collinear N particle configurations residing in five-dimensional gauge orbits.

As we also show in Appendix A .4, this has a severe ramification: canonically conjugate
or affine ® pairs of Dirac observables do not exist globally on C. Accordingly, there are
no canonically (or affinely) conjugate coordinates covering all of the reduced phase space,
manifesting its topologically non-trivial nature alluded to above. A priori this will compli-
cate also the reduced quantization of the physics in any of the internal perspectives, as we
can not simply apply canonical or affine quantization methods [59] to the reduced phase
space as a whole without restricting the dynamics and introducing boundary conditions.
In this sense, also the internal perspectives in the quantum theory will be non-global.

Let us now construct canonically conjugate Dirac observables that are ‘as global as
possible’. Constructing sets of independent (non-global) canonically conjugate Dirac ob-
servables for the N-body problem depends on N and so here we shall only provide such a

"Note that also all Dirac observables which involve cross products will be functions of these combina-
tions.

8 Two phase space variables ¢, 7 form an affine (rather than canonical) pair if {g,7} = ¢. That is, 7
is the generator of dilatations (rather than translations) of g.
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Figure 1: (a) lllustration of the three-body problem and gauge invariant configuration degrees of
freedom. Our three configuration Dirac observables from the (almost everywhere) conjugate pairs in (7)
are functions of these: ppa, pca are simply the logs of the relative distances rap = |ga — ¢8|, 7Ac =
|§a — dc| between A and B, C, respectively, while u is (minus) the cotangent of the relative angle
between B and C as seen from A. (b) Illustration of a generic situation in the six-body problem as a
triangulation. In order to fully localize particle F' relative to particles A to F, three relative distances
between F' and the rest are sufficient and not all relative distances are independent.

set for the three-body problem. Labeling the three particles as before by A, B, C, we as-
sembled a convenient set of 3N —6 = 3 (almost everywhere) independent and canonically
conjugate Dirac observable pairs for our purposes as follows

ppa = Inrpa=In|ds — qal, Ppsa =B (qB — q4) ,

pca = Inrca=In|dc — qal, Ppca = Do (o —qa),  (7)
(dB — qa) - (dc — qa)

(@B — qa) X (Gc — qa)|’

u = —coty=—

. — - - rca o N
pu = siny pe - (0087 (G —qa) — — (0B — qA)) .

We choose this set as it has a direct geometrical interpretation: the configuration Dirac
observables are the logarithms of the relative distances rp4,rca € [0,00) of B and C from
A and (minus) the cotangent of the angle v € [0, 7] in the triangle between B and C' at
A (see fig. 1a). However, in contrast to rga,rca,y, our geometric variables ppa, pca, u
each take value in all of R which will be more convenient for quantization. (We choose
u = —cot~y so that u goes from —oo to +00 as v runs from 0 to w.) The momentum
Dirac observables are projections of the particle momenta in the appropriate directions.
The same construction can be carried out, of course, for permutations of A, B, C' with the
obvious meaning.

Clearly, this set will not define global coordinates on the reduced phase space as
PBA, POA, Py become singular when A collides with either B or C' and wu is undefined
in those cases and when the three particles are collinear. (These configurations lie in
the boundary of the gauge invariant configuration space and are a set of measure zero
[60].) For other non-global constructions of canonically conjugate Dirac observables for
the three-body problem, e.g., in terms of Jacobi (mass-weighted difference) vectors, see
[58,60,61].

Our treatment for these illnesses is to dynamically restrict the model: we shall hence-
forth assume (but not explicitly write) that the potential V ({|¢; — ¢j|}i,j=4,B,c’) becomes
infinitely repulsive when any of the relative distances vanishes. For example, we might
imagine three electrons and a Coulomb potential. This rules out any particle collisions
(for finite energies) and so the three-dimensional gauge orbits will no longer become dy-
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namically accessible. Note that the pairs (ppa,ppz,) and (pca,Ppe,) Will then indeed
be canonically conjugate on the dynamically accessible configurations and also p, will
remain finite. Only u will, strictly speaking, remain undefined when A, B, C' are collinear,
although v is well-defined then. Since these configurations also remain a set of measure
zero in the boundary of the gauge invariant configuration space [60], we shall simply in-
terpret the divergence of u for collinearity as ‘infinite distance’ in the variable u. In this
sense, after dynamical restriction, our variables (7) are ‘as good as it gets’ and canonically
conjugate on the dynamically accessible regions of C.

In summary, owing to the gauge symmetry, the N particle system has no physically
meaningful absolute position, orientation and motion in space, yet relative position, ori-
entation and motion among the particles is gauge invariant. Building up on our discussion
in [1], we interpret the structures described here and, in particular, all the structure on the
constraint surface C as a perspective-neutral meta-structure which, thanks to its inherent
redundancy, contains all perspectives at once. Choosing a specific internal perspective of
a particle frame will again amount to a gauge fixing, as we shall discuss shortly.

We noted that there cannot be a globally valid internal perspective on account of the
topological non-trivialities of the gauge orbits. However, it must be emphasized that all
ensuing challenges only arise when collecting the structures necessary for moving into a
specific internal perspective. The perspective-neutral structure has no problems per se as
C can be consistently and globally described in terms of the original phase space variables
i, p; and, while Dirac observables are necessary for gauge invariance, global canonically
conjugate pairs of them are not required.

2.2 Choosing an internal perspective = choosing a gauge

In order to completely fix the gauge, we have to impose six gauge fixing conditions as we
have six independent first class constraints on generic points of C. Altogether, as already
noted, we then have

F=6N—12 (8)

independent gauge invariant phase space degrees of freedom away from pathological con-
figurations — the dimension of the reduced phase space.’

Suppose we want to describe the physics from the internal perspective of particle A.
In complete analogy to the purely translation invariant case of [1], we define A to be the
origin from which all distances are measured:

a

!
X*=q4=0, a=2z,9,z2, (9)

where the symbol < means that we demand the equality to hold. However, we also
need to fix the rotational gauge symmetry. Before we move on, we already note that
there can be no globally valid gauge fixing conditions that will pierce every gauge orbit.
This follows from pure dimension counting. Indeed, a set of gauge fixing conditions that
also completely fixes the rotational symmetry for generic configurations must define a
(6N — 12)-dimensional gauge fixing surface G within the (6N — 6)-dimensional constraint
surface C. Locally, within C, G will be described by six independent conditions. We
noted that the gauge orbits in which the total collisions reside are three-dimensional (see
Appendix A.2) and so these will locally, within C, be described by 6N — 9 independent
conditions. Clearly, it is impossible to satisfy the 6 + 6N —9 = 6N —3 > 6N — 6

9Except for N = 2, where F = 2.
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\S

Figure 2: lllustration of the gauge-fixing procedure (9-12) for the three-body problem. We choose A
as the origin from which to measure all distances, B to define the z-axis and C' to define the z-z-plane.
This procedure works in the same way for N > 3 particles by choosing a three-body subsystem.

independent conditions simultaneously within C. The analogous state of affairs holds for
the five-dimensional orbits in which totally collinear configurations reside. Hence, any
gauge fixing surface that fixes the rotational symmetry for generic configurations will
necessarily miss the lower-dimensional gauge orbits. This is an incarnation of the Gribov
problem. Without a global gauge fixing surface, we will also not have a globally valid
internal perspective.

We proceed by focusing on generic configurations and accept that we will have to miss
the lower-dimensional orbits. In order to complete the choice of reference frame, we now
also need to define the three axes of space as seen from particle A, thereby fixing the three
rotational gauge degrees of freedom. This has to be done in terms of the other particles
as these provide the only physically meaningful reference for A. We have illustrated our
gauge-fixing procedure for better visualization in fig. 2. First, picking another particle
B, we can get two gauge conditions by fixing the direction in which A sees B, i.e., the
direction (but not the norm) of {4 = ¢ — ¢4 =~ ¢p. Choosing it as A’s z-axis imposes

!
¢1=qps =0, (10a)

. !
¢2=qpa=0. (10b)

There is then only one continuous gauge freedom left, corresponding to the rotation of
direction z around the origin. To fix it, we consider a third particle C, and fix it to lie in
the (z, z) plane:

ds=ql, =0. (11)

In fact, we have only blocked all continuous gauge transformations, but there remain
some allowed discrete gauge transformations, namely, the rotations of angle m around one
of the axes, whose effect is to invert the two other axes. Indeed, those transformations
leave invariant the gauge-fixing conditions (9-11). This is a consequence of the fact that
the rotational orbits are compact so that the hyperplane defined by (9-11) pierces them
multiple times. To get rid of this residual gauge symmetry, it is necessary and sufficient
to fix the orientation of two of the axes. This can be done with conditions, which fix the
positive part of the z and = axes through:

dpa >0, (12a)
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With those conditions, B is now constrained to lie on the semi-axis [Az), and C to lie
on the half-plane spanned by the axis (Az) and the semi-axis [Az), see fig. 2. Indeed,
it is clear from the previous discussion and that in Appendix A.2 that we could not fix
the gauge completely, using B and C' as material references, if at least one of them were
coincident with A or the three particles were collinear. Altogether, we then have a system
of 12 second-class constraints (given by (1), (9-12)), that is, a completely gauge-fixed
system, as proven in Appendix A.5.

In summary, a complete gauge fixation is given by the choice of three particles A,B,C"°
out of the N particles, provided they are not collinear. We can denote such a gauge choice
as [A,B,C]. Physically, such a gauge choice corresponds to an operational definition of
the axes with which A assesses positions of other particles in space: B provides with the
first axis of reference z, and C defines the plane (Azz). This information is then sufficient
for A to build a non-ambiguous set of orthogonal axes (z,y,z). One can also see this
procedure as an operational construction of spherical coordinates: the origin is defined as
being particle A; the zenith direction z, to which the polar angle 6 is relative, is defined as
the direction of particle B; and the plane (Azz), to which the azimuth angle ¢ is relative,
is defined as the one in which C is lying.

We need to check that the gauge choice is consistent with the equations of motion

_ a[—I‘not

R AR eeulyf, (13a)
(]
Oty y . OV
o — _ Mot cabe pe OV 13b

The conservation of our gauge conditions fixes the vectors X and i as defined in (3),

N = P, (14a)

= _2?;247 (14b)

= p;é;, (14c)

p = —qlg( Ca— Z;ip%A) ; (14d)

where we write p;; = p; —pj. Putting (14) into (13) then gives us the equations of motion
for all remaining particles as seen from A’s frame. Note that the validity of the latter
requires (12) to hold; ¢% > 0 is implied by our dynamical restriction of infinite repulsion
on collisions. However, g& = 0 is not dynamically ruled out and happens on the measure
zero set on the boundary of the gauge invariant configuration space when u — 4o0.

Let us now limit ourselves to N = 3 particles for clarity. The canonically conjugate

10The most general case of gauge choice would be given by introducing gauge parameters, which allow
for example to fix A to lie not at the origin, but at any position in space - the same goes for the directions
of B and C'. We will not consider in detail this formal possibility which does not add to the physical
meaning of this analysis.
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Dirac observables (7) take the following form in our gauge (see fig. 2 for illustration):

ppa = pp:=lnrp=Inqgh, pPBAEppB = qB DB
pca = pc:=Inrc=1In/(¢%)?+ (¢§)?, Ppoa =P =DE e +0eae, (15)
z
u = uc :—cotOC:—q%,
dc
pu = pfi=sin’0c (¢¢pE — g6 pe) = sin® 6 RY. .

Hence, we may interpret ¢%,rc as the distances of B and C' as seen from A, while 0¢
becomes the angle which A sees between B and C. Note also that C’s angular momentum
around y is essentially conjugate to the angle between B and C.
After having gauge fixed our model, we need to replace the Poisson by Dirac brackets
[40,41]
{F,G}p := {F,G} — {F, Ay }(CH*{As,G}, (16)

where Ay, o = 1,...,12, runs over the 12 second class constraints (1) and (9-12) and C~*
is given in (88) in Appendix A.5, to construct the bracket structure for our gauge-fixed
reduced phase space. The Dirac brackets of the gauge-fixed ¢4, ¢%, ¢4, 4% 45, q?é and their
conjugated momenta vanish and we can now drop these variables (the latter being solved
for by the constraints, see Appendix A.6). By contrast, the (¢}, ¢&, ¢¢) € R+ xRxR (due
to (12)'1) and their p%, p%, pZ remain canonically conjugate also with respect to {.,.}p,
so we could use them as canonical coordinates on the dynamically accessible region of
the reduced phase space. However, for quantization it will be more convenient to use
the radial and angle coordinates (ppa, pca,u) € R® and their respective momenta in (15)
which remain canonically conjugate in {.,.}p there too.

Before we continue, let us make an important remark. Denote the reduced phase space,
which we have obtained after gauge fixing to A’s perspective, by Ppc|4 as it encodes the
physics of B and C relative to A. Strictly speaking, Ppc|4 is not actually equivalent
to the abstract — and, in fact, perspective-neutral — reduced phase space Preq = C/~,
alluded to in sec. 2.1. Indeed, Ppc|a is equivalent to the intersection C NGpc|a (and can
be canonically embedded as such into C), where Gpc4 is the gauge fixing surface defined
by the gauge conditions (9-12)). As argued above, Gpcia entirely misses the lower-
dimensional gauge orbits for dimensional reasons and so does not intersect each gauge
orbit once and only once. Hence, total collisions and total colinearity are contained in Preq,
but not in Ppcja. The non-equivalence, of course, only concerns a set of measure zero,
from which we have also dynamically ruled out the total collisions. The configurations
left out in Ppcja for N = 3 do not depend on our choice of perspective; indeed, gauge-
fixing to B’s perspective (i.e. considering Pyc|p) or to C’s perspective (Pgp|c) would
leave out exactly the same configurations. This is why the internal perspectives will
still be equivalent with one another, even though they are not fully equivalent with the
perspective-neutral P.oq. However, the situation changes for NV > 3, where gauge choices
relative to distinct particles can fail on different configurations. We have also argued
above that there are no global gauge fixing conditions, due to the Gribov problem, and
so one cannot obtain a gauge fixed phase space that is fully equivalent to Preq. We can
thus take Ppcia (or any similarly gauge fixed phase space) as a best possible description
of the perspective-neutral Peq relative to a choice of reference frame. We shall work with
Ppc|a and refer to it as the reduced phase space in A perspective.

"The gauge invariant configuration space of the three-body problem is homeomorphic to half of R®
with all collisional and collinear configurations residing in the boundary [60].
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Using the constraint solutions for the redundant momenta (see Appendix A.6), we can
now express our Hamiltonian (3) in terms of the surviving degrees of freedom on Ppc):

Hpopa = (03) + (08)* + 08)* + pB e + @ ;

l‘
(RE)? — %R% +V(gh, aérqt) . (17)
This is the Hamiltonian for the dynamics of particles B and C, as seen by A. The term
pE pé and the lack of 1/2 factors in front of the squared momenta correctly take into
account the relative forces originating in the potential in (3) (e.g., an interaction between
A and C will also affect the position of B relative to A even if B and C do not interact,
see [1] for further details). The term @(R%)Q — %R% constitutes an effective potential

that generally becomes infinitely repulsive on approach of particle A (where our condition
(12a) no longer holds) because B is used to relationally define the non-negative z-direction
from A’s perspective. This singularity in the effective potential can be viewed in some
analogy to the coordinate singularity in the Schwarzschild spacetime: it is not a physical
singularity, but merely signifies that the chosen phase space coordinates become invalid,
here due to the global gauge-fixing issues elaborated on above. Indeed, the physical
Hamiltonian Hio does not feature any such singular behaviour that is independent of the
actual potential V.

This Hamiltonian can also be expressed in terms of the (gauge-fixed) canonically
conjugate Dirac observables (15) as

1
Hpcia = §h“”(pB, pc,uc)pupby + V(pB, pc,uc), (18)

where the index p is such that p, runs over p’é, ppc, p¢ in (15) and we have the physical
configuration space metric

R =2 x (19)
—2pB _1l,—pp—pc_uc _le—pB=pc. /1 2
e e e +u
2 /1+u2 2 C
C
_ 1l _—pp—pc_uc _ —2pc _ 1. —pp—pc 2
S€ g e € V1+ug

3
2

_%e_l)B—PC m _%e—[)B—PC 1+ UZC (e—QpB 4 6—290)(1 4 “%)2 4 e—pB—pcuC(l 4 u%)

with determinant
h = 66f2p372pc(1 + u%)% ((eZpB + 672pc) /1+ u% 4 epoCuc> . (20)

It can be checked that h > 0 for all finite values of pp, pc, uc so that h = |h|. However,
clearly for pp, pc = —o0 and uc — 00, i.e. the configurational pathologies, the metric
components diverge. This expression will be useful for directly quantizing A’s classical
perspective, i.e. for reduced quantization, and subsequent comparison with Dirac quanti-
zation of the perspective-neutral structure.

It is instructive to look at what (17) becomes, had we permitted the particles to have
different masses m;:

Hac = 3Gz + 508+ 3Gix + RD00)" + 3z + me) )"+ ep
+mB (q )2 (Ry) _mAq pCR +V(QE7QC7QC)-

Note that in the limit m4 — oo this Hamiltonian becomes of standard form (with effective
potential), in agreement with the fact that an infinite mass reference system constitutes
an inertial frame.
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2.3 Switching internal perspectives

Going from the internal perspective of reference frame A to that of, e.g., particle C
amounts to a gauge transformation plus a swap of what one considers the redundant and
the relevant Dirac observables (e.g., one would have to exchange the A and C labels in
(7, 15)). This requires one to firstly embed the reduced phase space in A perspective into
the perspective-neutral constraint surface, subsequently performing the pertinent gauge
transformation and, finally, projecting again to the reduced phase space in C' perspective.
We shall only be schematic here as the situation is geometrically transparent. The details
of the following discussion can be found in Appendix A.7 (see also [1]).
There exists a canonical embedding map'?

tpcia : Ppeja = C, (21)

with image C N Gpc|a, that can be reversed by a ‘projection’

mgcia i CNGpoja — Ppeja, (22)

which drops all redundant embedding information, so that mpcj4 © tpoja = Idpy cia- BY
exchanging A and C' labels, the same construction holds for the reduced phase space
Papjc in C perspective.

Switching from A to C perspective requires the gauge transformation a4, ¢, generated
by the constraints P, R”, that maps one embedding CNGpc 4 to the other CNG4p/c. We
emphasize that here we take G,p|c as being the analogous gauge fixing condition to (9-
12), except that A and C are everywhere exchanged. That means, we use the analogous
gauge fixing procedure as in fig. 2, but seen from the perspective of particle C. It is
clear that the sought-after transformation amounts to a few translations and rotations
of the particles. In Appendix A.7, we construct it explicitly and show how this yields a
map Sa—c : Ppcja — Papjc, that we also spell out explicitly in coordinates, and which
satisfies the following commutative diagram:

7)red — C/N
Gt o
CNGpcla Ll CNGapic
lBC|A TAB|C
Sasco

Ppc|a Papc

For completeness, we have here also included the perspective-neutral reduced phase space
Pred = C/ ~; 4 is the map that associates with each element of C/~, i.e. gauge orbit in
C, the point on it defined by the intersection with the gauge-fixing surface Gpc|4. Owing
to the global gauge fixing issues, this map is not globally defined on P,eq and its inverse
is to be understood accordingly. The same applies to (¢

Note that, in the N = 3 case to which this paper restricts itself, « is an isomorphism,
and all perspectives are therefore fully equivalent. This is due to the fact that all per-
spectives leave out the same set of points (those for which the three particles are aligned).

"?The physical interpretation of Ppc|a as the physics seen by A singles out this embedding, which
otherwise would be ambiguous.
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This will however not be the case anymore for N > 3, where there can be inequivalent
perspectives, due to the different possible choices of three-points subsets in this case; see
the discussion at the end of Section 3.

Altogether, our change of internal perspective first maps the old perspective back
into the perspective-neutral structure, carries out a gauge transformation, and finally
projects into a new perspective. The diagram highlights the similarity to coordinate
transformations: defining ¢4 := 7Tpcj40Ca, and similarly for C', we have Sq—.c = gacogogl.

3 Quantization and relative states

We shall now quantize the perspective-neutral structure using the Dirac method. This
will endow the Dirac quantized theory with the interpretation of the perspective-neutral
quantum theory from which we will then derive the quantum descriptions relative to in-
ternal frame perspectives through a quantum symmetry reduction procedure that will
constitute the ‘quantum coordinate maps’. We shall support this interpretation by ex-
ploiting these quantum coordinate maps to derive the transformations that take one from
the internal perspective of one quantum reference frame to that of another. On account
of the exhibited absence of globally valid internal perspectives, the reduced quantum
theories and the transformations between them will also fail to be globally valid, when
we take distributional states (classical configurations) into account. For general Hilbert
space elements, however, the pathological configurations, being a set of measure zero [60]
in the integration, will essentially be irrelevant. Our exposition below will thereby serve
to substantiate our discussion in [1] by extending it to a rather general particle model.
In order to compare the symmetry reduced quantum theories, obtained upon applying
the quantum coordinate maps to the perspective-neutral quantum theory, with the direct
quantization of the classical frame perspectives, we shall begin with the reduced quan-
tization of the latter. As we shall see, the two quantizations will not agree in general,
exemplifying the generic difference between Dirac and reduced quantization. We will con-
clude from this that in general we have to give primacy to Dirac quantization because it
treats all degrees of freedom on an equal footing and translates the classical redundancy
in the description into the quantum theory which ultimately is a prerequisite for defining
a notion of quantum frame covariance.

Given that we will encounter a considerable number of Hilbert spaces and transfor-
mations between them, we organize the main steps in fig. 3 to support the orientation
within our construction.

3.1 Reduced quantization — quantizing classical internal perspectives

We begin by quantizing the reduced phase space Ppc|4 in A perspective. For conve-
nience, we choose the canonically conjugate set (15), as the configuration Dirac observ-
ables pg, pc,u take value in all of R.'3> We promote these variables directly to operators
satisfying the canonical commutation relations'

1P, T = [P, 78] = [ac, 7¢]) =1, (23)

on the Hilbert space Hpcia = L?(R3,dpp dpc duc), see fig. 3. We have called our mo-
mentum operators 7 in order to distinguish them from the momentum operators that we

130therwise, we would have to deal with global non-trivialities [59] in the quantization.

4Henceforth, we work in units where h = 1.
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original phase space 1% Q ~ R18 7DBC|A
Dirac quantization
Hkin
5(P%) reduced quantization
Ta,BC A{X=0|
TI ) TI TI
H Hipe — Mpeja
(k%) l&(RngRaC) la(f%;gﬁfzg)
Ta.BC hys A(X=0] h RB,c h (=0
phys : phys phys : phys
H Hape — Mpcja — Hpa » Hpela

Figure 3: Diagram of the two quantization methods of sec. 3 for the three-body problem and their
relation (see also Table 1 for a summary of the notations used). Each column represents a step from
the Dirac to the reduced quantum theory, as explained in the main text. Vertical arrows on the left side
correspond to constraint imposition. The horizontal arrows between Hilbert spaces are all isometries and
correspond to the quantum reduction steps. They are a sequence of: (1) trivialization of the translation
generators, (2) conditioning on the classical conditions ¥ = 0 that fix the translational gauge freedom,

(3) trivialization of the rotation generators, and (4) conditioning on the classical conditions ¢=0
fixing the rotational gauge freedom. The two squared diagrams among Hilbert spaces on the lower left
are commutative. For better visualization, we have summarized the relevant phase and Hilbert spaces

—

appearing in this diagram in a table. The last reduction map (¢ = 0] is not globally defined owing to
the global gauge fixing issues. It does, however, act as an isometry on its image.

will introduce for the Dirac quantization. In position representation, we will represent

them as usual #% = —id,,, etc. An arbitrary reduced quantum state can now be written
as

W)scia = [ dosdpeduc vpi(ps, pesuc) o) p) luc) (24)

and we choose the standard inner product [gs dppdpcuc qb*BC‘A(pB, pcsuc)¥peialps, po,uc).
To quantize the reduced Hamiltonian (18), we choose the standard operator ordering in
which the kinetic term in (18) is promoted to an operator which is equivalent to (minus)

the covariant Laplace-Beltrami operator associated with the metric A* in (19),'> which
yields

A 1, 1, 1 . _1 A A A
ggm = §|h] 17, |h|2 h*Y 7, |h|"7 + V(pB, po, tc) - (25)

Being the direct quantization of A’s classical frame perspective on the dynamics of
particles B and C, we can interpret the result for the time being as one a priori possible
quantum theory describing B and C relative to A. We will later argue, however, that
this is not the appropriate quantum theory describing the perspective of the quantum
reference frame associated with A. Notice that this quantum theory does not include
total collisions (which, in any case, we had ruled out dynamically) or total collinearity of
the three particles because neither did Ppcj4. Indeed, collisions happen for pp, pc — —00

5More precisely, the covariant Laplace-Beltrami operator is usually (e.g., see [50]) given in the form
—Ap = |B|7Y%p [R)V2RE py, |R|THA) where p, = —ilh|7Y/48, |h|7Y/4, and both Aj and p, are self-
adjoint with respect to the inner product [ dg™ \/|h] &*(¢")¥(g"), i.e. one which differs from ours through
the density \/|h|. However, it can be easily checked that —Ap in the measure dg™+/|h| is equivalent to

|h|_~% T \h|% hH 7, \h|_% in the measure dg™ if the wave functions in the two representations are related
by ¢ = [h["/*y.
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and total collinearity as uc — +o0o. Given the normalization conditions in Hpc|a, any
Ype| A(pB, po,uc) will have to have vanishing support there. In this sense, it thus is a
quantum theory that is not globally valid. Also, the Hamiltonian (25), while precluding
collisions, can still evolve to states with collinear situations in finite time even for initial
states that do not have support on it. However, since the pathological configurations
comprise a measure zero set, this is not a serious problem and the evolution should be well-
defined for a dense set of states. It is only an issue when considering distributional states
with support on these pathologies. Given the absence of global relational perspectives,
we have to accept this peculiarity for the direct quantization of the classical perspective
of A.

Later, we will compare this reduced quantized theory to the reduced theory obtained
by symmetry reducing the Dirac quantized model. While their structure will look very
similar, they will be inequivalent, unless certain somewhat artificial choices are made
in Dirac quantization. On the one hand, this will demonstrate that a quantum frame
perspective will generally not be equivalent to the direct quantization of a classical frame
perspective. On the other, it will nevertheless provide intuition for why we will identify
the quantum symmetry reduced theories with quantum frame perspectives.

3.2 Dirac quantization — the perspective-neutral quantum theory

Next, we quantize the perspective-neutral structure the Dirac way. That is, we quantize
the original phase space T*Q ~ R!® by promoting all canonical pairs (¢Z, p?) to operators
on a kinematical Hilbert space HX™ := L2(R?), satisfying the canonical commutation

relations [§7, ﬁ?] = 1% §;;. This permits us to quantize the constraints (1) and our aim

would be to find physical states [1))P™* that solve them:

PP = 3 pi )P =0, (26a)
i=A,B,C
RE)P™ = 30 e gy pi o) = 0. (26b)
i=A,B,C

In addition, we quantize the Hamiltonian (3) in a standard way, as

A 1 4 2 2 S~ 5 o
Htot = 5 (pA2 +p32 +pC’2) + V(‘QABL |QAC’a ’CZBCD . (27)

The classical constraint algebra (2) of the Euclidean group directly attains a quantum
representation:

P =0, e, ] = e PR = it e (28)
Notice that the three conditions (26b) are equivalent to a single (quadratic) constraint:

R2 [i))P* = 0. (29)

The shape of this algebra permits us to decompose the constraint imposition into conve-
nient steps:

1. We construct the translation invariant Hilbert space H'' (see fig. 3) by firstly solving
the translation constraints P%. Given that the latter have a continuous spectrum
around zero, their solutions will not be normalizable in HX™ so that AT will not
actually be a proper subspace of it. A new translation invariant inner product,
normalizing translation invariant states will be required. This will be the topic of
sec. 3.2.1.
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2. Since [P% RY] = —ie®P¢, the angular momentum constraints 2% will commute
with the translation generators P on HT, Hence, the R will leave H™! invariant
and we can consistently treat them as translation invariant observables on it. We
could therefore then simply impose (26b) on H™'. Given that the spectrum of the
R is discrete, solutions to them will be normalizable in H ' and so the translation
invariant inner product will also constitute the physical inner product. That is, the
physical Hilbert space HP™® (see fig. 3) of translation and rotation invariant states
(26) will be a proper subspace of H L.

Notice that the reverse ordering of these steps would be more cumbersome as the
translation generators would a priori not leave a rotation invariant Hilbert space invariant.

Nevertheless, for our purposes it will be even more convenient to proceed slightly
differently. Our ultimate goal is to construct the transformation that switches the internal
perspective from Hpcia to Hapc, ie. from A to C perspective. To that end, it will
not actually be necessary to explicitly construct HP"Ws, although the transformation will
switch via HP™S from one perspective to another. While constructing HP™s is certainly
feasible, rotation invariant states of three particles will be unnecessarily convoluted and
we shall therefore abstain from explicitly exhibiting them.

Instead, we will sidestep the construction of HP™$ by including an additional step
in-between steps 1 and 2 above. Indeed, we will insert a partial reduction step through a
map T4 pc that ‘trivializes’ the translation generator constraints, pushing all redundancy
onto particle A and yielding the Hilbert space HEBC in fig. 3. This step, followed by a
subsequent conditioning 4 (¢ = 0|, is the quantum analog of imposing the classical gauge
condition g4 = 0 and will yield the translation invariant two-body Hilbert space ’Hrgq A>
see fig. 3. At this stage, we have a two-body problem of B and C', and imposing rotational
invariance will become substantially simpler. In this manner, we explicitly construct

HpB}gTA in fig. 3, replacing step 2 above that would yield H#P"™s. We show, however,

that the imposition of the rotation constraints 5(1%“) commutes with the trivialization
map 7, gc and that HpB}gf 7 will thereby be equivalent to HPhYS - This procedure will be
detailed in secs. 3.2.2 and 3.2.3.

The remaining reduction steps to Hpc4 in fig. 3 will be discussed in sec. 3.3.

3.2.1 Constructing the translation invariant Hilbert space

Given the linearity of the translation generators P®, it is not difficult to construct the
translation invariant Hilbert space H'. As this step is already carried out in [1],'¢ we
shall be brief here and refer to this reference for further details.

We invoke group averaging [13,62,63] to define an (improper) projector onto solutions
of (26a):17

S(P): M T

) 30
)™ = )™= ( o

]. +00 - .a pa in
(271)3/ ds®ds¥ ds® e'"F ) |yp)kin
—00

161y [1], this step is carried out for the one-dimensional three-body problem, however, extension to three
dimensions is trivial and amounts to simply ‘attaching a vector symbol ~ to the basic variables’.

17See [64] for an alternative method that adapts the underlying Hilbert space topology.
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Ppcja | Classical phase space after reduction to the perspective of A

HEin Kinematical (‘total’) Hilbert space

HT Translation-invariant Hilbert space
H?BC Image of the prior under translational trivialization 74 pc
HEICI A Image of the prior under reduction by 4 (x = 0|

HPYS | Physical (i.e. translation and rotation-invariant) Hilbert space

Hi}%sc Image of the prior under transformation 74 pc
H%lgf A Image of the prior under reduction by 4 (x = 0|
H%l%sl A Image of the prior under the rotational trivialization Rp ¢
Hpela Can be defined as both:

(i) Image of the prior under conditioning by (g, ¢5, pc = 0|

(ii) Result of the quantization of Ppc4

Table 1. A summary of the notations used.

A general translation invariant state then takes any of the following forms
TI — — — — — — — —
) = /dng d*po bpoaPs, Pe) |-PB — Do) 4 1PB) 5 P0) ¢
= [ @ e Vs, 0) [Fa) 4|~ — o) s ) (31)
_ Bia Bin 0T (Fa. Te) |5 - e
= Pa &P Y apic(Pa, 0B) |Pa) 4 [PB) g |-Pa — PB)c

depending on which particle’s momentum is solved for, where for later use we have defined

wBC|A(_’ _»C) = kain(_ﬁB _507ﬁB7ﬁC))
Yaop(a,po) = (Ba, —Pa — po,pc) (32)
Uapic(Ba,DB) = NPa, P, —Pa — PB) .-

This yields three different descriptions of the same translation invariant state |LZ)>TI and
will be of use later, corresponding to different internal frame perspectives. The translation
invariant inner product, normalizing these states, reads

(@™, ¢ gy 1= ki (3| 6(P) |g) <™ | (33)

where (-|-) denotes the inner product of H*". Based on these structures, one can Cauchy
complete the space of solutions of (26a) to a Hilbert space H ™.

The conjugate Dirac observables (in perspective-neutral form) (7) are, in particular,
translation invariant. We can thus represent them already on H''. We choose a symmetric
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factor ordering:

pPBA = ln\/chzA, Dopa =
pca = 1H\/602A, ﬁPC’A:

—

(Pp -dpa +dpa-PB)

N~ N =

(o -doa +dca - De)

@ = —|gaxdeal™t dpa-doa = —coty, (34)
. 1 T o _ s B D -
Pu = 5((_“(1+“2) Yo — (L4 u?) 72 ePeamPrA Gy -

—
A

o (Ca (L) T g — (Lt ud) PR efoaioa Gy )

— — — —
— X

(sinwcosquA —sin~y ePCA—PBA QABA) ‘ﬁC
+p, (sﬁl\ COSAY (i a — siny ePCA=PBA § )
Pc Y YdcA Y dpa)) -

Some of these operators have to be understood in terms of spectral decomposition. As
noted above, HP™S is a proper subspace of H™! so that these operators here already de-
fine a representation of the Dirac observables (7) on HP™S too. It is clear that some of
these Dirac observable operators will be unbounded on states with support on total colli-
sions. Since these pathological configurations are a set of measure zero [60], there is still a
chance that these operators may be densely defined and ultimately essentially self-adjoint.
However, we shall not enter into such subtleties here, as our focus is on symmetry reduc-
tion to a quantum frame perspective; our construction will thus be somewhat informal.
We also recall that we have dynamically ruled out total collisions through a potential
that becomes infinitely repulsive there. The quantized translation and rotation invariant
Hamiltonian (27) is an observable on both HTT and HP", In particular, on HP"S (which
we do not construct explicitly), this will mean that, starting with finite-energy states that
do not have support on total collisions, will not dynamically produce states that do if
evolved with ﬁtot. On these dynamically accessible states, ppa,PpzasPcA, Ppoa and Dy
will remain bounded and only # will be unbounded for states having support on collinear
configurations.

It must be emphasized that, clearly, one can promote other Dirac observables to self-
adjoint operators on both # ™! and HP™S. For example. the ‘basis set’ of Dirac observables
(6) does not feature any pathologies and can be turned into self-adjoint operators, e.g.
through a symmetric factor ordering. Hence, the perspective-neutral quantum theory will
not have any issues per se. The pathologies are purely related to choosing observables
that (i) have a direct interpretation in the specific perspective of A and (ii) are canonically
conjugate (where defined) so that later we can relate them to the reduced quantum theory
on Hpcoja- As argued in sec. 2.1, better conjugate observables do not exist in this model
due to the Gribov problem.

3.2.2 Translational reduction

As explained above, instead of directly continuing with the imposition of the rotation
constraints, we firstly include the step of translational reduction to effectively produce a
two-body problem that simplifies solving the (then transformed) constraints. This step
is the quantum analog of gauge fixing to ¢4 = 0 in (9). Clearly, in the quantum theory
we can not gauge fix because imposing the translation constraints (30) directly produces
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translation invariant states.'® In order to remove redundant degrees of freedom and reduce
the quantum theory, we thus have to proceed differently. As shown in [1], this works by
firstly trivializing the constraints and subsequently projecting onto the classical gauge
fixing conditions. Some of the below is a repetition of steps carried out in [1] and so we
shall be brief.

We define the constraint trivialization map, Ta pc : CHT HA B see fig. 3,

Tase = [Jexp (1d4(% +5E)) (35)
a
which is unitary on X", trivializes the translation generators into the A tensor factor

Tasc PO T) po =% . (36)

where 1 is defined with respect to H¥™, and maps translation invariant states to

W))A e = Ta,Bc |¢> =F=0),® (/dgﬁB d3170 wEIﬂA(ﬁB,ﬁC‘) PB) 5 |170>c> . (37)

Hence, the A tensor factor of the state carries no relevant information about the original
state and has become redundant. We can remove it through a Page-Wootters-like [65]
conditioning on the classical gauge-firing conditions (9),'” producing states in a novel
Hilbert space H%;ICM in fig. 3

) o = 2m)* 24 (7= 0]) ) e = / d*ps &P Vhea(F. o) [P8) g [Pe)e - (39)

As shown in [1], this defines an isometry from H ! to H %L Bc|a» Where the inner product on
the latter is just the standard one with integration over B and C variables only.
Crucial for us is also how it transforms basic translation invariant operators

Tasc (@ — Ga) Th pe = i, Tasc b Th pe = bi i=B,C, (39

and the Hamiltonian (27), which becomes?’

O = Tapc H* 7',1730 = pB> + b’ + bs - pe + V([ Tsl, ldcl, |dsc)) - (40)

The Dirac observables (34) simplify under transformation (39); we shall not spell out
their transformed form as it is clear that it amounts to simply dropping the A-label from
all expressions in (34).2! As one can easily check using (36, 39), this translation generator
trivialization map leaves the rotation generators (26b) invariant:

Tapc R 7;;[,30 - R, (41)

18 As a consequence of the uncertainty relations, projecting onto the zero-eigenvectors of the total mo-
mentum leads to a maximal spread in gauge variables conjugate to it and thereby to translation invariance.

19Equivalence of this reduction procedure with the Page-Wootters formalism has been demonstrated in
later work [66,67].

20We have not written the terms which are null on HEI BC-

21Tn some cases, this has to be justified by considering the operator functions as Taylor series away from
pathological configurations.
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This implies that imposing (29) and applying the trivialization map T4 pc commutes on
H™ such that the square on the lower left of fig. 3 is indeed commutative. Noting the
shape of (37), this leads to the following equivalences

R )yt =0 Aad (R% + RE) W>ABC—0 e (R + RE) W)BC|A =0.

Hence, we lose no information by imposing two-body rotational invariance on states in
HLL BC|A> rather than three-body rotational invariance in #T', thereby simplifying the task.

Note how this means that we effectively turned the situation into a two-body problem.
Indeed, the use of the constraint trivialization map 74 pc mapped us to a description in
which A’s degrees of freedom have become pure gauge, so that only B and C’s degrees of
freedom are potentially meaningful (although they still include some rotational gauge).
However, the “two bodies” here are not strictly speaking B and C; rather, they correspond
to B and C’s positions relative to A. The intuition is that, as in [1], trivialising the
translational gauge effectively amounts to eliminating one of the particles by moving to
a description in which positions are defined relative to it.

3.2.3 Rotational invariance

We continue with the two-body problem on HBC|A ~ [?(R3)® L%(R3). In order to impose
rotational invariance, it will be more convenient to Fourier transform to configuration

space and to switch to polar coordinates (r,0,¢), so we can use spherical harmonics
Y7 ™(0, ) to define a basis for L?(R?)

ridom) = [ dQ Y90, 1,0,4) | (42)

where r = ||. Here, |j,m) are the usual simultaneous eigenstates of the angular mo-
mentum operators R2 and R*. This construction is done more carefully in Appendix
B.

According to the Clebsch-Gordan coefficients for the decomposition of angular mo-
mentum eigenstates, we can then write an arbitrary zero-total-angular-momentum state
in HEICI 4 as:

VR = [ @ drc vt Ui W)

where

. (—1)i—m ) )
|®(rB,rc3j)) = mzlgj\/m‘rBU,_m>B’rC§J7+m>c . (44)

Notice that these states lie in a proper subspace of Hg(ﬂ 4» Which we will label by P

BC|A
(see fig. 3), given that it now also includes rotational invariance. The transformations
of the Dirac observables (34) alluded to in sec. 3.2.2 (i.e., those in (34) with all A-labels

dropped), are also observables on H%}gf - From the discussion above it follows that this

Hilbert space is equivalent to HP"*, including the evaluation of the (transformed) Dirac
observables.
3.3 Rotational reduction to A's perspective

We have implemented translational invariance, a subsequent translational reduction and
rotational invariance. There is therefore still redundancy in the description which we have
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to remove in order to fully construct A’s quantum frame perspective from the perspective-
neutral Dirac quantized theory and to compare the result to the reduced quantum theory
on Hpcla of sec. 3.1, In particular, we now also have to carry out a rotational reduction,

which will be the quantum analog of the classical gauge fixing d_; = 0 in (10-12) that
fixes the rotational gauge freedom for generic configurations. Since we cannot directly
gauge fix in the Dirac quantized theory (the system is already translation and rotation
invariant after imposition of the quantum constraints), we have to proceed differently.
As explained through the translational reduction in sec. 3.2.2 (and in [1]), the quantum
analog is (1) trivialize the relevant constraints, and (2) condition on the classical gauge
fixing conditions. We will now show how this works for the rotation generators.

3.3.1 Rotational reduction

We define a rotation generator trivialization map
Rp,c = exp (z @Bﬁé) exp (2 éBRyC) exp (z gﬁB]?é) , (45)

where the angular operators 6 and ¢ can be defined in terms of the states |r,0, ), see
Appendix B.3. As shown in Appendix C.1, geometrically, this sequence of rotations
of particle C effectively rotates its polar coordinate system until its polar angle ¢ is
measured relative to the direction of B. Hence, 8¢ will coincide with the relative angle v
between B and C' (essentially the Dirac observable w in (7)), see also figs. 1a and 2. This
procedure is thus reminiscent of the one followed classically. Appendix C.1 also proves
that Rp,c maps |¢>%%’TA as defined in (43) to

h; h; 2 .
W) B0a = RecW)piia = /dTB dro ri Z Rt (re.res §) [rs; 0,0) g [res 4,0) ¢
(46)
i.e. to a state of zero total angular momentum in B and zero angular momentum around

phys . _
B,C|A "~

RB,C(H%}gTA) C /HBC|A (see fig. 3). In other words, HB ‘0|4 1s spanned by states of the
form |r;0,0) 5 |7c;4,0) -
As can be expected from the shape of (46) and shown in Appendlx C.2, Rp,c indeed

z in C, and that this is an isometry from HpB}gT 4 to a new Hilbert subspace H

trivializes the rotation constraints with Rp ¢ (RB + Rc) Ry p,c being equivalent to

(Bp)* [)575 4 = RE )R, =0, (47)

It is also necessary to check how the Dirac observables (34) transform under Rp c.
To this end, recall that we have carried out a translational reduction in sec. 3.2.2, which
corresponded to simply dropping the A labels from all expressions in (34). In Appendix
C.3, we show that (these transformations are only valid on states without support on
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pathological configurations):%?

RB,cPB RE;}C = /B, Rp,c P 73;0 =,
RpcopcRple = po, Rp.cPeRple = Pe (48)
Rp,clc RBIC = —Coﬁc ,

1 —_— —_— — — —_— —_ — —_— —_—
RB,cDé RE;}C = —3 (—cos Ocsinfco 4o - po + Fosinbc pe — Po - G cos B sin O

—I—ﬁZC 7o Si@c) .
The key point of those transformations is that 7 gets mapped to Oc:
RpcYRpe=0c. (49)

This is in harmony with the above observation that the transformation Rp ¢ has the
property of transforming the description of particle C' so that its polar angle now physically
corresponds to the relative angle that it forms with the direction of B. Under these
transformations, the Hamiltonian (40) is mapped to??

rto

t L rtot -1
Hpoja = RpcHipcRp o

= e B2 e <(€_2’33 +e 21+ a2)? +e P PChp(1 + u%)g) P2

o (V LB (BERly + PERE) + s ﬁ%ﬁé> + 20”0 Rl + 2ie” R
C

—i (4(@0 + 13 (e72E 4 e72C) 4 2e7PBTPC(1 4 202), /1 + %) e

9 5 5 9 . .
— Z(e*QPB + eich)(l 4 a%) — Ze*PB*PCQC /1 + “20 +V(pg, pc,tc) .

(50)

We now wish to complete the rotational reduction, removing — in analogy to the

translational reduction in sec. 3.2.2 (and in [1]) — any redundant information from our

states (46) and recovering the reduced quantum theory on Hpcjq in A perspective from

sec. 3.1. This second step will, again, be achieved by a conditioning on the classical gauge
fixing conditions and a variable change.

To this end, it is convenient to rewrite the states (46) in polar coordinates as follows

I‘I’>pB}jycs|A :/ drg % dQp dre Tédﬁcwgg‘a(@,rc,@c) 78,08, 98) 5 |TC,0c, Pc)c

(51)
where, using the ingredients of Appendix C.1, we have defined
s > C Dhys Y ES)
YRt (re,re, 00) = Z(—l)]iﬂ%lg‘A(TB,Tc;J)TPj(COS Oc), (52)

§=0

22Notice that these observables are, in fact, somewhat better behaved as those in (34) because the
operator f¢ appearing here is fully defined on all states, thanks to the conditions in Appendix B.3 which
we had not applied similarly to v appearing in (34).

25We have not written the terms which are null on ’Hth’gl 4+ Furthermore, for brevity we have chosen a
factor ordering where the momenta always stand on the }ight. Despite its appearance, this Hamiltonian
is actually a symmetric operator.
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and P; is the Legendre polynomial of degree j. As a result, we now have a wave function
of the polar coordinates and we see that it depends only on the physically meaningful
rp,rc,0c that also survived the classical gauge fixing (see fig. 2). In contrast, the three
other configuration degrees of freedom g, pp, pc are pure gauge, and thus the distribu-
tion of any |1/J>I]’3lj§ 4 1s uniform with respect to each of them; these degrees of freedom
are hence now redundant and we can remove them without loss of information. This is
completely analogous to the translational case in sec. 3.2.2 and we shall now condition on
the classical gauge fixing conditions gi_; = 0 (in polar coordinates) in (9-11)

h
|7,Z}>BC|A = <03 = 07 ¥YB = 07 yc = 0 | 7/’)%7}5,4

— /d’rB 7”125 drc 7% dfc sin O w%}gFA(rB,rc,Hc) IrB) |rc) |0c) , (53)

(where we have made use of the normalization (101) in Appendix B). This is an isometry
because, as one can easily check, %}ng <¢W>pB}g|SA = poja (9[¥) poja. However, we recall
that the gauge fixing conditions 85 = 0, pp = 0, ¢c = 0 are not globally valid. While this
is a problem for distributional states with support on pathological configurations, this is
not one for generic Hilbert space states since the troublesome configurations comprise a
set of measure zero.

We shall now show that the resulting symmetry reduced quantum state lies in Hpgja,
i.e. in the Hilbert space corresponding to directly quantizing A’s classical perspective. To
this end, we switch variables (rg,rc,0¢c) — (pB, pc, uc) in line with sec. 3.1, producing

o 3pB ,3p 1 %
= dpp dpc d B3P0
|¢>BC|A /_Oo pPB dpc duce"~e (1+u%)

X ¢%}g|SA(PBa pc,uc) lre(pB)) Irc(pc)) 10c(uc)) . (54)

Due to (101) in Appendix B, we have the normalization

d(rg —rl) S(re —re)
<TB|T,B> = TBa <TC|T/C> = 7,7207
B C
d(0c — 0f)
clbr) = ————F—< 55
ottty = E0C), (55)
which differs from that in (24). Hence, redefining
1 \8)° on
wBC|A(PB7PC,UC) = (engegpc (m) ) w%ng(pB,pc,uc), (56)
and
1
1 \5)°
IpB) loc) luc) = (ei”ﬂBeSPC(HU% ) ) Ire(os)) Irc(pe)) o(ue)) . (57)

we recover exactly the shape of the reduced states (24) with correct normalization

V) Beja = [ dpp dpc duc ¥peialps, po,uc) |ps) lpo) luc) - (58)

This redefinition is not a surprise because the Dirac quantization brought us to a kinemati-
cal Hilbert space with measure du = [[; d3g;, from which the measure in polar coordinates

Accepted in {xuantum 2023-05-09, click title to verify. Published under CC-BY 4.0. 26



on HPB}?C'YS‘ 4 1s directly inherited, whereas the reduced quantization started with a measure
du = dpp dpc duc on Hpo|a-

We need to check whether also the basic observables generating the commutator al-
gebra behave correctly. It is clear that the translationally and rotationally reduced Dirac
observables (48) are unaffected by the projection (53). The variable shift (rg,rc,0c) —
(pB, pc,uc) could have been carried out prior to the projection. However, this shift will
affect the precise representation of these observables. Indeed, the configuration Dirac
observables on H%}jycj 4> PB, po and RB,Cacfzg}C = —CCE?C, will act simply as mul-
tiplication operators both before and after the projection and regardless of the wave
function redefinition (56). They just directly become the observables of the reduced the-
ory. On the other hand, as can be checked, the momentum Dirac observables, 13’}73, ﬁpc

and Rp o p% Ry are represented in terms of derivatives on wave function @b%}g‘s ", in (54)

as:24
. . 3.
P = —i0,, — 2t (59a)
P, = —idy, — i (59b)
pC pPC 2 ’
R — . . uc
Rp,cheRpo=—i0u, + =i . (59c¢)
’ R

It is straightforward to prove that, due to the redefinition of the wave function normal-
ization, this is equivalent to the following action on 9 pc|4 in (58)

% P\
<€3p363pc (71 T U%) 2) ﬁ% <63P5’63pc (71 T u%) 2) = —’iapB )
3pB 3pC 1 2 : 5P 3pB 3pC 1 2 - — ;
(e e (1+u%) > pc<e e (1+u20) ) = —i0pq ,
30p 3pc(_ L 3\ w51 [ 30m 300 (L \E - _
(e (522)" ) ol (e ()] = e

We have thereby proved that our basic Dirac observables (34) ultimately transform cor-
rectly under the various reduction maps to the observables 7, of the reduced quantized
theory in A perspective. In particular, given that we have carried out a sequence of
isometries, the expectation values of these observables will be equivalent to those of the
reduced theory in sec. 3.1.

Crucially, notice that the wave function redefinition in (56) takes care of the fact that,
since total collisions and collinearity happen as pp, pc — —o0 and uc — oo, states
in the reduced theory of sec. 3.1 have a vanishing support there, while the Dirac theory
does admit states with support on such configurations. Indeed, the rescaling factor in
(56) vanishes on approach of such pathological configurations and thus extinguishes any
support physical states might have there.

This completes our reduction procedure in the quantum theory (see fig. 3 for a sum-
mary), the result of which we take as A’s quantum frame perspective.

24This ultimately follows from their representation in terms of Cartesian coordinates ¢; on H¥™ in the
standard measure of sec. 3.2.1 and the subsequent transformations.
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3.3.2 Relation with reduced quantization of A's classical perspective

Our complete quantum reduction map, @, : HT' — H BC|A; given by

W= {08 =0,05 =0,0c = 0| Rp,c(RE + RE) (Ya = 0| Ta,c (60)

from the translation invariant Hilbert space H'' to what we identify as A’s quantum
frame perspective thus yields the Hilbert space Hpcja and the basic operators of the
reduced quantized theory of sec. 3.1. We recall that this procedure is equivalent to the
quantum symmetry reduction, i.e. the ‘quantum coordinate map’ ®4 : HPWYS — H BC|As

by = <(93 =0, =0,pc = 0‘ RB,C’ <>2A = 0‘ 7;1730 (61)

from the perspective-neutral Hilbert space to Hpc|a (see fig. 3). We also emphasize that
® 4 will in fact be invertible on its domain in HPP* despite the appearance of conditionings
in its construction. A conditioning such as (Y4 = 0| would indeed not be invertible on the
kinematical Hilbert space HX™ as this operation would project away non-trivial and in
general independent information about A. Thanks to the redundancy in the description
of HP"S (in terms of kinematical variables) though, a conditioning such as (X4 = 0| only
removes redundant information from an invariant state. For example, the factor |74 = 0)
in (37) carries no more independent information. This operation will thus be invertible for
physical states. The analogous argument holds for the other conditioning in ®4. Hence,
® 4 will be invertible on its domain and this is crucial for transforming observables from
HPYS to H Bc|A Which requires a conjugation with this map. We emphasize that ®4
provides a general method for comparing Dirac with reduced quantization.

At first sight it thus seems as though ®4 just recovered the direct quantization of
A’s classical frame perspective from the perspective-neutral quantum theory on HPPs,
However, this is not the case because composite operators constructed from the elementary
ones in Dirac quantization do not in general map under ® 4 to the corresponding composite
operators constructed on Hpc|4 in reduced quantization. In particular, as we explain
in appendix D, the Hamiltonians of the two quantizations are inequivalent; the total
Hamiltonian Hioy in (27), which recall is an observable on HP™®, does not reduce under

® 4 to the Hamiltonian (25) of reduced quantization, i.e. ® 4 Hio @Zl #+ A]rgegm, where

® 4 Hio @Zl is simply equal to expression (50) with the p’s replaced by 7#’s. The difference
between the two only involves configuration variables. Both the dynamics and spectra
will thus differ.

This is in line with previous reports in the literature that the Hamiltonians in Dirac
and reduced quantization are typically inequivalent, e.g. see [45,52,55,56,68-70]. This dis-
crepancy can ultimately be traced back to an ambiguity in the ordering of gauge-invariant
operators in Dirac quantization, arising due to the contribution of the volume of gauge
orbits to the Hilbert space measure [53]. As demonstrated in [53,68], for systems with
constraints linear in momenta as in our model, one can always modify Dirac quantiza-
tion through factor ordering in such a way that the Hamiltonians will agree. While this
yields a well-defined procedure, it is somewhat artificial from the point of view of Dirac
quantization. We will briefly illustrate this procedure in appendix D and show that it
leads to a Hamiltonian on HP™® that in fact no longer treats all degrees of freedom on
an equal footing, but is special to a frame choice. Hence, in order to ensure equivalence
between Dirac and reduced quantization, one will have to modify Dirac quantization ac-
cording to the reduced theory one is interested in and different frame choices will therefore
lead to inequivalent modifications; the reduced quantizations of different classical frame
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perspectives are unitarily inequivalent. This is untenable in light of intending to con-
struct a notion of quantum frame covariance. Instead, we propose to embrace the general
inequivalence of Dirac and reduced quantization and accept its consequences.

The conclusion we draw from this is that it is generally not equivalent to construct
the quantum frame perspective of A from the perspective-neutral quantum theory, or to
directly quantize A’s classical frame perspective. So which version should one identify as
A’s quantum frame perspective? Our proposal is to give primacy to the more fundamen-
tal perspective-neutral structure in both the classical and quantum theory from which
the internal perspectives are derived. In the context of quantum reference frames, this
means giving Dirac quantization primacy over the reduced quantization method. We
therefore identify the quantum symmetry reduced theory obtained from the perspective-
neutral structure via ®4 as A’s internal quantum frame perspective and not the direct
quantization of A’s classical frame perspective.

Our reasoning for this is as follows: Dirac quantization treats all degrees of freedom,
including whatever we may choose as a reference frame, on an equal footing and in par-
ticular translates the classical redundancy in the description of physics into the quantum
theory. This redundancy is the prerequisite for being able to describe the same physical
situation in many different ways and therefore for establishing a notion of quantum frame
covariance. Such a covariance is a necessity in the presence of many physically equally
good choices of quantum reference frames within a given problem, and in reduced quanti-
zation one generally lacks the linking structure between the quantizations of the different
classical frame perspectives which, as mentioned, are unitarily inequivalent. By contrast,
in Dirac quantization one obtains a perspective-neutral structure by construction which
links the different possible internal frame perspectives in the form of quantum coordinate
transformations, as we shall illustrate in the next section, extending [1]. This is the natu-
ral quantum analog of classical frame changes through coordinate transformations and in
line with quantum reference frame transformations being merely changes of description.
In short, quantum covariance is in our view the reason one should give Dirac quantization
precedence.

This upgrades the arguments for preferring Dirac over reduced quantization usually
found in the literature according to which the former should be considered more general
because in the latter the reference system has already been removed prior to quantiza-
tion such that it can never feature any quantum fluctuations. While it is correct that
the reference frame is absent from reduced quantization, this reasoning is somewhat mis-
leading as in Dirac quantization too the reference frame no longer features independent
quantum fluctuations after its degrees of freedom have been selected as the redundant
ones. This is ultimately the reason why in the quantum symmetry reduced theory the
frame degrees of freedom too are absent just like in reduced quantization. However, what
our framework underlines is that, while the reference system does not feature them in
its own perspective, it can feature independent quantum fluctuations in the perspective
of a different quantum reference frame, while maintaining a link between the different
perspectives through the perspective-neutral Hilbert space. We will illustrate this next.

In summary, although experiments will ultimately have to decide which quantization
method is the appropriate one,?” our conceptual proposal in the context of quantum
reference frames is to retain only the Dirac quantized theory (and the various symmetry
reduced theories obtained from it), while discarding the reduced quantizations as unitarily

25 This requires better understanding measurements in the context of quantum frames, e.g. by building
up on [71].
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inequivalent theories altogether.?

3.4 Transformations between relative states

In this section, we give the transformation of the quantum state when changing from the
perspective of A to the perspective of C, expanding the framework of [1]. Tt is clear that,
starting from the perspective-neutral theory, we could equally well have chosen to go into
the perspective of system C, and that this can be achieved by following the same steps
explained previously, but swapping all A and C labels. Once in a specific perspective,
we can transform all the way back to the physical Hilbert space HP™S, exploiting the
invertibility of ® 4 (cf. sec. 3.3.2), as shown in the following diagram:

7{Phys
—1
TAV %‘AB
phys phys
Ha,pe Hehp
_ hys
[P=0) A® ()31 4 c{x=0
ST
thys A—=C thys
BC|A AB|C
RE,IC RB,A
phys phys
HB,CIA HB,A\C
|74a=0;mp=0,mc=0)®(")pc|a (0B, B,pa=0)|
SA—)C
Hpcla Hpalc

where (-) |4 means inserting the input state from Hpc|4 into the brackets, upon which
the new tensor factor equipping the arrow is appended to the input state. The quantum
reference frame transformation from A’s to C’s perspective thus takes the form of a
quantum coordinate transformation, Sa—c : Hpcja = Hap|c,

Sasc i=Pco @y’ (62)

which passes through the perspective-neutral Hilbert space HP"™s. Note, however, that
in practice we never need to explicitly go back to HPYS, which we also never fully con-
structed. Instead, we can sidestep it, as we now explain.

It is worth stressing that, in order to transform from Hpca to H%}?ycj 4> one needs
to tensor by [ja = 0;mp = 0,mc = 0)® (-)poja = 575 [ ddéc 955 ¢5; 6c) © () Bas
which corresponds to averaging over the classical gauge conditions. This operation inverts
the conditioning on the classical gauge fixing conditions, and restores the gauge invariance
of the model.

26 Tn particular, it is not a problem that the acts of (i) reducing perspective-neutral states via the

instantaneous map (61) (cf. sec. 3.3.1) to ones on H ¢4 (the Hilbert space of both reduced quantization
and symmetry reducing the Dirac quantized theory), and (ii) time evolving with either Hior on HPYs
or H;;g‘ 4 on Hpcoja do not commute, as a result of the two Hamiltonians being unitarily inequivalent.
This is just a manifestation of the dynamical inequivalence of Dirac and reduced quantization and we
henceforth only work with the former. Indeed, in our proposal, the correct Hamiltonian on Hpca is
the quantum symmetry reduced one ®4Hyo:®,", and (i) and (ii) do commute when replacing H?g‘ A
with it. The quantum frame perspectives are thus dynamically consistent with the perspective-neutral
descriptions.
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Informally, the steps from Hpcia to Hapjc can be written as

Sasc = (08 =0;65 = 0;6c = 0| Rp,cSA_,cRE 4 lja =0;mp =0,mc =0) ® (-)pcya-

(63)
Here, S% .. : H%%’TA — Hilgrc is the three-dimensional analog of the relative state

transformation in the translational case of [1,2], which provides a shortcut, sidestepping
HPYS in the above diagram and mapping directly between the Hilbert spaces that have
been reduced with respect to translation invariance only:

St ¢ :=Pca exp(ic - ), (64)

where Pc 4 is now a three-dimensional parity swap:
Poalp)a=I1-P)co - (65)
Explicitly evaluated on some arbitrary initial state in Hpcoja
V) peja = /dTBdTCdQC sin(00)rréseia(rs, ro,00) [re) g Iro) ¢ 00) ¢ (66)
this yields |¢) 40 = Sa—c [¥) poja, where
V) pajc = /dTA drp dasin(04)rp 5 ¥pcia(das, ma,vBic) ITA) 4 1TB) g 104) 45 (67)

and where dap is the distance between A and B and ~yp|c is the old angle 6, both
expressed in terms of the variables relative to C as

dap = \/ri+r%—2rArBCOSGA, (68)
r4 — TR Cosby

(69)

cosYp|c = .
\/1"124 + 7% — 2rargcosfy

This is a result which has to be expected geometrically. It corresponds to replacing the
relative distances between A and B by that between C' and B and having now the angle
04 as the one between A and B as seen from C.

It is easy to show that, similarly to what happens in the one-dimensional case explored
in [2] and [1], entanglement and superposition are QRF-dependent features. Here, we
illustrate this operational consequence of the framework on the angular degrees of freedom,
whose treatment is a novel aspect of this work. For the purpose of illustrating this
effect, it is enough to consider, in the initial QRF of A, a (non-normalised) separable
state consisting in a superposition of two angles, and sharply localised in the two radial
components of B and C. For example, assuming 6; £ 0 and r; # 0, ¢ = 1,2, so that we
are not dealing with total collisions or collinearity,

L. .
) peja = 1173 1) g Ir2) e 7 (sin 61 [61)¢ + sin b2 62) ) - (70)
From the perspective of C, it is straightforward to show that, via Eq. (67)

1
0) apjc = 1175 [r2) 4 7 (g1 cosO1]q1) g (1) 4 + G2 0802 [q2) g [92) 4) , (71)
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where, for ¢ = 1,2, we have

g = \/7“% + 73 — 27179 cos 6;
r9 — 11 Cos 0; (72)

cos ¢; = .
\/r% + r% — 2r17r9 cos b;

From the previous expression, it is clear that entanglement is QRF-dependent, thus gen-
eralising the result of [2] and [1] to the three-dimensional case.

3.5 Remarks on the unitarity of the quantum frame transformations

Let us now come to the important question of whether our quantum frame transformations
in (63) are unitary. We will be somewhat informal in our answer, in line with the previous
discussion, as a rigorous statement would require substantially more efforts that go beyond
the scope of this manuscript. Our answer has two parts, one pertaining to proper Hilbert
space states, the other to distributional states.

For proper Hilbert space elements, the transformation will, informally at least, be
unitary in the sense of being both invertible and an isometry. Firstly, the operator S}g ~C
in (64) is clearly unitary (see also [1,2]). The more subtle part are the transforma-
tions Rp,c and Rp 4 and the conditioning on the classical gauge fixing condition, such
as (0 = 0;¢p = 0; ¢ = 0|, which is not globally defined on the classical configuration
space, owing to the mechanical analog of the Gribov problem. However, as noted before,
the pathological configurations — total collisions and collinearity — comprise a set of mea-
sure zero in the gauge invariant configuration space [60]. It follows from appendix C.1
that Rp ¢ is invertible and isometric on its domain and, given that the pathological
configurations are a measure zero set, this should be a dense subspace of HPB}gT ', such
that it is unitary (similarly with A, C interchanged). The above conditioning, on the
other hand, is well-defined on states of the form [ja = 0;mp = 0,mc = 0) ® [¢) oy 4

which comprise the Hilbert space HpB}j?‘ 4 (cf. the expressions in equations (51,52)), where

l7a=0;mp =0,mc =0) = ﬁfdﬁgdd)c |0B; ¢B; dc). As observed in secs. 3.3.1 and
3.3.2, the conditioning is an isometry and invertible, as it only removes redundant infor-
mation; indeed, as discussed above, the inverse operation is given by appending the tensor
factor [j4 = 0;mp = 0,mc = 0) ® (-)pcja. We therefore conclude that, for Hilbert space
elements, the quantum frame transformation Sy, in (63) is unitary. While we have
argued here for three particles, the same will hold for arbitrary N, as the pathological
configurations always constitute a measure zero set in the gauge-invariant configuration
space.

What about distributional states with support on the classically pathological configu-
rations? For those states, the quantum frame transformation S4—,¢ in (63) is not defined,
in particular, because the rotational trivializations Rp ¢ and Rp 4 are not defined (cf.
appendix C.1). Note, however, that the classical gauge fixing conditions associated with
A’s perspective will fail if and only if the gauge fixing conditions of C’s (and B’s) per-
spective fail; for three particles collinearity and total collision mean the failure of either
internal perspective, see fig. 2. All the valid configurations of A’s perspective can there-
fore be mapped into valid configurations in C’s perspective and vice versa; in this sense
the quantum frame transformations Ss_,¢ is invertible for distributional states for three
particles too.

The situation for distributional states will, however, be different in general with V > 3.
In that case, it will generally no longer be true that the gauge associated with one frame’s
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perspective fails if and only if the gauge associated with the second frame’s perspective
fails. The two frames may use non-overlapping subsets of particles to set up there local
orientation relationally. When the particles used by the first frame are collinear or col-
lide, the particles employed by the second frame may be in a generic configuration. In
such a case, the transformation between the first and second frame will only be defined
on those distributional states which correspond to global particle configurations that are
not pathological for both frame perspectives. This means that, in those cases, the quan-
tum reference frame transformation will only be invertible on a subset of distributional
states that are valid in either perspective. The absence of globally valid classical frame
perspectives thus only plays a significant role for distributional states.

4  Conclusions

In this article, we have expanded on the systematic approach to quantum reference frame
transformations started in [1], by applying it to the relational N-body problem in three-
dimensional space with translational and rotational invariance. As discussed in detail,
this model is particularly interesting because it is subject to a mechanical analog of the
Gribov problem in gauge field theories and thereby does not permit globally valid reference
frame perspectives. Since this is a property of generic systems with gauge symmetry, this
example serves as an illustration how our approach can also handle challenges that arise
in generic situations.

In particular, the N-body problem features a number of technical challenges — all of
which are a consequence of the compactness of the rotational gauge orbits —, such as a
constraint surface that is foliated by gauge orbits of different dimension and an absence of
globally valid pairs of canonically conjugate Dirac observables. As a result, our descrip-
tions relative to specific frame perspectives are not valid on all states; in particular, the
invariant observables which we choose to describe the physics relative to specific choices
of frames become unbounded on collisional or collinear configurations (a set of measure
zero). But given the absence of global perspectives, this is inevitable and will appear, in
one form or another, in most interesting systems. These challenges notwithstanding, we
demonstrate how one can use the quantum reduction method, consisting of a constraint
trivialization and a conditioning on the classical gauge fixing conditions, to systematically
construct transformations between different quantum reference frame perspectives in the
three-body problem. In particular, for Hilbert space states, these transformations are
unitary, despite the absence of classically global internal perspective. This is because the
pathological configurations comprise a set of measure zero in the gauge-invariant configu-
ration space. For distributional states, on the other hand, this transformation will not be
invertible in general situations with N > 3. We have also shown that the transformations
lead to a quantum frame dependence of entanglement. This work thereby generalizes the
approach to constructing quantum reference frame transformations of both [1,2], which
only considered one-dimensional particle models, to a three-dimensional setting including
rotations.

This article also substantiates our conceptual argumentation in [1]. Specifically, it
shows that also in this more general setting, and despite the absence of global relational
perspectives, our interpretation of the classical constraint surface and the Dirac quan-
tized physical Hilbert space as perspective-neutral structures remains valid. Similarly,
our interpretation of (specifically) gauge-fixed reduced phase spaces and quantum sym-
metry reduced Hilbert spaces as the physics seen from a particular frame perspective is
supported by the N-body problem. In particular, our work also sheds novel light on
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the relation between Dirac and reduced quantization from the perspective of quantum
reference frames. As we have seen, quantizing a classical frame perspective is generally
inequivalent to constructing the quantum frame perspective by symmetry reducing the
perspective-neutral structure obtained through Dirac quantization. The general inequiv-
alence of Dirac and reduced quantization [17,18,45-56] can be phrased more physically
as ‘frame associated symmetry reduction and quantization don’t commute’. Based on
quantum frame covariance, we have argued that precedence should be given to Dirac
quantization and hence the perspective-neutral structure from which internal frame per-
spectives are derived.

As an outlook, our method is further developed by applying it to quantum cosmological
models in [72,73] to demonstrate how one can also witch temporal reference systems, i.e.
relational clocks, in a quantum theory. This, in fact, also inspires a new perspective on
the ‘wave function of the universe’. As will be exhibited in [74], our frame transformation
method is actually equivalent to that originally developed in [14—16], provided one restricts
to a semiclassical regime within which the latter was constructed. Finally, an extension of
the original quantum reference frame approach of [2] to relativistic systems with internal
spin degrees of freedom is presented in [75] together with an analysis of the operational
consequences of such extended quantum frame transformations.
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A The rotation and translation invariant N-body problem

A.1 The rotation and translation invariant Lagrangian

We shall take the N particles to be of unit mass and the configuration manifold as
Q = R3N. The tangent bundle is therefore TQ ~ RN, We define the positions relative
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to the center of mass (which are translation invariant),

i_

N
. . 1 .
Qi = 9o — dom = da N Sdi] (73)
j=1
as well as their derivatives ¢g;. We also define the total angular momentum,
— N .
L= qoi % Goi, (74)
i=1
and the moment of inertia 3 x 3 matrix,
N
M =37 gl — 646 (75)
i=1
27

We then define the Lagrangian as

N

1 o 2 1= -1 7 7 7.\ N
R Y LR A (L
B
N N 2
_iyat - L (Sd) - fLm L - V(G- g .60
24 2N\ 5 2 o
= - %/_/
B B

where V is invariant under translations and rotations, and thus depends only on the
absolute distances between the particles. We have subtracted the kinetic energy FE\j)
of the center of mass, so that only the motion relative to the latter contributes to the
energy; and the rotational kinetic energy Ef$Y, so that the global state of rotation of the
system does not contribute to the energy. In consequence, this Lagrangian is singular and
features gauge symmetries. It is easy to see that £ is invariant under global translations

since qo; is translation invariant,

(g df) = (af + o), + (1), (77)

where the f%(t) are arbitrary functions of time that do not depend on particle i. In
addition, £ is invariant under rotations, that is

(@ @) = (R(t)- G, R(t) -G + R(t) - @), (78)

where R(t) is a rotation matrix dependent on time. Indeed, if we look at infinitesimal
rotations,

(@7@) — (Cj; +6(E(t) X (Tia Jz —|—ch(t) X (Tz +€(i5(t) X (TZ)? (79)

270f course the definition of this Lagrangian crucially depends on the invertibility of the inertia matrix
M. Interestingly, the subset of the tangent bundle on which M is not invertible is not exactly equivalent
to the subset of the cotangent bundle on which the canonical constraints become dependent. For example,
when all the positions of the particles are aligned but not their momenta, the canonical constraints are
still independent but M is not invertible.
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then we have the transformations

1Y 1 Y L
52 @ B = 5 2 4 - Bt ed- L (80a)
=1 i=1
L L+eM-G+edxL, (80D)

_1\% 1\ e (L e Y b
(M ) = (M ) —e (M ) <Z(w X Gi)Ca + g6 (@ X Gog) ) (M ) , (80¢c)
=1

which, when combined, give £ — L.
This symmetry becomes even more explicit in the canonical formulation. Indeed, the
Legendre transformation to (,p;) € T*Q ~ RV is given by

bt = g = i+ (do x (M1 2))" (81)

and those momenta can be checked to verify the constraints (1). The Hamiltonian then
obtained is (3); indeed, the easiest way to see this is by applying the Legendre transfor-
mation (81) to (3) to reconstruct the Lagrangian

E:Z@@—H

:Z<%i+%i x (M1 -E)) -@—%Z(Cfoﬁ-(fm X (M_l'fl))2 (82)

1 1 -\ 2
=5 i~ Bl g (@ D))

Using the formula for the squared norm of a cross product, the last term can be com-
puted to be exactly Ei%, thus proving that L = L. Note that this reconstruction of the
Lagrangian does not mean inverting the Legendre transformation (81) which defines a
map from 7'Q to the constraint surface C C T*Q and which thus is not invertible [41].

A.2 Dependence of constraints on total collisions and collinearity

Here, we show that the six constraints (1) become linearly dependent on total collisions
and when all particles are collinear. Moreover, it will follow that the gauge orbits contain-
ing these pathological configurations are only three- and five-dimensional, respectively.
The simplest (and most extreme) situation is the N particle collision at the origin
¢ =p;i =0,1=1,...,N, where the (phase space) gradients of the rotation generators
R® vanish and only the translation generators P® define independent flows. The origin
does not rotate and this means the gauge orbit in which it lies is only three-dimensional.
Indeed, neither the rotation (1b) nor translation generators (1a) can change p; = 0, Vi (see
(4, 5)), and only the translation generators can change the location of the total collision,
however, not the fact that ¢ = ¢, Vi. For p; = 0 and §; = ¢, Vi, one has dR® = ¢*¢¢b dP°¢
and so the gradients of the rotation generators will always be linearly dependent on the
gradients of the translation generators. Such a gauge orbit is then three-dimensional.
Similarly, if the N particles are collinear and the momenta are also aligned with the
axis of collinearity, only two of the three gradients of R® are linearly independent because
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the rotation around the axis of collinearity acts trivially on the particles. More precisely,
collinearity means that ¢; — ¢; = ¢;; v, p; = p; U, 4,5 = 1,..., N, for some v € R3. On any
such configuration

1 1
v®*dR* = ,Uaeabcvb m Z i dplc . m Z vaeabcqg dP° + UCLEabC’UC Z Di dqi)
4,7 J (3

= _7N1— 2 vaeabcq? dpPe,
J

which defines a linear dependence among the six constraints (1). Note that any such
configuration can be mapped to ¢; = ¢; ¥ and p; = p; U, where even v* dR® = 0, through a
global translation that puts the configuration origin on the axis of collinearity. Since no
other special direction exists for such configurations, this is the only linear dependence
and so two of the three rotation generator gradients are linearly independent. Neither
rotations nor translations can change the collinearity of the particles in both configurations
and momenta and so on every point of such a gauge orbit there will always be just
five independent constraints. This means that the gauge orbits in which such collinear
scenarios reside are only five-dimensional.

Since the translation generators are always independent and it is not possible that
only one rotation generator is independent (it would have to leave two linearly indepen-
dent vectors invariant), there are no other types of lower dimensional orbits. Hence, the
constraint surface is foliated by six-, five- and three-dimensional gauge orbits.

A.3 Independent Dirac observables on generic N particle configurations

There are various ways to convince oneself geometrically that only 3N — 6 of the (J;[ )
relative distances |¢; — ¢;| are independent. Our entire discussion below is for generic
configurations, i.e. away from pathologies such as total collision or collinearity of all
N particles. For example, for N = 3, the particles form a triangle and all three relative
distances are independent. Owing to the gauge symmetry, the orientation and localization
of this triangle in Newtonian background space is unphysical. Now add a fourth particle;
evidently, this particle requires three additional relative distances to be fully localized in
relation to the other three particles in the triangle. The physically relevant configurational
information of the four particles is thus now contained in the edge lengths of a tetrahedron
and again all (3) = 6 relative distances are independent. Redundancy now comes in if one
adds a fifth particle: in order to fully localize it with respect to the other four, only the
relative distances to three of the four particles, forming a triangle, are required, see fig.
1. The fifth particle forms another tetrahedron with the three particles relative to which
it has been localized. The relational information in the configurations is thus stored in
two tetrahedra that are glued together along a common triangle. There are thus nine
independent edge lengths and the tenth relative distance (the one between the fifth and
fourth particle) is automatically determined from the others, no matter how the glued
tetrahedra are embedded in the ambient three-dimensional Newtonian background space.
This construction generalizes to an arbitrary number N of particles: for each further
particle, only three independent relative distances are needed to fully localize it relative
to the previous ones and all other relative distances between it and the rest are redundant.
The independent relational information in the configurations can thus be encoded in a
3D triangulation with N vertices in Euclidean space and this triangulation has 3N — 6
edges. There are thus 3N — 6 independent absolute relative distances for N > 3 particles.
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Likewise, it is not hard to see that indeed only 3N — 6 of the N omentum

Dirac observables pj - pj are independent. Thanks to (1a), there are (at most) two linearly
independent momenta for N = 3 and their three inner products are independent. For
N = 4, one has (at most) three linearly independent momenta, thus forming a basis,
and their six inner products again are independent. Now for any additional particle k:
the three inner products of its momentum vector pj with the three basis vectors are
independent and clearly determine the inner product of pj with any other momentum
vector. Hence, there are 3N — 6 independent Dirac observables among the p; - .

A.4  Absence of global canonically conjugate Dirac observables

Recall from sec. 2.1 that any Dirac observable is a function of the basic gauge invariant
combinations

figi = (G — @) - (@ — @), Gijk = (G — @j) - Dk » hij :=pi -pj. (83)

It follows from Appendix A.3 that, on generic configurations, there will be 3N — 6 inde-
pendent configuration and 3N — 6 momentum Dirac observables among this set. There
cannot be more independent ones because the phase space is 6/N-dimensional and, on
generic points of C, all six first class constraints (1) are independent, i.e. their gradients
are linearly independent and tangential to C.

To analyze what happens for N particle collisions and collinearity, we need to be
more precise. (In)dependence of phase space functions is defined in terms of linear
(in)dependence of their phase space gradients. Clearly, at the origin of phase space,
@ = p; = 0, Vi, which is contained in C and lies on a three-dimensional gauge or-
bit (see Appendix A.2), all gradients of the basic Dirac observables above vanish, i.e.
dfijrr = dgijr = dh;; = 0. In this sense, there are no independent Dirac observables
among the set (83) at the origin; the phase space flows they generate (and which are
always tangential to C) vanish at this point on C. This will already be enough to argue
that there can be no global canonically conjugate Dirac observables on C.

Nevertheless, it is also interesting to firstly consider what happens when all N particles
are collinear and also their momenta are aligned along this axis, i.e. ¢;—q; = ¢;; U, p; = p; U,
Vi,j, and some ¥ € R®. We noted in Appendix A.2 that such configurations reside in
five-dimensional gauge orbits. The differentials of the basic Dirac observables (83) read
on such configurations

dfijrm = q; U (dgx —dq) + qu - (dg — dg;),
dgijr. = piv-(dG —dg;) + ¢i - dpi, (84)
dhij = pivU-dp;+p;v-dp;.

Hence, the only differentials appearing in these equations are ¥ - (dg; — dgj) and ¢ - dp;.
Now there are only N — 1 linearly independent differences ¢'- (dg; — dgj) as ¥-dg; — dg; =
U (dgr —dgj) — U (dgr — dg;). Similarly, we have v dP = >; U-dp;. Thus, altogether, on
such collinear configurations there will only be 2(N —1)+1 linearly independent gradients
of the observables (83), of which 2(N —1) are non-trivial observables (instead of 6N —12))
and the additional one corresponds to a linear combination of the momentum constraints
7-dP. That is, 4N — 10 otherwise independent flows generated by the Dirac observables
(83) vanish for such collinear scenarios.

These observations imply that there can be no global canonically conjugate Dirac
observable pairs, for if there were, their gradients would have to be non-vanishing on
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all of C. In fact, suppose there were a full set of global canonically conjugate Dirac
observables Q*, 11, a, 3 =1,...,3N — 6. They would define a matrix of their gradients
with rank equal to 6N — 12 everywhere on C, thanks to

{(Q°, 1%} = " 9, Q% 9, TI° ~ 5°7, (85)

where €2 is an antisymmetric, contravariant tensor whose components in our coordinates

read
0 1
ny o TR 2
Q —{Z,Z}—(_]l O)’

and the 2%, u =1,...,6N, label the canonical phase space coordinates ¢f,q7, ¢}, 4¢3, ...,
pf. Y, p5.p%,. .., while d,, := 8%‘ Indeed, given that Q" is invertible, validity of (85) on
all of C would imply that 9,Q%, 0,118 constitute 6N — 12 linearly independent gradients
everywhere on C. But this is in conflict with our observation that all Dirac observables are
functions of f;jii, gijk, hij in (83) and that the latter have identically vanishing gradients at
the origin of phase space, which lies on C, or only 2(N — 1) linearly independent gradients
on totally collinear configurations. More precisely, summarizing f;;xi, gijk, hij in one label
set O, where I' runs over as many values as there are functions in (83), we can write
Q(0"), Hﬂ(OF/). Note that these will not be unique functional dependences because the
basic Dirac observables (83) have some obvious dependences among them. However, for
any consistent such choice of functional dependence, one finds, using the chain rule,

{Q, 11} = 0 9, 0% 9, O O Q° o T1P ~ 6°F | (86)

where dp = 9/00". Given that (2 is invertible and 9, O' vanishes at the origin and
defines a matrix of rank equal to 2(IN — 1) for total collinearity, the right hand side is
impossible to achieve with non-singular dr Q®, dp IT1°. But if the latter become singular,
then also the gradients 9, Q% = 0, O' Or Q%, etc., become ill-defined and so Q%,TI7,
despite possibly being non-singular as functions (such as, e.g., the relative distances |q; —
qjl), cannot be conjugate on such pathological configurations.

In summary, there are no global canonically conjugate Dirac observable pairs on C and
the same, in fact, immediately implies to Dirac observable pairs with affine conjugation
relations, where, instead of {Q%, I’} ~ §%#, one would have {Q%, II°} ~ §*% Q* (no sum
over «). The global absence of either makes reduced quantization a priori challenging as
neither canonical nor affine quantization [59] can be applied without imposing additional
boundary conditions.

A.5 Proof of the three-body gauge-fixing in the 3D case

Let us formally prove that the gauge is indeed totally fixed. One way is to consider the
Poisson-bracket Matrix C of all our constraints and show that it is invertible. Concate-
nating all our constraints in a 12-list (A,) = (P!, P2, P2, R', R, R3, X", XY, X%, ¢1, ¢2, ¢3),
C'is a 12 x 12 antisymmetric matrix defined by C,3 = {Aq, Ag}. Computation of C' gives
(with all 12 constraints imposed):
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-1 0 O
0 -1 0 O
O 0o 0 -1
g 0 0
0 0 —q5 @
0 0 -—g
1 00
010 O
0 01
—q5 0 0 0
0 0 g5 0
0 -4 a&
C is then invertible, with its inverse being:
100
010 O
0 0 01
_ 1
0 ¢ e
0 = 0
_ 9 1
9B95 96
-1 0 O
0 -1 0 O
0o 0 -1
- 0 0 0
0 " 1 4
_ L C
0 95 9p4c
0 0 -
dc

Note that this matrix is indeed only invertible when also (12) are imposed.

(87)

(88)

40
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A.6 Solving constraints for the redundant momenta

Using the constraints (1), we can express the momentum degrees of freedom that we are
getting rid of in terms of the six surviving phase space degrees of freedom:

ph = 0,
€T 1 Y 1 VA T T VA
pp = ——R&=——(qpt — atpe),
qB qB

1

Py = —DPp—pe=-De+ ?(Qép% —qePe)
B

Py = —pp—pL=0

Ph = —DPp— Do

Note that this constitutes a (non-global) constraint abelianization [41].

A.7 Switching internal perspectives classically

Using (89), the canonical embedding map of the reduced phase space in A perspective
into C reads

tpeja : Ppoja — C
(g > 0,pB,49¢6 > 0,p6,46,p0) = (a5 > 0,pB.9¢ > 0,06, 46,06, 44 = 0,94 = —DPB — PC»

1
ap=q%=q. =p% =pl =0,pp = —?(Qép”é - qéﬁo))
B

and its image is precisely C N Gpca. Conversely, the projection

mpoja 1 CNGpoja — Ppcja

does precisely the opposite, dropping all redundant information, so that mpcja © tpcja =
Idpge 4 Clearly, the same structures can be constructed for C perspective.

Let us construct the gauge transformation as-,c, taking us from C N Gpepa to CN
Gap|c, where Gap|c is defined by (9-12), in four steps. The flow on C generated by
some constraint C' will be denoted by af,, where s is the flow parameter. The gauge
transformation of some phase space function F' simply drags its argument along the flow
al - F(X) = F(aj(X)), where X € C, Written explicitly,

[e.9]

Sk
ot F(X) = Y {F,Ch(X), (90)

where {F,C}, ={...{{F,C},C},...,C} is the k-nested Poisson bracket of F' with C.

1. First, we translate B along z to the origin. Using (4), the corresponding gauge
transformation is easy to evaluate on the canonical variables, starting at some Xg €

C

ap: - q; (Xo) = ¢; (Xo) + 1, (91)
leaving all other variables invariant. Clearly, a;g% (Xo) does the job, so we flow with
parameter distance s; = —q%(Xo), where ¢%(Xo) is the actual value of the relative

distance of B from A before the translation at Xj.
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2. Next, we rotate around the y-axis until C' lies on the z-axis. The necessary angle is
the one between A and C, as seen from B and can be found from gauge-invariant
quantities by using:

cos @AC|B = anloe

where l?j = (j’,-j2 is the squared distance between particles i and j. Using (5, 90),

this transformation is easy to evaluate on the canonical variables. Writing X; =

a;gé (%o0) (Xo), we find

apy ¢ (X1) = cossaqi(X1) +sinsy g (X)), (93)
apy - pi(X1) = cossapi(Xq)+sinsypi(X1), (94)
apy - ¢ (X1) = cossyqi(X1) —sinsaqf (X1), (95)
apy - pi(X1) = cossapi(X1)—sinsypi(X1), (96)
leaving all other variables invariant. Evidently, a}_%? ACIB achieves the desired trans-

formation.

3. Now that C lies on the z-axis, we translate it to the origin. Writing Xy :=
-0 ..
gy 1P (X1), it is clear that

aple?) (97)

accomplishes the desired transformation.

4. However, after this sequence of transformations, we will have ¢% < 0 and so we
finally rotate once more by an angle m around the z-axis . , so that now ¢% > 0.

In conjunction, jumping from the reference frame of A to the reference frame of C can
be achieved through the sequence of gauge transformations

—q%(X2) —©aciB —q3(Xo)
QA0 = O 0 ap.” oy ! oap.” , (98)

which completes the map, depicted in the diagram of sec. 2.3,
SAc = Tapjc ©@asc O tpeia : Peoja — Pasc - (99)

Recalling that one has to swap some redundant and non-redundant Dirac observables (in
line with the A, C label exchange), it reads in coordinates:

(a5 > 0,p%, 46 > 0,08, 46, PE)

qz qx 7"2 _ qz qz qa:
— (qi’fz B2C pii = € BC (ph + pE) — =< (p + p8),
rCTBC rBC
2 zZ oz 2 Z 2 x
o —4B4 o —d4Bq q
qi = S5 i = < TBC(ph + pt) — = (0B +pE) S
rBC rCTBC rBC
2 Z 2 T
o —d4BY4 q
45 =rpe.ph = S—2Cph — —C (¢tpé — atp?) |
rcrec BC 4p

where the primed and unprimed variables are the ones after and before the total transfor-
mation Sa_,c, respectively, and r¢ = /(¢%)? + (¢&)? and rpc = \/(qg)2 + (¢% — q¢)>.
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B Using spherical coordinates

B.1 Spherical coordinates

In L?(R3?), we define spherical-coordinates eigenstates by:

|r,6,0) = |z =rsinfcosp,y =rsinfsinp,z=rcosd), Vr>0,0¢c](0,r],¢ec]|0,2r].
(100)
We have to remember that those states are normalized slightly differently,
"0 0,0) = ———6(r—1") (0 —0") 5(p — ¢ 101
(0,91, 0,) = ——— 8 — 1) 60— 0) 3l — ), (101)
but they define a basis for L2(R3), except for the fact that there are pathological situations
at r = 0and # = 0, 7. One way to see this situation is that the use of spherical coordinates
corresponds to an isometry between L2(R3) and H*P"¢ the subspace of LQ(RJr xS 2) defined
by the following conditions on a wave function g

g(r=0,0,9) =, (102a)
g(r7 0 =0, 90) = 6(T) ’ (102b)
g(T’, 0=m, ()0) = ’Y(T‘) ) (102C)

and where the integration measure is dy = r2 dQ = 2 df sinf de.
A state |¢) associated to the density ¢ in spherical coordinates (verifying conditions
(102)) should be written:

6) = /dr r2 dQ g(r,0,0) r, 0, 9) . (103)
In this way one has
(G1l6) = [ dr * A2 g1(r,0.)" (1.0, ) (104)
and
| (r,0,0l9) |> = |g(r,0,0)|, (105)

so one sees that g(r,0,¢) can physically be considered as the density of probability that
|p) is measured at the position (r, 0, ) in spherical coordinates, as should be expected.

B.2 Spherical harmonics states
Let us restrict ourselves for a moment to C3°(R3) = C>(R%) N L?(R3), which is dense in
L?(R3). Tt is spanned by the:

ridm) = [ QY (6,6)Ir.6.) (106)

where the Y7™ are the usual spherical harmonics. Those states are built on the usual
basis |j,m) (where j > 0 and |m| < j) of common eigenstates of R* and R2.
A state in C2°(R?) can then be decomposed as:

0) = [dre® Y S fgm)fridom) (107)

J=0 |m|<j
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where the only remaining condition on f, stemming from (102a), is:
f(r=0;7,m) = d;0 Omyo (108)
As C3°(R3) is dense in L%(R3), decomposition (107) (where f verifies (108)) is also
valid for any |¢) € L?(R3).
B.3 Spherical coordinates operators

Lastly, let us define operators 7, 6 and @. A natural way to do so would be to define it
on the orthogonal basis defined in (100):

#lr,0,0) =7|r,0,0), (109a)
01r,0,0) =0]r,0,0) (109b)
Qlr,0,0) =@|r,0,0) . (109c)

Yet, 6 and ¢ defined in this way are not well-defined everywhere, as the action of both
of them on states with r = 0, as well as the action of ¢ on states with § = 0 and 6 = 7,
would then map on states which do not verify conditions (102). This is why we will say
that definition (109) is assumed only out of these pathological cases, on which we will
complete it by the convention:

Olr=0,0,0) =0, (110a)
¢lr=20,0,0) =0, (110b)
Glr,8=0,0) =0, (110c)
olr,0 =m, ) =0. (110d)

It is important to note that the choice of definition (110) will have practical consequences
only when we consider states comprising a Dirac distribution at » =0, 8 = 0, or § = ;
otherwise they do not matter as they only impact states with a zero measure. Note that
r = 0 will correspond to collisions in our model, which we have ruled out dynamically.

C Rotational reduction in the quantum theory

C.1 The rotation generator trivialization map and its action on states

We had defined the transformation (45)
Rp,c = exp (z ¢3R8> exp (z éBR%) exp (z @Bﬁé) . (111)

It is instructive to understand the construction of Rp ¢ by first having a look at the
following unitary transformation on L?(R3):

R(0,¢) = exp (z go]%z) exp (2 HRy) exp (z apf%z> (112)

Let us look at its effect on a state |qy) where ¢y = (rg sin 6y cos g, 79 sin 0y sin ¢, o cos 6).
We know that R* and RY are the generators of rotations around the z- and y-axes,
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respectively, so:
R(0,¢) |q0) = exp (2 goﬁz) exp (z QRy) exp (z cpf%z) |q0)
= exp (z goﬁiz) exp (2 GRy) |q1) (113)
= oxp (iR |@) = |3) |
where (we only give the values of the important coordinates):
q1 = (rosin g cos(po — @), o sin Og sin(pp — ), 7o cos Hp) (114a)

g5 = q5 = 1o cos By cos O + 1o sin by cos(po — ) sin 6. (114b)

@5 can then itself be rewritten in spherical coordinates as g3 = (r¢ siny cos n, ro siny sinn, r cos ),
where the new angular coordinates v € [0, 7],n € [0, 27| are defined by:

cos(y(0, 6o, 0 — o)) = q5 /10 = cos O cos Oy + sin 0 sin Oy cos(p — ¢g) , (115a)

sin(n(0, 0o, ¢ — ©o)) sin(y(6, 0o, ¢ — o)) = a4 /70 - (115b)

The geometrical interpretation of (115a) is that (6, 6y, ¢ — ¢o) is the angle between the
directions (6, ¢) and (0, po), or equivalently the polar coordinate of the direction (6, ¢o)
if one takes direction (6, ) to be the new z-axis; 7 is not relevant to us.

Going back to Rp,c, one can now see that:

Rp.clre. 08, ¢B)glrc.0c,vc)c = |rB,0B,vB)g ® (R(0B,vB)|rc,0c, vc)c) (116)
= |rB,0B,¢B)p®
lrc,¥(0B,0c, 08 — vc), (08,00, vB — vc))c

so we see that Rp ¢ acts as a rotation on the C-factor of the tensor product, mapping
it to a description in spherical coordinates where the polar angle v is now relative to the
direction of B. The azimuth angle 7 after transformation Rp ¢ is not relevant for our
analy51s as we shall see shortly.

HpBg‘SA is spanned by the states |®(rp,r¢;j)) as defined in (43, 44). Let us therefore

determine the action of Rp ¢ on the |®(rp,7c;j)). Using 116, we find:

Ric |®(rs,ro: j) /dQ 0 Vim0, o) Y™ (0,
B.c|®(rp,rc B cz\/ﬁ "(0B,¢B)Y""(0c, ¢c)
|TBaeBa¢B>B |TC77(9350C7¢B - QOC)’T/(OBaHCUSOB - QOC)>C
(117)
The Legendre addition theorem states that:
27+ 1
Yj -m yim =—PF,; 11
XI;J \/2]7"" (937803) (007@0) An ](COS’Y)a ( 8)

where 7 is defined as in (115a) and P; is the Legendre polynomial of degree j. The change
of variables (0¢, o) — (7,7n) leaves the element of integration invariant and yields:

. 279 +1
Rp,c|®(re,rc;j))= /dQBd’VSIH’YdU N ] Pj(COS’Y) 78,08, ¢B) g ITCy VM e

(119)
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One can recognize the spherical harmonics Y0 (05, pg) = \f and Y70 (y,n)= 23 H Pj(cos7y),
and thus finally rewrite:

RB,C ‘(I)(TB, 7"C§j)> = (*1)j ‘7"33 0’0>B |7“C;J'a 0>c (120)

Hence, Rp,c maps a given |¢>%hcy|SA € HBC|A as decomposed in (43) to

h h .
‘1b>EgZ;A, 72[3(7’@0 Eﬂ§i4 ‘*u/ndTLB(iTC7T£?TCYZE: Eﬂjh4 Tl37TC77 )’T£3§070>[3’TC7§Ja0>C

(121)
Recall that H%gTA is a proper subspace of ng 4 and so inherits its inner product

from the latter. Now Rp,c leaves HELL BC|A invariant and so just rotates ”HBC‘ 4 into a

new Hilbert subspace HB oA = RB,C(Hthc}:TA) C HBC\A (see fig. 3). It can be easily

checked by direct calculation that RpB,c leaves the inner product invariant and so it
defines an isometry from H BhC}',|S A H%hbés‘ 4 Notice also that it is invertible (away from

the pathological states (110)) with
Ri'e =exp (—ipphe)exp (—i0phY)exp (—ippht). (122)

C.2  Trivializing the rotation constraints

Let us look at how the constraints (26b), which define H% BC‘ ', as a subspace of ’H?Cl A5
transform under Rp . We will give the results of the calculations, which were done using
the usual commutation relations between the R* and using their representation in polar
coordinates:

R® = i(sin p 9 + cot @ cos p D), (123a)
RY = i(—cos p 9y + cot fsin 9 d,,) , (123b)
R® = —id,. (123c)

In terms of action on the coefficient function @ZJ%}%S' 4> the constraints get mapped to:

Rp.c (RE + RE) ng}c@bgﬁA (124a)
.. . COS (PB h
= (isinpp0p, + icotOp cos pp(Dyp —OWC)—ZW )q[}%ésm:@
A A _ h
Rp.c (Rp + RE) Ry c¥pa (124b)
. . . _sin B 5 h
= (icos B0y, + icot Opsin pp(dyy —&pc)—zm )¢]F; éslA _
A A _ h . h
Rp.c (Rp + RE) Ry o4 = —i0op — Opc) ¥ ia = (124c)
phys

This can also be written in terms of the Rs acting on the state V)5 oAt

Rec (R + RE)VREY )%, = (sin pp(sin ppR — cos ppRY) (1250)

A ~ A COS
+cotf cos pn(RE — Riy) + 08 R 05, =
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Rpc (Rb+ BL) Rylo [W)5, = (cos @p(sin g RE — cos ppRY) (125b)

—

] Dz Dz sin z S
+cotOpsinpp(R: — R) + ngBR ) |¢)pB}ij|A =
Dz Dz — hys Dz Dz hys
Rise (R + Re) Ryl [0, = (Rf. — i) )i, = (125¢)

Inserting (124c) in (124a) and (124Db), and then rotating them by angle ¢, one finds that
(124) implies:

Doy n 4 = 0 (126a)
Ops Vg = (126b)
%w%*?é‘“‘m = (126¢)
which is equivalent to the system of constraints:
BIOR s = RE IO 4 = Ri [0)5% 4 = Rz [0)3%5, = 0. (127)

This is, of course, exactly what one would expect from the shape of (121). In turn,
it is easy to see that (127) implies (124); thus (127) can indeed be taken as the set of
constraints which defines H th| 4 as a subset of HEI(A A

C.3 Dirac observables and rotational reduction

Next, we have to check how our Dirac observables, written in (34) equivalently for HPhvs
and H™, transform under Rp,c. Since we apply this map to ’H%}ng, we have to check
how the translationally reduced Dirac observables transform under Rp . Recall from
sec. 3.2.2 that the translational reduction of the Dirac observables in (34) amounts to
simply dropping the A labels on all sides.

It will also be convenient to write the operator corresponding to the angle v between

B and C as seen from A (essentially @ in (34)) on Hch}:TA as follows:

7y = arccos ( cos 0 cos Oc + sin O sin O cos(Po — oB))

fTB/'\(TC) (128)

= arccos (
rBrCc

To compute how the observables transform, one can remember that Rp ¢ acts on the

pE and ¢¢ as a sequence of rotations (whose ‘parameters’ are the operators 05 and oB)-
Indeed, if s € {p, ¢}:

RB.c 56 Rglc = cos pp(sinfp8g + cosbp(cos pp8E — sin PpsY))

— sin @p(sin @S¢ + cos pp8Y)

RB,C§%RE}C = sin@p(sinOp3% + cosbOp(cos ppdE — sin PpSY))

+ cos @p(sin @S¢ + cos pp8Y)

RpcseRge = coslpds —sinfp(cos ppde — sin¢psl))

The key point of those transformations is that 7 in (128), gets mapped to O

A

RcAREe = 0o (130)
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Moreover, the calculations give that the forms of pg, pc, P and P remain invariant
under Rp c; only 4c and p¢ have non trivial transformations (these transformations are
only valid on states without support on pathological configuratoins):

. 1 vV (g8)*+(at)? ",
Rp,cic RB,C = =0 oz ¢— = —cot ¢

o1
Rp,cbéRpe

1 s .
= —5( —qen/(ag)? + (g

)2((g2)? + (g&)% + (a2)?) Ve - e + /) (a8)% + (q8)? pe

qQw

— o+ o din/ (@) + (@2)2((62)* + (@8)? + (a2)P) " + 0 /(@) + (a)2)
1 —_ L — oo — —
= —5( —cosfOcsinfc 4o - Po + Fosinbc pi — Do - G cos e sin O —i—ﬁéfcsinﬁc) .

D lllustration of the Hamiltonian discrepancy between Dirac and re-
duced quantization

It can be computed that the Hamiltonians flggl 4 and @' Hio @', where @/, is given by
(60), respectively obtained through reduced quantization and through Dirac quantization
followed by our quantum reduction method, differ by a term only involving configuration
observables:

N ~ 1 L L A
Béa — Oy Hin @ = (14 a2)s <(300 (¢30570C 4 €¥C=PB) 4 56T /50 Yag(1 4 i)
+ (100 (¢25 7200 4 (20200 4 967 (27 + €%) ) (1 + )

15PN+ )}

—
: ((eZPB + e%P) (1 +ud) + ePBTPuc(1 + Uzc)%) :
(131)

We note that @’A ﬁtot @14_1 isequal to ® 4 f[tot @Zl, which is the Hamiltonian reduced from
the physical Hilbert space to Hpc|a because the lower left diagram in fig. 3 commutes

and ﬁtot takes the same form on HT! as it does on HPHYs, However, as argued in the main
body, in practice it is easier to construct ®’;. The discrepancy between the Hamiltonians
thus arises relative to standard choices in Dirac quantization.

There are ways to modify Dirac quantization for systems with constraints linear in
momenta, as in the present manuscript, such that it agrees with reduced quantization [53,
68]. While [68] modifies the quantization of gauge degrees of freedom and only constructs
a Hilbert space for gauge invariant degrees of freedom, [53] modifies the quantization of
the gauge-invariant degrees of freedom in Dirac quantization. For example, the method
in [53] constructs the Hamiltonian only on the physical Hilbert space HP™* in such a way
that it is self-adjoint with respect to the measure +/|hy|, where h, given in (20) is the
measure on the physical configuration space, and v is the measure on the gauge orbits.?®

28y is the determinant of 45, the induced metric for displacements along gauge orbits, given by vas =
> . K&K§, where the K, denote the six constraints (1).
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Applied to our model, it is thus defined not in terms of the momentum operators pg
on HX™ but in terms of the momentum operators ﬁﬁhys (where u € {ppa,pca,u}) on
HPYYS which are self-adjoint with respect to the measure /[y h|. The Hamiltonian is then
however given by [53]

~ 1
Hjoy = 5 BI™5 A5 [R]2 W 35S [h]75 + V(ppa, hoa, ). (132)

Specifically, the Laplace-Beltrami operator is now constructed with respect to the measure

|h| and no longer with respect to the measure \/|yh|. Furthermore, the Hamiltonian
is already written with respect to a special choice of gauge invariant degrees of freedom,
here associated with the reference frame choice A. A different reference frame choice,
say C, would yield a different Hamiltonian when written out similarly because it would
be based on different canonical pairs. As is well known through the Groenewold-van-
Hove phenomenon, classical canonical transformations will in general not translate into
unitary transformations in the quantum theory, especially when the variable change is
nonlinear [76].

Applying our quantum reduction procedure to this modified quantization, the effect of
its successive steps will simply be to rotate the physical Hilbert space so as to replace the
labels ppa, pca,w with, respectively, pp, po,uc, and to modify the measure of this space
so that the ﬁEhys are ultimately mapped to the 7, obtained through reduced quantization.
The Hamiltonian (132) will, by construction, be mapped precisely to H-geg‘ 4 as defined in
(25), thus ensuring that the Dirac and reduced quantized theories are equivalent under our
quantum reduction procedure, as far as the dynamics is concerned. For other composite
operators one may similarly have to modify the quantization. While this method is
interesting for understanding the relation between Dirac and reduced quantization, the
modifications in this construction are not particularly natural from the point of view of
the former. Especially the fact that the gauge invariant Hamiltonian (132) does away
with the redundancy inherent in Dirac quantization and is special to a choice of frame is
breaking the strength of Dirac quantization that we exploited in the main body for defining
a notion of quantum frame covariance. In particular, this means that the modification
one has to apply to Dirac quantization in order to obtain equivalence with the reduced
quantization of a classical frame perspective will depend on the choice of that frame
because the different reduced quantizations are unitarily inequivalent. This is in conflict
with quantum frame covariance.

By contrast, in our construction H,o, does not face any factor ordering ambiguities
on H¥™ which comes with a standard Lebesgue measure, and neither on HP™S, when
expressed in the individual kinematical particle variables. Most importantly, our construc-
tion admits the redundancy underlying quantum frame covariance and the Hamiltonian
Hio; treats all degrees of freedom on an equal footing.
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