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Abstract. Typical quantum communication schemes are such that to achieve
perfect decoding the receiver must share a reference frame (RF) with the sender.
Indeed, if the receiver only possesses a bounded-size quantum token of the
sender’s RF, then the decoding is imperfect, and we can describe this effect
as a noisy quantum channel. We seek here to characterize the performance of
such schemes, or equivalently, to determine the effective decoherence induced
by having a bounded-size RF. We assume that the token is prepared in a
special state that has particularly nice group-theoretic properties and that is near-
optimal for transmitting information about the sender’s frame. We present a
decoding operation, which can be proven to be near-optimal in this case, and we
demonstrate that there are two distinct ways of implementing it (corresponding to
two distinct Kraus decompositions). In one, the receiver measures the orientation
of the RF token and reorients the system appropriately. In the other, the receiver
extracts the encoded information from the virtual subsystems that describe the
relational degrees of freedom of the system and token. Finally, we provide
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explicit characterizations of these decoding schemes when the system is a single
qubit and for three standard kinds of RF: a phase reference, a Cartesian frame
(representing an orthogonal triad of spatial directions), and a reference direction
(representing a single spatial direction).
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1. Introduction

Many communication protocols implicitly require that the communicating parties share a
reference frame (RF) [1]. For instance, if one party, Alice, transmits qubits to another party,
Bob, using spin-1/2 particles, the quantum state of the collection can only be recovered by Bob
if he and Alice share a RF for orientation. Lacking such a shared RF (for instance, by lacking
knowledge of the relation between their local RFs) is equivalent to having a noisy channel; the
density operator relative to Bob’s local frame is the average over rotations of the density operator
relative to Alice’s local frame. For a single qubit, such an average over rotations yields complete
decoherence—no information about the quantum state survives. Nonetheless, Alice and Bob can
still achieve perfect classical and quantum communication by encoding the information into
the rotationally invariant degrees of freedom of many qubits [2]. Indeed, in the limit of large
numbers, the cost of not sharing a RF is only logarithmic in the number of systems. Similarly, if
Alice and Bob lack a phase reference, they can still encode classical and quantum information
in phase-invariant states of composite systems [1]. However, such communication schemes are
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Figure 1. (a) Alice describes the RF token R by the state |e)(e| and the system §
by the state p. Bob, who is not correlated with Alice’s RF, describes the joint state
of R and § as the twirling of Alice’s description, namely G(|e)(e| ® p). (b) We
can consider Alice’s act of adjoining the RF token to the system together with
the twirling as an encoding operation £. Composing this with Bob’s decoding
operation R, the resulting channel can be described as an effective R o €.

technically challenging to implement because they make use of highly entangled states of many
qubits [3, 4]. Such schemes will be referred to here as ‘calibration-free’.

A more straightforward strategy for coping with the lack of a shared RF is for Alice and
Bob to begin their communication protocol by setting up a shared RF, that is, they begin
by calibrating or aligning their local RFs. Thereafter Alice transmits her quantum systems
normally. This strategy is illustrated in figure 1. The problem of aligning RFs using finite
communication resources has been well studied [1], [5]-[9]. If only finite communication
resources are devoted to the task, then the token of Alice’s RF that is transmitted to Bob
will be of bounded size. Assuming the RF in question is associated with a continuous degree
of freedom, this bound leads to a nonzero probability of error in the decoding of messages.
Nonetheless, this scheme has two advantages over its calibration-free counterpart: (i) Alice does
not need to implement any entangling operations to encode classical bits or logical qubits into
the physical qubits, nor does Bob require such operations to decode (they may require entangling
operations to prepare and measure the RF token, but the preparation and measurement they
require is always the same and their effort does not scale with the size of the message). (i1) If
Alice wishes to communicate a classical bit string or a string of logical qubit states, she can
encode one logical bit or qubit per physical qubit, and Bob can decode one logical bit or qubit per
physical qubit (in other words, the blocks of physical qubits into which they encode and decode
their logical bits and qubits can be as small as one, unlike the calibration-free scheme). By virtue
of (i1), Alice does not need to know the entire message string at the outset to achieve her optimal
communication rate, nor does Bob need to store all of the systems coherently until he has
received the entire sequence of physical qubits, whereas such capabilities are required to achieve
the optimal rate of communication in the calibration-free scheme. We are therefore motivated
to explore how well Alice can communicate quantum information to Bob after supplying him
with a bounded-size token of her RF.

The general case we consider is that of a RF associated with a compact Lie group G. If the
system is prepared in the state p and the RF token in the state |e) relative to Alice’s local RF,
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then relative to Bob’s local RF, the pair is in the state
Elpl =G (le){e|® p) , (D

where G averages over the collective action of the group and is termed the G-twirling operation
(see figure 1). This state encodes p. We consider the case where the RF token is prepared
in a particular state |e), suggested by previous investigations [9, 10], which is near-optimal
for transmitting information about the group element and which makes the mathematics
particularly simple. We then determine how well Bob can reconstruct the state p. It turns out
that the recovery (or decoding) operation R that is equal to the Hilbert—Schmidt adjoint of &,
normalized to be trace-preserving, is provably near-optimal (in a sense we will define later). The
composition of encoding and decoding yields an effective decoherence of the form

(Ro&)(p) = f dg p(g)Us(g)pUi(g), 2)
where

p(g) o |{elUr(g)le)? 3)

is a probability distribution over the group with dg the group-invariant measure, Ug and Uy
are unitary representations of G on the system S and the RF token R, respectively. With our
particular choice of reference state |e), we find that p(hgh™') = p(g) for all & € G, ensuring
that R o £ is a G-invariant map (it commutes with the action of every g € G). The figure of
merit relative to which the decoding operation is judged to be near-optimal is the entanglement
fidelity.

We also demonstrate two distinct ways of implementing this decoding operation. The first
is an obvious scheme: Bob estimates the orientation of the token relative to his local frame
and then re-orients the system appropriately. We call this the ‘measure and re-orient’ scheme.
The second is less intuitive, but reveals more about the structure of the problem: Bob projects
into the virtual subsystems that support the representation of the group induced by relative
transformations of the system and token and implements an isometry that maps these onto a
single Hilbert space. We call this the ‘extract from the relational subsystems’ scheme. These
relational subsystems are the places in the Hilbert space of the combined token and system
where the quantum information associated with p is to be found. Their characterization is the
key technical result of the paper. The second scheme is also particularly interesting because,
with a slight modification, it can yield a decoding that is probabilistically perfect, that is, one
which sometimes fails but which yields a perfect decoding when it succeeds.

We work out the explicit form of the recovery operation R and the effective decoherence
R o & for several interesting examples: (1) a phase reference, (i1) a Cartesian frame (representing
an orthogonal triad of spatial directions)® and (iii) a reference direction (representing a single
spatial direction). In each case, we consider a system consisting of a single qubit. The explicit
form of the decoherence map is actually quite simple in this case. Because R o £ is a G-invariant
mayp, it follows from the results of [11] that it is a sum of irreducible G-invariant maps called
moments. But in the case of a qubit, there is only a single nontrivial moment—the G-twirling
map G. Thus, we have

Ro&E=1—-p)I+pG, 4)

 Note that although the term ‘Cartesian frame’ is commonly used to refer to a RF for both orientation of the axes
of an object as well as the object’s position, it is here used only for orientation.
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where 7 is the identity map. We show that for our examples, p is inversely proportional to the
size of the RF token,

1

G — (5)
size of RF

where the size of the RF is given by the quantum number of the highest irreducible
representation appearing in the state of the token. It is also shown that in probabilistically perfect
decoding schemes, the probability of failure is inversely proportional to the size of the RF token.
These results are specific to the special form of RF state that we consider here.

The idea that bounded-size quantum RFs induce an effective decoherence is not new.
The effect of a bounded-size clock, which is a kind of phase reference, has been considered
previously by many authors [12]-[15] and that of a bounded-size directional frame has been
considered by Poulin [16]. Our results go beyond this work in several ways. For one, the case of
a Cartesian frame, which is particularly significant given that it is representative of the general
non-Abelian case, has not been examined before. More significantly, we consider many different
sorts of RFs within a unified framework and we provide insight into the structure of the problem.
It should be noted that although our method can be applied to a system of arbitrary dimension,
we here obtain explicit expressions for the effective decoherence only in the case of the simplest
possible system: a qubit. We hope to provide a discussion of the foundational implications of
modeling bounded-size RFs by effective decoherence in a subsequent paper.

Finally, it is worth pointing out that the problem of communication in the presence of
a bounded-size RF has interesting connections with a disparate set of topics in quantum
information theory and the theory of quantum RFs:

Partially correlated RFs. When some information is known about the relative orientation
of Alice and Bob’s local RFs, they are said to share partially correlated RFs. This is a resource
that interpolates between having and lacking a shared RF. Its quality can be characterized by
the probability distribution over the relative orientation—the more peaked the distribution, the
better the correlation. What can be achieved with this resource is an interesting question that has
only begun to be addressed. We gain some insight into the question in this paper because the
‘measure and re-orient’ implementation of the recovery operation begins with a RF alignment
protocol [1], [5]-[9] that leaves Alice and Bob holding partially correlated RFs.

Programmable operations. There have been many investigations into the possibility of
encoding an operation into a quantum state such that the state can subsequently be used to
implement the operation on another system. If the system into which the operation is encoded
is bounded in size, then it is known that one can only achieve an approximate version of the
operation or a perfect version with non-unit probability [17]-[19]. The token of the quantum
RF in our communication protocol is an instance of a program that encodes the unitary that
relates Alice’s local RF to Bob’s. Bob subsequently uses it to implement the inverse of this
unitary on the system. Our results therefore provide interesting examples of both approximate
and unambiguous programmable operations.

Measures of the quality of a quantum RF. Our results also contribute to the project of
quantifying the extent to which a quantum RF of bounded size can stand in for one of unbounded
size [20]-[22], an important element of a resource theory of quantum RFs. For instance, a
measure of the strength of the effective decoherence associated with the bounded-size RF may
serve as an operational measure of its quality.
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Private channels. If no party besides Bob has a sample of Alice’s RF, then Alice and Bob
are said to possess a private-shared RF. These have been shown to constitute a novel kind of key
that is useful for private communication schemes [23]. Our results establish a lower bound on the
fidelity between input and output in private communication schemes that rely on Bob possessing
a bounded-size token of Alice’s RF. They also establish a bound on the probability of achieving
perfect fidelity by post-selection. This cryptographic application provides a particularly useful
perspective on Bob’s recovery operation: the message is encoded in the relative orientation
between the system and the token of Alice’s RF in the same way that the plain-text in classical
cryptography is encoded in the bit-wise parity of the cypher-text message and the key. Bob
decodes by using the token of Alice’s frame as a key.

Dense coding. As noted above in point (ii), the calibration-free communication scheme
requires Alice to know the entire message to be sent prior to transmitting any systems to Bob if
she is to achieve the maximum rate. In the communication scheme that first sets up a bounded-
size RF, Alice can transmit to Bob the quantum token of her local RF prior to knowing anything
about the message. Consequently, Alice can use the quantum channel at an early time, when it is
perhaps cheaper, to enhance the communication capacity at a future time, when it is known what
message is to be sent. Sending the frame token is therefore akin to establishing entanglement in
a dense coding scheme [24]. One difference, however, is that the fidelity of communication is
never perfect for a bounded-size token, whereas a single maximally entangled state allows for
perfect communication of one qubit.

1.1. Mathematical preliminaries

In this section, we present some formal mathematical tools that are useful for describing
classical and quantum RFs. We follow the notation of [1], to which we refer the reader for
further details. Suppose Alice and Bob are considering a single quantum system described by a
Hilbert space H. Let this system transform via a representation of a group G relative to some
RF. We will restrict our attention to Lie groups that are compact, so that they possess a group-
invariant (Haar) measure dg, and act on  via a unitary representation U, ensuring that they are
completely reducible [25].

Let g € G be the group element that describes the passive transformation from Alice’s to
Bob’s RFE. Furthermore, suppose that g is completely unknown, i.e. that Alice’s RF and Bob’s
are uncorrelated. It follows that if Alice prepares a system in the state p on H relative to her
frame, then it is represented relative to Bob’s frame by the state

Q[p]=/ dgU(g)pU(g) . (6)

The action of the repres?entation U of the (compact Lie) group G on H yields a very useful
structure. It allows for a decomposition of the Hilbert space into a direct sum of charge sectors,
labeled by an index g, where each charge sector carries an inequivalent representation U ¢
of G. Each sector can be further decomposed into a tensor product of a subsystem M4 carrying
an irreducible representation (irrep) of G and a subsystem N carrying a trivial representation
of G. That is,

Y = @ MD QN@D, (7)

q
Note that this tensor product does not correspond to the standard tensor product obtained by
combining multiple qubits: it is virtual [26]. The spaces M@ and N9 are therefore virtual
subsystems.
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Expressed in terms of this decomposition of the Hilbert space, the map G takes a
particularly simple form, given by

Glpl = (D ® Lyw)[MWpI], ®)
q
where I19 is the projection into the charge sector ¢, D, denotes the trace-preserving operation
that takes every operator on the Hilbert space M to a constant times the identity operator on
that space, and Z, denotes the identity map over operators in the space A. A proof of this result
is provided in [1].
Note that the operation G has the general form of decoherence. Whereas decoherence
typically describes correlation with an environment to which one does not have access, in this
case the decoherence describes correlation with a RF to which one does not have access [27].

2. Encoding

Consider a communication scheme wherein Alice prepares a system R in a pure quantum state
le) and sends it to Bob as a quantum sample of her RF, together with a system S (a collection of
qubits for example) that is described by a quantum state p relative to her RF. Let R transform via
the unitary representation Uy of G, and § via the unitary representation Us. The lack of a shared
RF between Alice and Bob implies that the transmitted composite RS is described relative to
Bob’s RF by the G-invariant state

E(p) = Grslle) (el ® p], ®)

where Gy is the G-twirling operation of (6) for the representation Ugg = Ug ® Uy of G. This
map & will be referred to as the encoding map. Note that its input space is B(#s) (the bounded
operators on Hg), while its output space is B(Hg ® Hs). It maps p to a G-invariant state of the
composite RS.

It is useful to define the set of states

{lg) = Ur(g)le)|g € G}, (10)

which form the orbit under the representation Uy of G of the fiducial state |e) (associated with
the identity element of the group). By expressing the G-twirling operation explicitly and making
use of these, we can express the encoding operation as

E(p) = f dg|g) (gl ® Us(g)pUi(g). (11)

The encoding map clearly depends on the choice of the state |e) for the RF. We turn to this
choice now.

2.1. Quantum reference frames

We begin by considering what properties of a quantum state make it a good representative of a
RF for the group G (the case wherein the RF is associated with a coset space will be considered
in section 6); for a more complete discussion, see [1, 10].

States |g) corresponding to different orientations of the RF must be distinct, so at the very
least one requires that the fiducial state |e) is not invariant with respect to G or any subgroup
thereof. To emulate a perfect RF for G, these states must in fact be perfectly distinguishable,

(glg) =8(g7'g), (12)

New Journal of Physics 11 (2009) 063013 (http://www.njp.org/)
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where §(g) is the delta-function on G defined by [dgé8(g)f(g) = f(e) for any continuous
function f of G, where e is the identity element in G. If the states {|g)} of equation (10) satisfy
these requirements, then Uy is the left regular representation of G. In the case of a Lie group,
the dimensionality of any system H that carries the regular representation must necessarily be
infinite. We refer to such an infinite-dimensional quantum RF as unbounded; such systems and
states were considered in [10].

If the Hilbert space dimensionality of the system R serving as a quantum RF is finite, then
we say that the quantum RF is of bounded size. If the RF is associated with a Lie group, having a
continuum of elements, then a bound on the size of the RF implies that the condition (12) cannot
be satisfied precisely. In this case, a key question is: what state on R is the best approximation
to a perfect RF? The answer will depend on the figure of merit for the task at hand, but we will
make use of a generic construction [9, 10] that illustrates the key features.

Suppose the representation Uy reduces to a set of irreps {U ,(eq)},

Ur(@) =P UL @I, (13)
q

where the tensor product is the one appearing in the decomposition (7) of Hz and where
I is the identity on N, ,({’). We are interested in a special subset of these irreps, namely, the

U ,(f) that appear in the decomposition of Ug a number of times greater than or equal to their
dimension d,, i.e. those for which

d, =dim MY <dim N . (14)

We denote the set of g that label such irreps by Qx and, in what follows, we will be restricting
our attention to only these irreps. Also, for irreps g € Qg, choose an arbitrary subspace
N, ](;1) CN, ]gq) with dimension d,, i.e. with dimension equal to that of Mg?).

We now define a new Hilbert space Hy as

He= P ML N, (15)
q€0Rr
which is of dimension
Dr= > d;. (16)
q€Qr

The state of R that we will use for our quantum RF is

d,
d q
=\ 5o 21 m) @ 16ym). (17)
m=1

qeQRr R

where {|g, m)} is an arbitrary basis for M@, and {|¢,.,.)} an arbitrary basis for '@, Note that
the orbit of |e) under G has support in H.

The embedding N’ € N provides a way of embedding |e) in the original Hilbert space
‘Hrg, and in addition Uy acts on the Hilbert space H in the obvious way. If Qg contained all
irreps of G, then Ui would be the (left) regular representation, and for a Lie group the Hilbert
space Hz would be infinite dimensional. If the quantum RF is of bounded size, then a limited
set of irreps appear in Q.

New Journal of Physics 11 (2009) 063013 (http://www.njp.org/)
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We note that, for the problem of optimally encoding a RF relative to a maximum likelihood
figure of merit, given a general Hilbert space Hx the optimal states will not have this precise
form [1, 9, 28, 29]. However, such optimal states do take the form of equation (17) when
restricted to H . These are the states of interest here.

The restriction to irreps having the special property of equation (14) is in fact critical for
our analysis, because only in this case can we define a useful right action of G on the Hilbert
space [10]. Consider the representation Vi of G defined by its action on the covariant set (10)
as

Ve()lg)=1gh™"), g heG. (18)
To obtain an explicit form for this right action in terms of the decomposition of equation (15), we

make use of the fact that the state |e) is maximally entangled across the virtual tensor products
Mﬁ? QN ,({1). Thus, we have for any transformation U ,(f)(h) on a subsystem M%’) the identity

UL hy@Ile) =1 UL H|e)
=1Q U (h)*e), (19)

where 7 denotes the transpose, * the complex conjugate, and we have made use of the fact
that U 1(;;) is unitary. Given that the complex conjugate of a representation U 1(;1) of G is also a
representation of G (called the conjugate representation and denoted by U ;f*)), we can define a
representation Vi by

Veh) = P 10 v (). (20)

qeQR

In contrast to Uy, the representation V acts on the subsystems N ng) irreducibly according to the
conjugate representation g*, and leaves the subsystems ME?) invariant. Clearly, the two actions
Ur and Vx commute. Furthermore, it is easy to verify that V satisfies equation (18).

As the states of the RF are restricted to the Hilbert space Hg, it is useful to consider our
encoding operation £ of equation (11) with fiducial state |e) of equation (17) as a map from
B(#s) to B(Hz ® Hs). For the remainder of this paper, we consider the encoding map to be
defined thus.

Finally, we note that the map £ with the fiducial state |e) chosen to be of the form (17) is
unital. (Because the input and output spaces of £ are of differing dimension, we define unital
for such a trace-preserving map as one which maps the (normalized) completely mixed state to
the completely mixed state.) This result is seen as

£(Is/ds) = / dg |g)(g| ® Is/ds

IM%’) ® I/\71(eq) ® Is/ds
q€Qr
_lmgIs
Dr — ds
where ds is the dimension of Hs. Here, we have used the fact that the maximally entangled

states Z:le lg, m) ® |¢,,,) in equation (17) have reduced density matrices on N, ,(;” that are
proportional to the identity.

:D_R

2D
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2.2. Relational subsystems

It is illustrative to investigate the action of the encoding map (11) (the fiducial state |e) will be
assumed to be given by equation (17) except in the final section of the paper) and to explicitly
identify the subsystems of Hrs = Hr @ Hg into which the system’s state is encoded. The details
of this section require extensive use of the virtual tensor product structure of H g induced by
the unitary representation Ugg of G, given in equation (7), as well as an application of the
Stinespring theorem for covariant maps [31]; this section may be skipped on first reading. To
facilitate this, we first state the main result of this section prior to our detailed investigation of
the encoding map.

Main result: According to equation (7), the joint Hilbert space # s can be decomposed under
the representation Ugg of G as

HRS — @ M(q) (q) (22)
qE€QRrs
where Q gy are the set of irreps g of G that appear in the decomposition of Ugg. The encoding
map (11) yields G-invariant density operators which, in terms of the decomposition (22), are
block-diagonal in the irreps g € Qs and, within each block, have the form of a tensor product
of the completely mixed state on the subsystem /\/l((’) and some nontrivial state on the subsystem
Nio “) Thus, the action of the encoding can be expressed as

E(p)= ) (' L) ®ED(p). (23)
q€Qrs

where 1, is the identity operator on M%’g, and £ is a trace-decreasing map from states on
RS

Hg to states on N @ We show below that, under the assumption that 7 is an irrep of G, each
of these encodings 8 @ takes the form

d
E9(p) = Z=AD (I ® p) A, (24)
R

where I« is the identity operator on a Hilbert space K@ carrying an irrep ¢* of G, and
A@: N — K@ @ Hg is a linear map satisfying A@TA@ = [ - In addition, each map A9
takes a very simple form, which depends on the irrep q. Spe01ﬁcally, there is a subset of irreps
ok C Qs such that, for g € Q%, the map A? is a bijective isometry, that is, a unitary; in
these instances, the map £@ can be inverted and p can be recovered perfectly. For ¢ not in
ok, the map A@) is an isometry that is not surjective, i.e. it maps onto a proper subspace of
K9 @ Hg. The map £ is not invertible in these cases.

We can identify the relational degrees of freedom in which the message is encoded by
investigating how relational transformations act on the Hilbert space Hzs. The subsystems M(q)
carry an irreducible representation of G corresponding to the collective action Ugg and descrlbe
collective degrees of freedom. In contrast, the subsystems N “) are relational. However, not
all degrees of freedom in N “) describe relations of the system S to the RF R; some of these
describe relations among the parts of R (or among the parts of S if the latter are composite
systems). We seek to identify, for each irrep ¢, the precise subsystem of N ,(fs) into which the
message state p is encoded.

The system Hilbert space Hg carries a representation Ug of G. If we act with G on the
system but not on the RF, this will induce a relative transformation of the two; however, this
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action alone is not G-invariant. While it is possible to construct a G-invariant action of Ug
by using the techniques of [1, 10], it is much more straightforward to make use of the right
action Vg of G defined in equation (18). This action commutes with the left action Ug, and thus
also commutes with the collective action Uggs of G. By acting with Vx(h) for h € G on a state
prs = E(p) of the form (9), we have

Vr(WE(P) Vi (h) = /dg 1gh™")(gh™' | ® Us(g)pUL(g)

= /dg’ 18)(g' 1 ® Us(g'h)pU(g'h)
= EUs(h)pUL(h)), (25)

where we have used the invariance of the Haar measure. The action of Vi(h) on pgs yields
another invariant state, but one which is now an encoding of the transformed state Us(h) pU ; (h).
Thus, Vg(h) acts as a transformation of the relation between S and R. A map & satisfying
equation (25) is called G-covariant.

As Vp is a relational action, it acts on the subsystems N ,(eqs) in equation (22); we now
decompose these subsystems according to the irreps of G under the action of Vi, and in doing
so identify the subsystems in which we find the image of p under the encoding map.

At this stage, we restrict our attention to the case where Uy is an irrep of G, labeled g5.
It appears straightforward (although with substantially more burdensome notation) to extend
our results to the general case wherein this restriction is relaxed. Indeed, the U(1) example
considered in section 4 provides evidence of the generality of our theorem. However, we do not
consider the general case here.

Recall that the RF R has a Hilbert space given by equation (15), and the system’s Hilbert
space is Hg = M(qu). Thus,

Hrs =Hr @ Hs
_ @ (M%’/) ®ngs)> QN

q'€0r

@ @ ooy

q'€Qr \4l(@'.qs)—>q

- @ e @ mrevie|, 2

q€QRs q'€0rl(G’,qs)—>q

where (¢q’, gs) — g denotes that the irreps ¢’ and gy couple to the irrep g, Vg/’qs is the

multiplicity space for the irrep ¢ in tensor representation U ,(?q/) ® Us, and where Qgg is the set
of all irreps that are obtained by coupling some irrep g’ € Q to gs. Comparing the expression
above with equation (22), the subsystems ,(;? are given by

ii= P N eviw. 27)

q'€0rIG ,q95)—>q
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We use the fact that if (¢',¢s) — g, then (g%, gs) — (¢/)* [31], and that V"% :quf;is
[10]. Thus,

/(@) \/(d) "
@ = b NeVLE. (28)
q'€Qrlg*.qs)—> (¢

where each subsystem N ,(eq,) on the right-hand side carries an irrep (¢')* of G under the action
Vk. (We note that in the examples presented in the latter sections, with groups U (1) and SU (2),
the subsystems V are trivial and can be ignored.)

At this stage, we will make use of the G-covariance of the encoding map &, given by
equation (25), to determine how the message is encoded into the relational subsystems ,(;g). As
the state £(p) is G-invariant under the action of Ugg for any p, it can be expressed according to
the Hilbert space decomposition (22) as

E0r="Y (4" 1) ®EV ). (29)
q€Qrs

where / M@ is the identity operator on M%’; and £9(p) is an (unnormalized) density operator

on N, ,(;g’. This expression defines a set of trace-decreasing superoperators £ : B(Hs) —
BW, Igt?); note that the latter can be naturally embedded in the full multiplicity spaces N, ,(eqs)
of the combined system. From equation (21), we see that the maps £¢ are also unital in
that £9 () is proportional (because £@ is trace-decreasing) to the identity on Ni%. Also,
as Vi commutes with Ugs, we have that each term £¢ is itself G-covariant, satisfying
Vi IED (o) Vi (h) = E9 Us(h) pU ().

We now make use of the Stinespring theorem for covariant CP maps [30]; in particular,
we use a form due to Keyl and Werner [31] for unital covariant CP maps. There exists another
unitary representation W") of G on a space K? and an intertwiner (linear map)

AD N 5 KD QHs, (30)
satisfying ATA@ = Iy with

APV (hy = W (h) ® Us(h) A, 31)
such that
d
g(q)(p) — D_qA(q)T(IK(q) ® ,O)A(q) . (32)
R

The form of equation (28) allows us to identify a suitable Stinespring extension. The
representation V,Eq*) acts on N ,(;’S) through what appears to be (ignoring the limits on the sum
q' € Qr) a tensor representation of an irrep g* with an irrep gs. Thus, we can choose our
Stinespring extension in a minimal way such that W") acts on K@ irreducibly as the irrep ¢*
of G. The operators A intertwine the representation V,g‘f*) with the collective representation

W49 ® Us on K9 @ Hg. We now consider two cases:

Case A: If g € Qs is such that, for all ¢’ obtained via (¢*, gs) — ¢’ then ¢’ € Qp
(i.e., Qg contains all of the irreps ¢’ that one can obtain by (¢*, gs) — (¢')*), then the direct
sum Hilbert space in equation (28) is given by

N~ KD @Hs, (33)
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where >~ denotes that these spaces are unitarily equivalent; that is, the map A? is a bijective
isometry and simply represents the Clebsch—Gordan transformation relating the tensor product
of two irreps with the direct sum decomposition of N, ,(;’S) given in (28). Let Q‘}%‘S C Qrgs denote
the set of irreps satisfying this condition.

Case B: If, however, g € Qs is such that the condition of case A fails (i.e. Qx does not
contain all of the irreps ¢’ that one can obtain by coupling ¢* and gy), then the intertwiner is
no longer surjective. Rather, the intertwiner maps A ,(;? onto a proper subspace of K9 ® Hs,
specifically the subspace defined by the carrier space of the irreps (¢')*, with ¢’ € Qg, obtained
through the coupling of the irrep g* on K¢ with the irrep g5 on Hs. (This space is necessarily
a proper subspace of K@ ® Hg because, by the conditions of case B, Qx does not contain
all irreps obtained in this coupling.) A set of basis states for this subspace can be calculated
explicitly in any particular instance using the Clebsch—Gordan coefficients for the group G.

We now turn to the probabilities of each of these cases. We note that p, = Tr[I1,E(p)] =
Tr[£“)(p)] is the probability that the system is encoded into the irrep ¢g. We now prove that,
for the case where Hy carries an irrep Ug of G, this probability is independent of p. Using
equation (32), we have

d .
Py = D_qRTr/\_/}fS) [A(q)'(IIC(Q) ®,O)A(q)]
dq (g% (@)F (CORVAC) -1
=/ng—RTrA7gg[Vq (AP (Ixw ® P) APV (g)7']

d
= D—in/v,g@ [A(q”(lzcm ® / dg Us(g)pUs(g)‘l)A(‘”] : (34)

where in the second line we have used the G-invariance of £¢ and in the third line we have
used equation (31). Because H; is an irrep, it follows that [ dg Us(g)pUs(g) ™" = Is/ds where
ds = dimHg, and therefore p, is independent of p for all g. The SU(2) case, presented in
section 5, provides an explicit example of this.

We note that for the general case, where the system does not carry an irrep of G, then
this probability can be state-dependent. For example, if Hg is a direct sum of irreps gg, then
[dg Us(g)pUs(g)~' = D Tr(pTTY)TY where T1Y* is the projector onto the gg irrep of
Hs. In this case, for ¢ € Q% (where A7 is unitary), we have p, = d; / Dg, independent of p.
However, for ¢ ¢ Q% the weight p, can depend on p. This occurs for the U(1) case, as seen
explicitly in section 4.

With each map £ now defined through equation (32), we can explicitly express & in
Kraus operator form as £(p) =) Kq,m,u,quT,m,M, where

q,m, [

1
Kq,m,p, - —|Cl, m> ® A(q)”q’ /’L> ) (35)

v/ Drg
(q)

and where |q, m) is a basis for M/ and |g, 1) is a basis for @,
Finally, we point out a useful expression for £¢ (which applies regardless of whether H.
carries an irrep of G). From equation (29), it is clear that

ED(p) = Tr ) (M, E(P)TI,) (36)
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Combining this with the expression for £ in equation (9) and making use of equation (8), we
obtain

D (p) = Tr, 0 [T, e} el ® p)TT, ] (37)

This form will be used frequently when working out explicit examples.

3. Decoding

In the communication protocol we are considering, Bob’s task is to recover the quantum
message p by implementing a decoding map R: B(Hg @ Hs) — B(Hs). A useful recovery map
to consider is the following:

R = D€', (38)

where the adjoint for superoperators is defined relative to the Hilbert—-Schmidt inner
product, Tr(AE'[B]) = Tr(E[A]B). The map R is completely positive and linear, because
the superoperator adjoint preserves these features. It is also trace-preserving. To see this
fact, observe that £(Is) = (Ig/Dg) ® Is, where Iz = Dy fdglg)(gl is the identity operator
on Hg; consequently, for prs € B(Hr ® Hs), we have Tr[R(prs)] = TrprsR T (I5)] = Trlpgs].
We have therefore verified that R is a valid quantum operation that can be implemented
deterministically.

Assuming that there is no prior information about the input state to £, the map DE" is
precisely the ‘approximate reversal’ operation for £ proposed by Barnum and Knill [32], which
yields an error no more than twice that of the optimal reversal operation. The error here is
defined in terms of the deviation from unity of the average entanglement fidelity for an arbitrary
input ensemble.

3.1. ‘Measure and re-orient’ implementation of decoding

Given a superoperator A, the adjoint A" is easily determined through a Kraus decomposition
of A. Specifically, if A[p]=)_, K:pK/ then A'[p] = > K pK;. The expression (11) for the
encoding map £ provides one Kraus decomposition: the covariant set of operators {K(g), g €
G}, where K(g) =|g) ® Us(g). It follows that a covariant set of Kraus operators for £ is
{K'(g), g € G} where K(g) = (g| ® UJ(g) and consequently

Riors] = Dr f dg((g] ® Ul(e)prs(le) @ Us(2). (39)

From this expression, we see that one way in which R can be implemented is as follows:
measure the covariant positive operator-valued measure (POVM) {Dg|g)(g|dg} on R, then
implement the unitary Ug(g~!) on S, and finally discard R and the measurement result g. We
refer to this as the ‘measure and re-orient’ implementation of the decoding map. (It is the adjoint
of the ‘prepare and G-twirl” implementation of the encoding map.)

So we see that the decoding map we are considering is in fact the most obvious recovery
scheme one can imagine! Bob simply estimates the relative orientation between Alice’s RF
and his own by measuring how the sample R of Alice’s RF is oriented, then re-orients the
system appropriately (i.e. in such a way that it is finally oriented relative to his RF in precisely
the way that it was initially oriented relative to Alice’s RF). One can view the system R as a
cryptographic key or calibrating system that contains the information for how to recover the
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quantum state of S. It is noteworthy that this implementation of Bob’s decoding map does not
require any entangling operations between R and S. Bob can achieve it with local operations and
classical communication (LOCC) between R and S. Because Bob does not need to possess S to
implement the appropriate measurement on R, it follows that Alice can subsequently transmit
an arbitrary number of systems and Bob can decode these with the same fidelity as the first.

3.1.1. Effective decoherence. Consider the action of the decoding map on states prs = £(p),
i.e. on states of the form of equation (11). After a measurement on R having outcome g’,
followed by a transformation Ug(g’)~! to system S, the reduced density operator on S is

Ro&lp] = Da / dg I(glg) P Us((g) " 9)pUL((e) ")

= Dy / dg [(elg)I”> Us(9)pUi(g) . (40)

where the simplification occurs because dg is invariant. Note that the result is independent of the
outcome g'. It is straightforward to check that this state is normalized, as D,;l = f dg |(elg)|?.
This is precisely how a state p relative to Alice’s frame would be redescribed relative to Bob’s
frame if their relative orientation g was known to be distributed according to the probability
distribution p(g) = Dg|{e|g)|*. If |{(g|e)|* as a function of g is highly peaked around the identity
group element e, then the only unitary that will contribute significantly in the integral will be
the identity operation, and we will have R o E[p] = p. It is the narrowness of the distribution
|(g|e)|?, a measure of the quality of the quantum RF, that determines the degree to which one
can recover the quantum information.

We see that for bounded-size samples of Alice’s RF, the decoding map we have described
achieves approximate error correction. Further on, we will show that the degree to which it
deviates from perfect error correction is inversely proportional to the size of the quantum RF.

3.2. ‘Extract from the relational subsystems’ implementation of decoding

Recall that the ‘measure and re-orient’ implementation of the recovery operation R was inferred
from the adjoint of the Kraus decomposition {|g) ® Us(g) | g € G} of £. We exhibited a different
Kraus decomposition of the encoding operation in equation (35). The adjoint of the latter
provides a novel Kraus decomposition of R and therefore also a new way of implementing
the recovery operation. We will refer to it as the ‘extract from the relational subsystems’
implementation. We find that R = DE" can be written as

Riprs) = Y R (Tr, [N psT1]) (41)
q€Qrs

where we define
R(Q)(_) = Trrw [A(q)(_)A(q)T] , (42)

as a map from B W\ 1(;?) to B(H.s). Recalling the form of the encoding map £ of equation (24),

we see that R = d,E@7.

This implementation of the decoding map R differs from the ‘measure and re-orient’
scheme in that it requires joint (i.e. non-separable) operations on R and S. Specifically, it is
implemented via a joint unitary on RS followed by a trace on R.
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Finally, we highlight another decomposition of R that will be useful to us further on. It
is the one obtained by taking the adjoint of equation (37),

R () =dglell @ (le) . (43)

3.2.1. Effective decoherence. Given equations (23) and (41), the composition R o £ can be
written as

Ro&lpl= > RV o&Dp]. (44)

q€QRrs

Substituting the expressions for £ and R? in equations (32) and (42), we obtain

d N N
Ro&lp]l= § D_‘ITr’C(q) [A(‘“A(q)'(l,c(q) ®p)A(‘“A(q)'] . (45)
R
q€Qrs

We now consider the two subsets of Qg from section 2.2. In case A, where g € ‘}eks,

the intertwiner A is a bijective isometry, and consequently A@A@T is the identity and
RW o ED[p] = (d;/Dg)p. Therefore, in this case the quantum information is perfectly
recovered by the decoding map. In case B, however, P = A@ A7 is a nontrivial projection
on K@ ® Hs and the recovery is not perfect. We can express equation (45) as
d‘i dq (q) (q)
’Rog[p]: Z D_ p+ Z D—Tric(q)[Pq (IK(q)®,0)Pq], (46)
qu(I){kS ‘I¢Q(1)gks

This is just an alternative Kraus decomposition of the effective decoherence map of
equation (40).

3.3. Comparison of implementations

We have shown two very distinct ways of implementing one and the same decoding operation.
If we describe the RF token R as an ancilla, then what we have is an example wherein a
single map can be implemented either by a joint unitary followed by a trace on the ancilla,
or by a measurement of the ancilla followed by a unitary rotation on the system that depends
on the outcome of the measurement. The existence of many different implementations of
an operation is familiar in quantum information theory. For instance, Griffiths and Niu have
made use of a similar multiplicity of possibilities for the optimal eavesdropping strategies in
quantum cryptography [33].

The multiplicity of ways of implementing a single operation is analogous to the multiplicity
of mixtures that lead to the same density operator. Two Kraus decompositions of our G-invariant
recovery operation differ in their transformation properties under the group: one is a G-covariant
set of operators (a continuous set in the case of a Lie group) and the other is a discrete set
of G-invariant operators. Similarly, a G-invariant density operator p on a finite-dimensional
Hilbert space admits two sorts of convex decompositions: a spectral decomposition with a
discrete number of G-invariant elements, and the decomposition induced by p-distortion of
a G-covariant POVM (continuous if G is a Lie group) [34].

Recognizing this multiplicity of convex decompositions and the fact that no particular
decomposition is preferred has been important for resolving many conceptual confusions [35].
Furthermore, each decomposition may yield important insights. In quantum optics, for example,
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a Poissonian mixture of number eigenstates is equivalent to a uniform mixture over coherent
states with the same mean number but differing in phase. The decomposition into states with
well-defined phase is particularly useful for making predictions about wave-like phenomena,
such as interference experiments, whereas the number state decomposition is best for particle-
like phenomena, such as determining number statistics [36].

Similarly, each of the two decompositions we have provided of our decoding operation
provides some insight into our problem. The ‘measure and re-orient’ scheme is clearly the most
intuitive and demonstrates that joint operations on reference token and system are not necessary
to implement our recovery map. The ‘extract from relational subsystems’ scheme demonstrates
that if Bob begins by measuring the irrep of the composite of R and S, he learns whether the
state was in a ‘good’ irrep or not and consequently whether or not he has achieved a perfect
decoding. This sort of post-selectively perfect decoding operation is discussed in the following
section.

3.4. Post-selectively perfect decoding

Thus far we have only judged decoding schemes by their average performance. It is also
possible to say something about the best and worst case performance. The ‘measure and re-
orient’ scheme is not particularly interesting in this regard: one achieves precisely the same
fidelity of recovery regardless of the outcome of the covariant measurement on the RF token,
so that the best and worst case recoveries are equivalent to the average. On the other hand, in
the ‘extract from the relational subsystems’ scheme, we found that the fidelity of the recovery
depends on the irrep of the composite of RF token and system into which the input state was
encoded. Furthermore, given that the decoding operation was incoherent over these irreps, it is
always possible to make a projective measurement that distinguishes these. Depending on the
measurement outcome, one can achieve decodings with fidelities that are sometimes better and
sometimes worse than the average.

Indeed, by enhancing the ‘extract from the relational subsystems’ scheme with such a
measurement, Bob can achieve perfect decoding with some probability. Specifically, if he finds
one of the ‘good’ irreps, g € Q%, then £“ is invertible and the decoding operation R of
equation (42) recovers the quantum message perfectly. (Of course, if he achieves one of the
‘bad’ irreps, ¢ € Q%, then he achieves a decoding that is worse than the average.) Recalling
equation (46) and making use of equation (16), the probability of perfect recovery is

1 2 Z‘I 0% d‘f
Dperfect = Dr Z d; = Z—d . (47)

k e !
qEQ(])QS q'€e0r 7q

Such a decoding scheme achieves post-selectively perfect error correction [37]. It is akin to
achieving unambiguous discrimination of a set of non-orthogonal quantum states [38].

For this implementation of the decoding, note that Bob must be able to store the quantum
token of Alice’s RF coherently until the time when he receives the message systems. Another
point worth noting: if Alice is sending a large number of systems and Bob wishes to implement
probabilistically perfect error correction on some subset of them, he must wait until he
has collected all of the systems in that subset. The reason is that he must perform a joint
measurement on the composite of these and the RF token. Furthermore, after his measurement
is complete, he has disrupted the state of the RF token and he can no longer achieve perfect
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error correction for any other systems. The tradeoffs involved in such post-selectively perfect
decoding schemes are an interesting topic for future research.

Finally, we can consider modifying the encoding operation rather than the decoding in
a similar way. Note that if, immediately after implementing her encoding operation, Alice
implements a projective measurement of the irrep of the composite of RF token and system,
she can come to know whether a subsequent decoding operation will achieve a perfect recovery
or not. In addition, if it happens that Alice has a classical description of the quantum message
rather than merely having a sample, then she can prepare the quantum state many times and
only initiate transmission when her measurement finds one of the ‘good’ irreps. In this case, the
quantum message is perfectly encoded into a pure G-invariant state of the composite of system
and RF token. Such a scheme therefore achieves a relational encoding akin to the one presented
in Bartlett et al [2]. The precise connection of our results to the latter encoding is an interesting
topic for future research (as is the application of the mathematical tools developed here to the
general problem of calibration-free communication schemes discussed in the introduction).

4. Example: phase reference

The quantum state of a harmonic oscillator is always referred to some phase reference [35].
In this example, we consider using one quantum harmonic oscillator (a single mode) as a
phase reference for another, and investigate the effect of bounding the maximum number Ny of
excitations in the phase reference. Specifically, consider the single-mode RF to be prepared in
the bounded-size phase eigenstate

-
[ens) = m;mm (48)
where |n) is the Fock state with n excitations. This state is of the form of our general state (17)
for the case of G = U (1) . For the system, we consider a qubit encoded in the two-dimensional
subspace spanned by |0) and |1). Note that the system we consider does not carry an irrep of
U(1), and in fact U(1) has only one-dimensional irreps. Because our main result concerning
the representation of the encoding map, presented in section 2.2, was only proven under the
assumption that Hg is an irrep, the U(1) example cannot be presented as a special case of this
result. Nonetheless, we find the U(1) example to be in accord with the general result, suggesting
that our theorem applies more generally.
For simplicity, we consider a system prepared in an arbitrary pure state

p=1VNWl. W) =al0)+p1). (49)

Our results will directly extend to the mixed-state case via the linearity of convex combination.

4.1. Effective decoherence
The overlap of the RF state |ey,) with its rotated version is

2 1—cos (Np+1)6
N 1 —cos 6 '

Ng
[enlUr®len,) P =3 e (50)
n=0
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Rotations in U(1) act on the qubit system state as

2 * 510
Us@®)pUs®)' = (a*'/‘;‘i_ig i ) (51)

Evaluating equation (40) then gives

dO1—cos[(Ng+1)0] [ |a|* apB*e?
Ro& — ~ . 52
o&(p) o 21 1 —cos @ (05*,36_19 1BI? 2)
Noting that
do1— Nr+1)6
e COS[( R ) ] — NR+ 1 ’ (53)
2w 1 —cos @
do1— Nr+1)60] .
v COS[( R+ ) ]elg :NR, (54)
2w 1 —cos 6

which also gives the normalization, we have
Nr  (|a)* aB* 1 lx]> 0
Ro&(p) = +—
)= (a*ﬂ 82) P ner1 Lo 1P

Y (L S P (55)
o NR+1 NR+1 Pl

where G here denotes the U(1)-twirling operation (the dephasing map). It follows that in the
‘measure and re-orient’ scheme for decoding, regardless of the outcome of the measurement,
the reduced density operator is with probability Ng/(Ng + 1) the state «|0) + 8|1), while with
probability 1/(Ng+1) it is completely dephased in the |0), |1) basis. The overall effect of
encoding and decoding is to implement a partial dephasing.

4.2. Relational subsystems

Because the irreps of U(1) are all one-dimensional, we have dim M%\Q = 1 and consequently,
by equation (23), the encoding operation £ may be expressed simply as E(p) =Y, EN (p).
By virtue of equation (37), each operation £*)(p) may in turn be expressed as

EN () =TT [lew,) (en,| ® p1TTN (56)
which evaluates for different values of N as:
a |0, 0), N =0,
EMpy={a|N,0)+B8|N—1,1), 0<N < Ng+l, (57)
B |Ng, 1), N =Ng+1.

The decoding operation has the form R =", R where R™ o« M7, One easily verifies
that R™ maps |N, 0) to |0) and [N — 1, 1) to |1), so that

10), N =0,
RMoEMplx{al0)+B]1), O0<N < Ng+l, (58)
1), N=Ng+1.

The probability of the outcome N =0 is |a|*/(Ng+1), of N = Ng +1is |8|>/(Ng + 1), and of
each of the other outcomes is 1/(Ng + 1). Weighting the decoded states R™") 0 £ (p) by these
probabilities, we can verify that equation (55) is recovered.
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In this particular example, taking the adjoint of the encoding operation as one’s recovery
operation is actually optimal. The proof is as follows. For 0 < N < Ng+ 1, the recovery
operation is perfect and consequently optimal. Otherwise, the action of the encoding map is
to measure the system in the {|0), |1)} basis and update it to one of two orthogonal states [as can
be inferred from equation (58)]. It is a well-known result that the update map that maximizes
the entanglement fidelity is simply the Liiders rule (or projection postulate) [39], and this is
precisely what the composition of the encoding with the recovery operation achieves.

The fact that the optimal recovery operation can be achieved using a ‘measure and reorient’
scheme shows that having the classical resource of partially correlated RFs that is obtained
by this scheme is just as good as having the quantum RF token, at least for the purpose of
optimizing average-case performance in decoding. This is a surprising result because one might
have expected the quantum resource to always do better.

Finally, by implementing a projective measurement of the total number and post-selecting
on finding N # 0, Ng +1, it is clear that Bob can achieve perfect decoding. This occurs with
probability

Ng

Pperfect = m . (59)
R

5. Example: Cartesian frame

For a Cartesian frame, the relevant group is the rotation group’. The charge sectors (irreps) are
labeled by a non-negative integer or half-integer j, and the irreps are (2 + 1)-dimensional with
the standard basis {|j, m),m = —j, ..., j}. We bound the size of our RF token by bounding
Jj- Recall that the fiducial state for the frame, equation (17), requires us to work in a subspace
H'’» € Hp satisfying equation (14). In the Cartesian case, we are confined to j values such
that dim A\ ,(ej '>2 Jj + 1. We denote the largest such value by jk. (As an example, for an even
number N of spin-1/2 particles, only the highest irrep, j = N /2, fails to satisfy equation (14),
and consequently jr = N/2 — 1. See [1, 9].) For simplicity, we restrict our attention to integer
values of jx (similar results can be obtained if one also allows non-integer values). The fiducial
state of the RF token is

2]+1
|e/R Z Z |] m ®|¢] m) (60)
m=-j
where
S . .
Dp=) (2j+17 =2 Qjr+ DQ@jr+3)(jr+1). (61)
Jj=0

The system is taken to be a spin-1/2 particle. Because this is an irrep of SU (2), the general
results of section 2.2 apply.
5.1. Effective decoherence

We choose the following parametrization of SU (2),
Uw,0,¢)=e"1 (62)

7 We use SU (2) rather than SO (3) to allow for spinor representations of the rotation group.
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describing a rotation by angle @ about the unit vector n = (sin 6 cos ¢, sin 6 sin ¢, cos 0). Let

(@, 0.0)j,) = Ur(@.0,9) |e;,) . (63)
where |e;,) is the fiducial RF state of equation (60). Then

2j+1 .
(el @.8.9),) = 3230 == oml UV @.6.9) . m) (64)
J m
1 .
:D—RZ(2]'+1)XU)(0),9,¢), (65)
J

where U is the spin-j irrep of SU (2), and x V) (w, 6, ¢) = Tr[U"Y (w, 6, ¢)] are the characters
of SU (2). These characters are independent of 6 and ¢. They are given by

sin[(j +1/2)o]

) = . 66
) = /2] (66)
Using the following identity:
sin[(n+1/2)w] -
=1/2+ kw) , 67
2 sin[w)/2] / kZ::‘ cos (k) ©7)
we find that
sin[fw(jg+ 1)](1 +cos w) ) coslw(jr+1)] 2
(ejel(@. 0. 9);) > = —- —2(jr+ ) ) (68)
sin w(1 — cos w) (1 —cos w)
In terms of this parametrization, the SU (2) invariant measure is
I, o |
dQ=— sin" — sin 0 d¢ df dow, (69)
272 2

where 0 < ¢ <27,0< 60 < 7m,and 0 < w < 7. For the rotation Ug(w, 6, ¢) on the qubit system
in this parametrization, we have

cos2+isin2cosf  ie"’sin¥ sin 6
Usw,0, )= . . : (70)
ie'” sin 5 sin6 cos$ —isin% coso
It follows that the composition of encoding and decoding maps, given by equation (40), is
2jr+3 - 2 7
Ro&(p) = 3 dS2 [{ej; (@, 0, 9) ;) |"Us(w, 0, ) pUs(w, 6, ¢)
S /2 (71)
jR + 1,0 jR +1
—(21+ g )
jR +1 jR +1 Pl

where G is the SU (2)-twirling operation (which is completely decohering for a single qubit).
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5.2. Relational subsystems

Next, we determine the precise nature of the relational subsystems where the quantum
information is encoded. In this example, the multiplicity spaces play a key role. We begin
by describing the group-induced structure of the Hilbert spaces, both for the RF and the total
system. Under the action of the representation Uy of SU(2), the Hilbert space for the RF is
decomposed as

JR
He= DM © K. 73)
j=0
The joint system RS, consisting of the RF plus a spin-1/2 qubit, carries a collective
representation Ugrs = Ug ® Us of SU(2) which can easily be determined using standard angular
momentum coupling. For coupling a spin-j irrep to a spin-1/2 irrep, we have Mg) ® M(SI/ Y=
Mg{; 2 g Mg; /2 Thus, the Hilbert space of the joint system RS has a similar decomposition
under the action of Ugg, given by
Jr+1/2
Has = @D MU @ V. (74)

J=1/2

The multiplicity spaces for the joint system RS are related to those of the RF as
oy [ e T g < e,
RS =) e L1 (75)
NR , J= JrR+ 3-

For simplicity, we consider the qubit state to be pure, expressed in the standard angular
momentum basis as

W)= > all/2,s). (76)

s=+1/2

The encoded state within the Jth irrep is

Y (lej ) el @ 1) (w I, (77)
To evaluate this expression, we first evaluate
(J, M|(lej) 1Y), (78)

where we recall that |J, M) is defined on the subsystem M;{;. Therefore, the state (78) is an

unnormalized vector on N ,(QJS). We transform |e;,)|) to a coupled basis using Clebsch—Gordan

coefficients (j, my; jo, m»|j, m). In terms of the bases used in (60) and (76), we have

jm) |5, $)|jm) = Z |J=j+b, M=m-+s)|p;n)(j,m; 3, s|j+b,m+s). (79)
b=+1/2

We note that the states {|¢;,,),m=—j,...,j} for j=J+1/2 (J—1/2) form a basis of
-/\_[12171/2) (./\_/,(3“1/2)). It follows that the full set of states {|¢; ), j = J &= %, m=—j,...,j}form
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/ 2]+1
Z D05 19im) (o 31+ b+ 585 a8 s
2(J — b)+l
oy} (T —b, M —s5: L s|J M) (80)
vb_:|:1/2

We use the following Clebsch—Gordan identity:

a basis of V5. We have

(J, M|(lejp) V) =

” M;
o

2j+1

(J1,» mi; jo, malj, m) = (—1)">" ; (j, —m; jo, ma|jy, —my), (81)
2]1+1
to obtain
2J +1 +
(], M|(lej) 1)) = > (=D pm—s)(J M: 3 —s|T —b, M —s). (82)
R

s.b=%1/2

We now consider two cases for J separately.

For J < jg+1/2, we note that the multiplicity space N ,5 ¢ 18 unitarily equivalent to the
tensor product of a spin-J and a spin-1/2 system coupled to total angular momentum J £ 1/2.
That is,

Nyg =N @ NP ~ kD @ Uy, (83)

where K carries an irrep J of SU(2) and ~ denotes unitary equivalence. We explicitly define
the bijective isometry AV : N\ — K ® H via its adjoint action on a basis for K ® s as

AV Mgl shy = (<172 Y (=120, M;
b=%1/2

SI+b, M +5)|@sipmrs) - (84)

527

In terms of this new subsystem structure for the multiplicity spaces, we can express (82) as

2J +1
(J, Ml(lej) ) = > AT M) o], 5)
R 112
2J +1
=5 A, Mol g (85)
R

where |¥)4 1s defined by equation (76). It follows that the encoded state for an irrep J where
J < jr+1/21s

EV(p) = Tr o [T (le ) (el @ P)TIY]

J
Z J. M|(lej,)(ej,| @ p)I T, M)

2J 1
= D—A(m(l,cm Rp)AY | J < jr+3. (86)
R
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Because A" is bijective, (specifically, because the set of states {AY)T|J, M) |1/2, 8)y,; M =
—J,...,J, s ==1/2} are orthogonal) we find the qubit faithfully encoded into the relational
subsystem whenever J < jg+1/2.
However, for the result J = jg + 1/2, the multiplicity space N, ,2{3 is exceptional; see (75).
We cannot factorize Ny, as in equation (83). Nonetheless, we can still introduce a Hilbert
space KUr*1/2 which carries an irrep jz +1/2 of SU(2) and in terms of it we can define an
isometry AUR*1/2): NURHZ) s gelrt1/2) @ 3¢, by modifying equation (84) to include only the
b= —1/2 term in the sum. This isometry is simply not surjective. It follows that the set of
states {AVRH/2DT| o +1/2, M) g |1/2, 8)ys s M = —jr—1/2, ..., jr+1/2, s =+1/2} are
no longer orthogonal. Therefore, the map
£URD) () = 2’-111;—+2A(jR+1/2)T(1K(jR+I/2) ® p) AR/ 87)
R
is no longer invertible. The action of AU**!/2 can be viewed as a projection of uncoupled states
on KUr*1/2) @ 3 ¢ onto the subspace of states which couple to total angular momentum jg.
The probability assigned to each irrep J is

py =TIV (le;, ) e, | @ [¥) (wHITY]

J +1)? .
_ J<jrts,
1 De (88)
2jr+Dr+1) J— 4l
DR ’ .]R 2
We note that these probabilities satisfy ZJJ’: 11//22 p;=1.
The decoding map within each irrep J takes the form
RV () = Trew [AY () AV
:(2J+1)(ejR|IMgS>®(-)|ejR). (89)
For J < jr+1/2, equation (86) gives
RV o)) =p. (90)
For J = jr +1/2, we make use of equation (87) and find
(RURH/2) o gURH/2)y () = Cjr+D(jr+1D) ( .2]'R T+ (ZJ:R +3) g) [,0] , o1
Drg 6(jr+1)  3(r+1)

where G is the SU (2)-twirling operation (complete decoherence). Averaging over the irreps
with the weights given in equation (88), we find the decoded state to be

Jjr—1/2 2 . . . .
QJ+1) 1ol + Qjr+D(r+1) ( 2jr T4 (2]R+3)g> B

(Roé’)(p)=J;2 D Dr 6(r+ 1" 3(jr+1)

j 1
:< R 7. g) o], (92)

jR+1 jR+1

thereby verifying that equation (71) is recovered.
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We note that our recovery operation is perfect in the non-exceptional irreps and therefore
optimal there. In the exceptional irrep, the error incurred in recovery is at most twice that of
the optimal recovery, as described in section 3, by virtue of being of the form of Barnum and
Knill’s approximate reversal. We leave it as an open problem to prove whether this recovery is
in fact optimal, or if not, to identify what form an optimal recovery map would take.

Post-selectively perfect decoding is achieved if Bob implements a projective measurement
that distinguishes the irreps and obtains J # jgr +1/2. By equations (88) and (61) (or by
equation (47) directly), we see that the probability for this to occur is

jr—1/2 JrR—1/2 2
pam S s 1y EiECLD
perfect — = - -
Dr J=1/2 o)+ 1)?
5
— .]R , 93)
2]R+3

6. Example: direction indicator

A directional RF identifies only a single direction in space, as opposed to a full set of axes. Such
an RF is not associated directly with a Lie group, but rather with a coset space. Specifically,
although SU (2) may provide a group of transformations between all possible directional RFs,
any one directional RF is invariant under U (1) rotations about its axis of symmetry; the relevant
coset is then SU(2)/U(1).

Because of this distinction, we expect this example to proceed differently from the other
two. The distinction is immediately apparent because there is no obvious candidate for a fiducial
reference state as in equation (17). Instead, we take the directional RF to be in an SU(2)-
coherent state of size jg, so that the fiducial state is

lejz) = R, m = jr) - (94)

We consider a qubit system that is described relative to Alice’s local Cartesian frame by the
state

p=I¥) (¥ where [|¢)=al0)+p][1), (95)

where |0(1)) = |jgr =1/2,m = £1/2). Note first of all that even if Bob shared a classical
reference direction with Alice, her z-axis for instance, his description of the system is still
related to Alice’s by a dephasing operation. The reason is that he only shares Alice’s z-axis, and
so the rotation about Z that relates his local x-axis to hers is completely unknown. Averaging
over rotations R,(0) = exp(—i#J,) yields the dephasing operation

2 do : 5 )
U[p]=/0 ERZ(G)/JRZ(Q):IOJI 10)(O1 +[B1711) (1] . (96)

Consequently, if Bob has a bounded-size token of Alice’s 7 -axis, his decoding will yield a state
that approaches U (p) rather than p as one increases the size of the token.
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6.1. Effective decoherence

Define |€2;,) = Ur(£2)]e;,) where Q € SU(2). The encoding of p relative to Bob’s local
Cartesian frame is the following state of the composite of RF token and system

g(p):/dQ|QjR>(QjR|®US(Q)IOU;(Q)- o7
To decode, Bob measures the covariant POVM {Dg|€2; )(€2], 1d2"} on the RF token and

reorients the system accordingly. The net result is

Ro&(p) = Dx / dQ(e;,19;,) PUs(R)pUL(R). (98)

The effect of this map will be particularly simple given that |e;,) is invariant under U (1)
rotations about the z-axis.
For this calculation, it will be easiest to use Euler angles to parametrize SU (2):

U(Q) — e—ia.IZG—ibee—iclz , (99)

where a, b, ¢ € [0, 27r]. (We note this parametrization is different from that used in section 5.)
With this parametrization,

(€ix|R,0) = Ur» JrRIUY® ()1jrs jr)

= e "“r[cos(b/2)], (100)
and thus [(e;,[£2;,) |> = [cos(b/2)]*%. We can express Us(£2) as a 2 x 2 matrix in the z-basis as
e 42 0 cosb/2 —sinb/2\ (e 0
Us(®) = ( 0 eia/2> (sin b2 cosb2 )\ 0 &) (101
and our qubit system in Bloch vector notation as
1 (1+z x—iy
’0_§<x+iy I—Z)' (102)

Using the identities

/ db sinb cos*x(b/2) = (103)
0

2,jR+1 ’

/ ’ db sinb cos*®(b/2) cos*(b/2) = (104)
0

jR +1 ’
we find that

Rog(p)Z(ZjRH)/dQ cos**(b/2) Us(S)pUs ()™

_1<1+ﬁz 0 )
2 0 1—%2

(570 57e79) )
= , T+ G|loU)lpl, (105)
,]R+1 ]R+1

where G is the SU(2)-twirling operation, and U/ is the dephasing operator defined in
equation (96).
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6.2. Relational subsystems

First, we note that the RF token, consisting of only a spin-jiz system, does not possess a
multiplicity space. When coupling this spin-jz system to the spin-1/2 qubit, the resulting
collective system is described by

His = MGP @ My = M & M (106)

and does not possess any multiplicity spaces either.

Given that the fiducial state, equation (94), is not of the form of equation (17), the derivation
of equation (23) is no longer valid. Nonetheless, the encoding map defined by equation (97) may
still be written in the form of equation (23), namely,

jR+1/2
E(p) = Z d;llMgS@s“)(p), (107)
J=jr—1/2
where
eV (p) = Tng;[H(”(Iejm(e,-Rl ® "], (108)

which is of the same form as equation (37). To see that this decomposition exists, simply express
equation (97) as £(p) = G(lej,) (e | ® p) where G is the SU(2)-twirling operation. Then, using
equations (8) and (106), we have

Jr+1/2

EP) = ), Dy[MV e el ®TY], (109)
J=jr—1/2

which is equivalent to equations (107) and (108). Note that £V is still a map from B(Hs) to
N, ,({g), but in this case N, ,(QJS) = C, so that it maps density operators to scalars. Specifically,

X
T ot T = e+l
; 2.]R+1 2]R+1
EV(p) = 5 (110)
JR 2 . 1
, J=jr—1.
2JR+1|ﬁ| JR 2

We see that the encoding operation in this case can be described as follows: after adjoining the
RF token to the system, destructively measure the total angular momentum J? of the composite
and upon obtaining quantum number J, reprepare the system in the associated SU (2)-invariant
state d]_IIMgS).
The decoding operation defined in equation (98) is clearly proportional to the
Hilbert—Schmidt adjoint of the encoding operation. Consequently, it admits a decomposition

into irreps via the adjoints of equation (107), namely,

Jr+1/2
Rprs) =y RY[Trpm (MY prsTIVN], (111)
J=jr—1/2

where R oc £P7 is a map from C to B(Hs). This is of the same form as equation (41). To
determine R, we calculate the adjoint of equation (108) and determine the normalization by
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requiring that Tr[R"’(1)] = 1 for all J. We obtain

i+ 1

2j
R (p) = —+<ejR|IMggs>|ejR> Xp, (112)

where p € C. Except for the constant of proportionality, this has the form of equation (43). It
evaluates to

2jR+1 . 1
¥ 2|0)(0|+2. ST T =jr+3,

R(J)(p) =px JRT JRT (113)
DT, J=Jjr—3

[which one could also infer by taking the adjoint of equation (110)]. Consequently, the decoding
operation may be described as follows: destructively measure the total angular momentum
(squared), J?, on the composite of RF token and system and upon obtaining quantum number
Jr £ 1/2, reprepare the system in one of the two states in equation (113).

The composition of encoding and decoding yields

Jr+1/2
Ro€(p)= ) RV oEV(p)
J=jr—1/2
- <3wxm+1uﬂu)+—£L«wﬁmﬂm+wﬁuxu>
T e+l \2 2 e+l
_ ((.fk T+t g>ou)[pL (114)
]R+1 ]R+1

in agreement with equation (105). We note that this coincides with the result obtained by
Poulin [16].

This recovery operation is of the form of the approximate reversal operation described
by Barnum and Knill [32] and is therefore near-optimal in the sense described in section 3.
Although it is not itself the optimal recovery map, the latter is easy to find in this example and
we do so presently.

Given that the only pure states of the system that one can hope to reconstruct in the limit
of an unbounded RF token are the J, eigenstates, denoted here by |0) (0| and |1)(1], it is natural
to take as our figure of merit the average input—output fidelity equally weighted over these two
input states (because then one can achieve fidelity 1 in the limit of an unbounded RF token). The
only information about the state of the system that is encoded in £(p) is encoded in the relative
weights of its two SU (2)-invariant terms. Consequently, the optimal decoding operation must
consist of a determination of J followed by a repreparation of the system state.

We make use of previous work on the optimal estimation of the relative angle between a
spin-1/2 system and a spin-jz RF [23]. These results show that a measurement of J* on the
composite is in fact optimal for estimating whether the system state was |0) (0| or |1)(1]| given
a uniform prior over the two. It is also shown there that the posterior probabilities one ought to
assign to these two states upon obtaining outcomes jg +1/2 and jz — 1/2 are

pO+) =222 p(1+) = 515,
2j+2 2j+2 (115)
p(0]—) =0, p(1]—)=1.
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In order to optimize the fidelity, one must reprepare the state that is most likely given
the outcome, so that one should reprepare |0) (0| given the ‘+’ outcome and |1)(1]| given the ‘—’
outcome. R falls short of this optimal recovery because, by equation (113), it does not reprepare
|0) (0] given the ‘+’ outcome; instead, it prepares a mixed state reflecting Bob’s knowledge of
the state given the measurement outcome.

Finally, we note that there is no possibility for post-selectively perfect recovery of U(p)
from £(p). Both irreps, jr £ 1/2, encode the state of the system imperfectly.
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